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Relaxin-3 is a neuropeptide with important roles in metabolism, arousal, learning and

memory. Its cognate receptor is the relaxin family peptide-3 (RXFP3) receptor. Relaxin-3

agonist and antagonist analogs have been shown to be able to modulate food intake in

rodent models. The relaxin-3 B-chain is sufficient for receptor interactions, however, in

the absence of a structural support, linear relaxin-3 B-chain analogs are rapidly degraded

and thus unsuitable as drug leads. In this study, two different disulfide-stabilized scaffolds

were used for grafting of important relaxin-3 B-chain residues to improve structure and

stability. The use of both Veronica hederifolia Trypsin inhibitor (VhTI) and apamin grafting

resulted in agonist and antagonist analogs with improved helicity. VhTI grafted peptides

showed poor binding and low potency at RXFP3, on the other hand, apamin variants

retained significant activity. These variants also showed improved half-life in serum from

∼5min to >6 h, and thus are promising RXFP3 specific pharmacological tools and drug

leads for neuropharmacological diseases.

Keywords: relaxin-3, RXFP3, grafting, apamin, VhTI, disulfide-scaffold

INTRODUCTION

Relaxin-3 is a neuropeptide that belongs to the insulin/relaxin superfamily of peptide hormones
(Bathgate et al., 2002). Its endogenous receptor, the relaxin family peptide-3 (RXFP3) receptor, is
a Gi/o-protein coupled receptor (GPCR) (Liu et al., 2003). The relaxin-3/RXFP3 network, which
is primarily expressed in the nucleus incertus (NI) and projects broadly throughout the brain,
is known to modulate several physiological processes (Ma et al., 2017). NI neurons expressing
relaxin-3 are highly responsive to stress signals (Tanaka et al., 2005), whereas relaxin-3 projections
into the septohippocampal system/pathway modulates memory (Ma et al., 2009). Stimulating the
relaxin-3 signaling system is beneficial for reducing anxiety-like behavior (Zhang et al., 2015a).
RXFP3 is expressed in neurons in the paraventricular region of the hypothalamus (Liu et al., 2003;
Ma et al., 2007; Smith et al., 2010), and stimulation of these neurons with relaxin-3 agonists or
antagonists regulates appetite in rodent models. Satiated rats treated with relaxin-3 increase their
food intake, an effect that is reduced by relaxin-3 antagonist pre-treatment (Kuei et al., 2007).
In mouse models where the feeding drive is high, including mild food deprivation and palatable
food paradigms, treatment with relaxin-3 antagonists reduce food intake (Smith et al., 2014).
Furthermore, studies have shown an antagonist is able to block stress-induced binge-eating in
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female rats (Calvez et al., 2016b) and revealed sex-specific effects
of relaxin-3 in control of feeding (Calvez et al., 2016a).
Antagonizing the relaxin-3/RXFP3 system is also beneficial for
reducing alcohol seeking in rat addiction models (Ryan et al.,
2013). Thus, there is strong pharmaceutical potential for relaxin-
3 analogs for treating a wide range of neurological disorders
(Kumar et al., 2017).

Following the determination of the solution NMR structure
of the two-chain native relaxin-3 peptide (Figure 1) (Rosengren
et al., 2006), detailed structure-activity relationship studies have
been undertaken (Patil et al., 2017). Studies on chimeric variants
using combinations of A- and B-chains from different members
of the insulin/relaxin family identified the relaxin-3 B-chain as
the key region for interacting with RXFP3 (Liu et al., 2005). The
first nine residues in the α-helix in the A-chain can be truncated
(Hossain et al., 2008) and the A-chain disulfide bond removed
(Shabanpoor et al., 2012) without severely affecting binding and
potency at RXFP3. However, the overall structure of such analogs
is compromised, hence the function of the A-chain is likely to
provide a structural support to the B-chain (Hossain et al., 2008).
Point mutations throughout the relaxin-3 B-chain have identified
residues that contribute to binding and activation of RXFP3
(Kuei et al., 2007). ArgB8, ArgB12, IleB15, ArgB16, IleB19, and
PheB20, which largely form a continuous binding surface on the
B-chain helix, are important for binding. In addition, the two
C-terminal residues (ArgB26 and TrpB27) are crucial for the
activation of RXFP3 and their removal results in the creation of
an antagonist (Kuei et al., 2007) (Figure 1).

