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Abstract 

Peptides and proteins are now acknowledged as viable alternatives to small molecules as potential 

therapeutic agents. A primary limitation to their more widespread acceptance is their generally short in 

vivo half-lives due to serum enzyme susceptibility and rapid renal clearance. Numerous chemical 

approaches to address this concern have been undertaken in recent years. The replacement of disulfide 

bonds with non-reducible elements has been demonstrated to be one effective means by eliminating the 

deleterious effect of serum reductases. In particular, substitution with dicarba bonds via ring closure 

metathesis has been increasingly applied to many bioactive cystine-rich peptides. We used this 

approach for the replacement of the A-chain intramolecular disulfide bond of human relaxin 2 (H2 

relaxin), an insulin-like peptide that has important regulatory roles in cardiovascular and connective 

tissue homeostasis that has led to successful Phase IIIa clinical trials for the treatment of acute heart 

failure. Use of efficient solid phase synthesis of the two peptide chains was followed by on-resin ring 

closure metathesis and formation of the dicarba bond within the A-chain and then by off-resin 

combination with the B-chain via sequential directed inter-chain disulfide bond formation. After 

purification and comprehensive chemical characterization, the two isomeric synthetic H2 relaxin 

analogues were shown to retain near-equipotent RXFP1 receptor binding and activation propensity. 

Unexpectedly, the in vitro serum stability of the analogues was greatly reduced compared with the 

native peptide. Circular dichroism spectroscopy studies showed subtle differences in the secondary 

structures between dicarba analogues and H2 relaxin suggesting that, although the overall fold is 

retained, it may be destabilized which could account for rapid degradation of dicarba analogues in 

serum. Caution is therefore recommended when using ring closure metathesis as a general approach to 

enhance peptide stability.    

 

Key words: dicarba, H2 relaxin, ring closure metathesis, RXFP1, in vitro serum stability, insulin-like 

peptide, solid phase peptide synthesis.
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Introduction 

Human relaxin-2 (H2 relaxin) is one of 10 members of insulin-relaxin superfamily and is structurally 

similar to insulin having two chains (A and B) linked by three disulfide bonds
1-3

. Since its discovery in 

1926
4
, H2 relaxin has undergone several pre-clinical and clinical trials for the treatment of various 

conditions including cervical ripening, scleroderma, preeclampsia, fibromyalgia, orthodontics, and 

acute heart failure (AHF)
2
. It finally successfully completed a Phase IIIa clinical trial for the treatment 

of AHF
5, 6

. While a Phase IIIb clinical trial is in progress, H2 relaxin has been approved for sale in 

Russia for human use in clinical settings. However, like human insulin, H2 relaxin has a very short in 

vivo half-life
7
. If injected into patients, it loses half its activity within 10 minutes

7
 due to degradation by 

blood enzymes as well as clearance by the kidney and liver. Thus, there is a need to develop a longer 

acting form of the peptide for extended therapeutic action in patients with AHF. 

To enhance the therapeutic potential of peptides
8
, lipidation

9
, PEGylation

10
, PASylation

11
, 

XTENylation
12

 or the attachments of fusion proteins
13, 14

 are popular methods for increasing the 

molecular mass of target peptides or proteins and correspondingly slowing or preventing renal 

clearance thus extending the half-life
15

. The additional in vivo lability of these biomolecules to exo- and 

endopeptidases has been addressed in several ways including the use of non-native amino acids (e.g. D-

amino acids) within the hitherto-identified labile bonds
16

. Another strategy is the introduction of cross-

links that stabilize the folded state of the protein, such as cyclization,
17

 and have the potential to 

provide a “global protection” as proteases tend to target regions that are unstructured. This is evident 

from the fact that proteins that are disulfide-rich are often highly stable.
18

 However, disulfide bonds 

themselves provide another potential key target for increasing the in vitro and in vivo stability of 

proteins
19, 20

. Intracellular components such as the enzyme disulfide reductase, glutathione or other 

reducing conditions can rupture such bridges making the peptide unfold and become further susceptible 

to enzymatic cleavage. Therefore, substitution or replacement of disulfide bonds with stable isosteres 
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such as diselenide, lactam, or dicarba bonds can result in a significant contribution to improved peptide 

half-life of peptides
19-21

. 

