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A B S T R A C T   

Hemopressins ((x)-PVNFKLLSH) or peptide endocannabinoids (pepcans) can bind to cannabinoid 
receptors. RVD-hemopressin (pepcan-12) was shown to act as endogenous allosteric modulator of 
cannabinoid receptors, with opposite effects on CB1 and CB2, respectively. Moreover, the N- 
terminally elongated pepcan-23 was detected in different tissues and was postulated to be the pro- 
peptide of RVD-hemopressin. Currently, data about the pharmacokinetics, tissue distribution and 
stability of hemopressin-type peptides are lacking. Here we investigated the secondary structure 
and physiological role of pepcan-23 as precursor of RVD-hemopressin. We assessed the metabolic 
stability of these peptides, including hemopressin. Using LC-ESI-MS/MS, pepcan-23 was 
measured in mouse tissues and human whole blood (~50 pmol/mL) and in plasma was the most 
stable endogenous peptide containing the hemopressin sequence. Using peptide spiked human 
whole blood, mouse adrenal gland and liver homogenates demonstrate that pepcan-23 acts as 
endogenous pro-peptide of RVD-hemopressin. Furthermore, administered pepcan-23 converted to 
RVD-hemopressin in mice. In circular dichroism spectroscopy, pepcan-23 showed a helix- 
unordered-helix structure and efficiently formed complexes with divalent metal ions, in partic-
ular Cu(II) and Ni(II). Hemopressin and RVD-hemopressin were not bioavailable to the brain and 
showed poor stability in plasma, in agreement with their overall poor biodistribution. Acute 
hemopressin administration (100 mg/kg) did not modulate endogenous RVD-hemopressin/ 
pepcan-23 levels or influence the endocannabinoid lipidome but increased 1-stearoyl-2-arachido-
noyl-sn-glycerol. Overall, we show that pepcan-23 is a biological pro-peptide of RVD-hemopressin 
and divalent metal ions may regulate this process. Given the lack of metabolic stability of 
hemopressins, administration of pepcan-23 as pro-peptide may be suitable in pharmacological 
experiments as it is converted to RVD-hemopressin in vivo.   

1. Introduction 

The endocannabinoid system (ECS) was discovered as a consequence of the elucidation of Δ9-tetrahydrocannabinol (Δ9-THC) as 
the major psychoactive natural product of Cannabis sativa L (Matsuda et al., 1990; Mechoulam and Gaoni, 1964; Mechoulam and 
Parker, 2013). The ECS is an essential lipid signaling network in mammals, comprising the arachidonate (AA)-derived endocanna-
binoids (eCBs) 2-arachidonoylglycerol (2-AG) and N-arachidonoylethanolamine (anandamide, AEA), the corresponding enzymes for 
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their biosynthesis and degradation, as well as their G-protein coupled receptors (GPCRs) CB1 and CB2. The eCBs are connected to the 
arachidonate-prostaglandin axis and non-selectively and tissue-dependently activate CB1, CB2 or GPR55 receptors, but likewise, they 
modulate different ion channels and intracellular receptors (Lenman and Fowler, 2007; Morales et al., 2017; Ryberg et al., 2007; Sigel 
et al., 2011; Yévenes and Zeilhofer, 2011; Zygmunt et al., 1999). More recently, peptides derived from the hemopressin sequence 
PVNFKLLSH (present in the α-hemoglobin HBA1/2 and Hba-x gene loci) were reported to interact with cannabinoid (CB) receptors 
(Bauer et al., 2012; Emendato et al., 2018; Gelman and Fricker, 2010; Gomes et al., 2009; Petrucci et al., 2017; Rioli et al., 2003; 
Scrima et al., 2010; Straiker et al., 2015; Wei et al., 2020). Among these peptides, an endogenous peptide called RVD-hemopressin or 
pepcan-12 (nomenclature based on the N-terminal extension) was shown to act as potent (nanomolar) allosteric modulator of the CB 
receptors in vitro. At CB1 receptors this peptide behaved as negative allosteric modulator (NAM) whereas at CB2 receptors it showed 
effects of a positive allosteric modulator (PAM) (Bauer et al., 2012; Petrucci et al., 2017; Straiker et al., 2015). More recently, it was 
demonstrated that the endogenous peptides RVD-hemopressin and pepcan-23 are localized in noradrenergic neurons in the brain, as 
well as in the adrenal glands (Hofer et al., 2015; Petrucci et al., 2017). Because of the restricted localization and the relatively small 
amounts of these neuropeptides in blood and tissues, independent of the absolute amounts of hemoglobin, their generation seems to be 
independent of α-hemoglobin degradation. Pepcan-23 may be generated from cryptic localized expression of the HBA2 gene and 
post-translational processing (Hofer et al., 2015; Wei et al., 2020). Given the relative abundance of pepcan-23 and its lack of CB re-
ceptor binding (Bauer et al., 2012; Petrucci et al., 2017), it was previously postulated that this peptide could be the pro-peptide of 
RVD-hemopressin (pepcan-12). In agreement with this hypothesis, pepcan-23 tissue levels were increased simultaneously with 
RVD-hemopressin and eCBs during ischemia-reperfusion injury (IRI) and inflammation in mice (Petrucci et al., 2017). However, the 
role of pepcan-23 remains unclear. Despite the lack of knowledge about the biological stability of these peptides, hemopressin and 
RVD-hemopressin are increasingly used in pharmacological experiments (vide infra). The data obtained in these studies need to be 
discussed and re-evaluated based on the biological stability of hemopressins. Different studies with hemopressin and RVD-hemopressin 
have been conducted in vitro and in vivo, in various species and routes of administration, including oral (p.o.), intraperitoneal (i.p.), and 
intravenous (i.v.) (Aygun et al., 2020; Blais et al., 2005; Camargo et al., 2020; Dale et al., 2005; Dodd et al, 2010, 2013; El Swefy et al., 
2016; Ferrante et al., 2017; Fogaça et al., 2015; Hama and Sagen, 2011a, 2011b; Heimann et al., 2007; Leone et al., 2017; Li et al., 
2016; Lippton et al., 2006; Mahmoud et al., 2014; Pan et al., 2014; Petrovszki et al., 2012; Recinella et al., 2018; Rioli et al., 2003; 
Tanaka et al., 2014; Toniolo et al., 2014; Zhang et al., 2016; Zhou et al., 2012). To date, the structure and stability of pepcan-23 has not 
yet been investigated in pharmacological experiments. In the present study, we employed the power of liquid chromatography tandem 
mass spectrometry (LC-MS/MS) to quantify the stability and bioavailability of hemopressin, RVD-hemopressin and pepcan-23 in 
different biological tissues, both in vivo and ex vivo. We address the hypothesis that pepcan-23 is the physiological pro-peptide of 
RVD-hemopressin (pepcan-12) in vivo. Based on a previous report on hemopressin peptide metal-binding (Remelli et al., 2016), we 
further postulated that divalent metal cations may stabilize the secondary structure of pepcan-23 in physiological environment and 
influence its metabolic stability. Using circular dichroism (CD) spectroscopy and mass spectrometry (MS) we studied the interaction of 
the peptides with different divalent metal ions and investigated the metabolic stability of each hemopressin, RVD-hemopressin and 
pepcan-23 in serum, plasma and blood, as well as the potential effect of hemopressin on the ECS in vivo. Our data substantiate that 
pepcan-23 acts as pro-peptide of RVD-hemopressin and we show that this peptide has superior biological stability than the shorter 
hemopressins. Possible structural reasons for this finding are discussed. Overall, our study provides first important insights into the 
biological role of pepcan-23 in the biosynthetic regulation of RVD-hemopressin, but also red-flags shorter pepcans and hemopressin 
from being used as pharmacological agents in animal studies. 

2. Materials and methods 

2.1. Materials and reagents 

Peptides (purity >95%) were obtained customized from GeneCust. The peptide internal standard was synthesized by SHBC. All 
general compounds, salts and buffer were purchased from Sigma-Aldrich and Fluka: Tris(hydroxymethyl)aminomethane hydrochlo-
ride (Tris-HCl), ethylene-diaminetetraacetic acid (EDTA), trifluoroethanol (TFE) and metal salts (CuCl2, NiCl2, ZnCl2, CaCl2, MgCl2 and 
MnCl2), phosphate buffer saline (PBS), sodium dihydrogenphosohate dihaydrate, sodium phosphate dibasic dihydrate. Phosphate 
buffer (PB buffer) was prepared in house using sodium dihydrogenphosohate dihaydrate and sodium phosphate dibasic dihydrate. 
Bicinchoninic acid (BCA) colorimetric assay was obtained from Pierce Biotechnology, ThermoScientific™. Solvents for MS experi-
ments were purchased in HPLC and analytical grade from Sigma-Aldrich and VWR Scientific. MilliQ water (18.2 MΩ x cm) was ob-
tained from an ELGA Purelab Ultra Genetic system. The protease inhibitor cocktail (PIC) (Complete Ultra Tablets Mini) from Roche was 
used. Solid-phase extraction (SPE) cartridges (Oasis® HLB, 1 cc, 30 mg) were purchased from Waters™. Plastic extraction tubes (2 mL) 
and chrome-steel beads (2.3 mm dia) were purchased from XXTuff Microvials, BioSpec. 