As the key residues are located in the B-chain the B-
chain alone can act as an agonist, albeit with significant lower
affinity (Liu et al., 2005). A high affinity single chain antagonist
based on a truncated B-chain in which the five C-terminal
residues are exchanged for an Arg (R3 B1-22R) has been
developed (Haugaard-Kedström et al., 2011). In this analog the
non-native Arg23 forms significant interactions with RXFP3,
compensating for the loss of affinity due to the compromised

FIGURE 1 | Relaxin-3 solution NMR structure. The A-chain (gray) and B-chain

(green) are cross-braced by one intramolecular disulfide bond in the A-chain

and two intermolecular disulfide bonds (yellow). Important relaxin-3 B-chain

residues involved in binding and activation of RXFP3 are shown in sticks and

colored blue and green for basic and hydrophobic residues, respectively.

structure (Haugaard-Kedström et al., 2018; Wong et al., 2018).
For single chain agonists the affinity can instead be improved
by reintroducing helical structure in the absence of the A-chain
through “helical stapling” using dicarba bonds (Hojo et al., 2016;
Jayakody et al., 2016). Linear peptides such as the R3 B1-22R
antagonist and the relaxin-3 B-chain generally are readily broken
down in serum and require redesign to be feasible drug leads. One
such redesign concept is “molecular grafting” where essential
residues for bioactivity are introduced at topologically equivalent
positions of a stable scaffold with appropriate structure, as a way
to reduce enzymatic susceptibility of the binding motif (Wang
and Craik, 2018). The key binding features of relaxin-3 are
centered around the B-chain helix, thus an appropriate grafting
scaffold for targeting RXFP3 would have to include a helix of
similar length to native relaxin-3. Several α-helical scaffolds have
been evaluated for peptide based drug development, including
apamin (Li et al., 2009), the zinc finger Zif268 (Mccoll et al., 1999)
and MCoTI-I (Ji et al., 2013). Apamin is an 18 amino acid long
natural product derived from bee venom and consists of an α-
helical region, which is stabilized by two disulfide bonds between
the helix and the N-terminal loop region (Figure 2). Apamin has
previously been used as a grafting scaffold for the development of
p53 inhibitors, and ligands for the both the estrogen receptor and
p32 (Li et al., 2009; Phan et al., 2010; Zhang et al., 2015b). Another
scaffold identified here as interesting for relaxin-3 grafting is a 34
amino acid residue trypsin inhibitor from the seeds of Veronica
hederifolia (VhTI), which has a helix-loop-helix fold (Figure 2).
The structure is stabilized by two disulfide bonds cross-linking
the helices at adjacent turns (Conners et al., 2007).

In this study we designed and synthesized seven grafted
relaxin-3 agonists and antagonists by exploiting the two
disulfide-stabilized α-helical peptide scaffolds, apamin and
VhTI (Figure 2). The analogs were studied by solution
NMR spectroscopy, and their affinity and potency at RXFP3
determined. The grafted peptides were able to adopt the native
helical structure, and selected peptides retained RXFP3 affinity
and activity. Furthermore, they had significantly increased serum
stability, thus are promising ligands for further development of
RXFP3 selective agonists and antagonists.

EXPERIMENTAL SECTION

All amino acids were purchased from GL Biochem (Shanghai,
China). Fmoc-Trp(Boc) Tentagel S-PHB resin (0.23 mmol/g)
and PAL-PEG-PS resins (0.20 mmol/g) were purchased from
Rapp Polymere (Tuebingen, Germany) and Applied Biosystems
(Victoria, Australia), respectively. All solvents and chemicals
were purchased from Merck (Victoria, Australia) and were of
peptide synthesis grade.

PEPTIDE SYNTHESIS

Linear peptides were assembled using a CS 336X (CSBio)
or an Alstra microwave peptide synthesizer (Biotage). Using
Fmoc-based solid phase peptide methodology, agonists were
synthesized on resins preloaded with the C-terminal Trp
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FIGURE 2 | Structural comparison of (A) apamin (red) and (B) VhTI (blue) with (C) the relaxin-3 B-chain (green). The apamin and VhTI scaffolds are stabilized by two

disulfide bonds and include α-helices between residues 9–18 and 3–25, respectively.