Disulfide bonds are common structural motifs in many bioactive peptides including 

insulin/relaxin-like peptides where they play a critical role in maintaining the overall 3D-structure
22-25

. 

In addition, disulfide bridges may also directly interact with cellular receptors
25

. It has recently been 

shown for insulin-like peptide 3 (INSL3), an important germ cell maturation regulator, that the N-

terminal inter-chain disulfide bridge may be directly involved in interacting with its RXFP2 receptor
26

. 

Although there is thus far no evidence that a disulfide bridge of H2 relaxin is involved in direct 

interaction with its RXFP1 receptor, it is known that each of the three disulfide bonds are essential for 

maintenance of its tertiary structure
27, 28

. Furthermore, the formation of the intra-A-chain disulfide bond 

is a critical first step for in vitro and in vivo chain combination and folding
29

. We were intrigued 

whether the A-chain disulfide bond is vulnerable to reductase activity and subsequent stability. 

Optimum folding is very important for maintaining the full activity and in vitro and in vivo 

stability of any cystine-rich bioactive peptide. It is thus essential that replacement of the disulfide bond 

with a non-reducible bond does not alter native configuration. Otherwise, the resulting analogues may 

become inactive as was recently shown for insulin analogues where one of the two inter-chain disulfide 

bonds were replaced by a 1,2,3-triazole bond
30

. Thus, in this study, we replaced the intra-A-chain 

disulfide bond of H2 relaxin with a dicarba bond, which more closely mimics the disulfide bond than a 

triazole bond (Fig. 1). Due to its unsaturated nature, the dicarba bond is more conformationally 

restrained than the native disulfide thus, in addition to being non-reducible, could potentially provide 

an increased stability of the overall fold. We report herein the chemical synthesis of dicarba isosteric 

analogues of H2 relaxin and show that it retains near-native in vitro activity. We also show that the 

intra-A-chain dicarba relaxin analogues (Fig. 1) unexpectedly exhibit reduced serum stability that is 

likely due to subtle changes in the structure as suggested by circular dichroism (CD) spectroscopy. 
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Results and discussion 

Given the recent success with chemically assembling the related peptides, H3 relaxin and INSL3
31, 32

, 

with an intra-A-chain dicarba bond in place of a native disulfide bond and demonstration of retention of 

native RXFP3/2 receptor binding and activation.
31, 32

, we undertook to employ a similar strategy for H2 

relaxin and to determine its in vitro stability with the goal of improving its pharmacokinetics and 

subsequent potential clinical value. Briefly, the synthesis was started by separate solid phase assembly 

of the two chains (A-chain and B-chain) (Fig. 2).
33

 The A-chain contained a pair of allylGly (Hag) 

residues in place of the Cys residues at positions 10 and 15 that form an intra-chain cystine bond. On-

resin microwave-assisted ring closing metathesis (RCM) of the A-chain using 2
nd

 generation Grubb’s 

catalyst was successfully achieved within 1 hour as indicated by a pilot cleavage and MALDI-TOF MS 

analyses (Figs. 2, 3). The primary product after RCM of the A-chain showed two species corresponding 

to the cis and trans forms of the dicarba bond. Each of the A-chains (cis or trans forms) was activated 

with a good leaving group (S-pyridinyl; SPyr) and then combined separately with the purified B-chain 

by sequential disulfide bond formation using thiolysis and iodolysis respectively (Figs. 2, 3). The two 

isomers of the dicarba H2 relaxin were isolated by RP-HPLC (Fig. 1) in good overall yield. The two 

peptides appeared as single species on analytical RP-HPLC (Fig. 1) and both had the correct molecular 

mass as measured by MALDI-TOF MS with MH+ values of 5927.79 and 5927.68 respectively 

(theoretical value MH+ 5926.03) (Fig. 3). We were previously unable to definitively differentiate 

between the two isomers of related H3 relaxin dicarba analogues using solution NMR spectroscopy.
31

