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Delta opioid receptor; The impact that g-arrestin proteins have on G protein-coupled receptor trafficking, signaling
Beta-arrestin; and physiological behavior has gained much appreciation over the past decade. A number of
Natural products; studies have attributed the side effects associated with the use of naturally occurring and syn-
Biased signaling; thetic opioids, such as respiratory depression and constipation, to excessive recruitment of
Rubisco; B-arrestin. These findings have led to the development of biased opioid small molecule ago-
G protein-coupled nists that do not recruit g-arrestin, activating only the canonical G protein pathway. Similar G
receptor protein-biased small molecule opioids have been found to occur in nature, particularly within

kratom, and opioids within salvia have served as a template for the synthesis of other G protein-
biased opioids. Here, we present the first report of naturally occurring peptides that selectively
activate G protein signaling pathways at § opioid receptors, but with minimal g-arrestin recruit-
ment. Specifically, we find that rubiscolin peptides, which are produced as cleavage products
of the plant protein rubisco, bind to and activate G protein signaling at § opioid receptors.
However, unlike the naturally occurring § opioid peptides leu-enkephalin and deltorphin II, the

* Corresponding author at: Department of Medicinal Chemistry and Molecular Pharmacology, College of Pharmacy, Purdue University, West
Lafayette, IN 47907, USA.
E-mail address: rvanrijn@purdue.edu (R.M. van Rijn).
"Robert J Cassell and Kendall Mores contributed equally to this work.

https://doi.org/10.1016/j.euroneuro.2018.12.013
0924-977X/© 2018 Elsevier B.V. and ECNP. All rights reserved.


https://doi.org/10.1016/j.euroneuro.2018.12.013
http://www.elsevier.com/locate/euroneuro
http://crossmark.crossref.org/dialog/?doi=10.1016/j.euroneuro.2018.12.013&domain=pdf
mailto:rvanrijn@purdue.edu
https://doi.org/10.1016/j.euroneuro.2018.12.013

451

rubiscolin peptides only very weakly recruit g-arrestin 2 and have undetectable recruitment of
B-arrestin 1 at the § opioid receptor.
© 2018 Elsevier B.V. and ECNP. All rights reserved.

1. Introduction

Opioid receptors are G protein-coupled receptors (GPCRs)
that are widely expressed throughout the body and reg-
ulate a diverse array of physiological functions, including
pain sensation, respiration, mood and reward. Opioid re-
ceptors are activated by endogenous opioids, such as en-
dorphins and enkephalins, by natural plant products such
as Papaver somniferum (opium) and Salvia divinorum, and
by synthetic opioids such as fentanyl and methadone. The
current clinically-used opioids provide strong analgesic sup-
port in operative and post-operative settings, but their
use is also associated with adverse effects including the
development of tolerance, constipation, opioid use disor-
der and respiratory depression, which can ultimately prove
fatal.

Studies utilizing g-arrestin 2 knockout mice revealed
that certain opioid side effects may be associated with 8-
arrestin 2 recruitment upon p-opioid receptor (un-OR) ac-
tivation (Raehal et al., 2005). These early studies ignited
efforts to discover or develop opioids which exclusively ac-
tivate G protein signaling without also eliciting B-arrestin
recruitment. Such G protein-biased small molecules, like
TRV130 (DeWire et al., 2013) and PZM21 (Manglik et al.,
2016), have recently been synthesized and indeed appear
to possess a reduced side effect profile. G protein-biased
opioids also appear to occur naturally, as revealed by the
pharmacological characterization of opioids found within
Mitragynina speciosa (kratom) (Varadi et al., 2016). Addi-
tionally, naturally occurring opioids can serve as the basis
of G protein-biased semi-synthetic opioids, as is the case for
herkinorin, which is derived from naturally occurring salvi-
norin (Groer et al., 2007).

In 2001, two peptides YPLDL (rubiscolin-5) and YPLDLF
(rubiscolin-6) were identified from spinach rubisco
(ribulose-1,5-bisphosphate  carboxylase/oxygenase), a
557 kDa enzyme highly common in photosynthetic organ-
isms, that have micromolar affinity and potency at § opioid
receptors (5-ORs) in vitro and ~500 fold selectivity in
binding over the |1-OR and > 30 fold in potency as measured
by comparing rubiscolin-6 activity between mouse vas
deferens (as estimate of 5-OR activity) and guinea pig ileum
(as estimate of w-OR activity) (Yang et al., 2001,2003b).
Interestingly a study investigating the effect of rubiscolin
on skin inflammation also found that rubiscolin-6 prevented
8-OR internalization (Chajra et al., 2015). Strong inter-
nalization of §-ORs by specific agonists has been linked to
strong recruitment of B-arrestin, particularly B-arrestin 1
(Pradhan et al., 2010, 2016), and thus the aforementioned
report of limited §-OR internalization with rubiscolin-6 may
suggest that rubiscolin peptides do not recruit g-arrestin 1,
and potentially g-arrestin 2, to §-ORs. This led us to hypoth-
esize that these rubiscolin peptides possess G protein-bias
when compared with the enkephalin and deltorphin-classes
of peptides, which are known to recruit g-arrestin (Chiang