residue. Apa+R3B, Apa+R3B[V18Aib,T21Aib], VhTI+R3B, and
VhTI+R3B[G11,R12] were assembled on Fmoc-Trp(Boc)-Peg-
PS resin with 4 eq. Fmoc-protected amino acids, 4 eq. HBTU
and 4 eq. diisopropylethylamine (DIPEA). VhTI+R3B[R12] on
the other hand was assembled on Fmoc-Trp(Boc)-Tentagel S
PHB resin with 5 eq. Fmoc-protected amino acids. Apa+R3
B1-22R and VhTI+R3 B1-22R were assembled on Rink Amide
and Pal-Peg-PS resins, respectively. Val, Ile, Thr and Arg
residues were routinely double coupled during chain assembly.
Fmoc deprotection was carried out using 20% piperidine in
DMF. The linear peptides were cleaved off the resin using
TFA:TIPS:DODT:H2O (92.5: 2.5: 2.5: 2.5) for 2 h, followed
by filtration. The TFA was evaporated under vacuum and
the peptides were precipitated using ice-cold diethyl ether.
Precipitated peptides were redissolved in 50/50 buffer A (0.05%
TFA in H2O) and buffer B (90% acetonitrile and 0.045% TFA
in H2O), before lyophilisation. The linear peptides were purified
using C18 reversed phase columns on a Prominence HPLC
system (Shimadzu) with a gradient of buffer A and buffer B.
Characterization of all analogs were conducted using electro-
spray ionization mass spectrometry on an API2000 (AB Sciex).
Analogs were analyzed for purity using analytical RP-HPLC at
1% gradient and confirmed as >95% pure.

OXIDATION OF APAMIN GRAFTED
PEPTIDES

The apamin grafted peptides were oxidized using random
oxidation. The linear peptides were dissolved in 20mMTris HCl,
pH 8 at 0.25 mg/ml and stirred for 72 h at room temperature,
according to previous reported conditions (Volkman and
Wemmer, 1997).

OXIDATION OF VhTI GRAFTED PEPTIDES

The linear VhTI grafted peptides were either oxidized using
a random oxidation procedure or by regioselective disulfide

bond formation. For random oxidation, 0.1 mg/ml linear
peptide was dissolved in 50mM Tris HCl, pH 8.6 and stirred
at room temperature overnight. For regioselective disulfide
bond formation, acid stable Acm orthogonal protecting groups
were used for one cysteine pair. The first disulfide bond was
formed by dissolving the Acm-protected linear peptide in 50/50
acetonitrile/H2O at a concentration of 0.33 mg/ml followed
by addition of 0.1 ml/mg 2-DPDS dissolved in methanol. The
reaction was carried out over night at room temperature before
purification by RP-HPLC. In order to form the second disulfide
bond, the peptide was dissolved (0.5 mg/ml) in 50% acetic
acid in H2O and degassed with nitrogen for 5min. 0.1M
HCl (0.1 ml/mg) was added to the peptide, followed by I2
dissolved in 50% acetic acid until the solution turned light
brown. The peptide solution was degassed briefly and left under
stirring at room temperature for 2 h in the dark, before the
reaction was stopped using 1M ascorbic acid, with sufficient
amount added until the solution changed to colorless. Buffer
A was added to dilute the peptide solution before loading
onto the RP-HPLC column for purification. The final peptides
were characterized using analytical RP-HPLC, LC-MS, and
NMR spectroscopy.

SOLUTION NMR SPECTROSCOPY

0.5–1mg of grafted peptides were dissolved in 90% H2O
and 10% D2O and subjected to solution NMR spectroscopy
studies. Two dimensional (2D) 1H homonuclear total correlation
spectroscopy (TOCSY) with a mixing time of 80ms, double-
quantum filtered correlation spectroscopy (DQF-COSY) and
nuclear Overhauser effect spectroscopy (NOESY) with a mixing
time of 200ms data were recorded at 298K and 600MHz using an
Advance spectrometer equipped with a cryoprobe (Bruker). For
the apamin variants, additional 13C HSQC data were recorded
at natural abundance, allowing determination of 13C chemical
shifts. Amide proton temperature coefficients were determined
from TOCSY data sets recorded at temperatures 288–308K.
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All data were processed using Topspin and referenced to the
solvent signal.

STRUCTURE DETERMINATION

All spectra were analyzed using CARA (Keller, 2004). Resonance
assignments were achieved using homonuclear sequential
assignment strategies (Wüthrich, 1986) and peaks in the NOESY
spectra integrated and automatically assigned and translated
into distance constraints using the software package CYANA
(Guntert, 2004). Backbone dihedral angels (ϕ and ψ) where
derived from chemical shifts using TALOS-N (Shen and Bax,
2013). Hydrogen bonds were identified from temperature
coefficients and included as constraints for amides with a
temperature dependence 1δHN/1T > −4.6 ppb/K if a suitable
hydrogen bond acceptor could be identified in preliminary
structures (Cierpicki and Otlewski, 2001). The structure
calculations were performed using torsion angle dynamics within
CYANA (Guntert, 2004). The 20 lowest target function models
from a total of 50 structures calculated were chosen to represent
the solution structure and analyzed using MOLPROBITY (Chen
et al., 2010).