 

This was because the region around the dicarba bond did not adopt a single stable conformation in 

solution but rather experienced structural rearrangement that resulted in chemical shift averaging and 

consequently caused broadening and loss of signals. However, the bond lengths and angles for the 

dicarba bond were generated by energy minimization using ChemDraw 3D Ultra (CambridgeSoft, 

v.8.0) and compared with those for a disulfide bond that were taken from the CNS forcefield used for 
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the NMR structure determination of H3 relaxin. The evidence strongly suggested that the RP-HPLC 

earlier-eluting isomer is the conformationally more compact cis form whereas the extended trans 

conformer is the later eluting isomer.
31

 This conclusion is supported by RP-HPLC thermodynamic 

principles where the peptide in the later eluting peak must have a more extended hydrophobic surface, 

which is what would be expected for a trans conformation. On this basis, we concluded that for the 

synthetic H2 relaxin dicarba isomers, the early-eluting RP-HPLC peak (Fig. 1, peak 1) corresponded to 

the cis form and the later eluting peak the trans isomer (Fig. 1; peak 2). We named these two isomers 

as DC H2-P1 and DC H2-P2, which correspond to peak 1 and peak 2 respectively (Fig. 1). 

The two isomers, DC H2-P1 and DC H2-P2, were then subjected to in vitro binding and activity 

assays and were undertaken in comparison to the native recombinantly produced H2 relaxin. These 

assays were first carried out in HEK-293T cells stably expressing relaxin family peptide receptor 1 

(RXFP1), the cognate receptor of H2 relaxin. The peptides were found to have high affinity and 

potency at the RXFP1 receptor (Fig. 4A, B; Table 1). Notably, the DC H2-P2 isomer of dicarba H2 

relaxin was more potent than the DC H2-P1 isomer and equipotent to native H2 relaxin (Fig. 4A, B; 

Table 1).  

Both isomers were then tested on cells expressing RXFP2, the native receptor for related INSL3 

which is also activated by H2 relaxin although to a much lesser extent than by INSL3. Interestingly, the 

peptides displayed significantly weaker binding and activation propensity suggesting that the 

introduction of the dicarba macrocycle adversely affects interaction of H2 relaxin to the RXFP2 

receptor (Fig. 5A, B; Table 1).  

To correlate the binding and activity data with the secondary structure of H2 relaxin, CD 

spectroscopic analyses were undertaken (Fig. 6). Consistent with potent binding and activity data, the 

DC H2-P1 and DC H2-P2 isomers were found to retain a high degree of α-helical conformation (with 

pronounced double minima at approximately 208 nm and 222 nm) along with some β-sheet and 
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random coil structure (Fig. 6). The α-helical content of native H2 relaxin was found to be 40% 

compared with 32% and 36% for DC H2-P1 and DC H2-P2 isomer respectively.
34

 These values were 

calculated from the mean residue ellipticity (MRE) at 222 nm, the [θ]222 values for H2 relaxin, peaks 1 

and 2 being -13808, -11014 and -12561, respectively. The difference between the MRE and helix 

content between these peptides suggested that there is a subtle variation in, or destabilization of, the 

secondary structure in the dicarba isomers compared to native H2 relaxin. This compromised structure, 

particularly for DC H2-P1, likely explains the reason that binding and cAMP were slightly lower at 

RXFP1 compared with native H2 relaxin. We have previously shown that some mutations at the A-

chain of H2 relaxin disrupts the overall structure of H2 relaxin and such structural destabilization 

affects RXFP2 activity more than it affects RXFP1.
35

 The present study confirmed our previous 

observation that slightly less structured dicarba isomers exhibit significantly less activity at RXFP2 

compared with RXFP1
35

.  

