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1 INTRODUCTION 

1.1 G-protein coupled receptors (GPCRs) 

1.1.1 About GPCRs in general 

 The G-protein coupled receptor (GPCR), also known as seven-transmembrane domain 

receptor (7TM receptor), is a protein located in the cell membrane, which binds extracellular 

signalling substances (ligand) and transmits the binding signal to the intracellular 

environment. These substances can be light sensitive compounds, amines, hormones, small 

molecules, neurotransmitters, peptides, etc. GPCRs only exist in eukaryotes [1–3] and more 

than 800 genes of GPCRs are encoded by the human genome [4]. There are many 

classification schemes for the GPCR superfamily, one of witch called GRAFS divides the 

superfamily into five classes: Glutamate-, Rhodopsin-, Adhesion-, Frizzled/Taste2- and 

Secretin-like receptor family [4]. GPCRs play important roles in several physiological 

processes, for example: the visual sense, the gustatory sense (taste), the sense of smell, 

behavioural and mood regulation, regulation of the immune system [5,6], autonomic nervous 

system transmission, cell density sensing, homeostasis modulation [7], or the regulation of 

growth and metastasis of some types of tumours [8]. Robert J. Lefkowitz and Brian K. 

Kobilka won the 2012 Nobel Prize in Chemistry for their research of GPCR structure and 

function. 

1.1.2 The structure of GPCRs 

 Several crystallography methods have been developed to solve GPCR crystal 

structures. The first crystal structure of a mammalian GPCR, the bovine rhodopsin (PDB: 

1F88) was determined in 2000 [9]. In 2007, the first structure of human β2-adrenergic receptor 

was solved, which GPCR structure showed similarity with the bovine rhodopsin receptor [10–

12]. The structure of the GPCRs consist of three parts: (1) the extracellular amino-terminal (N 

terminus) segment and three extracellular loops (EL1-EL3); (2) the TM segment consisting of 

seven α-helices (TM1-TM7) and (3) the intracellular segment containing three intracellular 

loops (ICL1-ICL3), an intracellular amphiatic helix, and the carboxy-terminal tail (C 

terminus) (Figure 1). 
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Figure 1. Schematic diagram of the GPCR structure. Adopted from [13]. 

1.1.3 GPCR signalling 

 The signalling cascades of GPCRs initiate from the binding of an external signal, 

which causes conformational changes in the receptor leading to the activation of the G-protein 

[14]. The G-protein consists of Gα, Gβ and Gγ subunits, the beta and gamma subunits form a 

stable dimeric complex, thus they are also called the beta-gamma complex (Gβγ) [15]. The 

four main classes of Gα subunits are Gαs (stimulatory), Gαi (inhibitory), Gαq, and Gα12/13. In 

inactive state, the GPCR is bound to a heterotrimeric G-protein complex, the Gα subunit is 

bound to GDP and is attached to the Gβγ subunit. The activation of a G-protein causes the 

transmission of bound Gα subunit to active status, along with the exchange of GDP to GTP as 

well as the dissociation of Gα subunit (which bounds GTP) from the Gβγ dimer and from the 

receptor. Both GTP-bound Gα [16] in the active form and the released Gβγ dimer can stimulate 

a numerous signalling cascades (second messenger pathways) and effector proteins. When the 

GTP on Gα is hydrolysed to GDP, the original form of the receptor is restored [17–19]. 

 Ligands could be separated based on the nature of their functional interaction with the 

target receptor. Due to the functional effects governed by efficacy and potency, the ligands 

can be distinguished to full agonists, partial agonists, neutral antagonists or inverse agonists 

depending on the alteration of GPCRs G-protein basal activity. The ligands with agonist 
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properties induce the receptor to alter its G-protein conformation to the active state, increasing 

the basal activity. While the inverse agonists induce the inactive state of the receptor, 

decreasing the basal activity [20,21]. The neutral antagonists bind equally to both receptor 

states, usually with a high affinity, therefore possessing a physiological role by competitively 

inhibiting agonist and inverse agonist binding [22]. Neutral antagonists do not alter the basal 

activity (Figure 2). Partial agonists exhibit intermediate levels of G-protein activity and are 

able to decrease the efficacy of the full agonists to their own stimulation level as previously 

reported by Szűcs et al. [23]. 

Figure 2. The spectrum of GPCR ligand efficacy. 

1.1.3.1 Gα signalling 

The adenylate cyclase (AC) enzyme is the effector protein of the Gαs and Gαi 

pathways, which catalyse the transformation of cytosolic adenosine triphosphate (ATP) to 

cAMP. The Gαs stimulates the production of cAMP from ATP. The level of cAMP can affect 

the activity of various ion channels and Ser/Thr-specific protein kinase A (PKA), thus cAMP 

acts as a second messenger. The Gαi subunit inhibits AC from generating cAMP (e.g. 

somatostatin, prostaglandin receptor). 

 The Gαq pathway stimulates the membrane–bound phospholipase C-β (PLCβ) effector, 

which catalyses the cleavage of phosphatidylinositol 4,5-bisphosphate (PIP2) into the second 

messengers inositol (1,4,5) trisphosphate (IP3) and diacylglycerol (DAG). 

https://en.wikipedia.org/wiki/Phosphatidylinositol_4,5-bisphosphate
https://en.wikipedia.org/wiki/Inositol_trisphosphate
https://en.wikipedia.org/wiki/Diglyceride
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 In the Gα12/13 pathway the elevated intracellular Ca
2+

 also binds and activates 

calmodulin proteins related to small GTPase, Rho. When Rho binds to GTP, it activates Rho-

kinase (ROCK) responsible for regulating the actin cytoskeleton. 

1.1.3.2 Gβγ signalling 

 The effects of Gβγ signalling is also important. The primary effectors of Gβγ pathway 

are various ion channels, e.g. G-protein coupled inwardly rectifying potassium channels 

(GIRKs), P/Q- and N-type voltage-gated Ca
2+

 channels, as well as some isoforms of AC and 

PLC, along with some phosphoinositide-3-kinase (PI3K) isoforms. 

1.2 The opioid system 

1.2.1 Poppy plant 

 The narcotic drug opium is derived from the opium poppy plant (Papaver 

somniferum), which is a dried latex extract from the seed capsules. The opium poppy is a 

widely cultivated plant domesticated by Sumerians around 3000 BC [24]. Ancient Egyptian 

medicine used opium for their anasthetic and narcotic effects. Opium contains opiates, natural 

alkaloid compounds, such as morphine and codein [25]. Morphine can be processed 

chemically to produce heroin and other semi-synthetic opioids. 

1.2.2 Opioid receptors 

 Pain modulation is mainly regulated through the activation of the three classical types 

of opioid receptors, i.e. the μ-, δ- and κ-opioid receptors (MOR, DOR and KOR, 

respectively). [26–30]. The clone of MOR has been isolated from a rat brain cDNA 

containing 398 amino acid residues [31]. The cDNAs of DOR and KOR were isolated from 

mouse, containing 372 and 380 amino acids, respectively [32,33].  

 At the same time, cloning studies revealed the fourth receptor named “opioid receptor-

like” (ORL) sequence from numerous labs [34–38]. ORL was renamed to 

nociception/orphanin FQ receptor (NOP) after the endogenous ligand of the receptor, 

nociceptin  was identified by the lab of Meunier et al. [39]. Although it shows 48-49% 

homology with the opioid receptor family, it is classified separate as the semi-synthetic 

https://en.wikipedia.org/wiki/G_beta-gamma_complex
https://en.wikipedia.org/wiki/G_protein-coupled_inwardly-rectifying_potassium_channel
https://en.wikipedia.org/wiki/P-type_calcium_channel
https://en.wikipedia.org/wiki/Q-type_calcium_channel
https://en.wikipedia.org/wiki/N-type_calcium_channel
https://en.wikipedia.org/wiki/Voltage-dependent_calcium_channel
https://en.wikipedia.org/wiki/PI3K
https://en.wikipedia.org/wiki/Heroin
https://en.wikipedia.org/wiki/Opioid
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neutral opioid antagonist, naloxone is not able to inhibit nociceptin receptor specific binding, 

in contrast to the three classical opioid receptors [40].  

 Opioid receptors are members of the Rhodopsin-like inhibitory GPCRs, their 

activation leads to the inhibition of AC [41], which results in hyperpolarisation [42,43] and 

inhibits certain presynaptic neurotransmitter (GABA, acetylcholine, norepinephrine, 

serotonin) release [44–47]. The main target of the antinociceptive drugs in the treatment of 

pain is MOR. Opioid receptors are expressed in the neurons of the central (CNS) and 

peripheral nervous system (PNS) (Table 1). 

 

Table 1. The distribution and physiological functions of opioid receptors [48–50]. 

Opioid 

receptors 
Receptor distribution in CNS Physiological function 

MOR 

periaqueductal gray, spinal cord 

(substantia gelatinosa of Rolando), 

olfactory bulb, nucleus accumbens, 

cerebral cortex, amygdala 

analgesia, respiratory depression, 

cardiovascular functions, reduced 

gastrointestinal motility, miosis, euphoria, 

thermoregulation, hormone secretion, 

immune function 

DOR amygdala, olfactory bulb, cortex, 

pontine nuclei 

analgesia, antidepressant effects, olfaction, 

cardiovascular regulation, respiration, 

gastrointestinal motility 

KOR hypothalamus, periaqueductal gray, 

claustrum 

nociception, diuresis, thermoregulation, 

miosis, sedation, stress, depression 

1.2.3 Opioid ligands 

 Endogenous opioid peptides such as Met- and Leu-enkephalin [51], β-endorphin [52] 

and dynorphin-A [53] are mainly released by neurons in the CNS. Enkephalins are also 

produced by adrenal medulla, spinal cord and other peripheral tissues [54], β-endorphin is 

primarly synthesized in the pituitary gland [55] and immune cells [56], while dynorphin-A 

can be found in hypothalamus, medulla and spinal cord [57]. Two endomorphin tetrapeptides, 

endomorphin-1 and endomorphin-2 (EM-2) [58] were found to be highly selective 

endogenous agonists for MOR. 
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 Natural alkaloids called “opiates” are derived from the resin of the opium poppy, 

including morphine, codeine, thebaine, oripavine and many semi-synthetic congeners derived 

from them. The term opiates are also used for the semi-synthetic drugs derived from 

morphine. The esthers of morphine are diacetylmorphine (morphine diacetate; heroin), 

nicomorphine (morphine dinicotinate), dipropanoylmorphine (morphine dipropionate), 

diacetyldihydromorphine, acetylpropionylmorphine, desomorphine, methyldesorphine, 

dibenzoylmorphine, dihydrocodeine, ethylmorphine and heterocodeine. Semi-synthetic 

alkaloid derivatives are the oripavine derivatives (buprenorphine, etorphine), hydrocodone, 

hydromorphone, oxycodone and oxymorphone. 

 Numerous synthetic opioid ligands were discovered, the main chemical groups are the 

anilidopiperidines (fentanyl, carfentanil), the phenylpiperidines (pethidine), the 

diphenylpropylamine derivatives (diphenoxylate, propoxyphene, methadone), the 

benzomorphan derivatives (pentazocine, dezocine). 

1.3 Kynurenines 

1.3.1 The kynurenine pathway 

 Tryptophan is an essential amino acid that is a precursor in synthesis for modulatory 

biomolecules including serotonin, melatonin, tryptamine, and kynurenine. Tryptophan can be 

found in proteins and it also has an important structural or functional role. For example, 

tryptophan residues play special roles in anchoring membrane proteins within the cell 

membrane. The majority (~90%) of tryptophan is metabolized through the kynurenine 

pathway by three crucial enzymes: the two isoforms of indoleamine 2-3-dioxygenase (IDO1 

and IDO2) and tryptophan 2,3-dioxygenase (TDO). The enzymes initiate the oxidation of 

tryptophan, this transformation results in L-kynurenine (kyn) through the N-

formylkynurenine, the final product is the nicotinamide adenine dinucleotide (NAD
+
) (Figure 

3). 

 

https://en.wikipedia.org/wiki/Papaver_somniferum
https://en.wikipedia.org/wiki/Membrane_protein
https://en.wikipedia.org/wiki/Cell_membrane
https://en.wikipedia.org/wiki/Cell_membrane
https://en.wikipedia.org/wiki/Nicotinamide_adenine_dinucleotide
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Figure 3. Pathways of tryptophan metabolism. Adopted from [59]. 

 The dysregulation of the kynurenine pathway is associated with aging and 

neurodegenerative diseases [60,61]. Changes in the kynurenine/tryptophan ratio may be 

responsible for many diseases, e.g. arthritis, HIV/AIDS, neuropsychiatric disorders, cancer 

and inflammations [62–64]. The ratio of kynurenine and tryptophan is also an indicator for 

the activity of indoleamine 2,3-dioxygenase (IDO) [65,66].  

 Kyn is synthesized in the brain, and depending on the quantity produced, it can be 

neurotoxic or neuroprotective. Quinolinic acid has a neurotoxic effect, it is produced from 

kyn, via the additional toxic metabolites (3-hydroxykynurenine and 3-hydroxyanthranillic 

acid). It acts as an N‐methyl‐D‐aspartate (NMDA)  receptor agonist [67]. Within the brain, 

quinolinic acid is only produced by activated microglia and macrophages [68]. In contrast, 

kynurenic acid (KYNA) is neuroprotective, which is formed directly from kyn catalysed by 

kynurenine aminotransferase (KAT). 

https://en.wikipedia.org/wiki/Arthritis
https://en.wikipedia.org/wiki/Indoleamine_2,3-dioxygenase
https://en.wikipedia.org/wiki/NMDA_receptor
https://en.wikipedia.org/wiki/Agonist
https://en.wikipedia.org/wiki/Microglia
https://en.wikipedia.org/wiki/Macrophages
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1.3.2 KYNA receptors 

 The neuroprotective and antinociceptive effects of KYNA are due to the inhibition of 

the excitatory amino acid (EAA) receptors [69]. KYNA possesses an antagonistic effect on 

the NMDA receptor and other glutamate receptors such as AMPA and kainate receptors 

[69,70]. NMDA receptors are essential for the control of the glutamatergic work at the CNS; 

in contrast to the kainate and AMPA receptors, the NMDA receptor mediates the influx of 

Ca
2+

 ions into neurons, playing an important role in synaptic plasticity, memory, and learning 

[69,70]. Over activation of NMDA receptors can lead to excitotoxicity, severe cell damage, 

and apoptosis of neurons, which are strongly related to neurodegenerative and CNS disorders 

such as depression, stroke, ischemia, and neuropathic pain [71–73]. 

 KYNA is also found to have an agonistic effect on the orphan GPCR GPR35 [71,74], 

which can be found in various tissues and organs such as gastrointestinal tract, liver, immune 

system, CNS, and cardiovascular system [72]. GPR35 protein is mainly expressed in both 

neurons and glial cells in the brain, but also in the neurons of the dorsal root ganglion (DRG). 

 KYNA acts as an agonist for the orphan GPCR hydroxyl-carboxylic acid receptor 3 

(HCAR3), which is also a target for the 3-hydroxyoctanoic acid and for niacin (nicotinic acid) 

[75,76]. The HCAR3 is present only in higher primates, it is expressed in adipocytes and it 

mediats antilipolytic effects in fat cells. HCAR3 is also expressed in a variety of immune cells 

and it plays a role in the regulation of gene transcription, in the embryonic development and 

in the maturation of cells in the immune and nervous system. 

1.3.3 Kyn and KYNA 

 The two most studied metabolites of the kynurenine pathway are kyn and KYNA. 

They are present in lens crystalline, human Cu
2+/

Zn
2+

 dismutase, milk proteins and several 

bioactive compounds produced by bacteria and marine organisms [77]. Daptomycin is a 

cyclic kyn‐containing lipodepsipeptide approved by the Food and Drug Administration 

(FDA), isolated from Streptomyces roseoporus used in the treatment of Gram‐positive 

pathogen skin infections [78]. Cyclomontanin B isolated from Annona montana exhibits a  

promising anti‐inflammatory activity [79]. The kyn‐containing peptide FP‐kyn‐LNH2 is the 

minor component of the Australian red tree frog  (Litoria rubella) skin collected in central 

Australia, endowed with opioid activity at 10
−7

 M (Figure 4) [80]. 
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Figure 4. Natural bioactive compounds containing kyn residue. 

 The occurrence of kyn in natural products suggests a possible specificity towards their 

biological targets. The enzymes of the human kynurenine pathway are expressed in different 

tissues and cell types throughout the body [77]. In humans, the majority of kyn is excreted by 

urine; thus, its bioavailability increases according to the tryptophan flux downstream of the 

kynurenic pathway [81]. Kyn is able to penetrate the CNS by transport across the blood–brain 

barrier (BBB), but it is also produced locally [61]. 

 KYNA was originally discovered in canine urine, but a huge amount has been 

measured in the gut, bile, human saliva, synovial and amniotic fluid; it has also been detected 

in food products such as broccoli, some potatoes, and honeybee products [77]. KYNA itself, 

the only known endogenous NMDA receptor antagonist, hardly crosses the BBB at all 

[82,83]. Different therapeutic approaches based on the kynurenine pathway have been 

postulated to circumvent this problem, such as the use of KYNA prodrugs or analogues able 

to penetrate more readily than the parent compounds or the involvement of ascorbate 
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conjugation to promote the interaction of KYNA with SVCT2 transporter (sodium-dependent 

vitamin C transporter 2) protein [84–86]. 

 Changes in levels of KYNA int he brain have been identified in several neurological 

disorders. Elevated KYNA levels in the striatum and hippocampus [87], and decreased 

KYNA levels in the blood [88] and cerebrospinal fluid (CSF) [89] have been observed in 

Alzheimer’s disease. The levels of KYNA were decreased in the substantia nigra pars 

compacta (SNpc), frontal cortex and putamen [90] in Parkinson’s disease. Decreased KYNA 

levels were characteristic in the cortex [91], striatum [92,93] and CSF in Huntington’s 

disease. In multiple sclerosis in the CSF elevated KYNA levels were measured during acute 

relapse [94], while the amount of KYNA was definitely lower during chronic remission [95]. 

In epilepsy decreased KYNA [96] and kyn [97,98] levels can be detected in the CSF of 

patients with infantile spasms, while the KYNA levels were smaller in the CSF of patients 

with West syndrome [99]. 

1.4 Pain 

1.4.1 Pain in general 

 The International Association for the Study of Pain’s (IASP) definition of pain is: “an 

unpleasant sensory and emotional experience associated with, or resembling that associated 

with, actual or potential tissue damage” [100]. Pain can be characterized by its 

neurobiological component, nociception (perception of a noxious stimulus), the affective 

component (emotion of pain) can only be studied in humans. In animal experiments the 

activation of nociceptors and the behavioural response given to painful stimuli can be 

observed. 

 Nociceptors, which are sensory nerve endings that specifically respond to tissue-

damaging stimuli, can be distinguished in several ways. Based on sensitivity, there are 

unimodal (stimulated only by thermal or mechanical stimuli) and polymodal (activated by 

thermal, mechanical and chemical stimuli) receptors. 

 Based on the duration of pain, it can be divided into acute and chronic pain [101]. Pain 

is designated acute if it lasts only until the noxious stimulus is removed or the pathology has 

healed. Pain lasting more than 6 months is called chronic pain, such as rheumatoid arthritis, 
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peripheral neuropathy, cancer and idiopathic pain. Based on the myelination of their axons, 

there are myelinated, fast-conducting (12–30 m/s) Aδ-fibers and myelinated, fast-conducting 

(0.5–2 m/s) C-fibers. 

 Increased pain induced by mild painful stimuli is termed hyperalgesia, while 

pathological pain induced by non-painful stimuli is termed allodynia [102]. Both mechanical 

and thermal allodynia and hyperalgesia can occur as a result of inflammation and central or 

peripheral nerve injury of various origins (traumatic, toxic), which can occur at any level of 

the somatosensory or spinothalamic-cortical system [103]. 

1.4.2 Opioid system and pain 

 Morphine is a prototype opioid agonist binding to MOR and is still the most frequently 

used drug in pain medication (Table 2). Beside pain relief and analgesia, it has serious side 

effects including decreased respiratory effort, tolerance development, low blood pressure and 

it also has a high potential for addiction and abuse [104–106]. Therefore, it is very important 

to find new ligands with higher affinity, selectivity and stability with decreased side effects. 