et al., 2016; Molinari et al., 2010). Using cellular signaling
assays we identified that the rubiscolin peptides indeed
have a lower propensity to recruit g-arrestin than leu-
enkephalin and deltorphin I, while acting as full agonists in
a G protein-mediated cAMP assay.

2. Experimental procedures

2.1. Drugs and chemicals

[D-Ala2]-deltorphin Il was purchased from Tocris, R&D systems
(Minneapolis, MN, USA). Forskolin, leu-enkephalin, and piperi-
dine were purchased from Sigma-Aldrich (St. Louis, MO, USA).
[3H]DPDPE (lot 2399128, 49.8 Ci/mml) was purchased from Perkin
Elmer (Waltham, MA). Fmoc-protected amino acids were purchased
from NovaBiochem (Billerica, MA), Fmoc-L-Leu-Wang resin (100-200
mesh, 1% divinylbenzene, 0.745 meq/g) and Fmoc-L-Phe-Wang resin
(200-400 mesh, 1% divinylbenzene, 0.443 meq/g) were purchased
from Chem-Impex International (Wood Dale, IL). (1H-Benzotriazol-
1-yloxy)(dimethylamino)-N,N-dimethylmethaniminium hexaflu-
orophosphate (HBTU) was purchased from Oakwood Chemical
(N. Estill, SC), N,N-dimethylformamide, dichloromethane, N,N-
diisopropylethylamine and acetonitrile (HPLC-grade) were pur-
chased from Fisher Scientific (Hampton, NH), trifluoroacetic acid
was purchased from VWR Chemicals (Radnor, PA) and triisopropyl-
silane was purchased from Alfa Aesar (Ward Hill, MA). All reagents
were used as received with no further purification. For the cellular
assays, all peptides were dissolved in sterile water.

2.1.1. Synthesis and characterization of rubiscolin peptides
Synthesis of both peptides was performed on a 0.022 mmol scale.
Peptides were synthesized using standard Fmoc-based solid-phase
synthesis with HBTU. Fmoc was deprotected with 20% piperidine
in dimethylformamide. The resin was cleaved with 95% trifluo-
roacetic acid, 2.5% triisopropylsilane and 2.5% dichloromethane
(1 mL) for one hour. After ether precipitation, peptides were puri-
fied using reverse-phase HPLC. Final pure peptides were identified
(>95% purity) using LC/MS (Agilent Technologies 6120 Quadrupole
LC/MS).

2.1.2. Alignment analysis

Maximum Common Substructure (MCS) was carried out for align-
ment. The atom-atom pairing was obtained from the 2D maximum
common substructure while the unpaired atoms are typed using ex-
tended atom types to enable relevant atomic overly. MCS and sub-
sequent alignment was carried out using ChemAxon similarity plugin
(Englert and Kovacs, 2015; Kawabata, 2011; Raymond and Willett,
2002).

2.2. Membrane preparation and radioligand binding
assay

CHO-OPRD cells stably expressing g-arrestin 2 and §OR (DiscoverX,
Fremont, CA) were grown in T75 flasks in 10ml F12 media (Fisher
Scientific) containing 10% FBS (Sigma, Lot 12M246), 300 ug/ml hy-
gromycin B (Fisher Scientific) and 800 g/ml geneticin (Fisher Sci-
entific) until confluency. Cells were dislodged by treatment with
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0.25% trypsin/EDTA (Fisher Scientific) for 5min. The trypsin was
then deactivated with antibiotic-free F12 and the resulting cell sus-
pension centrifuged for 5 minutes at 400G at room temperature
(Eppendorf 5804R). The supernatant was aspirated and the pel-
let resuspended in 50 mM Tris-HCl pH 7.4 (prepared from powder
stock, Sigma) and sonicated on ice for 30s (Qsonica XL-2000, level
3). The membranes were then isolated by ultracentrifugation for
30min at 20,000 rpm (46,500¢g) in a SW41Ti rotor (Beckman Coul-
ter Life Sciences, Indianapolis, IN) in a precooled Optima L-100 XP
centrifuge (Beckman Coulter) at 4°C. The pellet was resuspended
in 50 mM Tris-HCl buffer and sonicated once more to homogenize.
The suspension was then pulled through a 28 G needle, aliquoted
and frozen at —80°C for future use.