2.2. ESI mass spectrometry 

Electrospray ionization mass spectrometry (ESI-MS) flow injection analyses in presence or absence of metals were carried out on 
4000 QTrap mass spectrometer equipped with ESI probe (AB Sciex Concord, Ontario, Canada). Data acquisition and analysis were 
performed using the Analyst software version 1.6 (AB Sciex Concord, Ontario, Canada). The turbo ion spray interface was operated in 
positive mode. The parameters of the ion source using nitrogen as curtain gas were as follows: Ion spray voltage 2000 V, temperature 
650 ◦C, curtain gas 25 psi, GS1 50 psi and GS2 50 psi. The entrance potential and collision cell exit potential were set to 10 V. Spectra 
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were acquired in the 70-2800 m/z range using Q1 MS in positive mode. Peptides (0.6 mM) were incubated in milliQ water in the 
absence or presence of divalent metal salts (peptide/metal (Cu(II) or Ni(II)) ratio 1:1, 1:2, 1:10), diluted to 50% acetonitrile (ACN) and 
subjected to the LC-MS. Sample (50 μL) was injected into the LC-MS using a constant flow of 1:1 ACN/water containing 0.1% formic 
acid and a flow rate of 0.2 mL/min for 5 min. To identify the characteristic signals for relevant metal ion-peptide complexes, the 
solvent system and the peptide without metal were recorded as control spectra. 

2.3. Peptide sample preparation and extraction 

For peptide extraction from tissues, a gentle extraction method consisting of protein precipitation (PPT) and solid-phase extraction 
was used. Peptides were extracted from tissues as described previously with minor adaptations (Petrucci et al., 2017). In brief, frozen 
tissue was weighed, transferred into extraction tubes containing two steel beads. Depending on the tissue, two to four volumes ice-cold 
water containing PIC were added. Homogenization was carried out using a bead beater (Mini-BeadBeater-24, BioSpec, Oklahoma, 
USA). PPT of an aliquot of the sample homogenate was performed using acetonitrile (1:1, v/v), followed by the addition of the internal 
standard (1 μg/mL for 4000 QTrap, 0.1 μg/mL for 5500 QTrap). PPT was facilitated by keeping the samples on ice for 10 min, followed 
by vigorous vortexing and sonication for 10 min in an ice-cold ultrasound bath. Subsequently, samples were centrifuged at 16 000 g for 
10 min at 4 ◦C and the supernatant was diluted to 10% ACN with milliQ water. Samples were then subjected to SPE. For whole blood, 
serum, and plasma samples, protein precipitation was performed using an equal part of ACN, vortexed and IS was added. The samples 
were then 5 min sonicated for homogenization prior to subsequent extraction steps, as mentioned above. 

2.4. Solid-phase extraction (SPE) 

Sample cleanup and concentration of peptides was performed with a SPE protocol using Oasis® HLB cartridges. The sorbent of the 
cartridge was activated and conditioned using 1 mL methanol, followed by equilibration with 10% ACN. Afterward, the sample was 
loaded on the cartridge and the sorbent was washed with 500 μL water. Analytes were eluted using 850 μL 70% ACN and the eluate was 
dried under vacuum in a SpeedVac. Prior LC-MS/MS measurements, samples were reconstituted in 10% ACN. 

2.5. Acidic extraction of hemopressin and pepcan-23 from human whole blood 

Peptides from human whole blood were extracted by adding one volume (v/v) of acid (100 mM acetic acid/0.1 M formic acid/10 
mM hydrochloric acid (HCl)). For hot extraction, blood was incubated for 20 min at 100 ◦C. Extraction was performed as described in 
2.3 and 2.4. 

2.6. LC-ESI-MS/MS measurements 

Analyses were conducted on a 4000 QTrap mass spectrometer equipped with ESI probe (AB Sciex Concord, Ontario, Canada) 
connected to a LC-20AD Shimadzu UFLC system (Shimadzu Corporation, Kyoto, Japan) as previously described (Petrucci et al., 2017). 
In brief, analytes were measured in multiple reaction-monitoring mode (MRM). The chromatographic separation of peptides (mo-
lecular weight ranges from 1054 to 2597 Da) was performed on a C8 column (3 μm, 50 × 2 mm, ReproSil-Pur Basic®, Dr. A. Maisch, 
High Performance LC-GMBH, Ammerbuch, Germany) maintained at 40 ◦C. LC was performed using water 0.1% formic acid and ACN 
0.1% formic acid as mobile phase (schematic representation in Supplementary Fig. 1). Peptides were eluted using a linear gradient 
from 2% to 80% organic solvent over 19 min with a flow rate of 0.3 mL/min. The analytical range for RVD-hemopressin and pepcan-23 
with this method was 56–2000 ng/mL. As previously reported, values obtained for R2 were higher than 0.94 (Hofer et al., 2015; 
Petrucci et al., 2017). 

Measurements and validation of the new peptide LC-MS/MS method were performed on a more sensitive 5500 QTrap mass 
spectrometer equipped with an ESI probe (AB Sciex Concord, Ontario, Canada) and connected to an ExionLC AC UHPLC system (AB 
Sciex Concord, Ontario, Canada). The instrument parameters were: IS +2500 V, source temperature 650 ◦C, curtain gas 40 psi, GS1 70 
psi and GS2 60 psi, entrance potential and collision cell exit potential 10 V. Autosampler was maintained at 4 ◦C. The MRM transitions 
used for the quantification of hemopressin, RVD-hemopressin, pepcan-23, and the internal standard (IS) RVDPVNFKFL(5,5,5-D3)SH 
are shown in the Supplementary Table 1. The chromatographic separation of the peptides was performed as described previously 
(Petrucci et al., 2017). 

2.7. Pepcan quantification and method validation 

Because RVD-hemopressin, and pepcan-23 are endogenous compounds, diluted tissues were used as matrix for the calibration and 
the endogenous background concentration of each analytes in the matrix was subtracted from the concentrations of the spiked cali-
brants (Thakare et al., 2016). Peptides were quantified using Analyst 1.6 (AB Sciex) based on the calculated analyte ratio (peak area of 
each analyte/peak area of IS). The slope, intercept, and regression coefficient of the calibration were determined, and data were 
analyzed using linear regression. The calibrants were prepared by spiking diluted matrix with the freshly prepared stock of peptides 
due to the low freeze/thaw stability of the peptides in solution (Supplementary Table 2). R2 ranged from 0.95 to 0.99. A representative 
validation of the most relevant parameters was performed using diluted blood as matrix. Validation samples were prepared at three 
quality control (QC) levels for all the peptides: low (LQC 6.9 ng/mL), middle (MQC 52 ng/mL), and high (HQC 395 ng/mL) spanning 
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the entire calibration range (Supplementary Tables 1–5). 

2.8. Quantification of endocannabinoids by LC-MS/MS 

Collected and snap-frozen tissues were weighed and extracted as previously reported (Chicca et al., 2017). In brief, if both peptides, 
eCBs, and lipids were quantified in the same sample, tissues were homogenized in water containing PIC instead of 0.1 M formic acid 
solution. 20-50 mg was transferred to glass extraction tubes containing ice cold 1.5 mL ethyl acetate/hexane (9:1) 0.1% formic acid 
solutions and the ISs. The ratio of the organic and aqueous phase was adjusted to 3:1 organic solvent and aqueous phase containing the 
homogenate. The extraction tubes were rigorously vortexed for 30 s, followed by 10 min a sonication step in a cold bath. Subsequently, 
samples were centrifuged 1600 g for 10 min at 4 ◦C and placed on dry ice to allow the aqueous layer to freeze. The upper organic phase 
was recovered in plastic tubes and was dried to completeness under vacuum. The samples were reconstituted in either 35 μL or 50 μL 
80% ACN in water, submitted to the LC-MS, and 10 μL were injected for measurement. The LC-MS/MS parameters and conditions were 
as previously described (Chicca et al., 2017; Gachet et al., 2015; Schuele et al., 2020). 

2.9. Blood collection, plasma and serum generation 

For whole blood and plasma experiments, blood was collected in EDTA tubes (VACUETTE®) provided by the local blood bank 
(Blutspendezentrum Bern, Switzerland) and processed in the lab under the BAFU license No A141370. For serum, whole blood from 
healthy male and female donors was collected in serum tubes (without any anticoagulant) and allowed to clot overnight. Whole blood 
was centrifuged for 15 min at 1000 g in a cooled centrifuge to obtain plasma and serum in house. Acceleration and brake were set to 
zero to avoid the disruption of phase separation and breaking of cells. The supernatant (plasma or serum) was recovered without 
disturbing the cellular fraction and aliquoted into 2 mL tubes (Eppendorf). For pooling whole blood only compatible blood types were 
used. 

2.10. Circular dichroism (CD) spectroscopy 

CD spectra were recorded using Jasco J-715 spectrometer equipped with a PFD-350 S temperature controller and a PS-150 J power 
supply. All experiments were measured using a Hellma Suprasil R 100-QS 0.1 cm cuvette. Stock solutions of the peptides (2 mg/mL) 
were freshly prepared immediately before the experiment using degassed milliQ water and diluted to the final concentration using 
degassed phosphate buffer (PB) (10 mM PB buffer final concentration). For the TFE and pH studies, 200 μg/mL peptides were used. For 
the metal binding experiments, 1 mM peptide and 1.1 mM metal (Cu(II) or Ni(II)) were used. The pH of the PB buffer was adjusted by 
mixing Na2HPO4 buffer and NaH2PO4 buffer accordingly. The prepared buffers and solutions were degassed before use to reduce 
background noise in the measurement. For the solvent dependent studies (induction of secondary structure, pH studies) PB buffer at 
various pH (pH 4.5, pH 7.4, pH 9), containing different TFE (0–100%) solutions, or in the presence of Cu(II) or Ni(II) were used. The 
parameters of the instrument were as followed: temperature 20 ◦C, range of measurement 185-260 nm (pH and TFE studies) and 200- 
700 nm (metal binding studies), scan rate set to 10 nm/min, or 20 nm/min, pitch 0.5–1 nm, response 16 s, nitrogen flow was kept 
above 8 L/min and samples were subjected to at least two accumulations per measurement. The baseline of each used buffer or solvent 
was recorded under the same conditions and subtracted manually for data analysis. Between each measurement, the cuvettes were 
washed with milliQ water, 1 M HCl, milliQ water, then equilibrated with the buffer used for the next measurement. The obtained data 
was analyzed and processed by Dichroweb using CONTIN LL analysis program and reference set three (Lobley et al., 2002; Provencher 
and Glöckner, 1981; Van Stokkum, I. H., Spoelder, H. J., Bloemendal, M., Van Grondelle, R., & Groen, 1990; Whitmore and Wallace, 
2008, 2004). Final data was plotted using GraphPad Prism 9. 