 An opioid epidemic is the overuse or misuse of addictive opioid drugs. It has 

significant medical-, social- and economic consequences, including overdose deaths. The 

proclamation of “The Opioid Crisis” by the U.S. Surgeon General began with the over-

prescription of opioids in the 1990s, which are the most prescribed class of medications in the 

United States. Opioids administrated postoperatively or for pain management are one of the 

leading causes of opioid misuse, where approximately 6% of people continued opioid use 

after surgery or trauma [107]. In 2017 fentanyl was the most commonly used synthetic opioid, 

it was also listed by the World Health Organization as an essential drug in the form of 

fentanyl patches for cancer pain [107]. Yet in 2016, the illegal fentanyl and its analogues were 

the cause of most common overdose deaths in the United States, accounting for more than 

20,000, around half of opioid-related deaths [108].  

  

https://en.wikipedia.org/wiki/Opioid
https://en.wikipedia.org/wiki/Epidemic
https://en.wikipedia.org/wiki/Drug_addiction
https://en.wikipedia.org/wiki/Opioid
https://en.wikipedia.org/wiki/Drug_overdose
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Table 2. List of the most common opioids used as medication. 

 Chemical 

name 
Drug name Use for medication 

S
h

o
rt

-a
ct

in
g
 o

p
io

id
s 

morphine 

sulfate 

Avinza for both acute pain and chronic pain and  it is 

frequently used for pain from myocardial 

infarction [109] 

fentanyl Fentora was developed for pain management treatment 

of cancer patients [110] 

oxycodone OxyContin used for treatment of moderate to severe pain 

[111] 

hydrocodone Hysingla used to treat severe pain and also used as a 

cough suppressant in adults [112] 

codeine Fiorinal or 

Prometh 

used to treat pain, coughing, and diarrhea 
[113] 

heroin - used for management of breakthrough pain in 

children with cancer [114] 

L
o
n

g
-a

ct
in

g
 o

p
io

id
s 

methadone Dolophine used for opioid maintenance therapy in opioid 

dependence and for chronic pain management 

[115,116] 

etorphine 

(animal) 

Immobilon or 

M99 

used as a sedative in veterinary practice [117] 

carfentanil 

(animal) 

- used in ungulates due to its immobilizing 

properties [118] 

oxymorphone Numorphan or 

Opana 

used for the relief of moderate to severe pain 

and for treatment of acute post surgical pain 

[119] 

tramadol Ultram used primarily to treat mild to severe pain, 

both acute and chronic [120] 

M
ix

ed
 a

g
o
n

is
t/

a
n

ta
g
o
n

is
t 

butorphanol Stadol used for  management of migraine using the 

intranasal spray formulation [121] 

also used as a supplement for balanced general 

anesthesia 

used in domestic and nondomestic veterinary 

species for analgesia, sedation, or improved 

quality of anesthesia [122] 

nalbuphine Nubain used as a supplement to balanced anesthesia, 

for preoperative and postoperative analgesia 

[123] 

dezozine Dalgan administered intravenously to relieve post-

operative pain [124] 

P
a
rt

ia
l 

a
g
o
n

is
t buprenorphine Subutex used for detoxification and opioid replacement 

therapy, acute pain, and chronic pain [125] 

meptazinol Meptid used to treat moderate to severe pain, most 

commonly used to treat pain in obstetrics [126] 

 

https://en.wikipedia.org/wiki/Acute_pain
https://en.wikipedia.org/wiki/Chronic_pain
https://en.wikipedia.org/wiki/Myocardial_infarction
https://en.wikipedia.org/wiki/Myocardial_infarction
https://en.wikipedia.org/wiki/Pain
https://en.wikipedia.org/wiki/Pain
https://en.wikipedia.org/wiki/Cough_medicine#types
https://en.wikipedia.org/wiki/Pain
https://en.wikipedia.org/wiki/Cough_medicine
https://en.wikipedia.org/wiki/Diarrhea
https://en.wikipedia.org/wiki/Opioid_maintenance_therapy
https://en.wikipedia.org/wiki/Opioid_dependence
https://en.wikipedia.org/wiki/Opioid_dependence
https://en.wikipedia.org/wiki/Chronic_pain
https://en.wikipedia.org/wiki/Migraine
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A
n

ta
g
o
n

is
t 

diprenorphine Revivon used to reverse the effects of super-potent 

opioid analgesics such as etorphine and 

carfentanil, the drug is not approved for use in 

humans [127,128] 

naloxone Narcantin used to counter decreased breathing in opioid 

overdose [129] 

used as an antidote for acute alcohol 

intoxication [130] 

naltrexone ReVia or 

Vivitrol 

used to manage alcohol or opioid dependence 

[129] 

also used to treat obesity [131] 

nalmefene Selincro used primarily in the management of alcohol 

dependence [132] 

 

 The three primary symptoms (which may not always be present together) for opioid 

toxicity are: respiratory depression, generally accompanied by depressed consciousness and 

miosis. Naloxone therapy is the standard treatment for opioid toxicity [133]. Naloxone can 

precipitate withdrawal symptoms including anxiety, irritability, and restlessness; gooseflesh; 

hot and cold sweats; muscle-, bone- and joint aches; tremor; nausea, vomitting and diarrhea; 

increased resting pulse rate [134]. 

 Opioids combined with non-opioid drugs are another way to treat moderate to severe 

pain decreasing the risk of tolerance and dependence (e.g. Percodan: oxycodone/aspirin, 

Percocet: oxycodone/paracetamol, Vicodin: hydrocodone/paracetamol, Vicoprofen: 

hydrocodone/ibuprofen) [135]. 

1.4.3 KYNA and pain 

 Different NMDA receptor sites were examined in the rat model of formalin-induced 

facial pain. The results showed that the nociceptive behavioural responses were effectively 

reduced by the NR2 subunits, which means that these subunits have importance in 

inflammatory pain diseases [136,137]. Intracisternal KYNA attenuates formalin-induced 

nociception in animals together with antagonist activity at the glycine binding site of NMDA 

receptor, which is associated with analgesic properties in rats [138]. At the peripheral sites, 

KYNA decreases the nociceptive behaviour in the tail flick- and hot plate tests [139]. 

Administration of kyn and probenecid together with KYNA analogues inhibits NMDA 

receptors in animal models of trigeminal activation and sensitization [139]. Noteworthy, 
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KYNA and its analogues are able to act on second‐order neurons, decreasing mechanical 

allodynia and pain sensitivity in different animal pain models [140]. 

 The activation of GPR35 by KYNA, leads to hyperpolarization in the cell, which 

decreases glutamate and pro-inflammatory substance release from the glial and immune cells, 

another way of the analgesic effect of KYNA in inflammatory models. The agonist KYNA 

and zaprinast could inhibit the AC of DRG in an inflammatory pain model through GPR35 

[141]. Probenecid injection amplified the effects of the two agonists, zaprinast was more 

effective in lower concentration compared to KYNA. These results suggest that the GPR35 

could be a promising and novel pharmacological target for the inflammatory pain reduction 

[142]. 

 Both kynurenine and KYNA binds to HACR3, which is then able to promote the 

generation of immune-suppressive T cells that support cancer development [143]. The 

question is whether the KYNA-induced activation of HCAR3 and the effects, such as elevated 

kynurenine/KYNA levels can increase the risk of developing malignancies. Or the anti-

inflammatory actions of kynurenines due to a controlled activation of HACR3 may be used 

for the treatment of different immune disorders [144,145]. This can be another approach for 

the management of cancer related pain. 

1.5 Approaches to overcome opioid side-effects 

1.5.1 Bentley analogues 

 Natural morphine alkaloids (e.g. morphine, codeine, thebaine, neopine, oripavine) 

[146] can be converted into a variety of pharmacologically more advantageous compounds, 

such as the so called nal-compounds (naloxone, naltrexone, nalbuphine) and the ring-C 

bridged derivatives (6,14-ethenomorphinans or Bentley-compounds, e.g. etorphine (9), 

buprenorphine, diprenorphine). In this study nine previously synthesized orvinol and thevinol-

type MOR-selective ligands [147–156] were examined (compounds 1e, 1f, 2a, 2b, 2d, 4, 5, 7, 

8 (3-methoxyetorphine)). 6-O-desmethyl-dihydroethorphine (2c) is a new compound 

synthesized for this study (Figure 5, 6, 7). 
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Figure 5. Structures of 6-O-desmethyl-orvinol analogues. 

 

 

Figure 6. Structures of phenethyl-thevinol- and -orvinol derivatives. 
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Figure 7. The structure of compound 8 and 9. 

 A number of structure-activity relationship studies dealing with thevinol and orvinol 

derivatives are available [157,158], but the biochemical and pharmacological properties of our 

target compounds have not been reported except for 8 [156]. 

 The presence or absence of specific functional groups in the orvinol and thevinol 

derivatives can not be straightforwardly related to their pharmacological profiles. As an 

example, the 17-N-substituent serves as an acknowledged pharmacological switch between 

agonists and antagonists being methyl or cyclopropymethyl (CPM), respectively. However, it 

is highly ambiguous within this class of opioids, regarding that 17-N-CPM derivative can be 

full agonist as well [159,160] which may be a consequence of the bigger size of these opiates 

resulting in a more complex interaction pattern with the receptor. According to this, it seems 

plausible to investigate the interacting residues or atoms of the receptor leading to the specific 

response, i.e. pharmacological feature. 

1.5.2 Oligopeptides 

 Considering the presence of kyn residue in natural peptide sequences and the 

important role exerted by both kynurenines in the CNS [161–163], the aim was to investigate 

the biological consequences of the insertion of these residues in opioid pharmacophore 

sequences. Kyn could be used in place of phenylalanine (Phe), considering its aromatic side 

chain, whereas KYNA could be used as a C‐terminus to mimic an additional aromatic residue. 

The synthesis and biological screening of six novel kynurenines containing peptides were 

performed (Figure 8), aiming to investigate the modifications imposed by the presence of kyn 

and KYNA on the biological properties of known endogenous and synthetic opioid peptides 

in vivo and in vitro. Peptide KA1 retains the [D-Ala
2
, N-Me-Phe

4
, Gly

5
-ol]-enkephalin 

(DAMGO, synthetic opioid peptid) primary sequence, but the OH terminal group is esterified 
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by KYNA. Peptides K2 and K3 are EM‐2 analogues in which the Phe residues in positions 3 

and 4 have been replaced with kyn and kyn C‐terminal amides, respectively. Peptides K4–K6 

are enkephalin‐like peptides containing kyn in position 5, bearing as C‐terminal the methyl 

ester, acid, and amide group, respectively. 

 

Figure 8. The chemical structure of the oligopeptides. 
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2 AIMS OF THE STUDY 

 Opioid ligands still have a crucial role in the MOR-mediated central and peripheral 

antinociception, although their use can be very dangerous. The aim of this study is to find new 

ligands, which have higher maximal efficacy at lower concentration than the frequently used 

morphine to decrease the risk of side effects (such as dependence and tolerance) of analgesic 

drugs. For this purpose 9 known and 1 new Bentley analogues, and 6 newly synthesized 

oligopeptides (DAMGO, EM-2 and enkephalin-like peptides containing kynurenines) are 

described in this thesis to examine which approach for ligand developement is more 

expedient. 

The objectives of the study presented in the thesis were the following: 

 To measure the binding affinity of the 10 Bentley compounds towards MOR, DOR 

and KOR and the 6 new oligopeptides towards MOR, DOR, KOR and NMDA 

receptor in competition binding assay in rat and guinea pig brain membranes. 

 To examine G-protein activation and opioid receptor mediation of the ligands in 

functional [
35

S]GTPγS binding. 

 To analyse the antiallodynic and antinociceptive effects of the Bentley analogues and 

the oligopeptides, respectively, in vivo test using an animal model of inflammation. 

 To compare the final results of biochemical and pharmacological experiments of the 

examined opioid ligands. 
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3 MATERIALS AND METHODS 

3.1 Chemicals 

3.1.1 Radiochemicals 

 The radiolabelled GTP analogue, [
35

S]GTPγS (specific activity: 3.7 x 10
13

 Bq/mmol; 

1000 Ci/mmol) was purchased from Hartmann Analytic (Braunschweig, Germany). 

[
3
H]DAMGO [164] (specific activity: 38.8 Ci/mmol), [

3
H]Ile

5,6
-deltorphin II [165] (specific 

activity: 19.6 Ci/mmol) and [
3
H]HS665 [166] (specific activity: 13.1 Ci/mmol) were 

radiolabelled by the Laboratory of Chemical Biology group of the Biological Research Centre 

(Szeged, Hungary). [
3
H]MK-801 [167] (specific activity: 30 Ci/mmol) was acquired from 

PerkinElmer (Boston, MA, USA). 

3.1.2 Receptor ligands and fine chemicals 

 MgCl2 x 6H2O, EGTA, Tris-HCl, NaCl, GDP, the GTP analogue GTPγS, and the L-

tryptophan metabolite kynurenic acid were purchased from Sigma-Aldrich (Budapest, 

Hungary). The highly selective MOR agonist enkephalin analogue DAMGO was obtained 

from Bachem Holding AG (Bubendorf, Switzerland); EM-2 was kindly provided by MTA-

ELTE Research Group of Peptide Chemistry (Budapest, Hungary). The highly selective DOR 

agonist Ile
5,6

-deltorphin II was synthesized in the Laboratory of Chemical Biology group of 

the Biological Research Centre (Szeged, Hungary). The highly selective KOR agonist 

diphenethylamine derivative, HS665 [168] were kindly offered by Dr. Helmut Schmidhammer 

(University of Innsbruck, Austria). Naloxone was provided by Endo Laboratories DuPont de 

Nemours (Wilmington, DE, USA). The morphine analogues were provided by ABX GmbH 

(Radeberg, Germany). The oligopeptides were synthesized in the Department of Pharmacy, 

University of Chieti-Pescara (Chieti, Italy). The non-competitive NMDA receptor antagonist, 

MK-801 and kyn were obtained from Tocris Bioscience (Bristol, UK). DAMGO, [Ile
5,6

]-

deltorphin II, HS665 and the oligopeptides were dissolved in water, morphine analogues were 

dissolved in ethanol and were stored in 1 mM stock solution at −20 °C. The UltimaGold
TM

 

MV aqueous scintillation cocktail was purchased from PerkinElmer (Boston, MA, USA). 
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3.2 Animals 

3.2.1  In vitro studies 

 For membrane homogenate preparations male and female Wistar rats and guinea pigs 

were used. Rats were purchased from and housed in the local animal house of the Biological 

Research Centre (Szeged, Hungary), while guinea pigs were purchased from and housed in 

LAB-ÁLL Bt. (Budapest, Hungary). All the animals were kept in a temperature controlled 

room (21–24 °C) under a 12:12 h light/dark cycle and allowed free access to food and water. 

All housing and experiments were conducted according to the European Communities 

Council Directives (2010/63/EU) and the Hungarian Act for the Protection of Animals in 

Research (XXVIII.tv. 32.x). The total number of animals as well as their suffering was 

minimized. 

3.2.2  In vivo studies with Bentley analogues 

 All experiments involving animal subjects were carried out with the approval of the 

Hungarian Ethical Committee for Animal Research (registration number: XIV/03285/2011). 

Male Wistar rats (Charles River Laboratories, Bioplan, Budapest, Hungary; 378 ± 5.1 g; n = 

6-8/group) were used in the experiments. The animals were group-housed (4 animals/cage) 

with free access to food and water, and with a 12:12 h light/dark cycle. Animal suffering and 

the number of animals per group were kept at a minimum; therefore, the drugs were 

administered in cumulative doses in 30-min intervals (at 0th, 30th and 60th min), and 

injections were repeated 7 days apart for the same animal, as in our previous study [169]. 

3.2.3  In vivo studies with oligopeptides 

 In our experiments, we used CD‐1 male mice (Harlan, Italy, 25-30 g) maintained in 

colony, housed in cages (7 mice/cage) under standard light/dark cycle (from 7:00 a.m. to 

7:00 p.m.), temperature (21 ± 1 °C) and relative humidity (60% ± 10%) for at least 1 week. 

Food and water were available ad libitum. The Service for Biotechnology and Animal 

Welfare of the Istituto Superiore di Sanità and the Italian Ministry of Health authorized the 

experimental protocol according to Legislative Decree 26/14. 
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3.3 In vitro binding experiments 

3.3.1 Preparation of brain samples for binding assays 

 A crude membrane fraction of Wistar rat and guinea pig brains were prepared for 

ligand binding experiments according to [170] with changes. After decapitation, brains were 

rapidly removed and homogenized in 30 volumes (v/w) of ice-cold 50 mM Tris–HCl (pH 7.4) 

buffer with a Teflon-glass Braun homogenizer at 1,500 rpm. After centrifugation at 18,000 

rpm for 20 min at 4 °C, the resulting pellet were suspended in 30 volumes (v/w) of the same 

buffer and incubated for 30 min at 37 °C to remove endogenous opioids. Centrifugation was 

then repeated as described above. The final pellet was suspended in 5 volumes (v/w) of 50 

mM Tris–HCl (pH 7.4) buffer and stored at −80 °C. Membranes were thawed, diluted with 

buffer and the resulting pellet were taken up in appropriate fresh buffer and immediately used. 

For the [
35

S]GTPγS binding experiments the final pellet of rat and guinea pig brain membrane 

homogenates were suspended in 5 volumes (v/w) of ice-cold TEM (50 mM Tris-HCl pH 7.4, 

1 mM EGTA, 5 mM MgCl2) buffer to obtain the appropriate protein content for the assay 

(~10 µg/ml) and stored at −80 °C for further use. 

3.3.2 The principles of in vitro binding assays 

 The basis of the assays is to add a radioactive compound to a protein homogenate, 

membrane fraction, cell culture etc. and then incubate them together in certain conditions until 

the equilibrium binding is reached. The experimental conditions of the equilibrium binding 

are always defined by the applied radiochemical. Afterwards the bound and free radioactive 

ligands can be separated from each other; therefore, the amount of bound radioactive ligand 

can be measured. Two binding assays were used, the radioligand competition and the 

[
35

S]GTPγS binding assay to examine ligand binding affinity and agonist activity, 

respectively. 

 In the radioligand competition binding experiment a radioactive ligand is applied (in 

most cases tritium labelled) in fixed concentrations in the presence of increasing 

concentrations of an unlabelled ligand. If the unlabelled ligand is able to bind to the receptor 

as the radioligand, the unlabelled ligand displaces the radioligand at the binding site 

depending on the concentration. The displacement will be shown by the reduced detected 
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radioactivity in the sample. Then binding affinity data can be received about the applied 

unlabelled ligand. 

 In [
35

S]GTPγS binding assays the target receptor mediated G-protein activation is 

examined, namely the GDP → GTP exchange of Gα, in the presence of an agonist ligand in 

increasing concentration. The nucleotide exchange is detected by a non-hydrolysable, 

radioactive, sulphur 35 isotope (
35

S) labelled GTP analogue called [
35

S]GTPγS. Due to the 

bound of γ-thiophosphate, [
35

S]GTPγS inhibits the GTPase activity of Gα, so it cannot be 

hydrolyzed to GDP and the G protein cannot reassociate into a heterotrimer. As a result the 

Gα bound with [
35

S]GTPγS accumulates and the incorporated 
35

S radioactivity can be 

measured in the samples. The higher the incorporated 
35

S the higher is the agonist activity of 

the observed compound, as it stimulated the nucleotide exchange in a greater extent. 

3.3.2.1 Competition binding experiments 

 In MOR, DOR and KOR displacement, aliquots of frozen rat and guinea pig brain 

membrane homogenates were thawed and suspended in 50 mM Tris-HCl buffer (pH 7.4), in 

NMDA receptor displacement, the Tris-HCl buffer (pH 7.4) contained 100 µM glycine and 

100 µM L-glutamic acid. Samples were incubated in the presence of the unlabelled ligands in 

increasing concentrations (10
-10

 to 10
-5

 M) for at 35 °C for 45 min with 2 nM [
3
H]DAMGO, 

for at 35 °C for 45 min with 2 nM [
3
H]Ile

5,6
-deltorphin II, at 25 °C for 30 min with 2 nM 

[
3
H]HS665, and at 25 °C for 120 min with 5 nM [

3
H]MK-801. In homologue displacements 

using [
3
H]DAMGO, [

3
H]Ile

5,6
-deltorphin II, [

3
H]HS665 or [

3
H]MK-801 the level of 

nonspecific binding was determined in the presence of 10 µM unlabelled naloxone (MOR and 

DOR), HS665 (KOR) and MK-801 (NMDA receptor), while total binding was determined in 

the absence of unlabelled ligand. The incubation was followed by rapid filtration under 

vacuum (Brandel M24R Cell Harvester; Brandel Harvesters), and washed three times with 

5mL ice-cold 50mM Tris-HCl. The filtration was accomplished through Whatman GF/C glass 

fibres. The radioactivity of the filters was measured in UltimaGold MV aqueous scintillation 

cocktail (Perkin Elmer, Waltham, MA) with Packard Tricarb 2300TR liquid scintillation 

counter (Perkin Elmer, Waltham, MA). The competition binding assays were performed in 

duplicates and repeated at least three times. 
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3.3.2.2 Functional [
35
S]GTPγS binding experiments 

 Rat and guinea pig brain membranes (~10 µg of protein/tube) were incubated at 30 
o
C 

for 60 min in Tris–EGTA buffer (50 mM Tris–HCl buffer, 3 mM MgCl2, 1 mM EGTA, 100 

mM NaCl, pH 7.4) containing 0.05 nM [
35

S]GTPγS with increasing concentrations (10
-10

-10
-5

 

M) of opioid ligands tested in the presence of 30 µM GDP in a final volume of 1 mL [171–

173]. Total binding was measured in the absence of test compounds, non-specific binding was 

determined in the presence of 10 μM unlabelled GTPγS and subtracted from total binding. 