The in vitro serum stability of the dicarba H2 relaxin analogues was then examined. Under the 

conditions employed, the dicarba analogues of H2 relaxin were each significantly, and equally, less 

stable (t1/2 ~1 h) than the native peptide (t1/2 ~7 h) (Fig. 7). Specifically, over 40% of native H2 relaxin 

was still detected in serum after about 8 h, while the dicarba analogues were completely degraded by 

that time again suggesting that native H2 relaxin is more structured and thus more stable compared 

with dicarba H2 relaxin analogues. With complete resistance to reductases and isomerases endowed by 

the dicarba bridge, it is clear that, at least in this example, introduction of such an isosteric replacement 

for the disulfide bond has caused increased lability to other degrading enzymes. This suggests that the 

dicarba bond could not be fully structurally accommodated and that the resulting change in the 

structural stability of the peptides allowed enzymes access to amide bonds to be cleaved more easily 

compared with more compact structured native H2 relaxin peptide. There are several reports of the use 

of the dicarba bond resulting in a significant increase in resistance to proteases
21, 36

 probably through, 
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at least in part, preventing extended peptide conformation that the enzymes need to hydrolyze amide 

bonds. Locking in a well-ordered fold by a suitable restraint can indeed have dramatically beneficial 

effects. For example cyclization, of the alpha-conotoxin MII by introduction of a 6-7 residue linker 

sequence between the N and the C-termini prevents cleavage by the protease endoGluC despite the fact 

that the endoGluC cleavage site is on the opposite site of the molecule.
17

 However there are also reports 

of no beneficial effect of such macrocyclization on stability presumably because degradation occurs 

beyond the confines of the constraint,
37,38

 and the modification is insufficient to achieve a global 

stabilizing effect. 

 

Conclusions 

We have successfully chemically synthesized and characterized dicarba H2 relaxin analogues and 

showed that the analogues exhibit near-native RXFP1 activity and improved selectivity over RXFP2. 

Unexpectedly, the dicarba analogues exhibited poor serum stability due to subtle change in their 

structure which was confirmed by CD spectroscopy. Our observation of dramatically decreased 

stability is a critical one not hitherto reported elsewhere and that flags caution for the utility of such 

macrocyclization techniques. 

 

Materials and methods 

9-Fluorenylmethoxycarbonyl (Fmoc) protected L-α-amino acids and 1-

[bis(dimethylamino)methylene]-1H-benzotriazolium hexafluorophosphate 3-oxide (HBTU) were 

purchased from GL Biochem (Shanghai, China). Piperidine (PPD) and trifluoroacetic acid (TFA) were 

purchased from Auspep (Melbourne, Australia). Fmoc-PAL-PEG-PS resins with substitution of 0.18 

mmol/g were purchased from Applied Biosystems Inc. (Melbourne, Australia). Dimethylformamide 

(DMF), methanol, diethyl ether, and dichloromethane (DCM) were purchased from Merck (Melbourne, 
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Australia). 3,6-Dioxa-1,8-octanedithiol (DODT), triisopropylsilane (TIPS), diisopropylethylamine 

(DIPEA) and trifluoromethanesulfonic acid (TFMSA) were purchased from Sigma-Aldrich (Sydney, 

Australia). 2,2-Dipyridyl disulfide (DPDS) was purchased from Fluka (Switzerland). Acetonitrile was 

purchased from BDH Laboratory Supplies, (Poole, UK). All other reagents were from Sigma-Aldrich 

(Sydney, Australia). The tricyclohexylphosphine[1,3-bis(2,4,6-trimethylphenyl)-4,5-dihydro-imidazol-

2-ylidene](benzylidene)ruthenium(II) dichloride (2
nd

 generation Grubbs' catalyst) was supplied by 

Aldrich (Sydney, Australia). 