CELL BASED RXFP3 BINDING AND
ACTIVITY ASSAYS

The affinity and activity of the grafted peptides were determined
as previously described (Haugaard-Kedström et al., 2015).
Briefly, for competition binding studies CHO-K1 cells stably
expressing RXFP3 were incubated with 5 nM Eu-DTPA-R3
B1-22R and increasing concentrations of peptide analogs.
Unlabeled R3 B1-22R was used as reference compound. The
europium was detected by the addition of enhancement solution
and fluorescence recorded using an excitation of 340 nm
and emission reading at 614 nm. For agonists the ability of
analogs to inhibit cAMP accumulation were tested in CHO-
K1 cells stably expressing RXFP3 transfected with a pCRE-
β-galactosidase reporter plasmid. Cells were stimulated with
5µM forskolin and incubated with increasing concentrations
of relaxin-3 analogs as previously described (Shabanpoor et al.,
2012). Each concentration point was conducted in triplicates
and whole experiment was repeated three times independently.
Data are expressed as mean ± SEM and analyzed using Prism
8 (GraphPad).

IN VITRO SERUM STABILITY

The in vitro serum stability was determined by peptide spiking,
as previously described (Hossain et al., 2015). Briefly, 570 µl
human male pooled serum was spiked with 30 µl peptide
stock solution (0.05 µg/µl in H2O). 100 µl samples were
taken out at different time points and quenched with 900 µl
ammonium acetate (0.1M, pH 3). Samples were left on ice
for 30min before being extracted using solid phase extraction
cartridges (Oasis HLB 3cc, Waters). Eluted samples were then
lyophilized and reconstituted in 1% formic acid. The amount

of intact peptide is reported relative to the amount of peptide
available at timepoint 0 hr. Quantification was carried out using
multiple reaction monitoring on a triple-quad LC-MS (API2000,
AB Sciex) and the data analyzed using one phase decay in
Prism 7.

RESULTS AND DISCUSSION

Peptide Design and Synthesis
The native relaxin-3 B-chain is a weak agonist (Liu et al., 2005),
but using helical staples significantly improves activity (Hojo
et al., 2016; Jayakody et al., 2016). Stapling has also been shown
to facilitate peptide delivery to the brain via the intranasal
route (Marwari et al., 2019). Given the success with employing
molecular grafting as a drug design approach (Li et al., 2009;
Phan et al., 2010; Zhang et al., 2015b; Wang and Craik, 2018),
we envisioned that single chain RXFP3 agonists and antagonists
with improved stability, and possibly also affinity and efficacy,
could alternatively be developed by transferring key residues
from the two-chain relaxin-3 onto a stable single chain scaffold
with appropriate structure. The RXFP3 binding motif (ArgB8,
ArgB12, IleB15, ArgB16, IleB19, and PheB20) is predominantly
situated on the solvent exposed side of the α-helix located in
the native relaxin-3 B-chain (Rosengren et al., 2006). The C-
terminal ArgB26 and TrpB27 are located in the highly flexible
C-terminal part of the B-chain, which extend from the helical
segment and interact with the central pore of the transmembrane
receptor helix bundle (Bathgate et al., 2013; Hu et al., 2016;Wong
et al., 2018). These residues could thus potentially be grafted onto
an α-helical scaffold and retain the native bioactive secondary
structure.Table 1 outlines seven novel analogs that were designed
based on the apamin and VhTI scaffolds and compares them to
reference compounds. Analogs 1 (native relaxin-3), 2 (relaxin-3
B-chain) and 8 (single chain relaxin-3 antagonist) are included
as reference compounds for comparison with the novel grafted
analogues’ affinity and potency at RXFP3. Analog 3 was designed
using the apamin scaffold and the relaxin-3 B-chain binding
and activating motifs. In order to further support the helical
propensity of analog 3, analog 4 also includes aminoisobutyric
acid (Aib) amino acids, known to induce helicity due to the
stereochemical constraint of an additional methyl group at the
Cα carbon (Mahalakshmi and Balaram, 2006). Val18 and Thr21
of relaxin-3 B-chain were substituted with Aib in analog 4,
as those residues are not important for activity of relaxin-3
(Kuei et al., 2007), and a recent study has shown that Aib can
be incorporated at these positions without adversely affecting
binding of R3 B1-22R to RXFP3 (Haugaard-Kedström et al.,
2018). Analog 5 is based on the VhTI scaffold and incorporates
residues equivalent to ArgB8, IleB15, ArgB16, PheB20, and the
C-terminal tail. The equivalent position of ArgB12 is a proline
in VhTI, and may be structurally important, thus was retained in
this variant. In analog 6, the Pro was replaced to include ArgB12
and the conservative change of Leu to Ile was also included
to match IleB19 in relaxin-3. In analog 7, the entire binding
cassette was shifted one residue closer to the C-terminus to
change the positioning of the motif on the helical surface. Finally,
we have previously shown that by truncating the last five native
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TABLE 1 | Amino acid sequences of grafted RXFP3 agonists (3–7) and antagonists (9–10).