The difference between total and non-specific binding values represents basal activity. The 

reaction was terminated by rapid filtration under vacuum (Brandel M24R Cell Harvester), and 

Whatman GF/B glass fiber filters were washed three times with 5 mL ice-cold 50 mM Tris-

HCl (pH 7.4) buffer. The radioactivity of the dried filters was detected in Ultima GoldTM 

MV aqueous scintillation cocktail with Packard TriCarb 2300TR liquid scintillation counter. 

[
35

S]GTPγS binding experiments were performed in triplicates and repeated three times. 

3.4 Chronic inflammatory pain model and measuring allodynia 

 The following compounds were applied in these in vivo studies: etorphine-

hydrochloride (9) [156,174] eight 6,14- ethenomorphinan derivatives synthesized as described 

earlier [147–150,152,153,155], 2a and 1e, 1f, 2b, 2d, 4, 5, 7 as well as the new compound 2c. 

The compounds were freshly diluted (0.01-10 mM) with distilled water from the stock 

solutions and administered subcutaneously (s.c.) in a volume of 2 mL/kg. 

 To induce chronic inflammatory pain, an animal model of osteoarthritis was applied. 

Osteoarthritis was induced by injecting monosodium iodoacetate (MIA) (Sigma-Aldrich Ltd. 

Budapest, Hungary; 1 mg/30 mL) into the tibiotarsal joint of the right hind leg on two 

consecutive days. MIA treatments were given to gently restrained conscious animals, using a 

27-gauge needle, without anesthesia so as to exclude any drug interaction. These injections 

did not elicit signs of major distress. Within 14 days MIA had consistently been shown to 

cause severe end-stage cartilage destruction resulting in osteoarthritis-like joint pain 

accompanied with moderate edema [169,175,176]. The observer was blind to the drug 

treatment administered. 
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 The threshold for withdrawal from mechanical stimulation to the plantar aspect of the 

hindpaws was assessed using a dynamic plantar aesthesiometer (Ugo Basile, Comerio, Italy), 

which consists of an elevated wire mesh platform to allow access to the ventral surface of the 

hindpaws. Prior to baseline testing, each rat was habituated to a testing box for at least 20 

min. Measurements were done with a straight metal needle (diameter 0.5 mm) that exerts an 

increasing upward force at a constant rate (6.25 g/s) with a maximum cut-off force of 50 g 

over an 8 s period. The measurement was stopped when the paw was withdrawn, and the 

results were expressed as paw withdrawal thresholds in grams. 

 After MIA injections, baseline pain thresholds (2 times with 15 min interval) were 

determined 14 days later and their means provided the baseline value. Cumulative-dosing 

procedure was applied. The control group received distilled water, while the positive control 

group was treated with 9 (0.1, 0.3, and 1.0 nmol/kg). The higher doses of 9 were also applied 

in a preliminary experiment (1.0 and 3.0 nmol/kg) but 3.0 nmol/kg dose induced catatonia and 

respiratory depression in 100% of the animals, thus we determined the maximum dose as 1 

nmol/kg. Response latencies were measured at 15 min intervals and the increasing doses of 

the drugs (three doses) were administered following two recordings. After the highest dose 

injection the pain threshold was assessed in every 15 min for 1 h, then hourly at the second 

and third hour to determine the time course of drug effects. Although, the motor behavior and 

general status of the animals were not investigated and quantified systematically, altered 

behavior (excitation, flaccidity or motor weakness) or any signs of opioid overdose (catatonia 

or respiratory depression) were not observed. 

3.5 Formalin test: a model for acute inflammatory pain 

 Oligopeptide K6 and DAMGO were applied in these in vivo studies. In the formalin 

test, the injection of a dilute solution of formalin (1%, 20 μL/paw) into the dorsal surface of 

the mouse hind paw evoked biphasic nociceptive behavioural responses, such as licking, 

biting the injected paw, or both, occurring from 0 to 10 min after formalin injection (the early 

phase) and a prolonged phase, occurring from 15 to 40 min (the late phase). Before the test, 

mice were individually placed in a Plexiglas observation cage (30 × 14 × 12 cm) for one hour, 

to acclimatize to the testing environment. The total time the animal spent licking or biting its 

paw during the early and late phase of formalin‐induced nociception was recorded. 



25 

3.6 Data analysis 

3.6.1 In vitro experiments 

 Experimental data were presented as means ± S.E.M. Points were fitted with 

GraphPad Prism 5.0 (GraphPad Prism Software Inc., San Diego, CA, USA), using non-linear 

regression analysis. In the [
35

S]GTPγS binding assays the ‘Sigmoid dose-response’ fitting was 

used to establish the maximal efficacy (Emax) of the receptors’ G-protein and the ligand 

potency (EC50). Stimulation was given as percent of the specific [
35

S]GTPγS binding 

observed over the basal activity, which was settled as 100%. An unpaired t-test with two-

tailed p value was performed to determine the significance level. In the competition binding 

assays the ‘One site competition’ fitting was used The equilibrium inhibitory constant (Ki) 

values of the compounds for the receptors were calculated from the competition binding 

curves and were converted into Ki values, using the Cheng–Prusoff [177] equation. Inhibition 

was given as percent of the specific binding observed. 

3.6.2 In vivo experiments with Bentley analogues 

 Data are presented as means ± SEM. Data sets were examined by repeated measures 

of ANOVA. Post hoc comparisons were carried out with the Fisher LSD test. The p value 

lower than 0.05 was considered significant. The mean paw withdrawal thresholds obtained 15 

and 30 min after the injections (calculated after the individual drug injections) were used for 

linear regression analysis to determine the effective dose 30 (ED30) values with 95% 

confidence intervals. Mean of 50 g would mean the complete relief of hyperalgesia, while 

mean of control value (29 g) means the zero effects, thus the difference (21 g) is the possible 

maximal effect. ED30 is equivalent to the dose that yielded 30% difference (7 g) in the paw 

withdrawal threshold compared to the baseline (pretreatment) values. Data analyses were 

performed with the STATISTICA (Statistica Inc., Tulsa, Oklahoma, USA) and GraphPad 

Prism 4.0 softwares. 

3.6.3 In vivo experiments with oligopeptides 

 Experimental data were expressed as mean ± S.E.M. Formalin test data were analysed 

by using one‐way ANOVA, followed by Holm–Sidakʹs multiple comparisons test. GraphPad 

Prism 6.03 software was used for all the analyses. Statistical significance was set at p < 0.05. 
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4 RESULTS 

4.1 Competition binding assay 

4.1.1 Bentley analogues 

 Opioid receptor binding affinities of the analogues were examined in [
3
H]DAMGO, 

[
3
H]Ile

5,6
-deltorphin II and [

3
H]HS665 homologous displacement experiments for MOR, 

DOR and KOR, respectively, in rat and guinea pig brain homogenates. All derivatives 

exhibited higher binding affinity in MOR system than the selective peptide ligand DAMGO 

(Figure 9A), some of them had extremely low Ki values (Table 3). For DOR the ligands 

showed comparable binding affinities than the selective DOR agonist Ile
5,6

-deltorphin II 

peptide ligand (Figure 9B) except 8 (Ki > 3000 nM). In the KOR binding assays, performed 

in guinea pig brain membranes, the analogues still displayed nanomolar affinities (Figure 

9C). 
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Figure 9. MOR, DOR and KOR displacement of the morphine analogues. 

Figure legend: Binding affinity of morphine analogues compared to DAMGO (A), Ile
5,6

-deltorphin II (B) and 

HS665 (C), respectively in [
3
H]DAMGO, [

3
H]Ile

5,6
-deltorphin II and [

3
H]HS665 competition binding assays in 

rat (MOR, DOR) and guinea pig (KOR) brain membrane homogenates. Membranes were incubated with 

[
3
H]DAMGO, [

3
H]Ile

5,6
-deltorphin II or [

3
H]HS665 with increasing concentrations (10

-13
 - 10

-5
 M; 10

-10
 - 10

-5
 

M; 10
-12

 - 10
-5

 M, respectively). Values represent mean values + S.E.M. for at least three independent 

experiments performed in duplicate. 
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Table 3. Displacement of [
3
H]DAMGO, [

3
H]Ile

5,6
-deltorphin II and [

3
H]HS665 by 

DAMGO, Ile
5,6

-deltorphin II, HS665 and morphine derivatives in membranes of rat and 

guinea pig brain. 

Ligand 
DAMGO

a
 

Ile
5,6

- 

deltorphin II
a
 

HS665
b
 Selectivity for μ site 

Ki + S.E.M. (nM) (Ki
δ
/Ki

μ
) (Ki

κ
/Ki

μ
) 

DAMGO 0.9010 + 0.27 n.d. n.d. n.d. n.d. 

Ile
5,6

-

deltorphin II 
n.d. 8.848 + 0.77 n.d. n.d. n.d. 

HS665 n.d. n.d. 1.707 + 0.02 n.d. n.d. 

1a 0.2142 + 0.30 2.11 + 0.77 1.589 + 0.02 9.85 7.42 

1b 0.5315 + 0.31 26.12 + 0.77 0.280 + 0.01 49.14 0.53 

1e 0.0325 + 0.35 37.37 + 0.75 2.992 + 0.03 1149.78 92.06 

1f 0.4352 + 0.28 36.56 + 0.78 3.411 + 0.01 84.54 7.84 

2a 0.0333 + 0.26 1.49 + 0.71 0.024 + 0.02 44.62 0.72 

2b 0.2184 + 0.27 15.72 + 0.71 0.257 + 0.01 71.96 1.18 

2c 0.0136 + 0.29 2.41 + 0.80 0.796 + 0.03 177.35 56.53 

2d 0.0435 + 0.29 2.06 + 0.76 0.022 + 0.02 47.45 0.51 

4 0.0125 + 0.30 7.73 + 0.77 2.186 + 0.02 618.30 174.88 

5 0.0063 + 0.27 1.85 + 0.75 0.321 + 0.03 294.43 50.95 

7 0.2524 + 0.25 27.53 + 0.75 0.682 + 0.02 109.06 2.70 

8 0.3260 + 0.30 3906.3 + 0.84 7.636 + 0.01 11982.52 23.42 

9 0.1771 + 0.30 2.44 + 0.81 1.443 + 0.01 13.78 8.15 

Table legend: 
a
: rat brain membrane, 

b
: guinea pig brain membrane, n.d.: not determined. 
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4.1.2 Oligopeptides 

 KYNA and its analogue (KYNA1) – as previously reported by Zádor et al. - did not 

directly bind to MOR, DOR and KOR in vitro [178]. However, after chronic and acute 

administration, they altered opioid receptor function in vivo and in vitro through the NMDA 

receptor co‐localized in the cortex and striatum of mice and rats, though the interaction of 

opioid and NMDA receptor have been deeply discussed in the literature [178,179]. KYNA is 

able to bind to the NMDA receptor at micromolar affinity [179]. To test if our novel peptides 

are able to target both of these systems, they were examined in a receptor binding radioassay 

using highly specific tritium‐labelled primary ligands for opioid and NMDA receptor 

binding sites. [
3
H]DAMGO, [

3
H]Ile

5,6
-deltorphin II, and [

3
H]MK‐801 equilibrium 

competition (displacement) studies were conducted in rat brain homogenates, while KOR 

tests were performed with [
3
H]HS665 in guinea pig brain homogenates. The novel ligands 

showed similar Ki value in the μ‐opioid system as DAMGO except K3 (Table 4, Figure 

10A). In the δ‐opioid system, the ligands showed lower binding affinity (higher Ki) 

compared to the selective DOR selective agonist Ile
5,6

-deltorphin II (Figure 10B). In the κ‐

opioid receptor system, the compounds showed higher Ki values than that of the selective κ‐

opioid agonist HS665 (Figure 10C). In the NMDA receptor binding assays, the peptides did 

not produce any affinity in micromolar range (Figure 10D). The peptide KA1 possesses the 

best binding affinity, with a Ki value very close to that of the reference compound DAMGO 

(1.08 ± 0.26 nM vs. 0.90 ± 0.28 nM), suggesting that the insertion of KYNA into the 

DAMGO sequence does not impair its binding potency at the MOR. The peptide K6, 

presenting the enkephalin‐like structure linked to kyn C‐terminal amide, is able to bind all 

three opioid receptors with significant affinity, showing a moderate preference for the MOR 

(affinity ratio 1:18:70 for µ, δ, κ, respectively), whereas compounds K4 and K5 are able to 

bind only MOR and DOR. It is reasonable to believe that the C‐terminal amide 

derivatization in peptide K6 confers the ability to bind to the KOR. Concerning the EM‐2 

analogues K2 and K3, the replacement of Phe
3
 with kyn improves the binding affinity and 

selectivity of K2 for MOR with respect to the standard compound EM‐2, with a weak 

affinity for KOR, while the incorporation of kyn amide in position 4 causes the loss of 

selectivity for MOR in favor of a modest binding affinity for MOR and KOR. Peptide K2 
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shows a Ki value two‐folds lower than that of EM‐2 on the MOR, which let us suppose the 

positive influence of kyn in position 3 on K2 binding ability. 

 

Figure 10. MOR, DOR, KOR and NMDA receptor displacement of the oligopeptides. 

Figure legend: Binding affinity of oligopeptides compared to DAMGO (A), Ile
5,6

-deltorphin II (B), HS665 (C) 

and MK-801 (D), respectively in [
3
H]DAMGO, [

3
H]Ile

5,6
-deltorphin II, [

3
H]HS665 and [

3
H]MK-801 

competition binding assays in rat (A, B, D) and guinea pig (C) brain membrane homogenates. Values represent 

mean values + S.E.M. for at least three experiments performed in duplicate. 
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Table 4. Displacement of [
3
H]DAMGO, [

3
H]Ile

5,6
-deltorphin II, [

3
H]HS665and [

3
H]MK-

801 by DAMGO, Ile
5,6

-deltorphin II, HS665, MK-801 and oligopeptides in membranes 

of rat and guinea pig brain. 

Ligand 

Ki + S.E.M. (nM) 

Opioid receptor 
NMDA 

receptor 

DAMGO
a
 Ile

5,6
Delt II

a
 HS665

b
 MK-801

a
 

DAMGO 0.90 + 0.28 n.d. n.d. n.d. 

Ile
5,6

Delt II n.d. 8.85 + 0.77 n.d. n.d. 

HS665 n.d. n.d. 2.38 + 0.25 n.d. 

MK-801 n.d. n.d. n.d. 11.45 + 1.04 

EM-2 3.16 + 0.3 n.d. n.d. n.d. 

KYNA n.d. n.d. n.d. > 10 000 

kyn n.d. n.d. n.d. > 10 000 

KA1 1.08 + 0.26 554.7 + 0.8 > 10 000 n.a. 

K2 1.39 + 0.30 > 10 000 1043 + 0.3 n.a. 

K3 197.3 + 0.36 158.8 + 1.6 > 10 000 n.a. 

K4 2.29 + 0.28 31.2 + 0.7 > 10 000 n.a. 

K5 9.11 + 0.32 94.4 + 0.8 > 10 000 n.a. 

K6 1.84 + 0.27 32.5 + 0.8 127.7 + 0.3 n.a. 

Table legend: 
a
: rat brain membrane; 

b
: guinea pig brain membrane; n.d.: not determined; n.a.: no affinity. 
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4.2 Functional [
35

S]GTPS binding stimulation assay 

4.2.1 Bentley analogues 

 The effect of the ligands on receptor-mediated G-protein activation was investigated in 

[
35

S]GTPS binding assays in rat brain membranes (Figure 11). The highest stimulations 

were observed with 2d, 4, 5, 7 and 9, therefore they can be considered as full agonists. 1a, 1f, 

2a and 2b did not produce a dose-dependent increas, thus they behave as neutral or pure 

antagonists (Table 5). The remaining compounds (1b, 1e, 2c and 8) exhibited intermediate 

levels of G-protein activity, therefore behaving as partial agonist ligands in this in vitro 

system. 

 

Figure 11. The effect of morphine analogues on G-protein activity compared to the 

parent ligands in [
35

S]GTPγS binding assays in rat brain membrane homogenates. 

Figure legend: “Total” on the x-axis indicates the basal activity of the monitored G-protein, which is measured in 

the absence of the ligands and also represents the total specific binding of [
35

S]GTPγS. The level of basal activity 

was defined as 100% and it is presented with a dotted line. Points represent means ± S.E.M. for at least three 

experiments performed in triplicate. 
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Table 5. The maximal G-protein efficacy (Emax) of the morphine analogues in 

[
35

S]GTPγS binding assays in rat brain membrane homogenates. 

Ligand 

Potency 

log EC50 + S.E.M. (M) 

Efficacy 

Emax + S.E.M. (%) 

1a n.d. 98.65 + 1.40 

1b -5.96 + 0.22 135.98 + 5.03 

1e -6.39 + 0.26 128.31 + 3.18 

1f n.d. 102.87 + 1.59 

2a n.d. 101.31 + 0.98 

2b n.d. 100.81 + 0.73 

2c -7.77 + 0.21 134.71 + 2.05 

2d -9.02 + 0.11 149.46 + 1.28 

4 -8.99 + 0.14 155.09 + 1.83 

5 -8.71 + 0.15 150.95 + 2.10 

7 -6.94 + 0.12 142.64 + 2.00 

8 -7.09 + 0.17 135.32 + 2.07 

9 -8.01 + 0.09 148.61 + 1.41 
The values were calculated according to dose-response binding curves in Figure 11. 

Table legend: n.d.: not determined. 

 

 The neutral opioid antagonist 1a successfully reversed the efficacy of almost all 

compounds to basal activity with the exception of 2d which showed some remaining 

activation in the presence of equimolar 1a. Maximal stimulation produced by the ligands was 

mostly not elevated further when the full agonist 9 was co-administered (Figure 12A). 

However, in the case of 1f and 2b the co-presence of 9 was able to effectively stimulate G-

protein activation (Table 6). 
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Figure 12. Stimulation of G-protein activation in rat brain membrane homogenates. 

Figure legend: blue, 10 µM morphine analogues alone; green, 10 µM morphine analogues and equimolar 

antagonist 1a; red, 10 µM morphine analogues and equimolar full agonist 9 (Figure 12A). The decrease of the 

effect of 9 by the indicated partial agonists in [
35

S]GTPγS binding assays (Figure 12B). 
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 Increasing concentrations of the partial agonists were also investigated in the presence 

of 10 µM 9 producing maximal stimulation (Figure 12B). All four compounds were able to 

inhibit the activation mediated by 9, although with relatively low efficacy and potency. This 

weak antagonizing effect in the presence of a full agonist validates that 1b, 1e, 2c and 8 are 

indeed partial agonist ligands for opioid receptors (Table 6). 

Table 6. The maximal G-protein efficacy (Emax) of morphine analogues in the absence or 

presence of the opioid antagonist and agonist (1a and 9, respectively) in rat brain 

membrane homogenates. 