For the binding assay 50l of a dilution series of peptide was
added to 50 .l of 3.3 nM [3H]DPDPE (Kd = 3.87 nM) in a clear 96 well
plate. Next, 100 .l of membrane suspension containing 7 ug pro-
tein was added to the agonists and incubated for 90 minutes at
room temperature. The reaction mixture was then filtered over a
GF-B filter plate (Perkin Elmer) followed by 4 quick washes with
ice-cold 50 mM Tris-HCL. The plate was dried overnight after which
50l scintillation fluid (Ultimagold uLLT) was added and radioac-
tivity was counted on a Packard TopCount NXT scintillation counter.
All working solutions were prepared in a radioligand assay buffer
containing 50 mM Tris-HCL, 10 mM MgCl,, and 1 mM EDTA at pH 7.4.

2.3. Cell culture and biased signaling assays

The cAMP inhibition assay was performed as previously de-
scribed (Chiang et al., 2016). For B-arrestin recruitment assays,
U20S-humans-OR PathHunter B-arrestin-1 cells (DiscoverX) and
CHO-humans-OR PathHunter B-arrestin-2 cells were plated (2500
cells/well, 10 ul) prior to stimulation with 2.5 ul §-OR agonists for
90 minutes at 37 °C/5%CO,, after which cells were incubated with
6 1l cell PathHunter assay buffer for 60 minutes at room temper-
ature as per the manufacturer’s protocol. Luminescence for each
of these assays was measured using a FlexStation3 plate reader
(Molecular Devices, Sunnyvale, CA, USA).

2.4, Statistical analysis

Each data point for binding and arrestin recruitment was run in du-
plicate, and for the cAMP assay in triplicate. For Fig. 2, the averages
of each run were combined to provide a composite figure in favor of
a representative figure. All data are presented as means + standard
error of the mean and were performed using GraphPad Prism 7
(GraphPad Software, La Jolla, CA). In order to calculate Log (z/KA),
we followed the operational model equation in Prism 7 as previously
described (van der Westhuizen et al, 2014). Subsequently bias fac-
tors were calculated using leu-enkephalin as the reference com-
pound.

3. Results
3.1. Synthesis of rubiscolin peptides

The rubiscolin, deltorphin Il and leu-enkephalin peptides
can all be found in nature (Fig. 1A), however to ensure pu-
rity of the rubiscolin peptides, we elected to synthesize
rather than extract these peptides [see methods for de-
tails]. HPLC-MS analysis of the produced rubiscolin 5 and
6 peptides revealed single, sharp elution peaks with > 99%
purity (RT=5.68 and 6.19 minutes, respectively) display-
ing mass spectra with parent peaks characteristic of the

[M+H]" ions of our desired products (m/z=620.4 and
767.4 for rubiscolins 5 and 6, respectively), enabling their
use in cellular assays to characterize their pharmacology
(Fig. 1B).

3.2. Maximal common substructure alignment of
naturally occurring §-OR peptides

The peptide ligands rubiscolin-5, and deltorphin Il were
subject to alignment using a maximal common substruc-
ture (MCS) method with leu-enkephalin. The conformation
of leu-enkephalin used was derived from its crystal struc-
ture in complex with DPP3 (RCSB PDB ID: 5E3A). The MCS
alignment between rubiscolin-5 and leu-enkephalin or del-
torphin Il provided similarity scores of 0.72 and 0.6 respec-
tively, suggesting substantial overlap. Notable differences
in the leu-enkephalin aligned rubiscolin-5 structure are the
presence of an acidic aspartate in place of the hydropho-
bic phenylalanine of leu-enkephalin, and the presence of
a bulky, hydrophobic leucine in place of leu-enkephalin’s
glycine (Fig. 1C). Interestingly, deltorphin Il shows sim-
ilar features to the rubiscolin compounds in this area
with an acidic glutamate and hydrophobic phenylalanine
(Fig. 1C).

3.3. Rubiscolin peptides are g protein-biased
3-OR agonists

In order to determine the signaling properties of rubiscolin
peptides at the §-OR, we first confirmed that rubiscolin pep-
tides indeed bind to the §-OR with radioligand binding using
membranes prepared from the PathHunter cells. We com-
pared the affinity of the rubiscolin peptides to the highly
potent and selective §-OR peptides deltorphin Il and leu-
enkephalin. Deltorphin Il displayed the strongest affinity
for the §-OR followed by leu-enkephalin, rubiscolin-6 and
rubiscolin-5 (Fig. 2A, Table 1).