U, aminoisobutyric acid. Bold letters indicate corresponding relaxin-3 B-chain peptide grafted onto the scaffold. Red letters; residues important for RXFP3 binding. Green letters; residues

important for RXFP3 activation.

C-terminal residues in the B-chain and replacing them with
an arginine, a single chain RXFP3 antagonist can be generated
(Haugaard-Kedström et al., 2011). This formed the basis for
constructing two new antagonist variants 9 and 10 that were
grafted onto apamin and VhTI, respectively. All peptides were
synthesized using solid phase peptide synthesis and purified by
RP-HPLC to obtain peptides with high degree of purity (>95%).
HPLC traces and MS data of oxidized analogs are included in
Figures S1, S2.

NMR Structural Studies of Peptide Analogs
The scaffolds were chosen to mimic the desired structure
of relaxin-3. Whether, the peptide analogs had in fact been
able to fold into their expected helical conformation was
assessed by solution NMR spectroscopy. The NMR data for
analogs 3, 4, 5, 9, and 10 were of good quality with sharp
lines and excellent signal dispersion, consistent with a well-
ordered structure. In contrast, the NMR data for the VhTI

grafted analogs, 6 and 7, were of poor quality with limited
dispersion, and in the case of analog 7 broad lines, consistent
with unstructured or misfolded peptides. NOESY data for all
analogs are included as supplementary information, highlighting
the difference in spectral quality (Figures S3–S9). Resonance
assignment of the NMR data were completed for 3, 4, 5, and
9 using homonuclear sequential assignments strategies. These
peptides were all synthesized using random oxidation, but their
correct disulfide arrangement could be confirmed by the NMR
analysis. Similar oxidation protocols have been used in previous
studies and resulted in the native disulfide conformation for
apamin (Le-Nguyen et al., 2007; Li et al., 2009). Poor quality of
the NMR data of analogs 6 and 7 were observed even though
these peptides were synthesized using regioselective disulfide
bond formation by first forming the Cys7-Cys21 disulfide bond
followed by the Cys3-Cys25 disulfide for analog 6 and vice
versa for analog 7. This approach ensured the fold was not
compromised because of the formation of an incorrect disulfide
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isomer. Given analogs 6 and 7 are unable to adopt a native
fold, the VhTI scaffold is clearly more sensitive to amino acid
changes than the apamin structure. Secondary Hα chemical shifts
are excellent indicators of secondary structure, with stretches
of negative values being indicative of helical structure while
stretches of positive values being consistent with β-sheet (Wishart
et al., 1995). A comparison of the secondary Hα shifts observed
for the B-chain in native relaxin-3 (1) and analogs 3, 5, and 9,
highlight that analog 5 most closely mimic the negative values
of relaxin-3 throughout the entire helical region (Figure 3).
The apamin based analogs also adopt a helical conformation as
evident from negative secondary shifts, but the C-terminal part of
the helix appears to be less ordered that in relaxin-3. For the linear
single chain antagonist peptide R3 B1-22R (Haugaard-Kedström
et al., 2011), the secondary shifts are close to zero, thus, grafting
of important relaxin-3 residues onto apamin or VhTI is a clearly

an effective strategy for restoring helical secondary structure of
all these analogs.