Ligand 

Efficacy 

Emax + S.E.M. (%) 

10 µM ligand 
10 µM ligand + 

10 µM of 1a 

10 µM ligand + 

10 µM of 9 

Ligand (10
-10

-10
-5

 M) 

+ 10 µM of 9 

1a 100.45 + 3.05 - - - 

1b 135.17 + 0.82 99.30 + 3.70 135.93 + 0.58 136.20 + 1.20 

1e 133.27 + 7.67 101.25 + 6.45 129.45 + 1.85 129.45 + 0.61 

1f 104.63 + 2.00 100.25 + 1.75 135.20 + 0.00 - 

2a 97.90 + 2.75 98.10 + 0.90 101.00 + 0.00 - 

2b 96.50 + 3.47 101.20 + 3.40 128.10 + 0.00 - 

2c 135.90 + 0.30 94.40 + 4.20 135.50 + 0.95 136.80 + 0.58 

2d 150.80 + 1.20 125.30 + 7.80 151.40 + 0.00 - 

4 158.75 + 5.15 99.30 + 2.10 153.20 + 0.00 - 

5 156.20 + 0.10 102.40 + 6.90 155.80 + 0.00 - 

7 145.45 + 2.05 101.05 + 5.95 149.20 + 0.00 - 

8 136.77 + 3.67 102.60 + 6.90 135.63 + 0.79 135.10 + 0.87 

9 152.15 + 0.85 100.50 + 3.00 - - 

The values were calculated according to dose-response binding curves in Figure 12. 
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4.2.2 Oligopeptides 

 The effect of the bivalent ligands on G-protein stimulation was investigated in 

functional [
35

S]GTPγS binding assays in rat and guinea pig brain membranes. All ligands 

produced dose-dependent increases (Figures 12), K6 showed higher efficacy (Emax) than 

DAMGO (Table 7). 10 µM Cyp and 10 µM NTI significantly reversed the agonist effects of 

the ligands in rat brain membrane homogenates (Figure 14A). In guinea pig brain membrane 

homogenates the ligands did not activate the receptors G-protein, except K4 and K6 (Figure 

14B). Nor-BNI in 10 µM concentrations significantly decreased the agonist effect of K4, but 

did not change the effect of K6 (Table 8). All together these data reveal that peptide KA1 

acts as a selective -opioid agonist being able to decrease the [
35

S]GTPS binding percentage 

under the basal level in presence of 10 M Cyp. Peptides K2 and K3 possess a mixed / 

agonist activity profile, while peptides K4-K6 showed a modest mix /-opioid receptor 

agonism. Probably peptide K6 is the strongest mixed  opioid agonist, due to its ability to 

activate G-protein with an efficacy value over the basal level in the presence of each selective 

opioid antagonist at 10 M. 

 

Figure 13. The effect of oligopeptides on G-protein activity compared to DAMGO in 

[
35

S]GTPγS binding assay in rat brain membrane homogenates. 
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Figure represents the specific binding of [
35

S]GTPS in percentage in presence of increasing concentrations (10
-

10
 - 10

-5
 M) of the indicated ligands. “Total” on the x-axis indicates the basal activity of the monitored G-protein, 

which is measured in the absence of the ligands and represents the total specific binding of [
35

S]GTPS. The 

level of basal activity was defined as 100% and it is presented with a dotted line. Points represent means ± 

S.E.M. for at least three experiments performed in triplicate. 

Table 7. The maximal G-protein efficacy (Emax) DAMGO and oligopeptides in 

[
35

S]GTPS binding assays in rat brain membrane homogenates. 

Ligand 

Maximal stimulation (efficacy) Potency 

Emax + S.E.M. (%) log EC50 + S.E.M. (M) 

DAMGO 172.0 + 3.5 -6.384 + 0.101 

KA1 140.9 + 1.4 -6.504 + 0.076 

K2 121.6 + 2.5 -7.535 + 0.354 

K3 114.0 + 2.1 -6.993 + 0.422 

K4 155.5 + 4.8 -6.073 + 0.172 

K5 149.2 + 3.5 -5.990 + 0.111 

K6 209.7 + 3.4 -5.984 + 0.054 

The values were calculated according to dose-response binding curves in Figure 13. 
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Figure 14. The effect of peptides on G-protein activity in [
35

S]GTPγS binding assays in 

the absence or presence of the selective MOR antagonist Cyp and the selective DOR 

antagonist NTI in rat brain membrane homogenates (A) and the selective KOR 

antagonist nor-BNI in guinea pig brain membrane homogenates (B). 

Figure shows the maximal efficacy (Emax) of the oligopeptides in one concentration (10
-5

 M). The level of basal 

activity was defined as 100% and it is presented with a dotted line. Points represent means ± S.E.M. for at least 

three experiments performed in triplicate. 
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Table 8. The maximal G-protein efficacy (Emax) of oligopeptides in the absence or 

presence of the selective MOR antagonist Cyp and the selective DOR antagonist NTI in 

rat brain membrane homogenates (Figure 14A) and in the absence or presence of the 

selective KOR antagonist nor-BNI in guinea pig brain membrane homogenates (Figure 

14B) in [
35

S]GTPS binding assays. 

 Ligand
a
 

MOR DOR 

Ligand
b
 

KOR 

Ligand 

+ Cyp 

Ligand 

+ NTI 

Ligand 

+ Nor-BNI 

KA1 139.6 + 8.2 
 

94.7 + 3.7 ** 102.5 + 1.3 * 111.7 + 1.1 100.7 + 6.2 
ns

 

K2 129.9 + 8.2 88.0 + 3.3 ** 88.8 + 1.9 ** 92.8 + 2.0 100.7 + 6.0 
ns

 

K3 118.9 + 3.0 98.5 + 1.2 ** 97.8 + 1.7 ** 95.2 + 2.2 106.0 + 6.3 
ns

 

K4 160.6 + 5.7 101.6 + 2.6 *** 103.6 + 3.2 *** 125.2 + 2.0 104.9 + 9.5 * 

K5 153.1 + 5.9 108.8 + 1.6 ** 103.8 + 1.9 *** 106.9 + 0.3 110.5 + 5.0 
ns

 

K6 211.7 + 3.1 108.5 + 2.4 *** 113.3 + 2.9 *** 139.8 + 2.3 142.1 + 7.1 
ns

 

The values were calculated according to bar graphs in Figure 14. Experimental data were processed by 

GraphPad Prism 5.0 using bar graphs. ns: not significant; *: p < 0.05; **: p < 0.01; ***: p < 0.001 based on 

unpaired t-tests. 

Table legend: 
a
: rat brain membrane; 

b
: guinea pig brain membrane. 
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4.3 Inflammatory pain model 

4.3.1 Bentley analogues 

 The basal withdrawal threshold of the non-inflamed side was 45 + 0.5 g, and MIA 

caused significant decrease in paw withdrawal threshold on the injected side (24 + 0.6 g). 

Only the largest dose of 9 treatments caused significant enhancement in the pain threshold on 

the non-inflamed side, therefore, results were analysed only on the inflamed paws. The 

different ligands showed different potencies, therefore, they were compared to distilled water 

(as negative control) in the ANOVA analysis, but the curve for 9 was also demonstrated as a 

positive control group with the lowest ED30 value (table of datas are not shown in this thesis). 

 All of the thevinol derivatives showed a significant antiallodynic effect (Figure 15); 

however, the regression analysis revealed a lower in vivo potency compared to 9 as indicated 

by the ED30 values, even it could not be calculated for 7. Regarding 4, the treatment was close 

to significant. Time and their interaction showed significant effects, and the post-hoc analysis 

showed decreased allodynia in several time-points compared to the control group (Figure 

15A). ANOVA for repeated measurements showed significant effects of 5 treatments, time 

and their interaction. The post hoc comparison revealed that only the highest doses caused 

significant antiallodynic effect with similar efficacy as 9 (Figure 15B). Similarly, 7 

treatments also showed significant effects, and the post hoc comparison revealed significant 

increase in pain threshold at several time points after the highest dose compared to the control 

group (Figure 15C). 
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Figure 15. The effects of orvinol derivatives in chronic inflammatory pain model. 

Arrows indicate the time points of cumulative drug administrations. *: p < 0.05 from control group. 

 Regarding 2a and 2b treatments, there were no significant effects and ED30 values 

could not be calculated (Figure 16A, B). However, 2c administration resulted in significant 

effects of treatment, time, and their interaction, with a relatively low ED30 value. The post hoc 

comparison revealed that the largest dose of 2c caused similar degree of antiallodynic effect 

as did 9; even more prolonged effect was observed (Figure 16C). 1e, 1f and 2d did not 

produce significant antiallodynic effects (Figure 16D, E, F), and ED30 values could not be 

calculated either. 
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Figure 16. The effects of orvinol derivatives in chronic inflammatory pain model. 

Arrows indicate the time points of cumulative drug administrations. 

 *: p < 0.05 from control group 
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4.3.2 Oligopeptides 

 Data obtained from binding experiments indicated, that K6 displayed the best binding 

properties, thus, formalin test was performed with this compound to evaluate its 

antinociceptive activity. Since it was reported that some opioid peptides such as DAMGO are 

also peripheral acting [180], we performed a formalin test administering K6 and DAMGO 

subcutaneously in the mouse paw. Compound K6 was able to reduce the nociceptive response 

to formalin in the early phase, whereas a light but not significant reduction was induced in the 

late phase of the formalin test (Figure 17). After the DAMGO injection, we observed a 

reduction of the nociceptive behaviour both in the early and in the late phase of the formalin 

test (Figure 17). The early phase, which depends upon the direct excitement of sensory 

neurons through TRPA1 cation channel activation [181] of MORs at the peripheral endings of 

nociceptors, is responsible for most of the analgesic effect [182]. It is also not surprising that 

K6 and DAMGO reduced formalin-induced nociception in the early phase of the test. The 

differences observed in the late phase are probably due to a different metabolic fate of K6 and 

DAMGO after subcutaneous administration, depending upon the protease activity that might 

act in different parts on the chemical structures of K6 and DAMGO. 
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Figure 17. The effect of K6 and DAMGO in the formalin test. 

Compounds were administered subcutaneously (s.c.) in the dorsal hind paw of mice at the dose of 100 µg/20 µL, 

15 min before a s.c. injection of dilute formalin solution (1% in saline, 20 µL/paw). Early phase represents the 

formalin-induced nociceptive behaviour recorded from 0 to 10 min after formalin injection; late phase is for the 

formalin‐induced nociceptive behaviour recorded from 15 to 40 min after formalin injection. V is for vehicle‐

treated animals. Statistical analysis: one‐way ANOVA followed by Holm–Sidakʹs multiple comparisons test. **: 

p < 0.01; ***: p < 0.001 vs. V. n = 7. 

 

 

5 DISCUSSION 

 This study presents the pharmacological and biochemical characterization of newly 

developed or already known but not yet studied opioid receptor ligands. The molecules 

discussed here were partly morphine-like compounds with a variously modified alkaloid 

backbone (so called Bentley compounds [150,151] derived from oripavine or thebaine), and 

partly synthetic opioid oligopeptides containing kynurenine moieties. 
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 The biochemical characterization of 6-O-desmethyl-orvinols and 20R-

phenethyl-orvinols/thevinols have (unanticipated) extremely high potency at MOR. The target 

compounds are semi synthetic thebaine derivatives and belong to the 6,14-ethenomorphinans 

(Bentley-compounds). The pharmacologically most important members of this opioid ligand 

class are diprenorphine (1a), buprenorphine (1b), dihydroethorphine (1c), and phenethyl-

orvinol (1d). Compound 1a is an antagonist with approximately the same high affinity for all 

opioid receptor subtypes. Compound 1b with a mixed agonist-antagonist (partial MOR-

agonist/KOR-antagonist) profile is clinically used as analgesic in the treatment of 

postoperative and/or cancer-related pain and in the substitution therapy of opioid dependent 

humans. 1c and 1d are nonselective opioid receptor agonists. Biological properties of our 

thirteen synthetic morphine analogues were investigated by in vitro biochemical and in vivo 

pharmacological experiments. In radioligand binding assays performed using MOR-, DOR- or 

KOR-selective [
3
H]labelled primary ligands, all analogues exhibited a high affinity for 

multiple types of opioid receptors. The observed biochemical potencies of these Bentley 

compounds were even greater than the previously characterized -etorphine and -

dihydroetorphine derivatives [156]. At the MOR binding sites 2c, 4 and 5 were the most 

potent ligands, but all of the remaining compounds represented quite high affinities. They 

were also potent competitors in the DOR-selective receptor binding assays, displaying still 

nanomolar equilibrium dissociation constant (Ki) values with the exception of 8 which had 

only moderate affinity for DOR. 2a and 2d showed the highest affinity at KOR ligand binding 

sites, although all other analogues produced low nanomolar binding affinities. The mixed 

KOP/MOP agonist character of the compound, determined in our experiments, was consistent 

with the results of orvinols reported by Greedy et al. [160]. Taken together, the thevinol and 

orvinol derivatives are very high affinity opioid ligands, with a general preference for MOR > 

KOR > DOR binding sites. Receptor mediated G-protein activation experiments were 

conducted in vitro using rat brain membrane preparations and [
35

S]GTPγS binding stimulation 

assays. Transmembrane signalling properties of the compounds were variable, and the ligands 

used can be divided into three biochemical pharmacological groups based on their stimulation 

features. Full agonists, such as 2d, 4, 5, 7 and 9 produced the highest efficacy (Emax values) 

and they can be characterised by culminating sigmoid stimulation curves with a plateau. 

Partial agonist ligands, 1b, 1e, 2c and 8, exhibited submaximal efficacies and rather decreased 
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potencies in activating Gαi regulatory proteins. Another previous term for partial agonists has 

been mixed agonist-antagonist ligands. When both a full agonist and partial agonist are 

present, the partial agonist actually acts as a competitive antagonist, competing with the full 

agonist for receptor occupancy and producing a net decrease in the receptor activation 

observed with the full agonist alone. The third group of ligands are pure or neutral opiate 

antagonists, such as 1a, 2a, 2b and 1f. They are characterised by horizontally linear dose-

response curves indicating no changes in the basal G-protein activity. 6-O-demethylation 

usually increased the binding affinity to MOR (1a vs. 2a, 1b vs. 2b, 2c vs. 9, 4 vs. 5). In 

accordance with this finding, increasing the size of the 6-O-substituent (4 vs. 7) decreased the 

binding affinity to MOR. The opposite trend was observed for the efficacy in some cases, 

resulting in a shift of the pharmacological profiles, i.e. from partial agonist to antagonist (1b 

vs. 2b), from agonist to partial agonists (9 vs. 2c). In the phenethyl-thevinol series (2d, 4, 5, 

7) 6-O-demethylation did not decrease the efficacy. On the contrary, the bigger 6-O-

substituent in 7 slightly decreased the efficacy, however, it still can be considered as a full 

agonist. Behavioural nociceptive properties of the ligands were studied in vivo, using Wistar 

rats in a chronic osteoarthritic inflammatory pain model. 9 at cumulative doses of 0.1-0.3-1.0 

nmol/kg remained the most effective compound in decreasing inflammatory pain. 2c, 4 and 5, 

which exhibited the highest ligand binding affinities at the MOR, produced less 

antinociception than 9 did. The other full (2d) or partial antagonists (1e, 7), as well as the two 

neutral antagonists 2a and 2b examined in this test were practically not effective even in ten 

times higher (1-3-10 nmol) cumulative doses. In in vivo tests in osteoarthritis inflammatory 

model the compound showed a significant antiallodynic effect of thevinol derivatives while 

orvinol derivatives did not. Despite their outstanding MOR affinities, the Bentley analogues 

tested did not show a particularly strong effect in the model of osteoarthritis. However, opioid 

agonists are known to be less effective in inflammatory and neuropathic pain as compared 

with acute pain situations [183,184]. 

 Chemical modification of endogenous opioid peptides promotes the development of 

novel analogues with increased potency and improved pharmacokinetic properties, e.g., the 

synthetic bivalent peptide biphalin enhanced stroke immunohistochemical and behavioural 

neuroprotection in comparison to DPDPE (D-Pen
2
,D-Pen

5
 enkephalin) and DAMGO, 

reducing glutamate toxicity and oxidative stress [185–188]. Metabolites of the kynurenic 
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pathway, especially KYNA and kyn, play crucial roles in maintaining the normal brain 

function, preventing the over‐activation of excitatory amino acid receptors, thus offering 

novel therapeutical opportunities for brain neuroprotection. In this study, six novel opioid 

analogues were synthesized incorporating the kyn and KYNA residues at different positions 

of several opioid peptide scaffolds. They were characterized in vitro and in vivo to evaluate 

their ability to bind the NMDA/opioid receptors and to induce analgesic effects. These novel 

peptides do not bind to the NMDA receptors in micromolar range, and some of them showed 

good/high affinity for opioid receptors with different selectivity profiles. In particular, KA1 

exhibits the binding constant (Ki = 1.08 nM) very close to that of DAMGO for the MOR and 

a pronounced selectivity but medium‐low efficacy (Emax = 139%); thus the esterification of 

the ethanolamine portion with KYNA does not add any particular advantage to the parent 

peptide DAMGO. On the other hand, the presence of kyn residue in place of native Phe in 

position 3 (K2) leads a potent and selective opioid fragment toward MOR (selectivity ration 

µ/δ/κ = 1:10000:750), whereas the substitution in position 4 (K3) leads to a weak and 

unselective agonist at MOR and DOR. In the analogues K4–K6, the KYNA residue was 

inserted in the fifth position of the YaGP (Tyr-D-Ala-Gly-Phe) peptide, with different C‐

terminus, respectively, methyl ester, free carboxylic acid, and amide. K4 and K5 show a 

similar mixed binding affinity for MOR and DOR, with a preference for MOR and none or 

weak affinity for KOR. On the contrary, peptide K6 shows an interesting behavior since it is 

able to bind all three opioid receptors with binding affinity ranging from high to modest (Ki
µ
 

= 1.84 nM, Ki
δ
 = 32.5 nM, Ki

κ
 = 127.7 nM), with a potency (EC50 = 1.037 µM) and efficacy 

at MOR (Emax = 211%) higher than that of DAMGO (Emax = 172%). Its activity on the 

GTPγS binding assay on rat and guinea pig brain membranes is significantly blocked by the 

co‐administration of the selective antagonists for MOR and DOR at 10 µM concentration, 

prompting us to investigate its anti‐nociceptive effect in vivo. The formalin test, which is a 

model for inflammatory pain, revealed that the antinociceptive effect exerted by K6 after 

subcutaneous administration is significant only in the early phase, whereas DAMGO is also 

active in the late phase. 
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Table 9. Summary of the biochemical and pharmacological properties 

 of the examined ligands. 

Examined 

ligands 

Competition radioligand assay 
Functional [

35
S]GTPS 

binding assay 

In vivo 

experiments 

Affinity in nanomolar range Effect on G-protein Antiallodynic 

effect MOR
a
 DOR

a
 KOR

b
 

NMDA 

receptor
a
 

MOR
a
 DOR

a
 KOR

b
 

1a +
#
 + + 

n.d. 

 

ANT – reference ligand - 

1b +
#
 + +

#
 PAG – reference ligand - 

1e +
#
 + + PAG - 

1f +
#
 + + ANT - 

2a +
#
 + +

#
 ANT - 

2b +
#
 + +

#
 ANT - 

2c +
#
 + +

#
 PAG + 

2d +
#
 + +

#
 AG - 

4 +
#
 + + AG + 

5 +
#
 + +

#
 AG + 

7 +
#
 + +

#
 AG + 

8 +
#
 - + PAG - 

9 +
#
 + + AG – reference ligand + 

   Antinocicep-

tive effect 

DAMGO + n.d. n.d. n.d. AG n.e. n.e. + 

KA1 + + - n.a. AG AG ANT n.d. 

K2 + - - n.a. PAG PAG ANT n.d. 

K3 + + - n.a. PAG PAG ANT n.d. 

K4 + + - n.a. AG AG PAG n.d. 

K5 + + - n.a. AG AG ANT n.d. 

K6 + + + n.a. AG AG AG* + 

Table legend: 
a
: rat brain membrane; 

b
: guinea pig brain membrane; 

#
: subnanomolar affinity; n.a.: no affinity; 

n.d.: not determined; n.e.: no effect; AG: agonist; PAG: partial agonist; ANT: antagonist. 

*: the effect of G-prtotein activation was not reversed by selective antagonist. 

In vivo experiments: 1a-9 – osteoarthritis inflammatory model; DAMGO – K6 – formalin test. 
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6 SUMMARY 

 Bentley analogues 

In vitro competition binding experiments all derivatives showed low subnanomolar affinity to 

MOR. For DOR the ligands showed comparable binding affinities than the selective DOR 

agonist Ile
5,6

-deltorphin II peptide ligand except 8 (Ki > 3000 nM). In the KOR binding assays 

the analogues still displayed nanomolar affinities. 

In G-protein activity measurements compound 1f, 2a, 2b had antagonistic; 1e, 2c, 8 had 

partial agonistic and 2d, 4, 5, 7 had full agonistic effects. 

Ligands were examined in G-protein activation tests in rat brain membranes, the selectivity 

could not be observed as the receptor selective antagonists such as Cyp, NTI, nor-BNI and the 

selective agonists such as DAMGO, Ile
5,6

-deltorphine II, U-69,593 are not able to inhibit the 

effects of the extremely potent Bentley analogues. 