2.11. Stability studies 

Whole blood, plasma, and serum stability of hemopressin, RVD-hemopressin, and pepcan-23 was assessed in an ex vivo stability 
assay. Peptides (2 μM) were added separately to each matrix which was incubated at 37 ◦C, 300 rpm on the thermoshaker for up to 120 
min. An aliquot was taken at the indicated time points and the reaction was stopped by adding one volume of ACN (50% ACN final 
concentration) and placing the reaction mixture on ice. IS was added and the extraction was performed as described in 2.3 and 2.4. 

2.12. Animals experiments 

The in vivo experiments with hemopressins and pepcan-23 were conducted using eight weeks old female CD-1 mice (25-30 g body 
weight) supplied by Janvier Laboratory. Mice were kept under standard environmental conditions (24 ± 2 ◦C; light-dark cycle of 12:12 
h) with food and water ad libitum. Animals were handled according to Swiss federal legislation and guidelines of the local animal 
facility of the University of Bern. The protocols used (see below) were approved by the respective government authorities (Veter-
inäramt Kanton Bern, Switzerland) and operated under the license BE-79/18. Before starting the experiment, mice were habituated for 
one week. 
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2.13. In vivo distribution studies of hemopressin, RVD-hemopressin, and pepcan-23 

Female CD-1 mice were injected intraperitoneally (i.p.) with the indicated peptides (100 mg/kg in saline, 50 μL). The mice were 
sacrificed by decapitation 15-60 min after i.p. administration. To quantify basal peptide levels, control group mice were i.p. injected 
with the vehicle and sacrificed. Brain, liver, kidney, spleen, adrenals, and trunk blood were collected for LC-MS/MS analyses. All 
tissues were briefly washed in ice-cold PBS, immediately snap-frozen in liquid nitrogen and stored at − 80 ◦C until extraction. Blood 
sampled were collected in EDTA tubes and centrifuged to obtain plasma and the cellular fraction, stored at − 80 ◦C until analysis. 

2.14. Pepcan-23 degradation and RVD-hemopressin generation assay 

The homogenates were prepared by homogenizing the tissue in ice-cold assay buffer (10 mM Tris-HCl pH 7.4) using a bead beater. 
The IRI tissue samples were used from previously published experiments. Samples were kept on ice until the experiment. Total protein 
concentration was determined using the BCA kit. Peptide (2 μM) was spiked into the homogenate (500 μg total protein/mL). The 
homogenate was incubated at 37 ◦C and 400 rpm in the thermoshaker. Aliquots of 200 μL were taken at the indicated time points and 
the reaction was stopped by adding one volume of ACN and placing the mixture on ice. IS was added to the sample and extraction was 
carried out as described in 2.3. 

2.15. Pepcan-23 degradation in human whole blood homogenates 

For the degradation experiments in whole blood homogenate, 4 μM pepcan-23 or RVD-hemopressin in water with or without 5 mM 
metal ion salt was prepared. Tested metal salts were either CuCl2, NiCl2, or a metal mixture containing ZnCl2, CaCl2, MgCl2 and MnCl2. 
Afterward, the same volume of whole blood homogenate (v/v) was added, and the reaction mixtures were incubated at 37 ◦C and 
extracted similar to 2.14. Homogenates were generated by mechanical disruption using a polytron homogenizer. 

2.16. De novo and hierarchical structure prediction of pepcan-23 

Prediction of the secondary structure and amphiphilicity of a α-helix of pepcan-23 was carried out using Chou-Fasman and GOR-I 
prediction (Garnier et al., 1978; Prevelige and Fasman, 1989). The structure of pepcan-23 was predicted using the de novo structure 
modeling software PepFold3, based on structural alphabet SA letters to describe the conformations of four consecutive residues and 
coupling the predicted series of SA letters to a greedy algorithm and a coarse-grained force field (Lamiable et al., 2016; Thévenet et al., 
2012). Structure prediction was also performed using I-Tasser (Iterative Threading ASSEmbly Refinement), which identifies structural 
templates from the PDB by multiple threading approach LOMETS, with full-length atomic models constructed by iterative 
template-based fragment assembly simulations (Yang and Zhang, 2015; Zhang et al., 2017). PDB 2DN2 was used for the comparison of 
the pepcan-23 structure in the α-hemoglobin protein (Fig. 5C and E). Similar results were observed using PDB 1A3N, 4HHB, and 6BB5. 
For the data analysis and figure generation ChimeraX was used. 

2.17. Statistical analysis 

Statistical analyses were performed using GraphPad Prism 9. For the in vivo experiments, the analysis from peptide injected mice 
versus the vehicle treated control group was performed using Kruskal-Wallis test followed by Dunn’s post-hoc analysis. Other sta-
tistical analyses are indicated in the figure legends of the corresponding experiments. Where appropriate, SEM (standard error of the 
mean) or SD (standard deviation) were shown. 

3. Results 

3.1. Quantification method of hemopressins and pepcan-23 using LC-MS/MS 

Using optimized protein precipitation and SPE enabled us to selectively and sensitively extract and quantify the peptides hemo-
pressin (PVNFKLLSH), RVD-hemopressin (RVDPVNFKLLSH) and pepcan-23 (SALSDLHAHKLRVDPVNFKLLSH). The C8 column was 
the most efficient for the LC separation of these peptides spanning a broad range of sizes (1054 Da–2598 Da) (Supplementary Fig. 1). 
With the established LC-MS/MS method (Table 1), the peptides could be detected as low as 0.2 ng/mL and they were quantified with 
an accuracy ≥ 85% throughout the concentration range 0.4–10000 ng/mL. MRM parameters are shown in Supplementary Table 1. 

Calibration curves were always freshly prepared because of the low stability of the peptides in solution upon freeze and thaw cycles 

Table 1 
Quantification of the different peptides. MRM transitions, limit of detection (LOD) and range of quantification are shown.  

Peptide MRM transition LOD Quantifiable range 

Hemopressin 352.7/120.0 0.2 ng/mL 0.4–10000 ng/mL 
RVD-hemopressin 475.7/371.1 0.2 ng/mL 0.5–10000 ng/mL 
Pepcan-23 520.5/131.0 0.2 ng/mL 0.6–10000 ng/mL  
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(Supplementary Table 2). Method validation (recovery, stability, and matrix effects) and parameters are reported the method section 
and Supplementary Tables 2–5. Recovery of the QCs of all peptides ranged from 45 to 90% (Supplementary Table 3). The peptides 
exhibited no carry over in the measurements. In the autosampler they were stable (>90%) for at least three days (Supplementary 
Table 4). However, peptides spiked into neat solution (without any matrix or extraction procedure), resulted in a significant loss of 
signals. As soon as a matrix (e.g., diluted tissues or 0.1% BSA solution) was introduced in any step of the procedure, the signals 
remained constant, and five-fold higher compared to neat solution indicating a strong matrix effect. The intra-assay coefficient of 
variation of the three-quality control (QC) samples ranged from 2 to 38% and the inter -assay coefficients of variation of three in-
dependent calibration curves ranged between 7 and 35% (Supplementary Table 5). In human whole blood, RVD-hemopressin and 
pepcan-23 were found at 143 ± 89 pmol/mL and 57 ± 47 pmol/mL, respectively. Interestingly, pepcan-23 and RVD-hemopressin were 
mostly present in the cellular fraction and only traces (3-10% of total) could be found in plasma or serum. As previously reported, 
hemopressin was not present when using the neutral extraction method but was readily generated from RVD-hemopressin and possibly 
pepcan-23 as an artifact when using acidic pH extraction protocols, approximately equaling the total amounts of RVD-hemopressin 
(Fig. 1). 

3.2. Stability of hemopressins and pepcan-23 in whole blood, plasma and serum 

To assess the impact of peptide length and structure on pharmacokinetic parameters, the metabolic stability of hemopressin, RVD- 
hemopressin and pepcan-23 was measured in independently spiked blood tissue matrices of varying complexity. As seen in Fig. 2, 
pepcan-23 was the most stable peptide in all blood matrices ex vivo. After 5 min incubation in human whole blood, pepcan-23 remained 
fully stable, but RVD-hemopressin and hemopressin were already degraded by approximately 20%. After 15 min, approximately 50% 
of hemopressin and RVD-hemopressin were degraded. Conversely, pepcan-23 was significantly more stable over 30–45 min. After 2 h 
in whole blood pepcan-23 was degraded by approximately 70% and hemopressin and RVD-hemopressin were almost fully degraded. 
Interestingly, pepcan-23 partially (3-10%) converted into RVD-hemopressin, depending on the blood donor. In serum and plasma, 
pepcan-23 remained fully stable over 2 h, whereas RVD-hemopressin and hemopressin were degraded time-dependently in all con-
ditions (Fig. 2). Despite the fact that RVD-hemopressin was present endogenously in blood (associated to the cellular fraction) and in 
some donors at higher amounts than pepcan-23 (Fig. 1B), ex vivo incubation of RVD-hemopressin showed the lowest stability in 
plasma, serum and whole blood (Fig. 2). 