To further characterize the structures of the grafted analogs,
the full 3D structures were calculated based on NMR data
for analogs 3, 5, and 9. Interproton distance restraints were
derived from cross-peak intensities in the NOESY data, hydrogen
bond donors were identified from temperature coefficients and
for the apamin variants where 13C chemical shifts could be
determined from natural abundance HSQC data, TALOS-N was
used to derive backbone dihedral angle restraints. These data
were used as input for torsion angle dynamics calculations using
CYANA. From a total of 50 structures generated, 20 structures
with good CYANA target functions and stereochemistry based
on MOLPROBITY (Chen et al., 2010) analyses were chosen
to represent the solution structures of the variants. Structural
superpositions of these are shown in Figure 4. From here it is

FIGURE 3 | Comparison of secondary Hα chemical shifts for apamin and VhTI based relaxin-3 analogs and native relaxin-3. The stretch of negative values from 15 to

24 correspond to the relaxin-3 B-chain helix. Residue numbers on the X-axis relate to the longest peptide sequence, analog 5, while the sequences are aligned so

that the key grafted residues are at the same position in each analog.

FIGURE 4 | Backbone superposition of the 20 best structures calculated based on NMR spectroscopy data for (A) analog 3, (B) analog 9, and (C) analog 5. Cystine

side chains are shown in yellow. Cystine positions in the sequences are indicated by roman numerals.
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FIGURE 5 | Affinity and activity of relaxin-3 grafted agonists and antagonist at RXFP3. (A) Competitive binding curves for grafted peptides using CHO cells stably

expressing RXFP3 and the fluorescent tracer Eu3+-R3B1-22R. (B) Activity of grafted agonists using a reporter assay in CHO cells stably expressing RXFP3. Activation

is measured as a reduction in forskolin induced cAMP activity. Data are shown as mean ± SEM of triplicate determinations from a minimum of three

independent experiments.

clear that the disulfide bonded cores are well defined, while the
C-terminal tail is disordered, consistent with the secondary shifts.
The helical regions observed in the analogsmatch the helices seen
in the native structures of the apamin and VhTI scaffolds. The
structural statistics are given in Table S1.

Assessment of Affinity and Activity of
Peptide Analogs at RXFP3
Since grafting of the relaxin-3 epitope onto apamin and VhTI
showed an improvement in the overall structure, we investigated
whether this change translated into improvements in binding
and activation of RXFP3. The binding affinity of the grafted
peptides were determined using CHO cells stably expressing
RXFP3 by measuring increasing concentrations of the grafted
peptides’ ability to compete for the binding site with europium
labeled R3 B1-22R (Haugaard-Kedström et al., 2015). Activation
was measured by assessing the ability of the analogs to inhibit
cAMP accumulation induced by forskolin in a reporter assay,
as RXFP3 couples to an inhibitory G-protein. The binding and
activation data are presented in Figure 5 and summarized in
Table 2.

The apamin grafted agonist analog 3, which included ArgB12,
IleB15, ArgB16, IleB19, and PheB20, showed both increased
potency (pEC50 = 6.83) and affinity (pKi = 6.65) compared to
the relaxin-3 B-chain (analog 2) (pEC50 = 5.93 and pKi = 5.91),
confirming the importance of a helical secondary structure in
the relaxin-3 B-chain. This is consistent with previous findings
where inducing helicity of the single-chain agonist using dicarba
stapling efficiently improved binding affinity and activation of
RXFP3, compared to the unstructured relaxin-3 B-chain (Hojo
et al., 2016; Jayakody et al., 2016). The NMR analysis showed that
in analog 3 the helix is shorter than in native relaxin-3, suggesting
that additional modifications further supporting the C-terminal
part of the helix may be beneficial. Intriguingly, analog 4 which
was designed with this in mind included Aib residues at positions
ValB18 and ThrB21, but rather than improving activity this
decreased both the affinity (pKi = 5.70) and activation (pEC50

= 5.88) of RXFP3 to comparable levels of the native relaxin-3
B-chain (analog 2). The drop in binding affinity was surprising,

TABLE 2 | Binding affinities and cAMP activity of grafted analogs.

Agonists Analog Binding affinity

pKi ± SEM [logM]a
cAMP activity

pEC50 ± SEM [logM]

R3 acid 1 7.69 ± 0.12 (3) 9.08 ± 0.07 (5)

R3 B1-27 2 5.91 ± 0.21 (3)b 5.93 ± 0.02 (3) b,i

Apa+R3B 3 6.65 ± 0.18 (3)b,g 6.83 ± 0.07 (3) b,e

Apa+R3B

[V18Aib,T21Aib]