In vivo tests in osteoarthritis inflammatory model the thevinol derivatives showed a 

significant antiallodynic effect, while orvinol derivatives, except for 2c, did not display this 

effect. 

 Oligopeptides 

In competition binding assays the KYNA‐containing peptide, KA1 bound selectively to the 

MOR with a low Ki value and a high selectivity ratio, the other oligopeptides also showed 

selectivity to MOR, except K3, which bound to MOR and DOR with similar affinity. 

In the G-protein activition tests the EM-2 containing compounds, K2 and K3 stimulated G-

protein with low efficacy, compound KA1, K4, K5 behaved as full agonists, while K6 had 

efficacy and potency higher than those of the reference compound DAMGO. 

In functional binding assays all oligopetides were inhibited by Cyp (MOR) and NTI (DOR) in 

rat brain membrane. In guinea pig brain membrane K4 and K6 stimulated G-protein, the 

efficacy of K4 was inhibited by nor-BNI, while the effect of K6 was not. 

K6 exhibited a strong antinociceptive effect in formalin test. 
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7 FINAL REMARKS 

 All investigated compounds showed subnanomolar binding affinity to MOR and a 

preference to MOR over DOR and KOR. The pharmacological effects of the compounds 

involved agonism, partial agonism and antagonism. Neither binding affinities nor 

pharmacological features could be directly related to particular organic functional groups. 

The in vitro pharmacological effects and the in vivo antiallodynic effects were in 

accordance, except the full agonist 2d. As the only exception, the newly synthesized 

compound, 2c despite its partial agonist nature, showed antiallodynic effect equal to that of 

the full agonist 9. As thevinols have shown analgesic effects, they should be monitored in 

further studies, such as their BBB penetration profiles. 

 The data of the oligopeptides are encouraging to further develop opioid peptides 

containing kynurenine moieties since the insertion of KYNA and kyn in our opioid model 

improved, in some cases, the binding affinity and was able to modulate the selectivity. Also, 

the possible role played in the metabolism of these peptides and their implication in different 

neuropathic and chronic pain models is unknown and worth further investigation. 

 Although the Bentley analogues showed extremely high affinity to opioid receptors, 

just few of them (2c, 4, 5, 7) had well measurable effect in the model of osteoarthritis similar 

to reference compound 9. The oligopeptide K6 showed definite selectivity to MOR similar to 

the reference peptide compound DAMGO with higher efficacy in G-protein activation assay. 

K6 exhibited significant antinociceptive effect in the formalin test in the early phase (Table 

9). Altogether, the newly developed peptide and non-peptide ligands seem to be good 

candidates for further studies to better understand the binding interactions, G-protein 

activation and even pharmacological mechanisms of multiple opioid receptors. 
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a b s t r a c t

Morphine and its derivatives play inevitably important role in the m-opioid receptor (MOR) targeted
antinociception. A structure-activity relationship study is presented for novel and known orvinol and
thevinol derivatives with varying 3-O, 6-O, 17-N and 20-alkyl substitutions starting from agonists, an-
tagonists and partial agonists. In vitro competition binding experiments with [3H]DAMGO showed low
subnanomolar affinity to MOR. Generally, 6-O-demethylation increased the affinity toward MOR and
decreased the efficacy changing the pharmacological profile in some cases. In vivo tests in osteoarthritis
inflammation model showed significant antiallodynic effects of thevinol derivatives while orvinol de-
rivatives did not. The pharmacological character was modelled by computational docking to both active
and inactive state models of MOR. Docking energy difference for the two states separates agonists and
antagonists well while partial agonists overlapped with them. An interaction pattern of the ligands,
involving the interacting receptor atoms, showed more efficient separation of the pharmacological
profiles. In rats, thevinol derivatives showed antiallodynic effect in vivo. The orvinol derivatives, except
for 6-O-desmethyl-dihydroetorfin (2c), did not show antiallodynic effect.

© 2020 Published by Elsevier Masson SAS.
, Biological Research Center,

y to this work.
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1. Introduction

Pain modulation is mainly regulated through the activation of
the three classical types of opioid receptors, i.e. the m-, d- and k-
opioid receptors (MOR, DOR and KOR, respectively) expressed in
the neurons of the central and peripheral nervous system. The
opioid receptors are members of the G-protein coupled receptors
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Scheme 1. Synthesis of 6-O-desmethyl-orvinol analogues
Figure legend: Reagents and conditions: (i): LiAlH4, CCl4, THF, reflux.
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(GPCRs), the largest receptor family in the human genome, sharing
the distinctive seven helical hydrophobic transmembrane helix
domain [1e5]. Their activation leads to the inhibition of adenylyl
cyclase which results in hyperpolarisation and inhibits neuro-
transmitter release [6,7]. The main target of the antinociceptive
drugs in the treatment of pain is MOR.

Endogenous opioid peptides such as Met- and Leu-enkephalin
[8], b-endorphin [9] and dynorphin-A [10] are produced in the
brain. Two endomorphin tetrapeptides, endomorphin-1 and
endomorphin-2 [11] were found to be highly selective endogenous
agonists for MOR. Morphine is a prototype opioid agonist binding
to MOR and is still the most frequently used drug in pain medica-
tion. Beside pain relief and analgesia, it has serious side effects
including decreased respiratory effort, low blood pressure and it
also has a high potential for addiction and abuse [12e14].
Scheme 2. Synthesis of phenethyl-thevinol- and -orvinol derivatives
Figure legend: Reagents and conditions: (i): 2-phenylethymagnesium bromide, toluene-TH
CCl4, THF; reflux; (iv): BrCH2CH2F, NaH, DMF, RT, 48 h; (v): L-Selectride, THF, reflux, 3 h.
Therefore, it is very important to find new ligands with higher af-
finity, selectivity and stability to get more effective drugs to
decrease the side effects.

Natural morphine alkaloids (e.g. morphine, codeine, thebaine,
neopine, oripavine) [15] can be converted into a variety of phar-
macologically more advantageous compounds, such as the so called
nal-compounds (naloxone, naltrexone, nalbuphine) and the ring-C
bridged derivatives (6,14-ethenomorphinans or Bentley-
compounds, e.g. etorphine (9), buprenorphine, diprenorphine). In
this study nine previously synthesized orvinol and thevinol-type
MOR-selective ligands [16e25] were examined (compounds 1e,
1f, 2a, 2b, 2d, 4, 5, 7, 8 (3-methoxyetorphine)). 6-O-Desmethyl-
dihydroethorphine (2c) is a new compound synthesized for this
study.

A number of structure-activity relationship studies dealing with
thevinol and orvinol derivates are available [26,27], but the
biochemical and pharmacological properties of our target com-
pounds have not been reported except for 8 [25], The aim of present
study was to compare the receptor binding properties and the
MOR, DOR and KOR selectivity of some Bentley compounds in rat
and guinea pig brain membrane preparations. The ligands were
also investigated in [35S]GTPgS functional binding assays to
examine G-protein activation via opioid receptors. The effect of the
investigated derivates was observed in vivo nociceptive tests.

The presence or absence of specific functional groups in the
orvinol and thevinol derivatives can not be straightforwardly
related to their pharmacological profiles. As an example, the 17-N-
substituent serves as an acknowledged pharmacological switch
between agonists and antagonists being methyl or cyclo-
propylmethyl, respectively. However, it is highly ambiguous within
this class of opioids, regarding that 17-N-cyclopropylmethyl de-
rivative can be full agonist as well [28,29] which may be a conse-
quence of the bigger size of these opiates resulting in a more
complex interaction pattern with the receptor. According to this, it
F, 2 h; (ii): KOH diethyleneglycol, 210 �C or L-Selectride, THF, reflux, 5 h; (iii): LiAlH4,



Fig. 1. MOR (A), DOR (B) and KOR (C) binding affinity of the morphine analogues
Figure legend: MOR (A), DOR (B) and KOR (C) binding affinity of morphine analogues
compared to DAMGO, Ile5,6-deltorphin II and HS665, respectively in [3H]DAMGO, [3H]
Ile5,6-deltorphin II and [3H]HS665 competition binding assays in rat (MOR, DOR) and
guinea pig (KOR) brain membrane homogenates. Membranes were incubated with
2 nM [3H]DAMGO or [3H]Ile5,6-deltorphin II for 45 min at 35 �C with increasing con-
centrations (10�13 - 10�5 M; 10�10 - 10�5 M, respectively) or 2 nM [3H]HS665 for
30 min at 25 �C (10�12 - 10�5 M) of each competing ligand. Values represent mean
values ± S.E.M. for at least three independent experiments performed in duplicate.
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seems plausible to investigate the interacting residues or atoms of
the receptor leading to the specific response, i.e. pharmacological
feature.

Former computational studies attempted to identify the inter-
acting residues in MOR responsible for different pharmacological
actions. However, no distinguishable interaction pattern was found
for a structurally highly diverse set of agonist, partial agonist and
antagonist to predict pharmacological activities using the inactive
receptor state [30].

2. Results and discussion

2.1. Chemistry

In this study we report the biochemical characterization of 6-O-
desmethyl-orvinols and 20R-phenethyl-orvinols/thevinols having
(unanticipated) extremely high potency at MOR. The target com-
pounds are semisythetic thebaine derivatives and belong to the
6,14-ethenomorphinans (Bentley-compounds). The pharmacologi-
caly most important members of this opioid ligand class are
diprenorpine (1a), buprenorphine (1b), dihydroethorphine (1c),
and phenethyl-orvinol (1d). Compound 1a is an antagonist with
approximatelly the same high affinity for opioid receptor subtypes.
Compound 1b with a mixed agonist-antagonist (partial m-agonist/
k-antagonist) profile is clinicaly used as analgesic in the treatment
of postoperative and/or cancer-related pain and in the substitution
therapy of opioid dependent humans. 1c and 1d are nonselective
opioid receptor agonists.

For our pharmacological investigations, the target compounds,
18,19-dihydro-6,14-ethenomorphinans (6,14-endoethano-6,7,8,14-
tetrahydrooripavines, Scheme 1), 20R-phenethyl-orvinol and
-thevinol derivatives (Scheme 2) were synthesized from thebaine.
These compounds can be synthesized by the original method of
Bentley [21,22] or by later developed modification [31,32] of the
initial procedure starting from thebaine.

20-Methyl-orvinol (1e) [22] and 20-methyl-dihydroorvinol (1f)
were prepared as reference substances for our biological in-
vestigations. 1e was synthesized from thebaine in a three-step
procedure. The Diels-Alder adduct of thebaine and methyl-vinyl
ketone, thevinone, was reacted with methylmagnesium iodide to
give 20-methyl-thevinol. The latter was 3-O-demethylated with
KOH in diethylene glycol at 210 �C to yield 1e.1fwas prepared from
dihydrothevinone in a similar manner [24].

The synthesis of 18,19-dihydro-6-O-desmethyl-6,14-
ethenomorphinan derivatives (2a-d) are depicted in Scheme 1. 6-
O-desmethyl-diprenorphine (2a) was synthesized in an eight-step
procedure from thebaine as described earlier [16]. 6-O-des-
methyl-buprenorphine (2b) was prepared analogously in an eight-
step synthesis [17]. The new etorphine derivative, 6-O-desmethyl-
dihydroetorphine (2c) was prepared in five steps. In brief, the
Grignard reaction of dihydrothevinone with n-propylmagnesium
bromide resulted in the main product 20R-dihydroetorphine-3-O-
methylether. Following 3-O-demethylation and 6-O-demethylation
2c was prepared in a 18% overall yield fom thebaine. Complete
assignments of 1H and 13C NMR spectra of the prepared compounds
are given in the Supplementary Information.

Introducing a phenyl group in the position-20 (20R-phenyl-
orvinols [nepenthone derivatives] and 20S-phenyl-orvinols [thevi-
none derivatives]) can be advantageous [33,34] while a 20-b-phe-
nethyl group results in products with extremely high affinity to
opioid receptors [35]. Phenethyl-thevinol (4) and 1d have been
playing an important role in the 1970s in the development of new
opioid receptor model [35,36]. The synthesis of phenethyl-thevinol-
and phenethyl-orvinol derivatives are demonstrated in Scheme 2.
Grignard addition of 2-phenetylmagnesium bromide to thevinone
(3) resulted in 20R-phenethyl-thevinol (4) [22],whichwas converted
either by 3-O-demethylation to 20R-phenethyl-orvinol (1d) or by 6-
O-demethylation to 6-O-desmethyl-phenethyl-thevinol (5). 6-O-
Demethylation of 1d gave 6-O-desmethyl-phenethyl-orvinol (2d).
Alkylation of 5 with 2-fluoroethyl bromide in N,N-dimethylforma-
mide in the presence of sodium hydride yielded 6-(2-fluoroethyl)-
phenethyl-thevinol (6), which was reacted with L-Selectride in THF.



Table 1
Displacement of [3H]DAMGO, [3H]Ile5,6-deltorphin II and [3H]HS665 by DAMGO, Ile5,6-deltorphin II, HS665 andmorphine derivatives inmembranes of rat and guinea pig brain.
The IC50 values for the MOR, DOR and KOR according to the competition binding curves (see Fig. 1) were converted into equilibrium inhibitory constant (Ki) values, using the
ChengePrusoff equation.

Ligand DAMGOa Ile5,6-deltorphin IIa HS665b Selectivity for m site

Ki ± S.E.M. (nM) (Kid/Kim) (Kik/Kim)

DAMGO 0.9010 ± 0.27 n.d.c n.d.c n.d.c n.d.c

Ile5,6-deltorphin II n.d.c 8.848 ± 0.77 n.d.c n.d.c n.d.c

HS665 n.d.c n.d.c 1.707 ± 0.02 n.d.c n.d.c

1a 0.2142 ± 0.30 2.11 ± 0.77 1.589 ± 0.02 9.85 7.42
1b 0.5315 ± 0.31 26.12 ± 0.77 0.280 ± 0.01 49.14 0.53
1e 0.0325 ± 0.35 37.37 ± 0.75 2.992 ± 0.03 1149.78 92.06
1f 0.4352 ± 0.28 36.56 ± 0.78 3.411 ± 0.01 84.54 7.84
2a 0.0333 ± 0.26 1.49 ± 0.71 0.024 ± 0.02 44.62 0.72
2b 0.2184 ± 0.27 15.72 ± 0.71 0.257 ± 0.01 71.96 1.18
2c 0.0136 ± 0.29 2.41 ± 0.80 0.796 ± 0.03 177.35 56.53
2d 0.0435 ± 0.29 2.06 ± 0.76 0.022 ± 0.02 47.45 0.51
4 0.0125 ± 0.30 7.73 ± 0.77 2.186 ± 0.02 618.30 174.88
5 0.0063 ± 0.27 1.85 ± 0.75 0.321 ± 0.03 294.43 50.95
7 0.2524 ± 0.25 27.53 ± 0.75 0.682 ± 0.02 109.06 2.70
8 0.3260 ± 0.30 3906.3 ± 0.84 7.636 ± 0.01 11982.52 23.42
9 0.1771 ± 0.30 2.44 ± 0.81 1.443 ± 0.01 13.78 8.15

a Rat brain membrane.
b Guinea pig brain membrane.
c Not determined.
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Unexpectedly, 6-O-ethyl-6-O-desmethyl-phenethyl thevinol (7) was
isolated from the product mixture as solely product in 90% as result
of reductive defluorination.

In the present study we performed a selective 6-O-demethyla-
tion of several compounds in order to study the structure-activity
relationships. Binding affinities of 6-O-desmethyl-orvinols to
opioid receptors were not yet investigated and their pharmaco-
logical/biochemical characterisation is currently not available in the
scientific literature. In contrast to 3-O-demethylation the 6-O-
demethylation of Bentley compounds is less explored. 6,14-
Fig. 2. The effect of morphine analogues on G-protein activity compared to the parent liga
Figure legend: “Total” on the x-axis indicates the basal activity of the monitored G-protein,
binding of [35S]GTPgS. The level of basal activity was defined as 100% and it is presented with
in triplicate.
Ethenomorphinans with a free tertiary hydroxyl group in
position-6 were inaccessible before 1986. The first selective 6-O-
demethylation of 7a-aminomethyl- and 7a-aldoxime-type 6,14-
ethenomorphinan derivatives was reported by Kopcho &
Schaeffer [37]. Lithium aluminium hydride in tetrahydrofuran
containing a halogenated co-solvent (CCl4) was utilized as deme-
thylating system. A six membered ring aluminum complex was
hypothesized to play an important role in this unusual O-deal-
kylation. Subsequently, Lever et al. [16,17] extended this special 6-
O-demethylation method for other 6,14-ethenomorphinans with
nds in [35S]GTPgS binding assays in rat brain membrane homogenates.
which is measured in the absence of the ligands and also represents the total specific
a dotted line. Points represent means ± S.E.M. for at least three experiments performed



Table 2
The maximal G-protein efficacy (Emax) of the morphine analogues in [35S]GTPgS
binding assays in rat brain membrane homogenates. The values were calculated
according to dose-response binding curves in Fig. 2.

Ligand Potency
log EC50 þ S.E.M. (M)

Efficacy
Emax ± S.E.M. (%)

1a n.d.a 98.65 ± 1.40
1b �5.96 ± 0.22 135.98 ± 5.03
1e �6.39 ± 0.26 128.31 ± 3.18
1f n.d.a 102.87 ± 1.59
2a n.d.a 101.31 ± 0.98
2b n.d.a 100.81 ± 0.73
2c �7.77 ± 0.21 134.71 ± 2.05
2d �9.02 ± 0.11 149.46 ± 1.28
4 �8.99 ± 0.14 155.09 ± 1.83
5 �8.71 ± 0.15 150.95 ± 2.10
7 �6.94 ± 0.12 142.64 ± 2.00
8 �7.09 ± 0.17 135.32 ± 2.07
9 �8.01 ± 0.09 148.61 ± 1.41

a Not determined.

Fig. 3. Stimulation of G-protein activation in rat brain membrane homogenates.
Figure legend: blue, 10 mM morphine analogues alone; green, 10 mM morphine ana-
logues and equimolar antagonist 1a; red, 10 mM morphine analogues and equimolar
full agonist 9 (A). The decrease of the effect of 9 by partial agonists in [35S]GTPgS
binding assays (B). . (For interpretation of the references to colour in this figure legend,
the reader is referred to the Web version of this article.)
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tert-alcohol functions in the position-20. Anothermethod for the 6-
O-demethylation of 6,14-ethenomorphinans has been developed
by Breeden et al. [38], in 1999.

2.2. In vitro studies

2.2.1. Competition binding assay
Opioid receptor binding affinities of the analogues were exam-

ined in [3H]DAMGO, [3H]Ile5,6-deltorphin II and [3H]HS665 ho-
mologous displacement experiments for MOR, DOR and KOR,
respectively, in rat and guinea pig brain homogenates. All de-
rivatives exhibited higher binding affinity in m-opioid receptor
system than the selective peptide ligand DAMGO (Fig. 1A), some of
them had extremely low Ki values (Table 1). For DOR the ligands
showed comparable binding affinities than the selective DOR
agonist Ile5,6-deltorphin II peptide ligand (Fig. 1B) except 8
(Ki > 3000 nM). In the KOR binding assays, performed in guinea pig
brain membranes, the analogues still displayed nanomolar affin-
ities (Fig. 1C).

2.2.2. Functional GTPgS binding stimulation assay
The effect of the ligands on receptor-mediated G-protein acti-

vation was investigated in [35S]GTPgS binding assays in rat brain
membranes (Fig. 2). The highest stimulations were observed with
2d, 4, 5, 7 and 9, therefore they can be considered as full agonists.
1a, 1f, 2a and 2b did not produced dose-dependent increases, so
they behave as neutral or pure antagonists (Table 2). The remaining
compounds (1b, 1e, 2c and 8) exhibiting intermediate levels of G-
protein activation are partial agonist ligands in this in vitro system.

The pure opioid antagonist 1a successfully reversed the efficacy
of almost all compounds to basal activity with the exception of 2d
which showed some remaining activation in the presence of
equimolar 1a. Maximal stimulation produced by the ligands was
mostly not elevated further when the full agonist 9 was co-
administered (Fig. 3A). However, in the case of 1f and 2b the co-
presence of 9 was able to effectively stimulate G-protein activa-
tion (Table 3).

Increasing concentrations of the partial agonists were also
investigated in the presence of 10 mM 9 producing maximal stim-
ulation (Fig. 3B). All four compounds were able to inhibit the acti-
vation mediated by 9, although with relatively low efficacy and
potency. This weak antagonizing effect in the presence of a full
agonist validates that 1b, 1e, 2c and 8 are indeed partial agonist
ligands for opioid receptors (Table 3).