 

Solid-phase peptide synthesis (SPPS) 

Regioselectively S-protected A- and B-chains of H2 relaxin were separately synthesized by the Fmoc 

solid-phase method by using microwave-assisted synthesis on a Liberty system (CEM Corporation, 

Charlotte, NC, USA)
39

 (Fig. 1, Step 1). The following side chain protecting groups were used: Arg, 

Pbf; Asn and Gln, Trt; Asp and Glu, O-But; His, Trt; Lys, Boc; Ser and Thr, tBu. Selective cysteine S-

protection was also employed: Cys(A11, B10), acetamidomethyl; Cys(A24), tert-butyl, and Cys(B22), 

trityl. For the subsequent formation of the dicarba bond, Fmoc-L-allylglycine (Hag) was used in 

positions 10 and 15 of the A-chain. A small amount of resin bound peptide was cleaved by TFA and 

analyzed by RP-HPLC and LALDI TOF MS which confirmed successful synthesis of linear A- and B-

chains (Fig. 1, step 2) 

 

On-resin microwave-accelerated ring closing metathesis (RCM) of the A-chain 

The RCM reaction carried out as previously described
31, 32

 (Fig. 2, Step 4). Briefly, a microwave 

reactor vessel was loaded with resin-bound A-chain peptide (0.55 g, 0.1 mmol), DCM (10 mL), 0.4 M 

LiCl in DMF (200 µL) and 2
nd

 generation Grubbs’ catalyst (17 mg, 20 µmol, 20 mol%) in an inert 

environment. The system was sealed and the reaction mixture irradiated with 40 W of microwave 

energy and stirred at 100ºC for 1 h. The reaction mixture was cooled to room temperature, filtered 

Page 9 of 25 Organic & Biomolecular Chemistry

O
rg

an
ic

&
B

io
m

ol
ec

ul
ar

C
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t



through a fritted syringe and the resin washed with DCM (7 mL, 3 x 1 min) and MeOH (7 mL, 3 x 1 

min) then left to dry in vacuo for 1 h. Post-metathesis, the resin-bound peptide was washed with DMF 

(5 x 1 min), DCM (3 x 1 min) and MeOH (3 x 1 min). After acid-mediated cleavage, RP-HPLC and 

mass spectral analysis showed the formation of the desired cyclic A-chain peptide as two isomers (Figs. 

2, 3; Step 4).  

 

Regioselective disulfide bond formation 

Cleavage of the tBu from the side chain of Cys to free thiol and its subsequent activation: 

The inter-molecular regioselective disulfide bond was formed as previously reported
40

. Briefly, the A-

chain and 2,2-dipyridyl disulfide were added to TFA in an ice bath.  Thioanisole and ice-cold 

trifluoromethanesulfonic acid in TFA (1:4 v/v) were added and the mixture stirred for 1 h on ice. The 

peptide was then precipitated with ice-cold diethyl ether, and the pellet collected by centrifugation, 

washed 3 times with ice-cold diethyl ether, air-dried and subjected to RP-HPLC purification. The 

MALDI TOF MS analysis confirmed the formation of the desired SPyr activated A- chain isomers 

(Figs. 2, 3: Step 5).  

Formation of first inter-chain disulfide bond by thiolysis (chain combination): The A-chain 

peptide was dissolved in Gn-HCl solution (pH 8.5). The B-chain (dissolved separately in GnHCl, pH 5) 

was added to this solution drop by drop. The mixture was stirred vigorously at room temperature and 

the reaction was monitored by analytical RP-HPLC. The MALDI TOF MS analysis showed the 

formation of the desired combination products (Figs. 2, 3; Step 5). After 30 min, the reaction was 

terminated by addition of neat TFA, and the target product was isolated by preparative RP-HPLC.  

Formation of second inter-molecular disulfide bond in H2 relaxin via iodination: The 

combination product from Step 5 was dissolved in glacial acetic acid and to this was added 20 mM 

iodine/acetic acid and 60 mM HCl. After 1 h, the reaction was stopped by addition of ice cold ether 
41

, 
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further cooled on dry ice for 3 min, and the pellet was collected by centrifugation  employing an anti-

explosive centrifuge (Spintron, GT-175FR), and purified by RP-HPLC. 

 

Chemical characterization 

The purity of each intermediate and the final dicarba H2 relaxin analogues was assessed by analytical 

RP-HPLC and MALDI-TOF mass spectrometry using a Bruker Autoflex II instrument (Bremen, 

Germany) in the linear mode at 19.5 kV. Peptides were also quantitated by amino acid analysis of a 24 

hour vapour phase acid hydrolyzate followed by derivatization with AccuTag chemistry and resolution 

of the labeled residues using a Shimadzu microbore RP-HPLC system (Melbourne, Australia). 