3.3. Bioavailability and tissue distribution of hemopressins in mice 

Considering the apparent differences observed in the ex vivo stability studies of hemopressin, RVD-hemopressin and pepcan-23 
(Fig. 2), we next investigated the bioavailability/metabolic stability and tissue distribution of these peptides in CD-1 mice upon 
intraperitoneal (i.p.) administration (100 mg/kg in saline). The animals were sacrificed at different time-points (15-60 min). Rather 
unexpectedly, hemopressin was not detected at all in any of the tissues and already after 15 min the amounts were below the limit of 
quantification, strongly indicating that this nonapeptide is degraded rapidly in vivo (Supplementary Fig. 2). On the other hand, RVD- 
hemopressin was somewhat more metabolically stable than hemopressin and significantly increased in spleen at 20 and 60 min after 

Fig. 1. Extraction of hemopressin, RVD-hemopressin and pepcan-23 from human whole blood. (A) Under different acidic conditions (pH < 3) 
significant amounts of hemopressin were generated (n ≥ 3) (B) Extraction and quantification of peptides under neutral (pH 7) conditions (n ≥ 20). 
Data show mean values ± SD of three independent experiments from human whole blood samples pooled of at least three different donors. 
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injection (Supplementary Fig. 3). Upon RVD-hemopressin injection, in most tissues no increase above basal levels could be measured 
(Supplementary Fig. 3). A trend towards increased RVD-hemopressin tissue levels were found at 20 min in liver and kidney (Sup-
plementary Fig. 3). Importantly, we did not find evidence that RVD-hemopressin crossed the blood-brain barrier and accumulated in 
the brain. 

3.4. Metabolic stability of pepcan-23 and conversion to RVD-hemopressin (pepcan-12) in vivo 

When pepcan-23 (100 mg/kg) was injected intraperitoneally in mice we observed that not only the amounts of pepcan-23 accu-
mulated in different tissues, but also the amounts of RVD-hemopressin increased simultaneously (Fig. 3). 

Due to its superior stability over the shorter hemopressins, pepcan-23 was found in plasma 15 min after injection and remained 
quantifiable for 30 min (Fig. 3). Pepcan-23 levels returned to basal levels 60 min after injection (some tissue levels were <LOQ). In 
liver, spleen, and kidney pepcan-23 levels were increased 15 min after i.p. injection and RVD-hemopressin levels were increased 
simultaneously in these tissues 15 min after i.p. injection of pepcan-23, showing de novo generation of this peptide most likely resulting 
from the specific cleavage of its pro-peptide pepcan-23. A tendency towards increased pepcan-23 and RVD-hemopressin in the brain 
was measured (Supplementary Fig. 4). 

3.5. RVD-hemopressin production from pepcan-23 in adrenal gland and liver homogenates 

We next analyzed the conversion of pepcan-23 to RVD-hemopressin in adrenal gland and liver homogenates. As shown in Fig. 4A, 
upon spiking of pepcan-23 into adrenal homogenates RVD-hemopressin increased significantly after 10 min and the amounts of 
pepcan-23 and RVD-hemopressin correlated inversely. Since the homogenate contained numerous non-specific proteases and pepti-
dases, only approximately 5% of the conversion could be observed. In a previous study we have found that not only adrenals are 
important for the production and storage for pepcans, but also the levels of both pepcan-23 and RVD-hemopressin were increased in 
liver tissues coming from a mouse model of IRI (Petrucci et al., 2017). Additionally, RVD-hemopressin and pepcan-23 levels were 
dramatically decreased in all tissues after adrenalectomy, in line with the finding that noradrenergic cells express pepcan-
s/hemopressins. We thus spiked pepcan-23 into liver homogenates of wild-type (wt) and adrenalectomized mice suffering from IRI. As 
shown in Fig. 4B, pepcan-23 was degraded in all three liver homogenates with similar kinetics. In the IRI liver homogenate of both wt 

Fig. 2. Metabolic stability of peptides in human whole blood, plasma and serum. The stability of hemopressin, RVD-hemopressin and pepcan- 
23 was measured independently in human whole blood, human plasma, and human serum at 37 ◦C. The starting time point (0 min, 100%) rep-
resents the maximum spiked amount (2 μM) at the beginning of each experiment. Data show mean values ± SD of at least three independent 
experiments, each performed in triplicates, from blood of 3–10 human donors. The remaining percentage of each peptide at the indicated time 
points is summarized in the table below. 
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and adrenalectomized mice significantly more RVD-hemopressin was generated (20x compared to baseline) (Fig. 4B). 

3.6. Acute administration of hemopressin in mice and its impact on RVD-hemopressin, pepcan-23 and the endocannabinoid lipidome 

In light of the previous studies reporting pharmacological effects upon i.p. administration of hemopressin (Supplementary Table 6), 
as well as the shared peptide sequence with endogenous RVD-hemopressin and pepcan-23, we hypothesized that hemopressin may 
modulate the degradation of these peptides or could impact eCB levels. Upon single hemopressin administration (100 mg/kg), we 
observed a tendency towards increased corticosterone levels, possibly due to the xenobiotic stress of the high peptide load. Intrigu-
ingly, hemopressin could not be detected in any of the tissues at any of the time points (15, 30 and 60 min), indicating that hemopressin 
is rapidly degraded in vivo. No significant time-dependent effects on the endogenous levels of RVD-hemopressin or pepcan-23 were 
measured in any tissue (Supplementary Fig. 2). In the kidney and liver there was a tendency towards reduced pepcan-23 levels. Neither 
AEA nor the N-acylethanolamines were significantly modulated (Supplementary Figs. 5–11). However, 15 min post hemopressin 
injection, 2-AG levels were reduced in the lung by approximately 50%. This reduction was not seen in the group 30 min post 
hemopressin injection. Interestingly, we observed an increase of 1-stearoyl-2-arachidonoyl-sn-glycerol (SAG) in plasma at the later 
time points and a clear tendency towards increased SAG and 2-AG in brain (Supplementary Figs. 5 and 6). 

3.7. Conformational analysis of pepcan-23 by CD spectroscopy 

Given the distinct metabolic fates of hemopressins and pepcan-23 ex vivo and in vivo, we addressed the differences related to the 
secondary structure of these peptides in physiological conditions. The conformational properties of pepcan-23, RVD-hemopressin and 
hemopressin were analyzed in aqueous solution (PB buffer, 10 mM) at different pH (pH 4.5–9) employing CD spectroscopy. The CD 
spectra were compared to the secondary structure of pepcan-23 in the α-hemoglobin chain (Fig. 5) as well as in silico employing de novo 
peptide structure 3D prediction software PEP-FOLD3 and the hierarchical approach of I-Tasser (Fig. 5 and Supplementary Fig. 12). The 

Fig. 3. Pepcan-23 accumulates in tissues and is converted to RVD-hemopressin in vivo. Pepcan-23 (100 mg/kg in saline) was injected i.p. to 
CD-1 mice (female, 8 weeks old) and pepcan-23 and RVD-hemopressin were extracted and quantified by LC-MS/MS at indicated time points. The 
amounts of pepcan-23 (purple) and RVD-hemopressin (red) are shown. Data show mean values ± SEM. Each dot represents the measured value of 
one animal. Data were analyzed and compared to control group (Ctrl, saline group) using Kruskal-Wallis test followed by Dunn’s post-hoc analysis. 
*, p < 0.05, **, p < 0.01 compared to saline group. n = 6–7. Limit of quantification = LOQ, n.d. = not detected. 
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secondary structures of the nonapeptide hemopressin and RVD-hemopressin could not be predicted accurately in silico as the software 
only allowed meaningful predictions of peptide sequences >20 amino acids. As summarized in Table 2, pepcan-23 contains amino 
acids flanking proline which prefer to form α-helices or turns as secondary structure. This was also calculated by de novo structure 
prediction (Fig. 5A–C). 

The amino acid sequence of pepcan-23 and RVD-hemopressin, respectively, is exclusively present in α-hemoglobin. The structure of 
hemoglobin (human, adult hemoglobin, PDB 6KYE) was therefore extracted to visualize the conformation of the pepcan-23 (SAL-
SDLHAHKLRVDPVNFKLLSH) in the α-hemoglobin chain (Fig. 5D). In the protein, pepcan-23 consists of two right-turning α-helices 
(SALSDLHAHK and PVNFKLLSH), connected by an unordered part (LRVD). One α-helix corresponded to the hemopressin sequence 
PVNFKLLSH (Fig. 5B) and the other α-helix to the N-terminal part of pepcan-23. The kink caused by proline in the α-helix acting as 
“structure breaker” is well visible (Fig. 5E). The C-terminal α-helix of the hemopressin sequence stops precisely at that point, leading to 
the unordered part of the sequence. 