2.3. In vivo studies

The basal withdrawal threshold of the non-inflamed side was
45 ± 0.5 g, and MIA caused significant decrease in paw withdrawal
threshold on the injected side (24 ± 0.6 g). Only the largest dose of 9
treatments caused significant enhancement in the pain threshold
on the non-inflamed side, therefore, results were analysed only on
the inflamed paws. The different ligands showed different po-
tencies, therefore, they were compared to distilled water (as
negative control) in the ANOVA analysis, but the curve for 9 was
also demonstrated as a positive control group with the lowest ED30

value (Table 4).
All of the thevinol derivatives showed significant antiallodynic

effects (Fig. 4); however, the regression analysis revealed a lower
in vivo potency compared to 9 as indicated by the ED30 values, even
it could not be calculated for 7 (Table 4). Regarding 4, the treatment
was close to significant (Table 4). Time and their interaction
showed significant effects, and the post-hoc analysis showed
decreased allodynia in several time-points compared to the control
group (Fig. 4A). ANOVA for repeated measurements showed



Table 3
The maximal G-protein efficacy (Emax) the morphine analogues in the absence or presence of the opioid antagonist and agonist, 1a and 9, respectively in rat brain membrane
homogenates. The values were calculated according to dose-response binding curves in Fig. 3.

Ligand
Efficacy
Emax ± S.E.M. (%)

10 mM ligand 10 mM ligand þ10 mM of 1a 10 mM ligand þ10 mM of 9 Ligand (10�10-10�5 M)
þ10 mM of 9

1a 100.45 ± 3.05 e e e

1b 135.17 ± 0.82 99.30 ± 3.70 135.93 ± 0.58 136.20 ± 1.20
1e 133.27 ± 7.67 101.25 ± 6.45 129.45 ± 1.85 129.45 ± 0.61
1f 104.63 ± 2.00 100.25 ± 1.75 135.20 ± 0.00 e

2a 97.90 ± 2.75 98.10 ± 0.90 101.00 ± 0.00 e

2b 96.50 ± 3.47 101.20 ± 3.40 128.10 ± 0.00 e

2c 135.90 ± 0.30 94.40 ± 4.20 135.50 ± 0.95 136.80 ± 0.58
2d 150.80 ± 1.20 125.30 ± 7.80 151.40 ± 0.00 e

4 158.75 ± 5.15 99.30 ± 2.10 153.20 ± 0.00 e

5 156.20 ± 0.10 102.40 ± 6.90 155.80 ± 0.00 e

7 145.45 ± 2.05 101.05 ± 5.95 149.20 ± 0.00 e

8 136.77 ± 3.67 102.60 ± 6.90 135.63 ± 0.79 135.10 ± 0.87
9 152.15 ± 0.85 100.50 ± 3.00 e e
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significant effects of 5 treatment, time and their interaction. The
post hoc comparison revealed that only the highest doses caused
significant antiallodynic effect with similar efficacy as 9 (Fig. 4B).
Similarly, 7 treatment also showed significant effects, and the post
hoc comparison revealed significant increase in pain threshold at
several time points after the highest dose compared to the control
group (Fig. 4C).

Regarding 2a and 2b treatments, there were no significant ef-
fects and ED30 values could not be calculated (Fig. 5A and B,
Table 4). However, 2c administration resulted in significant effects
of treatment, time, and their interaction, with a relatively low ED30
value (Table 4). The post hoc comparison revealed that the largest
dose of 2c caused similar degree of antiallodynic effect as did 9;
evenmore prolonged effect was observed (Fig. 5C).1e,1f and 2d did
not produce significant antinociceptive effects (Fig. 5D, E, F), and
ED30 values could not be calculated either.
2.4. In silico studies

2.4.1. Docking
Almost all of the investigated compounds showed higher

binding affinity to MOR and thus they are expected to exert G-
protein activation through MOR. According to this, their pharma-
cological behaviour was modelled on the MOR crystal structures.
Table 4
The applied drugs and the cumulative dose procedure, the number of the animals and AN
(CI).

Drug Doses (nmol/kg) ED30 (CI) nmol/kg

0.1 0.3 1.0 3.0 10.0 N

Distilled water 6
1e þ þ þ 7
1f þ þ þ 8
2a þ þ þ 8
2b þ þ þ 7
2ca þ þ þ 6 4.5 (2.59e6.11)
2cb þ þ þ 6
2d þ þ þ 8
4 þ þ þ 7 8.0 (5.16e10.88)
5a þ þ þ 6 7.2 (5.11e9.35)
5b þ þ þ 7
7 þ þ þ 8 uncountable
9 þ þ þ 6 0.1 (0.01e0.49)

a Dose: 0.3-1-3 nmol/kg.
b Dose: 1-3-10 nmol/kg.
The target compounds aremembers of three pharmacological types
showing agonism, antagonism or partial agonism at MOR. Thus the
target compounds and several known agonists, antagonists and
partial agonists, composing a set of 48 compounds (Tables S3e1,
Tables S3e2) [25,26,28,29,39], were docked to both the active and
inactive receptor models to reveal whether their characteristics in
docking experiments can be related to that of ligands with known
pharmacological character. However, a simple visual inspection of
the docked positions did not reveal specific features to explain the
pharmacological diversity neither at the active nor at the inactive
receptor state, therefore, the ligands were further characterized
with their docking energies and the contacting receptor atoms. It is
noteworthy that among the lowest energy docking poses only 16
out of 96 (48 ligands docked to both receptor states) originated
from energy minimized conformers (see Experimental section
4.4.3.) suggesting the role of the flexibility of aliphatic rings.
2.4.2. Analysis of the docking energies and ligand efficiencies
obtained for the active and inactive receptor states

Three kinds of docking energy measures were investigated:
docking energies calculated by AutoDock Vina (E), ligand efficiency
(docking energy divided by the number of non-hydrogen atoms of
the ligand, LE) [40] and a similar value obtained from the docking
energy divided by the count of the interacting atoms of the ligand
OVA results in each group and their in vivo potency as ED30 with confidence interval

ANOVA

Group Time Interaction

NS NS NS
NS NS NS
NS NS NS
NS NS NS
NS 10,100 ¼ 2.11 p < 0.05 NS
1,100 ¼ 15.48 p < 0.005 10,100 ¼ 2.96 p < 0.005 10,100 ¼ 3.42 p < 0.001
NS NS NS
1,110 ¼ 4.50 p ¼ 0.06 10,110 ¼ 2.21 p < 0.05 10,110 ¼ 2.85 p < 0.005
NS NS NS
1,110 ¼ 5.02 p < 0.05 10,110 ¼ 2.61 p < 0.01 10,110 ¼ 3.30 p < 0.001
1,120 ¼ 5.32 p < 0.05 NS NS
1,100 ¼ 20.80 p < 0.005 10,100 ¼ 3.03 p < 0.005 10,100 ¼ 2.05 p < 0.05



Fig. 4. The effects of thevinol derivates in behavioral nociceptive test. Arrows indicate the time points of cumulative drug administrations. * signs p < 0.05 from control group.
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(LEIAC). The effect of the receptor state on the docking energy
measures was analysed by two-sided paired t-tests (Table 5.). Ac-
cording to this, agonists and partial agonists clearly differentiate
between the receptor states by docking energies and LE while an-
tagonists do not. In case of LEIAC agonists could not distinguish the
receptor states. The energetic preference of the different ligand
types for the receptor states, i.e. the difference between the docking
energies obtained for the active and inactive states, was also
investigated (Table S4). The energy differencewould be negative for
agonists showing their physically feasible preference for the active
receptor and it should be the opposite (positive) for antagonists.
Although this expectation was only partially fulfilled within the
series of compounds investigated here, agonists were well sepa-
rated from antagonists and partial agonists by two-sided unpaired
t-tests using docking energy and LE values (Table 6.). Antagonists
and partial agonists did not differ significantly. This is an interesting
result however, because the geometric differencies between the
receptor states do not seem significant (Table S5, Fig. S23), never-
theless the ligands distinguished them by binding energy.

2.4.3. Multivariate statistical analysis of docking energy values
Because both the receptor preference of the ligand types

(Table 5.) and the difference between the types (Table 6.) were
partially fulfilled, principal component analysis (PCA) was per-
formed with five principal components to reveal the relationships
between docking energy values and pharmacological features.
Input data were the docking energies (E), LE and LEIAC values and
their differences for the two receptor (Table S4). Additionally, the
energy contributions decomposed for the specific interacting atom
pair types, calculated by BINANA, were also involved. The different
energy measures, however, did not contribute equally well in PCA
to separate the experimentally determined pharmacological types.
The efficiency of clustering was assessed by considering hierar-
chical clustering, J2 statistics [41] and pairwise cluster overlap
statistics using the program package “pca-utils” [42] for the five
PCA components. Hierarchical clustering statistics and pairwise
cluster overlap probabilities conformed each other showing that
the separation of agonists from antagonists and partial agonists
performed well while distinguishing antagonists from partial ag-
onists highly depended on the energy measures used in PCA
(Table 7. J2 statistics). J2 measures the fuzziness of the clusters, less
J2 means more compact cluster. It is interesting that using the
decomposed energy contributions (ES) resulted in more efficient
cluster separation but less compact clusters (Table 7. J2 statistics,
cluster overlapping statistics). Considering all three quality matrix,
the best classification was obtained by the use of the docking en-
ergies and their active-inactive receptor differences (Ea, Ei, Ea-Ei,
LEa-LEi, LEIACa-LEIACi). Results for the first two PCA dimensions
and the distance matrix for five PCA variables are shown in (Fig. 6).
The results show that the ligands can be classified to their known
pharmacological groups using docking energies and related mea-
sures, albeit with significant overlap (Fig. 6A). However, a closer
look on 3D representation of the first three PCA dimensions (Fig. 7)
revealed better separation of the ligand types. There is a little
overlap between agonists and antagonists while partial agonists
overlap with both. According to PCA results 2c, a newly synthesized
partial agonist, is among antagonists and close to established par-
tial agonists (BU08028 (11), BU61 (14)). However, 1f, despite being
antagonist experimentally, showed up among agonists in all kinds
of PCA calculations. Furthermore, compound 30, considered to be a
full agonist despite its N-cyclopropylmethyl substituent [29], was
among antagonists in this model. It is worth to note that the use of



Fig. 5. The effects of orvinol derivates in behavioral nociceptive test. Arrows indicate the time points of cumulative drug administrations. * signs p < 0.05 from control group.

Table 5
Paired t-test/Welch-test of docking energies for active and inactive receptors.

Ligand type F-test t-test

Agonists 0.632 7.89 � 10�12

Antagonists 0.545 0.227
Partial agonists 0.192 0.008

Table 6
Comparison of docking energy differences between ligand types.

Ligand types F-test t-test

agonist - antagonist 0.020 2.00 � 10�5*
agonist - partial agonist 0.023 2.98 � 10�4*
partial agonist - antagonist 0.845 0.371
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energy differences alone gave almost the same classification
efficiency.
2.4.4. Characterization of the ligands by the interacting receptor
atoms

Because the ligands exert their effects through interactions with
the receptor, the details of these interactions (interaction pattern)



Table 7
Assessment of ligand type classification by PCA.

VARIABLES Dendogram statistics J2 statistics Overlap probabilities

AG vs. (PAG, ANTAG) PAG vs. ANTAG AG PAG ANTAG AG e PAG AG e ANTAG PAG e ANTAG

Ediffs* 1.20E-03 0.72 2.02 7.44 6.45 2.81E-03 3.13E-04 7.24E-01
E,LE* 9.30E-04 0.53 42.77 32.37 1.28 6.24E-04 1.03E-03 5.32E-01
E,LE,LEIAC* 5.10E-03 0.54 2.11 21.44 2.10 6.87E-03 2.61E-03 5.38E-01
E,ES* 0.01 0.02 0.87 915.79 8.79 8.55E-03 1.44E-02 2.33E-02
E,LE,ES* 9.50E-03 0.04 0.82 900.51 9.44 7.68E-03 9.14E-03 3.80E-02
E,Ediffs 7.90E-03 0.81 6.75 5.46 22.13 1.45E-02 2.85E-03 8.08E-01
E,LEIAC* 3.50E-03 0.9 2.67 4.42 2.06 7.97E-03 9.28E-04 9.01E-01
E,LE,LEIAC,
Ediffs*

5.30E-03 0.54 2.13 21.68 2.15 7.29E-03 2.63E-03 5.38E-01

E,LE,LEIAC,
Ediffs,ES*

1.00E-03 0.06 1.23 899.80 9.45 3.70E-03 1.54E-04 6.14E-02

atomname,sd,a,i** 1.00E-04 0.01 8.16 171.02 5.75 1.91E-04 3.07E-05 1.32E-02
atomname,sd,a** 1.90E-04 8.30E-03 6.52 508.23 1.88 4.04E-04 5.06E-05 8.28E-03
atomname,sd,i** 1.50E-04 0.05 2.19 20.43 70.44 8.78E-04 1.37E-05 4.65E-02
atomname** 2.20E-05 0.02 58.60 2805.44 1.24 1.55E-04 1.64E-06 1.53E-02
residue,sd** 4.80E-03 0.1 37.01 633.30 0.72 3.19E-03 5.48E-03 9.90E-02

AG: agonist, PAG: partial agonist, ANTAG: antagonist, *: PCA, **: MCA, a: active receptor state, i: inactive receptor state, sd: stabilizing/destabilizing interaction types involved,
atom: atom based interaction pattern, residue: residue level interaction pattern.
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may reflect the pharmacological features. The interaction pattern of
a ligand is the list of the interacting receptor atoms depicted in both
receptor states. Additionally, each atom is marked whether it was
involved in stabilizing (attractive) and/or destabilizing (repulsive)
interaction. The interacting receptor atomswere extracted from the
output of BINANA [43] analysis of the receptor-ligand complex
listing up all particular interacting ligand-receptor atom pairs using
the default parameters of BINANA. The stabilizing/destabilizing
nature of an interaction between the ligand and receptor depends
on the type of the interacting atoms. There are compatible and
incompatible atom types (or atom classes) [44] resulting in stabi-
lizing and destabilizing interactions, respectively. The atom class
schemewas adopted to the AutoDock atomtypes from Sobolev et al.
[44]. The classification of the ligands using their interaction pat-
terns was performed bymultiple correspondence analysis (MCA). A
variety of interaction patterns, holding different information of the
interactions, were created to find the most useful one for phar-
macological classification of the ligands: i) both receptors, indi-
vidual atoms, stabilization flags, ii) active receptor, individual
atoms, stabilization flags, iii) inactive receptor, individual atoms,
stabilization flags, iv) both receptors, individual atoms, without
stabilization flags, v) both receptors, residues only, stabilization
Fig. 6. Classification of the compounds by PCA of the docking energy measures
Figure legend: Individuals scores plot in the first two principal components (A), distance m
flags. As it was expected, the best classification was obtained with
the most information rich input, i.e.with both receptors, individual
atoms, stabilization flags (i) and the worst separation was obtained
using only the interacting residues and stabilization flags (Table 7
J2). The MCA results are shown in Fig. 8 and the 3D representa-
tion in Fig. 9.

Comparing the energy based PCA and the interaction pattern
basedMCA results suggests that the interaction patterns resulted in
better pharmacological classification of the ligands, although the
antagonist 1f was an outliner in both cases being close to the
agonist group. It is worth to note that the cluster separation sta-
tistics was better for all kinds of MCA results compared with PCA,
although the fuzziness of the clusters increased (Table 7).

Biological properties of our thirteen synthetic morphine ana-
logues were investigated by in vitro biochemical and in vivo phar-
macological experiments. In radioligand binding assays performed
usingMOR-, DOR- or KOR-selective [3H]labelled primary ligands, all
analogues exhibited excellent affinities for the multiple types of
opioid receptors. At the MOR binding sites 2c, 4 and 5 were the
most potent ligands, but all of the remaining compounds repre-
sented quite high affinities. They were also potent competitors in
the DOR-selective receptor binding assays, displaying still
atrix calculated with five principal components (B).



Fig. 7. Stereo view of 3D scores plot of PCA of the docking energy measures
Figure legend: red: agonists, green: antagonists, blue: partial agonists. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of
this article.)

Fig. 8. Classification of the compounds by MCA of the interaction pattern
Figure legend: A: Individuals scores plot in the first two principal components, B: distance matrix calculated with five principal components.

Fig. 9. Stereo view of 3D scores plot of MCA of the docking interaction pattern
Red: agonists, green: antagonists, blue: partial agonists. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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nanomolar equilibrium dissociation constant (Ki) values with the
exception of 8which had only moderate affinity for DOR. 2a and 2d
showed the highest affinities at KOR ligand binding sites, although
all other analogues produced low nanomolar binding affinities.
Taken together, the thevinol and orvinol derivatives are very high
affinity opioid ligands, with a general preference for
MOR > KOR > DOR binding sites.

Receptor mediated G-protein activation experiments were con-
ducted in vitro using rat brain membrane preparations and [35S]
GTPgS binding stimulation assays. Transmembrane signalling prop-
erties of the compounds were variable, and the ligands used can be
divided into three biochemical pharmacological groups based on
their stimulation features. Full agonists, such as 2d, 4, 5, 7 and 9
produced the highest efficacy (Emax values) and they can be char-
acterised by culminating sigmoid stimulation curves with a plateau.
Partial agonist ligands, 1b, 1e, 2c and 8, exhibited submaximal effi-
cacies and rather decreased potencies in activating Gi/Go regulatory
proteins. Another previous term for partial agonists has been mixed
agonist-antagonist ligands. When both a full agonist and partial
agonist are present, the partial agonist actually acts as a competitive
antagonist, competing with the full agonist for receptor occupancy
and producing a net decrease in the receptor activation observed
with the full agonist alone (Fig. 6B). The third cluster of ligands are
pure or neutral opiate antagonists, such as 1a, 2a, 2b and 1f. They are
characterised by horizontally linear dose-response curves indicating
no changes in the basal G-protein activity.

6-O-demethylation usually increased the binding affinity to
MOR (1a vs. 2a, 1b vs. 2b, 2c vs. 9, 4 vs. 5). In accordance with this
finding, increasing the size of the 6-O-substituent (4 vs. 7)
decreased the binding affinity to MOR (Table 1). The opposite trend
was observed for the efficacy in some cases, resulting in a shift of
the pharmacological profiles, i.e. from partial agonist to antagonist
(1b vs. 2b), from agonist to partial agonists (2c vs. 9). In the phe-
nethyl thevinol series (2d, 4, 5, 7) 6-O-demethylation did not
decrease the efficacy. On the contrary, the bigger 6-O-substituent in
7 slightly decreased the efficacy, however, it still can be considered
as a full agonist (Table 3). The changes in the pharmacological
features caused by the different substituents are graphically sum-
marized in Fig. S37.

Behavioural nociceptive properties of the ligands were studied
in vivo, using Wistar rats in a chronic osteoarthritic inflammatory
pain model. 9 at cumulative doses of 0.1-0.3e1.0 nmol/kg remained
the most effective compound in decreasing inflammatory pain. 2c,
4 and 5, which exhibited the highest ligand binding affinities at the
MOR, produced less antinociception than 9 did. The other full (2d)
or partial antagonists (1e, 7), as well as the two neutral antagonists
2a and 2b examined in this test were practically not effective even
in ten times higher (1-3-10 nmol) cumulative doses.

Docking the ligands to both the active and inactive receptor
states makes possible reasonable pharmacological classification of
the ligands by docking energies. The positive effect of the differ-
ences of the docking energy measures on the pharmacological
classification of the ligands also emphasize that, despite the mod-
erate geometric difference between the active and inactive receptor
states within the binding pocket, the docking energies can predict
the pharmacological features of the ligands. Pharmacological clas-
sification was also attempted by the interaction pattern of the
docked ligands, i.e. by the interacting receptor atoms and the type
of the interactions (stabilizing or distabilizing). More information
(i.e. more kinds of docking energy measures, two receptor states
instead of single one) resulted in better classification in both cases.

Agonists and antagonist are separated quite well while partial
agonists overlap with the others which is in accordance with mo-
lecular dynamics results comparing interactions of agonists, an-
tagonists and partial agonists; nevertheless, pharmacological
classification by the docking algorithm in the present paper is still
closer to the high throughput methodology.

3. Conclusions

All investigated compounds showed subnanomolar binding af-
finity to MOR and a preference to MOR over DOR and KOR. The
pharmacological effects of the compounds involved agonism, par-
tial agonism and antagonism. Neither binding affinities nor phar-
macological features could be directly related to particular organic
functional groups.

The in vitro pharmacological effects and the in vivo antiallodynic
effects were in accordance except the full agonist 2d. As the only
exception, the newly synthesized compound, 2c despite its partial
agonist feature, showed antiallodynic effect equal tot hat of the full
agonist 9.