 

CD spectroscopy 

The secondary structural changes of the peptides were measured by recording their CD spectra on 

JASCO model J815 spectropolarimeter as previously described.
42, 43

 The CD spectra were recorded in 

phosphate buffered saline (10 mM) with peptide concentrations made up to 0.1-0.2 µg/µl. Helix 

content of peptide is directly proportional to mean residue ellipticity at 222 nm [θ]222. The [θ]222 value 

for each peptide was determined from the CD spectra that were measured at 25 °C. One hundred 

percent helicity was calculated by using the formula 
max

[θ]222 = − 40000 × [(1−2.5/n)] + (100 + T), 

where n = number of amino acid residues and T = temperature of the peptide solution in 25 °C
34

. 

Percentage helicity was then calculated as 100 × [θ]222/
max

[θ]222. 

 

Ligand binding assay 

Human embryonic kidney (HEK-293T) cells stably transfected with RXFP1 or RXFP2 were cultured 

in RPMI 1640 medium (Sigma) supplemented with 10% fetal calf serum, 100 µg/mL penicillin, 100 

µg/mL streptomycin and 2 mM L-glutamine and plated into 96-well plates. The 96-well plates were 
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pre-coated with poly-L-lysine for whole cell binding assays. Competition binding experiments were 

carried out using europium-labeled H2 relaxin
44

 in the absence or presence of increasing concentrations 

of unlabeled DC H2 analogues. Fluorescent measurements were recorded at an excitation wavelength 

of 340 nm and emission of 614 nm on a BMG PolarStar plate reader. All data were are presented as the 

mean ± S.E. of the percentage of the total specific binding of triplicate wells, repeated in at least three 

separate experiments, and curves were fitted using one-site binding curves in GraphPad Prism 4 

(GraphPad Inc, San Diego, CA). Statistical differences in pKi values were analyzed using one-way 

analysis of variance coupled to Newman Keul’s multiple comparison test for multiple group 

comparisons in GraphPad Prism 5. 

 

Functional cAMP assay 

The evaluation of the ability of native H2 relaxin and dicarba relaxin analogues to stimulate a cAMP 

response in cells expressing the relaxin receptor RXFP1 was conducted using a cAMP reporter gene 

assay as described previously
45

. HEK-293T cells co-transfected with either RXFP1 or RXFP2 and a 

pCRE β-galactosidase reporter plasmid were plated in 96-well plates. The co-transfected cells were 

incubated with increasing concentrations of H2 relaxin or relaxin analogues in RXFP1- or RXFP2- 

transfected cells. The amount of cAMP-driven β-galactosidase expression in each well was assessed 

with a colormetric assay measuring absorbance at 570 nm on a Benchmark Plus microplate 

spectrophotometer (BioRad). Ligand-induced cAMP stimulation was expressed as a percentage of 

maximal response of relaxin for RXFP1 and RXFP2 cells. Each data point was measured in triplicate 

and each experiment conducted independently at least three separate times. Statistical differences in 

pEC50 values were analyzed using one-way analysis of variance coupled to Newman Keul’s multiple 

comparison test for multiple group comparisons in GraphPad Prism 5. 

 

In vitro serum stability  
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Human pooled male serum (Sigma-Aldrich) was pre-incubated for 15 min at 37 
ο
C, before addition of 

35 µg peptide to 665 µl serum. Samples were taken out at different time points, (0, 0.5, 1, 3, 6 and 10 h 

for H2 dicarba peptides and at 0, 0.5, 1, 3, 6 and 24 h for H2 relaxin. Each serum aliquot, 100 µl, was 

quenched with 900 µl 100 mM ammonium acetate, pH 3 and left on ice for 30 min. To separate the 

peptide from the serum components, Oasis HLB 3 cc 60 mg cartridges (Waters) were prepared by 

washing the column with 6 ml methanol, followed by 3 ml 70% acetonitrile, 1% formic acid and 3 ml 

1% formic acid.  The serum sample was then loaded onto the column and further washed with 3 ml 1% 

formic acid. The peptide was eluted with increasing concentrations of acetonitrile in 1% formic acid. 