The CD spectra were also recorded at different pH in PB buffer (Supplementary Fig. 13). The results suggested that the structure of 
pepcan-23 is mostly disordered. Deconvolution of pepcan-23 indicated up to 30% α-helical content and 8% β-sheet content at phys-
iological pH (7.4) (Supplementary Fig. 13). Comparing the structural content of pepcan-23 to the shorter peptides hemopressin and 
RVD-hemopressin, deconvolution indicated that the longer peptide was more structured than the shorter ones. To analyze confor-
mational changes that may occur at physiological pH in less polar environments, for example as it would be the case at a specific 
receptor binding site at the plasma membrane, we used solvent mixtures containing 0–100% of TFE at physiological pH 7.4 (Fig. 6). 
TFE has been widely used as a versatile structure inducing co-solvent for NMR and CD studies because it promotes intra-peptide in-
teractions over peptide-solvent interactions. TFE can induce the formation of stable conformations in peptides (α-helix, β-sheet) which 
are otherwise unstructured in aqueous solution (Roccatano et al., 2002; Sönnichsen et al., 1992; Tamburro et al., 1968). Not unex-
pectedly, our data show that TFE clearly increased the α-helical content in all three peptides (Fig. 6, Table 3). 

In PB buffer without TFE, pepcan-23 exhibited the highest α-helical content (12.5%) as compared to hemopressin (10.8%) and 
RVD-hemopressin (6.6%). Hemopressin exhibited an increased α-helical content at >30% TFE. RVD-hemopressin and pepcan-23 
already at 5% TFE showed an increased α-helical content and the maximal α-helical content was reached for all three peptides at 
100% TFE (hemopressin: 18%, RVD-hemopressin: 27% and pepcan-23: 44%) (Fig. 6B). However, the lower TFE buffer mixtures mimic 
more closely a biological environment as 100% is artificially forcing peptide conformational changes (Arunkumar et al., 1997). 
Nonetheless, pepcan-23 underwent significant conformational changes already at 5-20% TFE, decreasing the β-sheet and increasing 
the α-helical conformation content, respectively (Table 3, Fig. 6B). Conversely, hemopressin had the highest β-sheet content among the 

Fig. 4. Generation of RVD-hemopressin from pepcan-23 in adrenal gland and liver homogenates measured by LC-MS/MS. (A) Pepcan-23 (1 
μM) was spiked into adrenal gland homogenates (1 mg/mL protein) showing a time-dependent degradation of pepcan-23 and simultaneous for-
mation of RVD-hemopressin. (B) Pepcan-23 (2 μM) was spiked into liver homogenates (0.5 mg/mL protein) from healthy and ischemia reperfusion 
injury (IRI) mice with adrenalectomy (adx) and sham operated (wt) showing a time-dependent degradation of pepcan-23 and simultaneous for-
mation of RVD-hemopressin. Data show mean values ± SD from at least three independent experiments, each performed in triplicates. Statistical 
analysis compared to 0 min, A Kruskal-Wallis test and Dunn’s post hoc test *, p < 0.05, **, p < 0.01 ***, p < 0.001. B two-way ANOVA followed by 
Turkey’s multiple comparison. *, p < 0.05, **, p < 0.01 ***, p < 0.001. Comparison wt IRI versus adx IRI 6 h, #, p < 0.05, ##, p < 0.01 ###, p 
< 0.001. 
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tested peptides in all TFE conditions at pH 7.4. RVD-hemopressin initially revealed a β-sheet content of approximately 30%, which was 
slightly decreasing (to 25%) with increasing amounts of TFE. In contrast, pepcan-23 had the lowest content of β-sheets (27%) which 
significantly reduced upon TFE addition (5-10%) while the helical content was increasing (44%) (Fig. 6C, Table 3). Fig. 6C shows the 
relation of the distinct conformational changes of hemopressin, RVD-hemopressin and pepcan-23 as a function of TFE content in the PB 
buffer. For all peptides, the unordered conformational content remained constant at all TFE concentrations (Supplementary Fig. 14). 

3.8. CD spectroscopy of hemopressins and pepcan-23 upon metal ion binding 

It was previously reported that hemopressin and RVD-hemopressin bind Cu(II) and Ni(II) at basic but not at acidic pH (Remelli 
et al., 2016). For comparison, in addition to physiological pH we also tested these peptides as well as pepcan-23 at pH 9 and pH 4.5. 
Generally, Cu(II) ions exhibit a high affinity towards nitrogen donors and are among the few metal ions able to deprotonate and 

Fig. 5. De novo structure prediction of pepcan-23 and conformation of the pepcan-23 sequence SALSDLHAHKLRVDPVNFKLLSH in the 
α-hemoglobin chain. (A) Graphical representation of the probabilities of each Structural Alphabet (SA) letter at each position of the entered 
sequence using the de novo structure modeling software Pep-FOLD3. Each SA letter corresponds to fragments of 4 residue length. The heat map 
shows the predicted local structure of the pepcan-23 (red: helical, green: extended, blue: coil). (B) Structural composition of the two helices in five 
different models obtained by PEP-FOLD3. (C) Representative models of pepcan-23 showing two helices connected by an unordered part obtained 
using Pep-FOLD3. (D) Isolated secondary structure of pepcan-23 in the human α-hemoglobin protein. Image was visualized using the ChimeraX 
software. (E) Pepcan-23 coordinates the Fe(II) binding in the α-hemoglobin structure. The pepcan-23 sequence is highlighted in violet. Image was 
generated using the ChimeraX software. 

Table 2 
Secondary structure prediction of pepcan-23. Prediction of the secondary structure and amphiphilic helix of pepcan-23 
(for reference see methods 2.16).  

Amphiphilic Helix SALSDLHAHKLRVDPVNFKLLSH Helix 

Secondary Structure Prediction SALSDLHAHKLRVDPVNFKLLSH 
SALSDLHAHKLRVDPVNFKLLSH 

Turn, Beta 
Alpha  
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coordinate a peptide bond nitrogen (Gonzalez et al., 2018). Hemopressin was reported to show conformational changes upon Cu(II) 
binding at pH 7.5 or higher. Given the higher α-helical content in pepcan-23 we examined whether pepcan-23 could bind Cu(II) and Ni 
(II) ions at physiological conditions (pH 7.4). In agreement with the previous data (Remelli et al., 2016), hemopressin and 
RVD-hemopressin bound Cu(II) at pH 7.4 and pH 9, but not at pH 4.5 (Fig. 7B and C). As shown in Fig. 7, the conformational changes 
were visible by comparing peptides co-incubated with metals (blue or green dashed lines) with peptides in buffer only (grey line). For 
pepcan-23, which was analyzed for the first time, similar conformational changes could be observed at pH 7.4 and pH 9 upon incu-
bation with Cu(II) and Ni(II), but not at acidic pH. In the CD spectroscopy experiments, the effect of pepcan-23 Cu(II) interaction was 
more substantial compared to Ni(II), but overall pepcan-23 performed similarly to hemopressin and RVD-hemopressin. 

Fig. 6. CD spectra of conformational changes induced by TFE. (A) CD spectra of hemopressin, RVD-hemopressin and pepcan-23 (200 μg/mL) in 
TFE solution (0-100%) at pH 7.4 in 10 mM phosphate buffer (PB). (B) The calculated percentage of the α-helical content at different concentration of 
TFE. (C) Percentage of α-helical and β-sheet content as a function of the concentration of TFE. Data were processed by Dichroweb using the CONTIN 
LL analysis and reference set 3. 

Table 3 
TFE induced changes in conformational properties measured by CD spectroscopy. Data were processed by Dichroweb using the CONTIN LL 
analysis and reference set 3.   

TFE [%] 0 5 10 15 20 30 40 50 100 

Hemopressin α-helix [%] 10.8 9.4 11.3 9.5 11.8 15.8 15.5 16.7 18.1 
β-sheet [%] 34.8 35.5 35.2 33.9 34.6 34.6 34.0 29.3 27.9 
Unordered [%] 32.7 33.0 32.4 33.8 32.6 32.7 31.0 31.2 30.6 

RVD-hemopressin α-helix [%] 6.6 11.6 13.8 12.1 15.5 20.8 21.4 23.6 27.1 
β-sheet [%] 32.9 35.1 32.3 31.2 33.5 27.5 27.9 25.3 24.7 
Unordered [%] 34.2 33.2 32.9 32.9 31.4 30.1 28.5 28.7 27.1 

Pepcan-23 α-helix [%] 12.5 16.7 19.9 23.1 29.5 32.2 32.8 38.2 43.7 
β-sheet [%] 27.2 25.2 23.5 23.2 19.5 19.8 17 12.2 9.8 
Unordered [%] 34.0 32.7 31.8 30.4 27.7 26.3 27.2 25.6 23.6  
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3.9. ESI-MS analyses on pepcan-23 metal ion adducts 

To confirm the pepcan-23 metal interactions observed in CD spectroscopy, we performed ESI-MS experiments. The ESI-MS ex-
periments showed that pepcan-23 binds Cu(II) and Ni(II) (Fig. 8, Supplementary Figs. 15–17, Supplementary Table 7). Different molar 
ratios of peptide and metals were tested (1:1, 1:2 and 1:10). At a ratio of 1:1, the Cu(II)-pepcan-23 adduct appeared in the spectrum at 
m/z 1331.3 (2+), 887.9 (3+), 666.8 (4+), 533.5 (5+) and 444.7 (6+) (Supplementary Table 7, Supplementary Fig. 17). With 
increasing amounts of Cu(II) (1:2 and 1:10 ratio), m/z values containing up to three copper atoms could be found (Fig. 8, Supple-
mentary Fig. 15). For comparison, the spectrum of pepcan-23 in the absence of metal ions and an overlapping spectrum of pepcan-23 
and pepcan-23:Cu(II) (1:10 ratio) are shown in Supplementary Fig. 16. As in the case of copper, up to three nickel atoms could bind to 

Fig. 7. CD spectra of hemopressins and pepcan-23 in presence of Cu(II) and Ni(II). CD spectra of (A) pepcan-23, (B) RVD-hemopressin and (C) 
hemopressin were recorded at different pH (pH 4.5, pH 7.4, pH 9) in absence or presence of Cu(II) and Ni(II). The peptides interact with Cu(II) and 
Ni(II), especially at pH 7.4 and pH 9 as the conformational changes indicate. No interaction with metals is observed at pH 4.5. Temperature 25 ◦C, 
1.1 mM peptide, 1 mM NiCl2 or CuCl2. 
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pepcan-23 with an increasing ratio of peptide to metal (Supplementary Fig. 17). For copper and nickel, the metal peptide stoichiometry 
suggests a peptide complex with one to three metal ions (Fig. 8, Supplementary Figs. 15–17, Supplementary Table 7). 