4 5.70 ± 0.10 (3)b 5.88 ± 0.06 (3) b

VhTI+R3B 5 <5 ND

VhTI+R3B[G11, R12] 6 <5 ND

VhTI+R3B[R12] 7 6.91 ± 0.01 (2)d,f <5

Antagonists

R3 B1-22R 8 7.69 ± 0.18 (4)e No activity

Apa+R3 B1-22R 9 6.76 ± 0.03 (3)c,f,h No activity

VhTI+R3 B1-22R 10 <5 ND

apKi-values are calculated based on the Kd 27.9 ± 9.4 nM for Eu-R3 B1-22R. Numbers

in parentheses indicate the times each experiment has been repeated as independent

triplicates. bp < 0.001, cp < 0.01, and dp < 0.05 compared to R3 acid. ep < 0.001, fp <

0.01 and gp < 0.05 compared to R3 B1-27. hp < 0.05 compared to R3 B1-22R. i , from

ref (Hojo et al., 2016). ND, not determined.

given the secondary Hα shifts confirmed the addition of Aib
indeed increased the degree of helicity of analog 4 compared
to analog 3 (Figure S10). This suggest that either a degree
of flexibility is favorable to allow adaptation of the binding
conformation, or that the Val and Thr side chains do contribute
to binding in the context of this analog.

The trypsin inhibitor scaffold VhTI was also investigated by
grafting the corresponding relaxin-3 residues ArgB8, IleB15,
ArgB16, PheB20, and the flexible C-terminal residues GlyB23,
GlyB24, SerB25, ArgB26, and TrpB27. In analog 5 ArgB12
was omitted, as the corresponding residue in VhTI was a Pro,
and based on the structure, could potentially be important for
the fold. In addition, ArgB20 of VhTI was mutated to an Ala
to prevent charge and/or steric clashes. Analog 5 was well-
structured, closely replicating the secondary shifts of native
relaxin-3, however the affinity of 5 for RXFP3 was poor (pKi < 5).
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To address the absence of ArgB12 a second version was designed
to include both GlyB11 and ArgB12 from native relaxin-3 (analog
6). The affinity of 6 was however not improved compared to 5,
and the NMR structural analysis showed that this version was
not able to adopt the correct fold. We conclude that indeed
the Pro is likely a prerequisite for correct folding of the helix-
turn-helix motif in VhTI. Comparing the NMR structures of
our grafted analogs with the relaxin-3 B-chain we noted that in
both apamin based variants the binding motif was positioned on
top of the helical structure, extending away from the stabilizing
core, in a very similar fashion to the arrangement in relaxin-
3. In contrast, in the folded VhTI variant (analog 5) the motif
is rotated slightly around, which may prevent full access of key
grafted residues, including IleB15 (Figure 6). Thus, based on the
determined structure of analog 5, a third VhTI grafted agonist
variant, analog 7, was designed. Here the positions of ArgB12,
IleB15, IleB19, and PheB20 were moved one residue toward the
C-terminus to fit the positioning of the native relaxin-3 relative to
the helical surface, which also allowed the structural Pro in native
VhTI to be retained. This modification did improve affinity (pKi

= 6.91) but the peptide was not able to activate RXFP3 (pEC50

= <5). Furthermore, structural analysis using NMR showed the
peptide was largely unstructured rather than being able to retain
the VhTI fold, which would explain the lack of potency. We
have previously shown that the single chain antagonist R3 B1-
22R is able to bind efficiently to RXFP3 without being structured
in solution (Haugaard-Kedström et al., 2011), and in fact the
flexibility is favored for being able to adapt to bind efficiently
to RXFP3 in a slightly different conformation relative to native
relaxin-3 (Haugaard-Kedström et al., 2018; Wong et al., 2018).

In addition to the agonist grafted peptides, we also designed
and synthesized two molecular grafted antagonists based on
apamin and VhTI (9 and 10). The apamin grafted antagonist
(9) retained binding to RXFP3, but the pKi was 6.76, which is

about∼10-fold weaker compared to the linear antagonist R3 B1-
22R. The NMR structural analysis confirmed that the apamin
scaffold does confer helical structure, but that the C-terminal
part of the peptide after the last cysteine, which includes the
key antagonist binding residue ArgB23, remains highly flexible.
Again this is consistent with detailed structure activity analysis of
R3 B1-22R, which suggest a degree of flexibility is a prerequisite
for optimal binding (Haugaard-Kedström et al., 2018; Wong
et al., 2018). The VhTI grafted antagonist was based on the
first version of the VhTI agonist and retained the native Pro
residue from VhTI instead of ArgB12. The relative importance of
ArgB12 for binding to RXFP3 in antagonists is significantly less
than in native relaxin-3 (Haugaard-Kedström et al., 2018; Wong
et al., 2018), thus we did not anticipate this being detrimental to
affinity. However, analog 10 showed very poor binding to RXFP3
(Table 2, Figure 6), which again is likely related to the positioning
of the binding residues on the helical surface. Given the inability
of our next generation VhTI agonist variants (analogs 6 and 7) to
fold correctly we did not pursue this scaffold further in terms of
redesign of additional antagonists.