Next we confirmed that all four peptides were indeed
able to inhibit forskolin-induced cAMP production by activa-
tion of the inhibitory Ga;-protein pathway. All four peptides
displayed full agonism and followed the same rank order
in potency as observed for their affinity (Fig. 2B, Table 1).
Next, we assessed the ability of these peptides to recruit
B-arrestin, finding that deltorphin Il and leu-enkephalin re-
cruit both g-arrestin 1 (Fig. 2C) and g-arrestin 2 (Fig. 2D),
with deltorphin Il showing a higher potency (Table 1). In-
terestingly, in both assays B-arrestin recruitment induced
by the rubiscolins ranged from low to undetectable even at
concentrations of 316 uM (Fig. 2C and D). Importantly, be-
cause the PathHunter cell line was used for our binding stud-
ies, this limited g-arrestin recruitment cannot be attributed
to a lack of binding to the §-OR.

4. Discussion

Delta opioid receptor peptides like leu-enkephalin, DPDPE
and DADLE are all strongly recruit B-arrestin; still, G
protein-biased synthetic 5-OR peptides have been produced
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Fig. 1 Origin and structural differences of naturally-occurring §-OR peptides. (A) Chemical structures of the naturally-occurring
peptides leu-enkephalin (human), [D-Ala?]- deltorphin Il (frog), rubiscolin-5/YPLDL and rubiscolin-6/YPLDLF (spinach). (B) HPLC-MS
spectra for rubiscolin-5 and rubiscolin-6. (C) Maximum common structure alignment for rubiscolin-5 (orange) with leu-enkephalin
(gray) or deltorphin Il (cyan). Black arrow points to the conserved amino-group. Orange arrow points to the proline residue unique
to the rubiscolins. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)

Table 1 Pharmacological characterization of naturally occurring §-OR peptides. Affinity of peptide agonists for the §-OR is
depicted as the pKi, which is a negative log value of the K;, which is the concentration at which 50% of the §-OR are occupied by
the peptide. Potency and efficacy (¢, normalized to leu-enkephalin) for the §-OR peptide agonists to inhibit cAMP production is
depicted as concentration of 50% inhibition (plCso) and the SEM. Potency (pECsg) and efficacy («, normalized to leu-enkephalin)
of 5-OR agonists to recruit g-arrestin 1 and 2 are depicted with SEM. The number of repetitions for each drug is indicated in

parentheses.

Affinity CAMP B-arrestini B-arrestin2
Compounds pKi pICso o pECso o pECso o
Leu-enkephalin 8.8+0.1(4) 9.0£0.1(9) 100 7.5+0.1 (11) 100 7.5+0.1 (10) 100
Deltorphin Il 9.5+0.3 (5) 9.4+0.1 (4) 95+2 8.3+0.1 (5) 94+6 8.7+0.2 (6) 103 +4
Rubiscolin-5 5.5+0.1 (4) 5.2+0.1 (6) 85+9 ND (9) ND 4.1+0.3 (7) 15+ 4
Rubsicolin-6 6.0+£0.1(3) 5.8+0.2 (4) 77 +8 ND (7) ND 5.1+0.3 (6) 20+3

over 10 years ago as exemplified by UFP-512 (Chiang et al.,
2016; Molinari et al., 2010). Nevertheless, in our assays,
the potency for leu-enkephalin for cAMP inhibition (G pro-
tein) is 1.5 log steps stronger than for g-arrestin recruit-
ment, suggesting leu-enkephalin is G protein-biased. Rel-
ative to leu-enkephalin, we find that deltorphin Il is less
biased (Table 2, bias factor < 1). Distinguishingly, here we
present the first report of rubiscolin-5 as naturally-occurring
G protein-biased §-OR peptide, with a bias factor 2 when
comparing cAMP versus B-arrestin 2 (Table 2) and unde-

tectable rubiscolin-5 induced B-arrestin 1 recruitment to
the 6-OR at concentrations as high as 2mM (Fig. 2C and
D). Rubiscolin-6 similarly did not recruit g-arrestin 1 to an
extent that would allow us to calculate a bias factor. The
CAMP- g-arrestin 2 bias factor for rubiscolin-6 was 0.52 mak-
ing it less G protein-biased than leu-enkephalin, but more
biased than deltorphin II.