3.10. Pepcan-23 metal-binding regulates conversion to RVD-hemopressin and increases metabolic stability 

Considering the superior metal-binding properties of pepcan-23 compared to hemopressins we were interested in the physiological 
implications of the pepcan-23 metal complex. To that aim, we measured the metabolic stability of pepcan-23 in the absence and 
presence of CuCl2 and NiCl2. As shown in Fig. 9A, preincubation with either CuCl2 or NiCl2 had a significant effect on pepcan-23 
conversion to RVD-hemopressin in human whole blood homogenate. We also assessed the impact of other divalent metals (ZnCl2, 
CaCl2, MgCl2, MnCl2) as mixture on peptide metabolic stability. As shown in Fig. 9A, pepcan-23 was degraded over time and rather 
strikingly, this degradation was fully inhibited by preincubation of the peptide with the divalent metals (Cu(II), Ni(II), or metal 
mixture). On the other hand, preincubation with the same metal mix or Cu(II) or Ni(II) did not fully prevent the degradation of RVD- 
hemopressin (Fig. 9B). 

4. Discussion 

Despite the relatively recent description of hemopressin/pepcans, there is an increasing interest in hemopressin-type peptides as 
potential novel modulators of the ECS (Heimann et al., 2021). However, the elucidation of the biological roles of hemopressins as 
endogenous modulators of CB receptors have been convoluted by contradictory pharmacological results and, above all, the lack of 
analytical studies of these peptides in vivo (vide infra). In 2003, Rioli et al. have isolated and sequenced different peptides as hemo-
globin fragments by ESI tandem mass spectrometry. Among them, the nonapeptide PVNFKFLSH, matching an α-hemoglobin fragment, 
was identified and named hemopressin (Rioli et al., 2003). In 2007, Heimann et al. showed that this nonapeptide interacted with CB1 
receptors and behaved as an inverse agonist/antagonist in vitro (Heimann et al., 2007). Subsequently, Gomes et al. identified a three 
amino acid longer peptide and named it RVD-hemopressin in mouse brain extracts, but quite unexpectedly characterized this 
endogenous peptide as an agonist at CB1 receptors, mainly based on Gq signaling effects in vitro (Gomes et al, 2009, 2010). However, 
the fact that the maximal effect was a partial (~50%) displacement of the radioligand [3H]CP55,940 in cerebellar membranes dis-
agreed with agonist binding. Importantly, it was also first noted that hemopressin might not be endogenous but an acid extraction 
artifact from RVD-hemopressin (Gomes et al., 2010). In fact, D-P bonds are known to be readily hydrolyzed by acids (Che et al., 2007; 

Fig. 8. ESI-MS spectrum of pepcan-23 Cu(II) adducts. Pepcan-23 was incubated with Cu(II) in solution. (A) Spectrum indicating the molecular 
peaks of pepcan-23 and showing the formed Cu(II) adducts (pink asterix). At a molar ratio 1:10 of pepcan-23 to Cu(II) mostly adducts with two or 
three Cu(II) ions are formed. In the spectrum, peaks corresponding to one Cu(II) bound to pepcan-23 are still visible but to a significantly lower 
intensity. Molar ratio (1:10) of pepcan-23 to Cu(II) (0.6 mM peptide used). (B) List of ions, m/z values and used ratio peptide:Cu(II) the indicated ion 
was found. 
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Light, 1967; Marcus, 1985; Piszkiewicz et al., 1970). In 2012, using a monoclonal antibody (mAb) raised against the C-terminus of 
RVD-hemopressin sequence (FKLLSH as a fragment of hemopressin), we identified additional N-terminally extended peptides in 
different mouse tissues, but not hemopressin (Bauer et al., 2012). Because some peptides interacted with CB receptors, this family of 
peptides was designated peptide endocannabinoids (pepcans). Based on the length of the N-terminal amino acid sequence, they were 
named pepcan-12 (RVD-hemopressin) to pepcan-23, which is the largest peptide found. In our hands, pepcan-12 (mouse/human 
RVD-hemopressin) gave the clearest results in CB receptor binding and functional studies using cAMP and GTPγS assays and performed 
as an allosteric binder and NAM of CB1 receptors (Bauer et al., 2012). The NAM effect of RVD-hemopressin was independently 
confirmed by electrophysiology in cultured autaptic hippocampal neuronal cells measuring CB1 receptor-mediated modulation of 
synaptic transmission (Straiker et al., 2015). In our hands, RVD-hemopressin also potently interacted as PAM with CB2 receptors at 
nanomolar concentrations (Petrucci et al., 2017). The unexpected CB receptor-specific dual NAM-PAM function of this peptide 
observed in vitro inspired speculations regarding its biological role as novel ECS modulator. A biological role for RVD-hemopressin 
(pepcan-12) and also pepcan-23 was further suggested by the remarkably strict localization of these peptides in noradrenergic neu-
rons and in the adrenal medulla associated with the sympathetic system (Hofer et al., 2015; Petrucci et al., 2017). We previously 
reported that upon adrenalectomy the amounts of RVD-hemopressin and pepcan-23 dramatically decreased (Petrucci et al., 2017). 
This suggested that pepcan-23 could act as pro-peptide of RVD-hemopressin. To generate experimental evidence in vivo for the role of 
pepcan-23 as pro-peptide and RVD-hemopressin as CB receptor modulator is challenging. Unfortunately, studies with hemopressins 
are hampered by the biological instability of these peptides and, to our knowledge, only one semi-quantitative study partially 
addressed the bioavailability of hemopressin to the brain (Fogaça et al., 2015). Therefore, experiments performed in mice using 
hemopressins need to be interpreted with caution. Several in vivo studies were performed using hemopressin and RVD-hemopressin 
(for full overview see Supplementary Table 6), but generally without addressing their biological stability or bioavailability. Among 
the described pharmacological actions of hemopressin are hypotensive effects in mice and rats (Blais et al., 2005) and a modulation of 
penicillin-induced epileptiform activity in rats (Aygun et al., 2020). Interestingly, hemopressin behaved as an antagonist of CB1 re-
ceptors (like RVD-hemopressin in our hands) in various models of pain (Heimann et al., 2007; Toniolo et al., 2014). Moreover, 
hemopressin exhibited anxiogenic-like effects in rats though the peptide did not cross the blood-brain barrier (Fogaça et al., 2015). 
Additionally, intrathecal administration of hemopressin displayed antinociceptive effects in an experimental hyperalgesia rat model 
(Dale et al., 2005), a neuropathic spinal cord injury pain model, and in the formalin test (Hama and Sagen, 2011a, 2011b). However, 
pretreatment with hemopressin could not attenuate or block the WIN55,212-2 mediated antinociceptive effect (Hama and Sagen, 
2011a, 2011b). In contrast, in a dose-escalation evaluation using hemopressin in a rat model of arthritic pain, no antinociceptive effect 
was observed. However, upon 2-AG and hemopressin co-administration, the antinociceptive effect of 2-AG was inhibited in the same 

Fig. 9. Divalent metals inhibit degradation of pepcan-23 but not RVD-hemopressin. Pepcan-23 or RVD-hemopressin (2 μM) was incubated in 
whole blood homogenate for different time points. (A) Under normal conditions (control treatment, Ctrl) pepcan-23 (left) converted to RVD- 
hemopressin (right). Preincubation with either CuCl2, NiCl2 or a mixture of metals (ZnCl2, CaCl2, MgCl2 and MnCl2) (5 mM) prevented pepcan- 
23 conversion to RVD-hemopressin and pepcan-23 degradation. (B) RVD-hemopressin degradation was not fully inhibited by preincubation with 
divalent metals. Data show mean values ± SD from at least three independent experiments from three donors, each measured in n = 3–6. Data was 
analyzed with two-way ANOVA followed by Bonferroni post-hoc test. *, p < 0.05, **, p < 0.01 ***, p < 0.001. 
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model (Petrovszki et al., 2012). Many of the reported effects are difficult to interpret considering the findings of the present study that 
hemopressin is not bioavailable to tissues upon i.p. injection and RVD-hemopressin only showed partial stability in vivo. Thus, 
pharmacological experiments using these peptides require experimental control over the pharmacokinetic parameters (peptide 
bioavailability and metabolism) based on suitable analytical methods. 