Taken together for the design of both agonists and antagonists,
the apamin framework appears more adaptable and able to
accommodate the non-native amino acids while remaining
structurally stable. The VhTI scaffold is more sensitive to
sequence changes and it may also be too large and hence interfere
with the interaction between the key relaxin-3 residues and
the RXFP3 binding site. It is clear that grafting onto different
disulfide scaffolds can rescue/restore the secondary structure
of relaxin-3 based peptides, but it does not always correlate
with an improvement in activity. Similar findings have been
reported for synthetic GLP-1R agonists, where peptides stabilized
by a disulfide linked conotoxin scaffold showed improved
helicity, but the potency did not reflect the gain in helicity
(Swedberg et al., 2016).

FIGURE 6 | Comparison of the solution NMR structures of (A) analog 3, (B) analog 9, (C) analog 5, and (D) analog 1 (B-chain only). The grafted apamin analogs (A,B)

and grafted VhTI (C) analog show overall secondary structure similar to the native H3 relaxin B-chain (D). The grafted RXFP3 binding and activating residues are

shown, highlighting differences in the positioning of the receptor binding motif in the various analogs.
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FIGURE 7 | Serum stability of the single-chain R3 B1-27 (2), Apa+R3B (3), R3

B1-22R (8), and Apa + R3 B1-22R (9) as measured in % peptide remaining in

serum at various time points. Data presented as mean ± SEM from at least

three replicates.

Stability of Grafted Peptide Analogs in
Serum
To further evaluate the potential of the most promising grafted
peptides, the half-life in serum was determined for the apamin
based analogs 3 and 9 and compared to their linear counterparts
(Figure 7). The serum stability of 3 showed a remarkable increase
(T1/2 = 12.8 h) compared to the linear R3 B1-27 (T1/2 = 3.1min).
Similarly, stability of the grafted antagonist 9 (T1/2 = 6.6 h)
was significantly improved compared to the linear antagonist R3
B1-22R (T1/2 = 4min). This equates to a 250-fold and 75-fold
improvement in serum stability for the agonist and antagonist,
respectively. The change in peptide stability is most likely due
to increasing structural constraints, as unstructured peptides are
generally less stable compared to their grafted analogs (Wang
et al., 2014). Apamin itself is known to be a highly stable peptide
(Oller-Salvia et al., 2013) and improving peptide secondary
structure has previously been shown to improve stability using
both small (Shepherd et al., 2005) and large scaffolds (Ji et al.,
2013; Fujiwara et al., 2016), leading to better functional outcomes
(Weston et al., 2004).

CONCLUSIONS

In conclusion, relaxin-3 residues involved in binding and activity
at RXFP3 were successfully grafted onto two different scaffolds,
apamin and VhTI, to form potential agonist and antagonist
analogs of relaxin-3. Native relaxin-3 is a two-chain peptide
with two intermolecular and one intramolecular disulfide bond,
which makes its synthesis complex and costly, thus a single chain
peptide that is able to adopt the correct structure and activity
is highly desirable. The relaxin-3 agonist based on the apamin
scaffold showed improved structure, binding affinity and potency
for RXFP3 compared to the linear relaxin-3 B-chain. Although

one variant of the VhTI scaffold was also able to restore the
α-helix structure of the native B-chain of relaxin-3, none had
the desired pharmacology. Similarly, for the antagonist design,
the use of the apamin scaffold improved helical structure, but
relative to the single chain antagonist R3 B1-22R, a reduction
in binding was observed. Nonetheless, both the apamin based
variants showed remarkable improvement in serum stability,
which is critical for in vivo studies. Using apamin as a scaffold
is particularly promising given this peptide is known to be able
to pass the blood brain barrier and has been used as a shuttle to
deliver therapeutic agent into the brain (Wu et al., 2014). Given
RXFP3 is a neuropeptide receptor predominantly expressed in
the brain apamin based analogs may, for the first time, be able
to allow efficient systemic delivery of RXFP3 modulators for
studying the roles of this signaling system.
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