Due to the harmony between the in vitro and in vivo results, the
in silico calculations were expected to explain the pharmacological
profiles of the compounds. The unsupervised multivariate classifi-
cation methods (using either docking energies or interaction fin-
gerprints) applied to the docking results, obtained from active and
inactive receptor states, were able to separate the agonists from
antagonists with a good accuracy. Additionally, the third group,
partial agonists, were partially differentiated from the other two
groups. Due to the effectivity of the multivariates classification,
their further improvement seems to be promising. Differentiating
between ORs needs accurate docking calculations, however, if it is
accurate enough it can differentiate between the receptor states as
well. If it is so, the first step in the modelling scenario should be the
pharmacophoric featuring (receptor state selection) for binding
affinity prediction.

4. Experimental section

4.1. General procedure

Reagents and solvents were obtained from commercial sup-
pliers and were used without further purifications. Melting points
were measured with a Büchi-535 instrument and the data are
uncorrected. Column chromatography was performed on Kieselgel
60 Merck 1.09385 (0.040e0.063 mm). Analytical TLC was accom-
plished on Macherey-Nagel Alugram® Sil G/UV254 40 � 80 mm
aluminium sheets [0.25 mm silica gel with fluorescent indicator]
with the following eluent systems (each (v/v)): [A]: chloroform-
methanol 9:1, [B]: ethyl acetate-methanol 8:2, [C]: hexane-ethyl
acetate 7:3, [D]: hexane-ethyl acetate 1:1. The spots were visual-
ized with a 254 nm UV lamp or with 5% phosphomolybdic acid in
ethanol.

NMR spectra: All the 1D and 2D NMR experiments were recor-
ded on a Bruker AV 500 (Avance 500 MHz) spectrometer at 298 K,
using BBO probehead (hp workstation xw 5000, software: Bruker
TOPSPIN 1.3). For 1H experiment: 10 mg of the appropriate orvinol
was dissolved in 500 mL of deuterated chloroform (CDCl3). For
measuring 13C NMR spectra: 20 mg sample of the corresponding
derivative was dissolved in 500 mL CDCl3. Chemical shifts (d) are
reported in parts per million (ppm), and coupling constants (J) re-
ported in Hertz. 1H and 13C NMR chemical shifts were referenced to
the residual peak of CDCl3 at d 7.26 and 77.16 ppm, for proton and
carbon, respectively.

4.1.1. General procedure for the 3-O-demethylation of thevinol
derivatives (preparation of 1e, 1f and 1d)

Potassium hydroxide (3.2 g, 57 mmol) was dissolved in dieth-
ylene glycol (20 mL) at 110 �C. The solution was allowed to cool to
70 �C and the corresponding 3-O-methyl-thevinol derivative
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(2 mmol) was added. The reaction mixture was stirred under argon
atmosphere at 210 �C (internal temperature) for 90 min. The
brownish product mixture was allowed to cool to room tempera-
ture and poured into a saturated ammonium chloride solution
(40 mL). The suspension was extracted with diethyl ether
(4� 45mL). The combined organic layer was extracted successively
with 5% sodium hydrogen sulfite solution (2 � 30 mL) and water
(2 � 30 mL). The organic phase was dried (Na2SO4) and the solvent
was evaporated under reduced pressure. The residue was purified
by means of column chromatography on silica gel using the
appropriate solvent system.

1d: prepared from 20R-phenethyl-thevinol (4, 975 mg, 2 mmol).
Eluent system: hexane-ethyl acetate 8:2 (v/v). Yield: 590 mg (62%).

4.1.1.1. (5R,6R,7R,9R,13S,14S)-4,5-Epoxy-3-hydroxy-a,a,17-trimethyl-
6,14-ethenomorphinan-7-methanol (1e). 1e was synthesized from
20-methyl-thevinol (795 mg, 2 mmol). Eluent system: chloroform-
methanol 9:1 (v/v). Yield: 440 mg (57%). 1H NMR (CDCl3) d ¼ 0.77
(dd, 2J8a,8b¼ 12.9 Hz, 3J8a,7b¼ 8.2 Hz,1H, 8a-H), 1.01 (s, 3H, 20-CH3),
1.08 (s, 3H, 20-CH3), 1.84 (dd, 2J15eq,15ax ¼ 13.1 Hz,
3J15eq,16ax ¼ 2.6 Hz, 1H, 15-Heq), 1.96 (app t, 3J7b,8a ¼ 8.8 Hz, 1H, 7b-
H), 1.99 (td, 2J15ax,15eq ¼ 13.1 Hz, 3J15ax,16eq ¼ 5.7 Hz, 1H,15-Hax), 2.36
(m, 1H, 10a-H), 2.37 (s, 3H, NCH3), 2.41 (m, 1H, 16-Hax), 2.52 (dd,
2J16eq,16ax ¼ 12.1 Hz, 3J16eq,15ax ¼ 5.3 Hz, 1H, 16-Heq), 2.87 (ddd,
2J8b,8a ¼ 12.9 Hz, 3J8b,7b ¼ 9.1 Hz, 1H, 8b-H), 3.12 (d, 3J9a,10a ¼ 6.5 Hz,
1H, 9a-H), 3.20 (d, 2J10b,10a ¼ 18.5 Hz, 1H, 10b-H), 3.75 (s, 3H, 6-
OCH3), 4.50 (br s, 1H, 3-OH), 4.57 (s, 1H, 5b-H), 4.77 (br s, 1H, 20-
OH), 5.42 (d, 3J19,18 ¼ 9.1 Hz, 1H, 19-H), 5.93 (d, 3J18,19 ¼ 9.1 Hz, 1H,
18-H), 6.47 (d, J1,2 ¼ 8.2 Hz, 1H, 1-H), 6.59 (d, J2,1 ¼ 8.2 Hz, 1H, 2-H).
13C NMR (CDCl3) d ¼ 22.2 (C-10), 25.2 (20CH3), 28.6 (20CH3), 30.9
(C-8), 33.4 (C-15), 42.9 (C-14); 43.5 (NCH3), 45.5 (C-16), 47.5 (C-13),
48.5 (C-7), 55.1 (6OCH3), 59.9 (C-9), 73.5 (C-20), 84.1 (C-6), 99.2 (C-
5), 116.0 (C-2), 119.6 (C-1), 124.4 (C-18), 127.9 (C-11), 134.0 (C-12),
135.3 (C-19), 137.2 (C-3), 146.5 (C-4). HRMS (TOF): Calcd. for
C23H29NO4 [MþH]þ: 384.2169; Found: 384.2178.

4.1.1.2. (5R,6R,7R,9R,13S,14S)-4,5-Epoxy-18,19-dihydro-3-hydroxy-
a,a,17-trimethyl-6,14-etheno morphinan-7-methanol (1f). 1f: pre-
pared from 20-methyl-dihydrothevinol (800 mg, 2 mmol). Eluent
system: chloroform-methanol 9:1 (v/v). Yield: 470 mg (60%). 1H
NMR (CDCl3) d ¼ 0.75 (m, 1H, 19-Hsyn), 1.02 (m, 1H, 19-Hanti), 1.08
(dd, 2J8a,8b ¼ 12.8 Hz, 3J8a,7b ¼ 9.2 Hz, 1H, 8a-H), 1.18 (s, 3H, 20-CH3),
1.37 (s, 3H, 20-CH3), 1.66 (dd, 2J15eq,15ax ¼ 13.2 Hz,
3J15eq,16ax ¼ 2.6 Hz, 1H, 15-Heq), 1.75e1.78 (m, 2H, 18-Hanti, 18-Hsyn),
1.91 (app t, 3J7b,8a ¼ 9.2 Hz, 1H, 7b-H), 2.04 (td, 2J15ax,15eq ¼ 12.7 Hz,
3J15ax,16eq ¼ 5.4 Hz, 1H, 15-Hax), 2.20 (dd, 2J10a,10b ¼ 18.3 Hz,
3J10a,9a ¼ 6.2 Hz, 1H, 10a-H), 2.30 (m,1H, 16-Hax), 2.31 (s, 3H, NCH3),
2.44 (dd, 2J16eq,16ax¼ 11.9 Hz, 3J16eq,15ax¼ 5.2 Hz,1H,16-Heq), 2.65 (d,
3J9a,10a ¼ 6.2 Hz, 1H, 9a-H), 2.78 (ddd, 2J8b,8a ¼ 12.6 Hz,
3J8b,7b ¼ 11.3 Hz, 4J8b,19syn ¼ 1.1 Hz, 1H, 8b-H), 3.10 (d,
2J10b,10a ¼ 18.3 Hz, 1H, 10b-H), 3.52 (s, 3H, 6-OCH3), 4.42 (s, 1H, 5b-
H), 5.05 (br s, 1H, 20-OH), 7.07 (br s, 1H, 3-OH), 6.53 (d, J1,2 ¼ 8.0 Hz,
1H,1-H), 6.69 (d, J2,1¼8.0 Hz,1H, 2-H); 13C NMR (CDCl3) d¼ 17.4 (C-
18), 21.9 (C-10), 24.8 (20CH3), 29.7 (C-19), 29.8 (20CH3), 32.3 (C-8),
35.4 (C-15), 36.0 (C-14); 43.4 (NCH3), 45.1 (C-16), 46.5 (C-13), 47.7
(C-7), 52.6 (6OCH3), 61.2 (C-9), 74.4 (C-20), 80.1 (C-6), 97.3 (C-5),
116.3 (C-2), 119.4 (C-1), 128.1 (C-11), 132.1 (C-12), 137.3 (C-3), 145.6
(C-4).; HRMS (TOF): Calcd. for C23H31NO4 [MþH]þ: 386.2325;
found: 386.2326.

4.1.2. General procedure for the preparation of 6-O-desmethyl-
orvinol derivatives (2a, 2b, 2c, 2d)

Lithium-aluminum hydride (1.1 g, 28.9 mmol) was suspended in
dry tetrahydrofuran (10 mL) under argon atmosphere. The sus-
pension was cooled to 0 �C and dry carbon tetrachloride (0.74 mL,
1.18 g, 7.7 mmol) was carefully added dropwise under stirring. A
solution of the corresponding orvinol derivative (1a, 1b, 1c, 1d,
1.92 mmol) in dry tetrahydrofuran (10 mL) was added dropwise
and the mixture was stirred under reflux for 36 h. The reaction
mixture was cooled to 0 �C and diluted with tetrahydrofuran
(20 mL). Water (5 mL) was dropped in under vigorous stirring and
the suspension was filtered. The solid was washed with ethyl ace-
tate (3 � 20 mL) and dichloromethane (2 � 15 mL). The combined
organic phase was dried (Na2SO4) and the solvent was evaporated
under reduced pressure. The residue was dried in vacuum
(2 � 10�1 mbar, 16 h). The crude product was purified by column
chromatography on silica gel (Kieselgel: 100 g, eluent system: 1.
ethyl acetate e chloroform e 25% NH3 solution 70:30:1 (v/v/v), 2.
dichloromethaneemethanol 9:1 (v/v). Analytical data and detailed
NMR assignments for 2a, 2b and 2d are presented in Supporting
Information.

4.1.2.1. (5R,6R,7R,9R,13S,14S,20R)-(5a,7a)-4,5-Epoxy-18,19-dihydro-
3,6-dihydroxy-a,17-dimethyl -a-propyl-6,14-ethenomorphinan-7-
methanol (2c). Yield: 70%, mp. 127e128 �C; TLC: Rf [A] ¼ 0.50, Rf
[C] ¼ 0.10, Rf [D] ¼ 0.22; 1H NMR (CDCl3): d ¼ 0.62 (m, 1H, 19-Hsyn),
0.89 (t, J ¼ 7.0 Hz, 3H, 20-CH3CH2CH2), 0.92 (m, 1H, 19-Hanti), 1.01
(dd, 2J8a,8b ¼ 13.0 Hz, 3J8a,7b ¼ 9.1 Hz, 1H, 8a-H), 1.06 (m, 1H, 18-
Hsyn), 1.36 (s, 3H, 20-CH3), 1.37 (m, 1H, 15-Heq), 1.38 (m, 2H,
CH3CH2CH2), 1.43 (m, 2H, CH3CH2CH2), 1.67 (m, 1H, 15-Hax), 1.83
(app t, 3J7b,8a ¼ 9.1 Hz, 1H, 7b-H), 1.87 (m, 1H, 18-Hanti), 2.14 (dd,
2J10a,10b ¼ 18.4 Hz, 3J10a,9a ¼ 6.3 Hz, 1H, 10a-H), 2.04 (m, 1H, 16-Hax),
2.25 (s, 3H, NCH3), 2.31 (dd, 2J16eq,16ax ¼ 11.5 Hz, 3J16eq,15ax ¼ 4.9 Hz,
1H, 16-Heq), 2.63 (ddd, 2J8b,8a ¼ 13.4 Hz, 3J8b,7b ¼ 10.3 Hz,
4J8b,19syn ¼ 3.0 Hz, 1H, 8b-H), 2.58 (d, 3J9a,10a ¼ 6.3 Hz, 1H, 9a-H),
3.01 (d, 2J10b,10a ¼ 18.4 Hz, 1H, 10b-H), 4.00 (s, 1H, 5b-H), 5.46 (br s,
1H, 20-OH), 6.03 (br s, 1H, 6-OH), 6.47 (d, 2J1,2 ¼ 8.1 Hz, 1H, 1-H),
6.77 (d, 2J2,1 ¼ 8.1 Hz, 1H, 2-H), 8.27 (br s, 1H, 3-OH); 13C NMR
(CDCl3): d ¼ 14.6 (20-CH3CH2CH2), 15.6 (CH3CH2CH2), 21.9 (C-10),
22.2 (C-18), 22.5 (20-CH3), 30.0 (C-19), 31.5 (C-8), 36.3 (C-15), 34.5
(C-14), 43.6 (CH3CH2CH2), 43.8 (NCH3), 45.1 (C-13), 45.2 (C-16), 45.8
(C-7), 61.3 (C-9), 75.6 (C-20), 76.7 (C-6), 96.2 (C-5), 116.8 (C-2), 119.4
(C-1), 127.9 (C-11), 132.4 (C-12), 137.1 (C-3), 145.8 (C-4); MS (ESI)m/
z: 400 [Mþ1]þ; HRMS (TOF): Calcd. for C24H33NO4 [MþH]þ:
400.2482; found: 400.2480.

Analytical data and detailed NMR assignments for 2d, 4, 5, 7 and
8 are presented in Supporting Information.

4.2. In vitro experiments

4.2.1. Chemicals
MgCl2 x 6H2O, EGTA, Tris-HCl, NaCl, GDP, the GTP analogue

GTPgS, were purchased from Sigma-Aldrich (Budapest, Hungary).
The highly selectiveMOR agonist enkephalin analogue DAMGOwas
obtained from Bachem Holding AG (Bubendorf, Switzerland). The
highly selective KOR agonist diphenethylamine derivative, HS665
[45] were kindly offered by Dr. Helmut Schmidhammer (University
of Innsbruck, Austria). The morphine analogues were provided by
ABX GmbH (Radeberg, Germany). The highly selective DOR agonist
Ile5,6-deltorphin II was synthesized in the Laboratory of Chemical
Biology group of the Biological Research Centre (Szeged, Hungary).
DAMGO, [Ile5,6]-deltorphin II and HS665 were dissolved in water,
morphine analogues were dissolved in ethanol and were stored in
1mM stock solution at�20 �C. The radiolabeled GTP analogue, [35S]
GTPgS (specific activity: 3.7 � 1013 Bq/mmol; 1000 Ci/mmol) was
purchased from Hartmann Analytic (Braunschweig, Germany). [3H]
DAMGO [46] (specific activity: 38.8 Ci/mmol), [3H]Ile5,6-deltorphin
II (specific activity: 19.6 Ci/mmol) and [3H]HS665 [47] (specific
activity: 13.1 Ci/mmol) were radiolabelled by the Laboratory of
Chemical Biology group in BRC (Szeged, Hungary). The
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UltimaGold™ MV aqueous scintillation cocktail was purchased
from PerkinElmer (Boston, USA).

4.2.2. Animals
Formembrane homogenate preparationsmale and femaleWistar

rats and guinea pigs were used. Animals were housed in the local
animal house of BRC (Szeged, Hungary). All the animals were kept in
a temperature controlled room (21e24 �C) under a 12:12 h light/dark
cycle and allowed free access to food and water. All housing and
experiments were conducted according to the European Commu-
nities Council Directives (86/606/ECC) and the Hungarian Act for the
Protection of Animals in Research (XXVIII.tv. 32.x). The total number
of animals as well as their suffering was minimized.

4.2.3. Preparation
A crude membrane fraction of Wistar rat and guinea pig brains

were prepared for ligand binding experiments according to Ref. [48]
with changes. After decapitation, brains were rapidly removed and
homogenised in 30 vol of ice-cold 50 mM TriseHCl (pH 7.4) buffer
with a teflon-glass homogeniser. After centrifugation at 40000g for
20 min at 4 �C, the resulting pellet were suspended in 30 vol of the
same buffer and incubated for 30min at 37 �C to remove endogenous
opioids. Centrifugation was then repeated as described above. The
final pellet were suspended in 5 vol of 50 mM TriseHCl (pH 7.4)
buffer and stored at �80 �C. Membranes were thawed, diluted with
buffer and the resulting pellet were taken up in appropriate fresh
buffer and immediately used. For the [35S]GTPgS binding experi-
ments the final pellet of rat and guinea pig brain membrane ho-
mogenates were suspended in 5 vol of ice-cold TEM (Tris-HCl, EGTA,
MgCl2) and stored at �80 �C for further use.

4.2.4. Receptor binding experiments
4.2.4.1. Competition binding experiments. In homologue displace-
ments using [3H]DAMGO, [3H]Ile5,6-deltorphin II or [3H]HS665 the
level of nonspecific binding was determined in the presence of
10 mM unlabeled naloxone (MOR and KOR) and HS665 (KOR), while
total binding was determined in the absence of cold ligand. The
incubation was followed by rapid filtration under vacuum (Brandel
M24R Cell Harvester; Brandel Harvesters), and washed three times
with 5mL ice-cold 50mMTris-HCl. The filtrationwas accomplished
throughWhatmanGF/C glass fibres (respectively). The radioactivity
of the filters was measured in UltimaGold MV aqueous scintillation
cocktail (Perkin Elmer, Waltham, MA) with Packard Tricarb 2300 TR
liquid scintillation counter (Perkin Elmer, Waltham, MA). The
competition binding assays were performed in duplicates and
repeated at least three times.

4.2.4.2. Functional [35S]GTPgS binding experiments. Rat and guinea
pig brain membranes (~10 mg of protein/tube) were incubated at
30 �C for 60 min in TriseEGTA buffer (50 mM TriseHCl buffer, 3 mM
MgCl2, 1 mM EGTA, 100 mM NaCl, pH 7.4) containing 0.05 nM [35S]
GTPgS with increasing concentrations (10�10-10�5 M) of opioid li-
gands tested in the presence of 30 mMGDP in a final volume of 1 mL
as previously described [49]. Total binding was measured in the
absence of test compounds, non-specific binding was determined in
the presence of 10 mM unlabeled GTPgS and subtracted from total
binding. The difference between total and non-specific binding
values represents basal activity. The reaction was terminated by
rapid filtration under vacuum (Brandel M24R Cell Harvester), and
Whatman GF/B glass fiber filters werewashed three times with 5mL
ice-cold 50mMTris-HCl (pH 7.4) buffer. The radioactivity of the dried
filters was detected in Ultima GoldTM MV aqueous scintillation
cocktail with Packard TriCarb 2300 TR liquid scintillation counter.
[35S]GTPgS binding experiments were performed in triplicates and
repeated three times.
4.2.5. Data analysis
Experimental data were presented as means ± S.E.M. Points

were fitted with the professional curve fitting program, GraphPad
Prism 5.0 (GraphPad Prism Software Inc., San Diego, CA), using non-
linear regression analysis. In the [35S]GTPgS binding assays the
‘Sigmoid dose-response’ fitting was used to establish the maximal
efficacy (Emax) of the receptors’ G-protein and the ligand potency
(EC50). Stimulation was given as percent of the specific [35S]GTPgS
binding observed over the basal activity, which was settled as 100%.

In the competition binding assays the ‘One site competition’
fitting was used to establish the equilibrium binding affinity (Ki
value). Inhibition was given as percent of the specific binding
observed.