We have established a sensitive quantitative LC-ESI-MS/MS method for hemopressins and pepcan-23 (Hofer et al., 2015; Petrucci 
et al., 2017). With the current method, it is possible to detect and quantify hemopressins and pepcan-23 in the nanomolar range in 
various biological tissues with varying matrix complexity. In agreement with our previous studies (Hofer et al., 2015; Petrucci et al., 
2017), our present data confirm that using a gentle extraction protocol only RVD-hemopressin and pepcan-23 are present in biological 
material. Since these peptides are also found in mouse brain, they are bona fide neuropeptides. It cannot be excluded that during the 
degradation of RVD-hemopressin, also smaller bioactive peptides are formed (de Araujo et al., 2019; Heimann et al, 2020, 2021), 
though no physiological evidence of this has been provided yet. In fact, the smaller hemopressins (e.g., VD-hemopressin) are artificial 
or only present in traces and may represent intermediates of RVD-hemopressin degradation (Gomes et al., 2009; Han et al., 2014; Pan 
et al, 2014, 2015; Zhang et al., 2016; Zheng et al., 2017). Here we measured pepcan-23 in human whole blood in absolute amounts of 
approximately 50 pmol/mL, mostly associated with the cellular fraction. In comparison, RVD-hemopressin levels showed a signifi-
cantly higher variability between blood donors, possibly due to degradation, but maybe also because of blood sample handling. The 
major aim of this study was to investigate the conformation of pepcan-23, which does not bind to CB receptors, and to determine 
whether it is the precursor of the biologically active RVD-hemopressin. Since pepcan-23 was fully stable in plasma and serum, unlike 
hemopressin and RVD-hemopressin that were rapidly degraded, we assume that the specific conversion of pepcan-23 to 
RVD-hemopressin takes place in the cellular fraction, possibly through a cellular membrane-associated enzymatic machinery. Our data 
further demonstrate that pepcan-23 is converted, at least partially, to RVD-hemopressin ex vivo and in vivo in independent experiments. 
Moreover, these findings open new possibilities to use the more stable pro-peptide pepcan-23 as a biomarker related to pepcan 
expression. We have previously shown that RVD-hemopressin and pepcan-23 were upregulated upon stress and inflammation in 
peripheral tissues, including the liver in mice suffering from endotoxemia and IRI (Petrucci et al., 2017). We hypothesized that the 
enzymes responsible for the generation of RVD-hemopressin from pepcan-23 are present or upregulated in mouse tissues after IRI 
injury. Our current data confirm that RVD-hemopressin is preferentially generated in liver homogenates of IRI mice and to a much 
lower extent in normal mouse liver, suggesting a specific enzymatic processing. Furthermore, pepcan-23 was bioavailable upon i.p. 
injection in mice and transiently accumulated in peripheral tissues, including the blood and liver, where it was converted to 
RVD-hemopressin. Concomitantly, RVD-hemopressin rapidly accumulated in most peripheral tissues. Noteworthy, hemopressin was 
not detected in tissues and plasma upon i.p. injection after 15 min or later and therefore appears to be degraded rapidly in vivo. In line 
with a previous publication, hemopressin did not reach the brain in the present experiments (Fogaça et al., 2015). In our experiments, 
hemopressin was not bioavailable to any of the tissues measured, thus questioning some studies performed with hemopressin 
administered peripherally. Given the peptide sequence similarity and hemopressin and pepcan-23, we postulated that hemopressin 
may interfere with the degradation/conversion of the endogenous peptides RVD-hemopressin or pepcan-23, or that it may indirectly 
affect the ECS through modulation of eCBs or related lipids. We did not find evidence for the modulation of RVD-hemopressin or 
pepcan-23 upon hemopressin injection. The broader eCB lipidome, including N-acylethanolamines, arachidonic acid and prosta-
glandins, was not significantly modulated upon acute hemopressin injection. The only robust effect was observed with 1-stearoyl-2-ar-
achidonoyl-sn-glycerol (SAG), which was increased in plasma. This trend was also seen in the brain, as well as the trend towards 2-AG 
modulation. Since SAG is a major diacylglycerol and is generated either through inhibition of 2-AG biosynthesis via diacylglycerol 
lipases (DAGLs) or from GPCR Gq or tyrosine receptor kinase signaling, it is possible that a degradation product of hemopressin exerts 
additional biological effects, possibly via yet unknown mechanisms as recently suggested (Heimann et al., 2021). However, we used a 
rather high dose (100 mg/kg), which may also explain the trend towards corticosterone increase, i.e., a specific stress response to the 
peptide injection vs. vehicle. Our data suggest that the degradation products of hemopressin and RVD-hemopressin are distinctly 
different as these peptides do not compete for the same peptidases/degradation pathways in vivo (i.e. no inverse correlation were 
observed). 

We found important differences between the metabolic stability of pepcan-23 and hemopressins and show for the first time that 
divalent metal ions regulate the stability and conversion of this peptide in vitro. Although hemopressins were reported to complex 
divalent metal ions, the biological implications for this remained unclear. In 2016, first peptide metal-binding experiments were 
performed using human/mouse hemopressin (PVNFKLLSH) and RVD-hemopressin (RVDPVNFKLLSH), as well as rat hemopressin 
(PVNFKFLSH) (Remelli et al., 2016). Further studies, including NMR and CD spectroscopy, addressed the structural properties of 
hemopressin and RVD-hemopressin under physiological pH and acidic pH (Bomar et al., 2012; Emendato et al., 2018; Remelli et al., 
2016; Scrima et al., 2010). Hemopressin favored a helical structure under acidic conditions, whereas RVD-hemopressin revealed a 
more helical structure at neutral pH (Emendato et al., 2018). The structures obtained by Emendato et al. were close to the native 
conformation of the two peptides in α-hemoglobin (Emendato et al., 2018). These findings were in disagreement with the study by 
Scrima et al., which highlighted a β-sheet structure of the rat hemopressin in a micelle environment and no defined structure under TFE 
conditions (Scrima et al., 2010). In our experiments, pepcan-23 exhibits distinct conformational and biochemical properties than 
hemopressin and RVD-hemopressin, respectively, because of the significantly longer peptide sequence and different biochemical 
properties. The data from CD spectroscopy with the peptides in the membrane environment mimicking solvent TFE revealed differ-
ences in their structural conformation, which may translate to differences in their metabolic stability. Pepcan-23 reaches an α-helical 
content of up to 45%, in agreement with in silico and de novo secondary structure predictions. Also, in the intact hemoglobin protein, 
pepcan-23 exhibits two α-helices. Hemopressin showed β-sheet conformations rather than α-helical structures, which partially explains 
the previously observed aggregation behavior (Bomar and Galande, 2013; Emendato et al., 2018; Song et al., 2015). Previous reports 
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showed the α-helical content of RVD-hemopressin increased in the presence of HFIP (Emendato et al., 2018). Likewise, in our ex-
periments, in presence of TFE, RVD-hemopressin increased the α-helical content but in a lesser extend compared to pepcan-23. We 
believe that these differences of pepcan-23 can be translated to a potential biological regulation based on its structure. 

Hemopressin and RVD-hemopressin have been analyzed by Remelli et al. for their Cu(II) and Ni(II) binding properties using CD 
spectroscopy and MS (Remelli et al., 2016). They suggested that metal coordination to RVD-hemopressin could play a biological role 
since it has a predisposition to form thermodynamically stable complexes with Cu(II) and Ni(II). However, no biological experiments 
were performed in this study. The authors characterized these stable complexes with less than nanomolar dissociation constants, which 
is surprising given the molar ratios used. Our present data show a clear difference between hemopressins and pepcan-23. Although we 
could confirm the peptide metal-binding for hemopressin and RVD-hemopressin with Cu(II) ions, it was less pronounced than in the 
case of pepcan-23. Similarly, we observed that Ni(II) ions induced slight conformational changes in hemopressin compared to 
RVD-hemopressin at pH 9 but, rather interestingly, no Ni(II) binding at physiological pH. The CD spectra show a clear binding to Cu(II) 
by shifts at 290–300 nm and a shift of the 222 nm band after both CuCl2 and NiCl2 incubation. Our data suggest that pepcan-23 exhibits 
biologically significant metal binding properties with Cu(II) and Ni(II) at pH 7.4 an 9. Because ESI-MS is a powerful method to 
characterize non-covalent complexes of biomacromolecules (Carlton and Schug, 2011; Drochioiu et al., 2009; Remelli et al., 2016; 
Volz et al., 1998) we employed mass spectrometry measurement. In the ESI-MS data, pepcan-23 forms adducts with maximally three 
Cu(II) and Ni(II) ions, in a concentration-dependent manner (1–1, 1 to 2, and 1–10 M ratio of peptide to metal). We envisage a possible 
biological role of the Cu(II) complexes given that copper can be present in some brain regions in a concentration range of 0.1–0.5 mM 
(Bush, 2000; Remelli et al., 2016). Copper is one of the most abundant transition metals and plays numerous biological roles (Schlosser 
et al., 2007). Considering our data, pepcan-23 showed enhanced stability upon divalent metal ion binding compared to 
RVD-hemopressin which may also reflect the biological situation. 

Metal coordination of peptides can be relevant to the secondary structure of peptides and can lead to a stabilization of α-helix 
formation (Melino et al., 2014). This was, for instance, shown for HST5, which can bind in particular Zn(II) and Ni(II) ions, leading to a 
stabilized α-helical secondary structure, especially in the presence of negatively charged membranes in water/TFE mixtures (Melino et 
al, 1999, 2006, 2014). It is possible that metal coordination can lead to significant differences in the interaction of peptides with other 
macromolecules. Amino acids responsible for metal binding can be His, Arg, Lys, and Cys, which confer a change in charge under 
different pH environments (Moulahoum et al., 2020). 