In terms of opioid receptor pharmacology, studies thus far
have highlighted the benefits of biased signaling that favors
G protein over B-arrestin. For w-ORs, G protein-biased sig-
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Fig. 2 Pharmacological characterization of rubiscolin peptides at 5-ORs. (A) Displacement of [*H]DPDPE from §-ORs (inset shows
saturation binding for [*H]DPDPE on 5-ORs). (B) Inhibition of forskolin-induced cAMP production in HEK293-5-OR cells. (C) B-arrestin
1 recruitment in U20S §-OR PathHunter cells. (D) g-arrestin 2 recruitment in CHO §-OR PathHunter cells. Composite figures are

shown (see Table 1 for details).

Table 2 Bias factors for naturally occurring §-OR peptides. Transduction coefficient (t), (Ka) and bias factor determination.
Log (z/Ka) was determined using the operational model equation (van der Westhuizen et al, 2014). ALog (z/Ka) was calculated
using Leu-enkephalin as the reference compound. Bias Factor = 10(ALog (z/KA)[CAMP] — ALog (z/KAIIBARR]) | [ND = not determinable].

CAMP B-arrestin1 B-arrestin2 Bias Factor
Compounds Log (t/Ka) ALog (t/Ka) Log (t/Ka) ALog (t/Ka) Log (t/Ky) ALog (t/Kx) CAMP-Barr1 cAMP-Barr 2
Leu-enkephalin 9.05 0 7.56 0 7.53 0 1 1
Deltorphin Il 9.43 0.39 8.20 0.64 8.56 1.07 0.55 0.21
Rubiscolin-5 5.13 —3.92 ND ND 3.26 —4.23 ND 2.04
Rubiscolin-6 5.41 —3.63 ND ND 4.14 —3.35 ND 0.52

naling may reduce tolerance, constipation and respiratory
depression (DeWire et al., 2013; Manglik et al., 2016), al-
though recent studies have placed some doubts about the
strength of this hypothesis (Altarifi et al., 2017; Hill et al.,
2018). For the «-ORs, G protein-biased ligands may avoid
aversive effects commonly associated with (unbiased) «-OR
(Bruchas and Chavkin, 2010). For the §-ORs B-arrestin re-
cruitment has been associated with increased alcohol use,
whereas G protein-biased §-OR agonists reduce alcohol in-
take in mice (Chiang et al., 2016; Robins et al., 2018).
Currently only antagonist-bound §-OR structures have
been resolved (Fenalti et al., 2015; Granier et al., 2012),
in contrast to x-ORs and w-ORs for which agonist-bound
structures are available. Still, although less optimal, homol-

ogy modeling can be performed to use the agonist-bound
OR structures to create a computational model of an ag-
onist bound conformation of the §-OR. Recent studies us-
ing computational modeling and X-ray crystallography have
suggested that drug conformation can have a significant im-
pact on specific receptor conformations inducing receptor
states that are more or less susceptible to recruit g-arrestin
(McCorvy et al., 2018; Wacker et al., 2017). While com-
mon substructure analysis did not show major differences
in conformation between rubiscolin-5 and leu-enkephalin
or deltorphin I, it is noteworthy that the rubiscolin pep-
tides contain a proline residue. Proline residues, due to
their cyclic structure are known to induce kinks and in-
still a degree of inflexibility to the peptide. It is possible
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that this proline residue in rubiscolins induces a certain
conformation that the more flexible enkephalin and deltor-
phin Il circumvent. With our finding that rubiscolin peptides
are G protein-selective §-OR agonists, it may be of inter-
est to dock rubiscolin-6, or YPLDLV a more potent and §-OR-
selective synthetic analog (Yang et al., 2003b) to potentially
obtain insight into which regions of the §-OR are being en-
gaged or spared to confer G protein selectivity onto rubis-
colin when compared with deltorphin Il or leu-enkephalin.

Rubiscolin-6 is more potent and has stronger affinity for
the 6-OR than rubiscolin-5, but both peptides are rather
weak in comparison to leu-enkephalin and deltorphin II,
which may limit their therapeutic potential. One advantage
however of the rubisocolin peptides is their oral bioavail-
ability; rubiscolins are produced by digestive pepsin cleav-
age of rubisco, and rubiscolin-6 at a dose of 100 mg/kg,
p.o. produced analgesia in a tail-pinch assay (Yang et al.,
2001), enhanced memory consolidation, (Yang et al., 2003a)
and reduced anxiety-like behavior (Hirata et al., 2007) in a
manner that was shown to be reversible by the §-OR an-
tagonist naltrindole, suggesting that the behavior was §-OR
mediated.

Overall, we provide evidence for the first known
naturally-occurring, orally bioavailable G protein-selective
5-OR peptide agonist. The attributes of rubiscolin-6 may
make it an interesting drug in treating alcohol use disorder
(Chiang et al., 2016; Robins et al., 2018), or as an analgesic
with fewer side effects.
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