The eluted sample was lyophilised and redissolved in 100 µl 1% formic acid and analysed on an 

API2000 (AB Sciex) LC-MS. The experiment was repeated three times for each time point and 

analysed using Prism 5. Statistical differences in t1/2 values were analyzed using one-way analysis of 

variance coupled to Tukey’s multiple comparison test for multiple group comparisons in GraphPad 

Prism 6.    There is a significance difference (p<0.01) between the t1/2 values of H2 vs DC P1 or DC P2 

but no significant difference between the t1/2 values DC P1 vs DC P2. 
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Table 1 

 

Pooled binding affinity (pIC50) and cAMP activity (pEC50) data for dicarba H2 relaxin peptides at 

RXFP1 and RXFP2 compared to H2 relaxin.  

 

 RXFP1 RXFP2 

Ligand Eu-H2 pIC50 cAMP pEC50 Eu-H2 pIC50 cAMP pEC50 

     

H2 relaxin 9.08 ± 0.07 (5)  10.3 ± 0.04 (3)  8.12 ± 0.22 (4) 9.13 ± 0.06 (3) 

DC H2-P1 8.27 ± 0.04 (3)*   9.43± 0.10 (4)** 7.28 ± 0.21 (4)* 7.41 ± 0.15 

(4)*** 

DC H2-P2 8.59  ± 0.01 (3) 9.86 ± 0.11 (4)  7.63 ± 0.20 (4)* 8.00 ± 0.17 

(4)*** 

 

*p<0.05; **p<0.01; ***p<0.001 vs H2 relaxin 
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Figure legends: 

Figure 1: Primary structures and analytical RP-HPLC analyses of dicarba H2 relaxin peptides, DC H2-

P1 (cis isoform) and DC H2-P2 (trans isoform). Z corresponds pyroglutamic acid. 

Figure 2: Schematic representation of the assembly of dicarba H2 relaxin analogues. 

Figure 3: MALDI-TOF MS analysis of dicarba H2 relaxin and their intermediates. 

Figure 4: Activity of dicarba H2 relaxin analogues at RXFP1. (A) Competition binding of native H2 

relaxin and dicarba H2 relaxin analogues in the presence of the competitive ligand Eu
3+

-labeled H2 

relaxin tested in HEK-293T cells stably expressing RXFP1. (B) Effect of native H2 relaxin and dicarba 

H2 relaxin analogues on cAMP-related activity in HEK-293T cells expressing RXFP1 using a pCRE-

galactosidase reporter gene system. Data are expressed as a percentage of specific binding or maximum 

relaxin stimulated cAMP response and are pooled data from at least three experiments performed in 

triplicate. 

Figure 5: Activity of dicarba H2 relaxin analogues at RXFP2. (A) Competition binding of native 

human INSL3 and dicarba H2 relaxin analogues in the presence of the competitive ligand Eu
3+

-labeled 

H2 relaxin tested in HEK-293T cells stably expressing RXFP2. (B) Effect of native H2 relaxin and 

dicarba H2 relaxin analogues on cAMP-related activity in HEK-293T cells expressing RXFP2 using a 

pCRE-galactosidase reporter gene system. Data are expressed as a percentage of specific binding or 

maximum relaxin-stimulated cAMP response and are pooled data from at least three experiments 

performed in triplicate. 

Figure 6: Secondary structure analysis of dicarba H2 relaxin isomers and H2 relaxin by CD 

spectroscopy. 

Figure 7: In vitro serum stability of H2 relaxin and dicarba H2 relaxin isomers 
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Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 
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Figure 7 
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Graphical abstract 

 

Replacement of a reducible disulfide bond with a non-reducible dicarba bond in an insulin-like peptide, 

relaxin, did not significantly alter functional activity but resulted in unexpected dramatic decrease in 

vitro serum stability. 
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