The observed degradation of pepcan-23 was prevented by preincubating the peptide with different divalent metal ions. Conversely, 
the degradation of RVD-hemopressin was not prevented by preincubation with divalent metal ions. Several theoretical considerations 
substantiate our experimental findings. First, part of the pepcan-23 sequence (SALSDLHAHKLRVDPVNFKLLSH) was described to be 
involved in Fe(II) binding in the heme coordination module (Inaba et al., 1998). Secondly, pepcan-23 exhibits several amino acids 
which are known to complex with divalent metal ions and are present in metal binding motives (Buongiorno and Straganz, 2013; Inaba 
et al., 1998; Melino et al., 2014; Tanner et al., 2001; Volz et al., 1998). For example, in literature, peptides containing Cys or His motifs, 
aspartic or glutamic acid are described to be typical interaction sites for Cu(II), Zn(II) and Ni(II) chelation under physiological con-
ditions, such as zinc finger proteins or the N-terminal motif NH2-xxH in albumin (Mallick et al., 2011; Melino et al., 2014; Volz et al., 
1998). Another metal binding motif is the cupin motif, described as GX5HXHX3,4EX6G (Buongiorno and Straganz, 2013; Tanner et al., 
2001). In this sequence, the residues marked in italic (His) and bold (carboxylate) are important for the metal binding. This sequence 
exhibits similarity to the histidine-rich part in pepcan-23 (HAHKLRVD). Instead of a glutamic acid (cupin), pepcan-23 possesses an 
aspartic acid, clearly indicating a potential metal binding motif in pepcan-23 that is not present in hemopressins. Therefore, the 
observed binding of divalent metal ions appears to be a specific in vivo mechanism, possibly regulating the stability and conversion of 
pepcan-23 to RVD-hemopressin. 

Overall, our study demonstrates for the first time that pepcan-23 is a pro-peptide of RVD-hemopressin, the endogenous allosteric 
modulator of CB receptors. We show that based on the helical structure of pepcan-23 this pro-peptide readily complexes all divalent 
metals, particularly nickel and copper. This metal complexation appears to serve as a biological regulatory mechanism for the con-
version of this peptide to RVD-hemopressin and may furthermore explain the superior stability of this peptide in vivo. Given the 
apparent lack of tissue bioavailability of hemopressin and the rapid degradation of RVD-hemopressin in vivo, pepcan-23 as pro-peptide 
of RVD-hemopressin could be employed and administered in future animal studies. 
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Ryberg, E., Larsson, N., Sjögren, S., Hjorth, S., Hermansson, N.O., Leonova, J., Elebring, T., Nilsson, K., Drmota, T., Greasley, P.J., 2007. The orphan receptor GPR55 is 
a novel cannabinoid receptor. Br. J. Pharmacol. 152, 1092–1101. https://doi.org/10.1038/sj.bjp.0707460. 

Schlosser, G., Stefanescu, R., Przybylski, M., Murariu, M., Hudecz, F., Drochioiu, G., 2007. Copper-induced oligomerization of peptides: a model study. Eur. J. Mass 
Spectrom. 13, 331–337. https://doi.org/10.1255/ejms.889. 

Schuele, L.-L., Glasmacher, S., Gertsch, J., Roggan, M.D., Transfeld, J.-L., Bindila, L., Lutz, B., Kolbe, C.-C., Bilkei-Gorzo, A., Zimmer, A., Leidmaa, E., 2020. 
Diacylglycerol lipase alpha in astrocytes is involved in maternal care and affective behaviors. Glia 1–15. https://doi.org/10.1002/glia.23903. 

S. Glasmacher and J. Gertsch                                                                                                                                                                                       

https://doi.org/10.1016/j.neulet.2020.134765
https://doi.org/10.1016/j.neulet.2020.134765
https://doi.org/10.1073/pnas.0706980105
https://doi.org/10.1073/pnas.0706980105
https://doi.org/10.1016/j.neuropharm.2015.03.021
https://doi.org/10.1006/jmbi.1998.2073
https://doi.org/10.1093/nar/gkw329
https://doi.org/10.1038/sj.bjp.0707352
https://doi.org/10.1016/j.pharep.2017.06.010
https://doi.org/10.1111/nmo.12789
https://doi.org/10.1016/S0076-6879(67)11048-3
https://doi.org/10.1016/j.peptides.2006.04.010
https://doi.org/10.1093/bioinformatics/18.1.211
https://doi.org/10.1016/j.ejphar.2014.08.021
https://doi.org/10.2174/157489311798072990
https://doi.org/10.2174/157489311798072990
https://doi.org/10.1111/j.1399-3011.1985.tb02208.x
https://doi.org/10.1111/j.1399-3011.1985.tb02208.x
https://doi.org/10.1038/346561a0
https://doi.org/10.1016/0040-4020(65)80064-3
https://doi.org/10.1016/0040-4020(65)80064-3
https://doi.org/10.1146/annurev-psych-113011-143739
https://doi.org/10.1146/annurev-psych-113011-143739
https://doi.org/10.1021/bi0615137
https://doi.org/10.1021/bi990212c
https://doi.org/10.1021/bi990212c
https://doi.org/10.1111/febs.12612
https://doi.org/10.1007/978-3-319-45541-9
https://doi.org/10.1007/978-3-319-45541-9
https://doi.org/10.1007/s12602-019-09546-5
https://doi.org/10.1016/j.neulet.2014.06.058
https://doi.org/10.1016/j.neulet.2014.06.058
https://doi.org/10.1016/j.ejphar.2015.10.016
https://doi.org/10.1016/j.ejphar.2015.10.016
https://doi.org/10.1213/ANE.0b013e31824c4eeb
https://doi.org/10.1038/s41598-017-09808-8
https://doi.org/10.1016/0006-291X(70)90918-6
https://doi.org/10.1016/b978-0-12-397580-5.50041-7
https://doi.org/10.1016/b978-0-12-397580-5.50041-7
https://doi.org/10.1021/bi00504a006
https://doi.org/10.1021/bi00504a006
https://doi.org/10.1016/j.pharep.2018.01.010
https://doi.org/10.1039/C6DT03598A
https://doi.org/10.1074/jbc.M212030200
https://doi.org/10.1073/pnas.182199699
https://doi.org/10.1038/sj.bjp.0707460
https://doi.org/10.1255/ejms.889
https://doi.org/10.1002/glia.23903


Advances in Biological Regulation 80 (2021) 100808

19

Scrima, M., Di Marino, S., Grimaldi, M., Mastrogiacomo, A., Novellino, E., Bifulco, M., D’Ursi, A.M., 2010. Binding of the hemopressin peptide to the cannabinoid CB1 
receptor: structural insights. Biochemistry 49, 10449–10457. https://doi.org/10.1021/bi1011833. 
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Sönnichsen, F.D., Van Eyk, J.E., Hodges, R.S., Sykes, B.D., 1992. Effect of trifluoroethanol on protein secondary structure: an NMR and CD study using a synthetic 
actin peptide. Biochemistry 31, 8790–8798. https://doi.org/10.1021/bi00152a015. 

Straiker, A., Mitjavila, J., Yin, D., Gibson, A., Mackie, K., 2015. Aiming for allosterism: evaluation of allosteric modulators of CB1 in a neuronal model. Pharmacol. 
Res. 99, 370–376. https://doi.org/10.1016/j.phrs.2015.07.017. 

Tamburro, A.M., Scatturin, A., Rocchi, R., Marchiori, F., Borin, G., Scoffone, E., 1968. Conformational-transitions of bovine pancreatic ribonuclease S-peptide. FEBS 
Lett. 1, 298–300. https://doi.org/10.1016/0014-5793(68)80137-1. 

Tanaka, K., Shimizu, T., Yanagita, T., Nemoto, T., Nakamura, K., Taniuchi, K., Dimitriadis, F., Yokotani, K., Saito, M., 2014. Brain RVD-haemopressin, a haemoglobin- 
derived peptide, inhibits bombesin-induced central activation of adrenomedullary outflow in the rat. Br. J. Pharmacol. 171, 202–213. https://doi.org/10.1111/ 
bph.12471. 

Tanner, A., Bowater, L., Fairhurst, S.A., Bornemann, S., 2001. Oxalate decarboxylase requires manganese and dioxygen for activity: overexpression and 
characterization of Bacillus subtilis YvrK and YoaN. J. Biol. Chem. 276, 43627–43634. https://doi.org/10.1074/jbc.M107202200. 

Thakare, R., Chhonker, Y.S., Gautam, N., Alamoudi, J.A., Alnouti, Y., 2016. Quantitative analysis of endogenous compounds. J. Pharmaceut. Biomed. Anal. 128, 
426–437. https://doi.org/10.1016/j.jpba.2016.06.017. 
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characterization of metal-binding polypeptide domains by electrospray ionization mass spectrometry and metal chelate affinity chromatography. J. Chromatogr. 
A 800, 29–37. https://doi.org/10.1016/S0021-9673(97)00877-7. 

Wei, F., Zhao, L., Jing, Y., 2020. Signaling molecules targeting cannabinoid receptors: hemopressin and related peptides. Neuropeptides 79, 101998. https://doi.org/ 
10.1016/j.npep.2019.101998. 

Whitmore, L., Wallace, B.A., 2008. Protein secondary structure analyses from circular dichroism spectroscopy: methods and reference databases. Biopolymers 89, 
392–400. https://doi.org/10.1002/bip.20853. 

Whitmore, L., Wallace, B.A., 2004. DICHROWEB, an online server for protein secondary structure analyses from circular dichroism spectroscopic data. Nucleic Acids 
Res. 32, 668–673. https://doi.org/10.1093/nar/gkh371. 

Yang, J., Zhang, Y., 2015. I-TASSER server: new development for protein structure and function predictions. Nucleic Acids Res. 43, W174–W181. https://doi.org/ 
10.1093/nar/gkv342. 
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