4.3. In vivo experiments

After institutional ethical approval had been obtained (Institu-
tional Animal Care Committee of the Faculty of Medicine at the
University of Szeged), male Wistar rats (Charles River strain, Bio-
plan, Budapest, Hungary; 378 ± 5.1 g; n ¼ 6e8/group) were used in
the experiments. The animals were group-housed (4 animals/cage)
with free access to food and water, and with a 12:12 h light/dark
cycle. Animal suffering and the number of animals per group were
kept at a minimum; therefore, the drugs were administered in
cumulative doses in 30-min intervals (at 0th, 30th and 60th min),
and injections were repeated 7 days apart for the same animal, as in
our previous study [50].

The following drugs were applied for the in vivo nociceptive
studies: etorphine-hydrochloride (9) [25,51] eight 6,14-
ethenomorphinan derivatives synthesized as described earlier
[16e22,24], 2a and 1e, 1f, 2b, 2d, 4, 5, 7 as well as the new com-
pound 2c. The drugs were freshly diluted (0.01e10 mM) with
distilled water from the stock solutions and administered subcu-
taneously (s.c.) in a volume of 2 mL/kg.

Osteoarthritis was induced by injecting MIA (Sigma-Aldrich Ltd.
Budapest, Hungary; 1 mg/30 mL) into the tibiotarsal joint of the
right hind leg on two consecutive days. MIA treatments were given
to gently restrained conscious animals, using a 27-gauge needle,
without anesthesia so as to exclude any drug interaction. These
injections did not elicit signs of major distress. Within 14 days MIA
had consistently been shown to cause severe end-stage cartilage
destruction resulting in osteoarthritis-like joint pain accompanied
with moderate edema [50,52,53]. The observer was blind to the
drug treatment administered.

4.3.1. Behavioral nociceptive testing
The threshold for withdrawal from mechanical stimulation to

the plantar aspect of the hindpaws was assessed using a dynamic
plantar aesthesiometer (Ugo Basile, Comerio, Italy), which consists
of an elevated wire mesh platform to allow access to the ventral
surface of the hindpaws. Prior to baseline testing, each rat was
habituated to a testing box for at least 20 min. Measurements were
done with a straight metal needle (diameter 0.5 mm) that exerts an
increasing upward force at a constant rate (6.25 g/s) with a
maximum cut-off force of 50 g over an 8 s period. Themeasurement
was stopped when the paw was withdrawn, and the results were
expressed as paw withdrawal thresholds in grams.

4.3.2. Experimental paradigm
After MIA injections, baseline pain thresholds (2 times with

15 min interval) were determined 14 days later and their means
provided the baseline value.

Cumulative-dosing procedure was applied (Table 4). The control
group received distilled water. In the positive control group, ani-
mals were treated with 9 (0.1, 0.3, and 1.0 nmol/kg). The higher
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doses of 9 were also applied in a preliminary experiment (1.0 and
3.0 nmol/kg) but 3.0 nmol/kg dose induced catatonia and respira-
tory depression in 100% of the animals, thus we determined the
maximum dose as 1 nmol/kg. Response latencies were measured at
15 min intervals and the increasing doses of the drugs (three doses)
were administered following two recordings. After the highest dose
injection the pain threshold was assessed in every 15 min for 1 h,
then hourly at the second and third hour to determine the time
course of drug effects. Although, the motor behavior and general
status of the animals were not investigated and quantified sys-
tematically, altered behavior (excitation, flaccidity or motor weak-
ness) or any signs of opioid overdose (catatonia or respiratory
depression) were not observed.

4.3.3. Statistical analysis
Data are presented asmeans± SEM. Data sets were examined by

repeated measures of ANOVA. Post hoc comparisons were carried
out with the Fisher LSD test. A p value lower than 0.05 was
considered significant. The mean paw withdrawal thresholds ob-
tained 15 and 30 min after the injections (calculated after the in-
dividual drug injections) were used for linear regression analysis to
determine the effective dose 30 (ED30) values with 95% confidence
intervals. Mean of 50 g would mean the complete relief of hyper-
algesia, while mean of control value (29 g) means the zero effects,
thus the difference (21 g) is the possible maximal effect. ED30 is
equivalent to the dose that yielded 30% difference (7 g) in the paw
withdrawal threshold compared to the baseline (pretreatment)
values. Data analyses were performed with the STATISTICA (Sta-
tistica Inc., Tulsa, Oklahoma, USA) and GraphPad Prism 4.0
(GraphPad Softwre Inc. La Jolla, CA, US) softwares.

4.4. In silico studies

4.4.1. Molecular docking
The ligands were flexibly docked to the experimentally solved

active and inactive states of MOR (http://www.rcsb.org, pdb codes
5c1m and 4dkl for the active and inactive receptor states, respec-
tively). The receptor structures were kept rigid. Due to the known
limitation of the docking algorithm i.e. the rings are kept rigid
during the calculation, 10 different conformations were generated
bymolecular dynamics to emulate the conformational flexibility for
aliphatic rings in accordance with experimental findings [54]. The
10 conformations and the initial energyminimized conformer were
provided for docking for each ligand. Docking calculations were
performed by the program PSOVINA [55], a variant of the formerly
released VINA [56]. Coordinate files were converted to pdbqt
format by AutoDock Tools [57] or PSOVINA. Docking box center was
set to the geometric center of the ligands in the crystals. Due to the
impact of the size of the docking box on the docking pose, namely
on the set of interacting receptor atoms, the box size was specif-
ically determined for each ligand [58] using the radius of giration
(Rg) of the minimum energy conformer calculated by Open Babel.
PSOVINA was used with default parameters, albeit docking was
repeated 5 times instead of increased exhaustiveness parameter
[59] and the lowest energy docking poses was kept for each ligand.

4.4.2. Analysis of docking results
The selected poses were analysed by the program BINANA [43]

to extract the interacting ligand-receptor atom pairs, the docking
energies and the energy contributions belonging to the specific
atom pairs. Stabilizing or destabilizing assignments for the ligand-
receptor contacts based on the method Soboljev et al. [44]. Analysis
of the docking energies and the interacting receptor atoms were
performed by principal component analysis (PCA) and multiple
correspondence analysis (MCA), respectively, using program
packages of the R programming environment v. 3.5.1 [60]. Calcu-
lations were performed by the PCA and MCA moduls of the R
package “FactoMineR” [61]. Results were visualized using package
“factoextra” [62]. For 3D visualization packages “rgl” and “pca3d”
were used [63,64]. Docking calculations were performed on a Linux
cluster running Rocks 6.2 clustermanagement program and CentOS
6.6 operation system and on the PRACE/NIIF cluster, and the ana-
lyses in Linux Mint 18.1 using in house bash and R scripts.

4.4.3. Generation of the ligand conformations
Open Babel v. 2.4.1 program package [65] was used in a two-step

manner: 1. conformers were generated with the “–score energy”
option to avoid high energy structures, 2. conformers were further
transformed with “–rings” option to allow ring flexibility using
MMFF94s force field.

Declaration of competing interest

The authors declare no conflict/competing financial of interest.

Acknowledgment

This research was supported by the following grants: OTKA-
108518 (Dr. S�andor Benyhe), supported by the National Research,
Development and Innovation Office (NKFIH), Budapest, Hungary.
We acknowledge NIIF for awarding us access to resource based in
Hungary at Szeged.

Abbreviations
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CPM cyclopropylmethyl group
DAMGO Tyr-D-Ala-Gly-(NMe)Phe-Gly-ol
DOR d-opioid receptor
EGTA ethyleneglycol-tetraacetate
GDP guanosine diphosphate
GTP guanosine triphosphate
KOR k-opioid receptor
MIA monosodium iodoacetate
MOR m-opioid receptor
S.E.M. standard error of means
tris-HCl tris-(hydroxymethyl)-aminomethane hydrochloride.
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Abstract: Kynurenine (kyn) and kynurenic acid (kyna) are well‐defined metabolites of tryptophan 

catabolism  collectively  known  as  “kynurenines”,  which  exert  regulatory  functions  in  host‐

microbiome  signaling,  immune  cell  response,  and  neuronal  excitability. Kynurenine  containing 

peptides endowed with opioid receptor activity have been isolated from natural organisms; thus, in 

this work, novel opioid peptide analogs  incorporating L‐kynurenine  (L‐kyn) and kynurenic acid 

(kyna)  in  place  of  native  amino  acids  have  been  designed  and  synthesized  with  the  aim  to 

investigate the biological effect of these modifications. The kyna‐containing peptide (KA1) binds 

selectively the ‐opioid receptor with a Ki = 1.08 ± 0.26 (selectivity ratio // = 1:514:10000), while 

the L‐kyn‐containing peptide (K6) shows a mixed binding affinity for , , and ‐opioid receptors, 
with efficacy and potency (Emax = 209.7 + 3.4%; LogEC50 = −5.984 + 0.054) higher than those of the 

reference compound DAMGO. This novel oligopeptide exhibits a strong antinociceptive effect after 

i.c.v. and s.c. administrations in in vivo tests, according to good stability in human plasma (t1/2 = 47 

min). 

Keywords: peptides; kynurenines; binding affinity; ‐opioid receptor; pharmacophore; G‐protein 

activation 

 

1. Introduction 

The kynurenine pathway (KP) is an essential part of the tryptophan metabolism in mammalian 

tissues, where it is responsible for the formation of two principal metabolites, namely, L‐kynurenine 

(kyn)  and  kynurenic  acid  (kyna).  Kyn  can  arise  in  peptides  and  proteins  by  post/translational 

modifications or direct oxidation of  tryptophan.  It  is present  in  lens crystallins, human Cu2+/Zn2+ 
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dismutase, milk proteins,  actin oxidized  in vivo,  and  several bioactive  compounds produced by 

bacteria and marine organisms [1]. Daptomycin is a cyclic kyn‐containing lipodepsipeptide approved 

by  the  Food  and Drug Administration  (FDA),  isolated  from  Streptomyces  roseoporus  used  in  the 

treatment of Gram‐positive pathogen  skin  infections  [2]. Cyclomontanin B  isolated  from Annona 

montana exhibits promising anti‐inflammatory activity  [3]. The kyn‐containing peptide FP‐Kyn‐L‐

NH2  is  the minor  component  of Australian  red  tree  frog  skin  Litoria  rubella  collected  in  central 

Australia, endowed with opioid activity at 10−7 M (Figure 1) [4]. 

 

 

 

Figure 1. Natural bioactive compounds containing kyn residue. 

The occurrence of kyn in natural products suggests a possible specificity towards their biological 

targets. The enzymes of the human kynurenine pathway are expressed in different tissues and cell 

types  throughout  the  body  [1].  In  humans,  the majority  of  kyn  is  excreted  by  urine;  thus,  its 

bioavailability increases according to the tryptophan flux downstream of the KP [5]. Kyn is able to 

penetrate the central nervous system (CNS) by transport across the blood–brain barrier (BBB), but it 

is also produced locally [6]. 

Kyna has been originally discovered in canine urine, but a huge amount has been measured in 

the gut, bile, human saliva, synovial and amniotic fluid; it has also been detected in food products 

such as broccoli, some potatoes, and honeybee products [1]. Kyna possesses an antagonistic effect on 

the N‐methyl‐D‐aspartate  (NMDA)  receptor  and  other  glutamate  receptors  such  as AMPA  and 

kainate  receptors  [7,8]. Kyna  is  also  found  to have  an  agonistic  effect on  the G protein  coupled 

receptor GPR35 [9,10], which can be found in various tissues and organs such as gastrointestinal tract, 

liver, immune system, central nervous system, and cardiovascular system [11]. NMDA receptors are 

essential for the control of the glutamatergic work at the CNS; in contrast to the kainate and AMPA 

receptors,  the NMDA mediates  the  influx of Ca2+  ions  into neurons, playing an  important  role  in 

synaptic  plasticity, memory,  and  learning  [7,8]. Overactivation  of NMDA  receptors  can  lead  to 

excitotoxicity,  severe  cell  damage,  and  apoptosis  of  neurons,  which  are  strongly  related  to 

neurodegenerative and CNS disorders such as depression, stroke, ischemia, and neuropathic pain 

[10–12]. Different therapeutic approaches based on thekynurenine pathway have been postulated to 

circumvent this problem, such as the use of kynurenic acid prodrugs or analogs able to penetrate 

more readily than the parent compounds or the involvement of ascorbate conjugation to promote the 

interaction of kyna with SVCT2 transport protein [13–15]. Intracisternal kyna attenuates formalin‐

induced  nociception  in  animals  together with  antagonist  activity  at  the  glycine  binding  site  of 

NMDA, which  is  associated with  analgesic  properties  in  rats  [16]. At  the  peripheral  sites,  kyna 

decreases the nociceptive behavior in the tail flick and hot plate tests [16]. Administration of L‐kyn 

and probenecid together with kyna analogs inhibits NMDA receptors in animal models of trigeminal 

activation and sensitization [17]. Noteworthy, kyna and its analogs are able to act on second‐order 

neurons, decreasing mechanical allodynia and pain sensitivity in different animal pain models [18]. 

Considering the presence of kyn residue in natural peptide sequences and the important role exerted 

by both kynurenines at the CNS [19–21], we plan to investigate the biological consequences of the 

insertion  of  these  residues  in  opioid pharmacophoric  sequences. Kyn  could  be used  in  place  of 
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phenylalanine, considering  its aromatic side chain, whereas kyna could be used as C‐terminus  to 

mimic an additional aromatic  residue.  In  this preliminary work, we performed  the synthesis and 

biological  screening  of  six  novel  kynurenines  containing  peptides,  aiming  to  investigate  the 

modifications  imposed  by  the  presence  of  kyn  and  kyna  on  the  biological  properties  of  known 

endogenous and synthetic opioid peptides in vivo and in vitro. Peptide KA1 retains the DAMGO 

primary sequence, but the OH terminal group is esterified by kynurenic acid. Peptides K2 and K3 

are EM‐2 analogs in which the Phe residues in positions 3 and 4 have been replaced with kyn and 

kyn C‐terminal amides, respectively. Peptides K4–K6 are enkephalin‐like peptides containing kyn in 

position 5, bearing as C‐terminal the methyl ester, acid, and amide group, respectively. The novel 

chemical entities were prepared  following solution phase peptide synthesis and were obtained as 

TFA salts in good overall yields and excellent purities. 

2. Materials and Methods 

2.1. Chemistry 

All  reagents and  solvents were acquired  from Sigma‐Aldrich  (Milano,  Italy). Solution phase 

peptide synthesis was applied to prepare the final products KA1, K2–K6 as TFA salts, following the 

procedures  reported  below.  Boc‐protected  intermediates  were  purified  by  silica  gel  column 

chromatography  where  necessary,  or  by  trituration  in  Et2O.  Final  products  KA1,  K2–K6 were 

purified by RP–HPLC on a Waters XBridge BEH130 (C18 5.0 μm, 250 × 10 mm column; flow rate of 7 

mL/min; Waters Binary pump 1525; eluent: linear gradient of H2O/ACN 0.1% TFA, ranging from 5% 

to 95% ACN in 32 min). The purity of the Nα‐Boc‐protected products was confirmed by NMR analysis 

on a Varian Mercury 300 MHz. The purity of all final compounds was assessed by NMR analysis, 

ESI–LRMS, and by analytical RP–HPLC (C18‐bonded 4.6 × 150 mm; flow rate of 1 mL/min; eluent: 

gradient of H2O/ACN 0.1% TFA, ranging from 5% to 95% ACN in 26 min, recorded at 254, 275, and 

213 nm  and was  found  to  be  ≥95%). The mass  spectrometry  (MS)  equipment was  composed  as 

follows: LCQ Thermo Finnigan ion trap mass spectrometer (San Jose, CA, USA) with an electrospray 

ionization (ESI) source; capillary  temperature: 300 °C; spray voltage: 4.00 kV; nitrogen  (N2) as the 

sheath and auxiliary gas. 

2.2. General Procedures 

2.2.1. Formation of Ethanolamine‐Kynurenic Acid Ester 

Kynurenic acid (2 mmol, 1 equiv.) was dissolved in DMF (5 mL) stirring in agitation at 0 °C, then 

a mixture of Boc‐N‐aminoethanol (2 mmol, 1 equiv.) and DMAP (0.6 mmol, 0.3 equiv.) in DMF (3 mL) 

was transferred in the round bottom flask. After 10 min, EDC.HCl (2.2 mmol, 1.1 equiv.) was added 

to the reaction mixture in agitation at 0 °C for 10 min, then at r.t. overnight. The solvent was removed 

in a rotary evaporator and the oily residue was taken up with EtOAc and washed with 5% citric acid 

solution (3 times), NaHCO3 s.s. (3 times), and NaCl s.s. (3 times). Organic phases were collected and 

dried on Na2SO4 anhydrous, filtered and dried in rotavapor and high vacuum to give a yellow oily 

product. The crude product was triturated with Et2O (2 times), the aqueous layer filtered up, and the 

white solid product dried in a rotary evaporator and high vacuum. 

2.2.2. Coupling Reaction 

Boc‐protected compound (1.1 equiv.) was dissolved in DMF (5 mL) in an iced‐cooled bottom 

flask, then EDC.HCl (1.1 equiv.) and HOBt hydrate (1.1 equiv.) were added stirring for 10 min. A 

solution  of N‐terminal  free  intermediate  (1  equiv.)  and DIPEA  (3.3  equiv.)  in DMF  (5 mL) was 

transferred in the ice‐cooled bottom flask at 0 °C and allowed to react at r.t. overnight. The solvent 

was removed in a rotary evaporator; the oily residue was taken up with EtOAc and washed with 5% 

citric acid solution  (3  times), NaHCO3 s.s.  (3  times), and NaCl s.s.  (3  times). Organic phases were 

collected and dried on Na2SO4 anhydrous, filtered and dried in a rotavapor and high vacuum to give 
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a yellow oily product. The crude product was triturated with Et2O (2 times), the aqueous layer filtered 

up and the white solid product dried in a rotary evaporator and high vacuum. 

2.2.3. Amidation 

The Boc‐protected or free N‐terminal compound (1 equiv.) was dissolved in THF (7 mL) stirring 

at −15 °C, then NMM (2.5 equiv.) and iBCF (2.1 equiv.) were added to the solution allowing to react 

for 30 min. Then NH4OH aq. solution (0.21 mL) was added to the reaction mixture at −15 °C for 30 

min. The reaction mixture was allowed to react at r.t. for 2 h. The solvent was removed in rotavapor 

and the solid residue was dissolved in EtOAc washing with 5% citric acid solution (3 times), NaHCO3 

s.s. (3 times), and NaCl s.s. (3 times). Organic phases were collected and dried on Na2SO4 anhydrous, 

filtered and dried in a rotavapor and high vacuum to give a yellow oily product. The crude product 

was triturated with Et2O (2 times), the aqueous layer filtered up, and the product dried in a rotary 

evaporator and high vacuum to give a white solid product. 

2.2.4. Saponification 

Boc‐protected compound (0.1 mmol, 1 equiv.) was dissolved in THF (5 mL) stirring at r.t. then 

NaOH 1M (4 equiv.) was added dropwise, allowing it to react for 3 h. The solvent was removed in a 

rotavapor; the oily residue was taken up with water and washed with Et2O (2 times). The aqueous 

solution was acidified with HCl 1 M until complete precipitation of  the solid residue, which was 

extracted with EtOAc 3 times. The organic layers were collected, dried on Na2SO4 anhydrous, filtered 

and dried in a rotavapor and high vacuum to give a white solid product. 

2.3. Synthesis and Characterization 

Description of the reaction procedures [22–24] and compounds characterization are reported in 

detail in the Supplementary Materials. 

2.4. In Vitro Biological Assays 

2.4.1. Chemicals 

Tris‐HCl,  EGTA,  NaCl, MgCl2∙6H2O,  GDP,  the  GTP  analog  GTPγS,  and  the  L‐tryptophan 

metabolite  kynurenic  acid  were  from  Sigma‐Aldrich  (Budapest,  Hungary);  Tyr‐D‐Ala‐Gly‐

(NMe)Phe‐Gly‐ol  (DAMGO) was purchased  from Bachem Holding AG  (Bubendorf, Switzerland); 

endomorphin‐2 (EM‐2) was kindly provided by MTA‐ELTE Research Group of Peptide Chemistry 

(Budapest, Hungary);  Ile5,6‐deltorphine  II  (Ile5,6Delt  II) was purchased  from  Isotope Laboratory of 

BRC (Szeged, Hungary); and the highly selective KOR agonist diphenethylamine derivative, HS665 

[25], was offered by Dr. Helmut Schmidhammer (University of Innsbruck, Austria). Naloxone was 

provided by Endo Laboratories DuPont de Nemours (Wilmington, DE, USA). The non‐competitive 

NMDA antagonist,  (+)‐MK 801 maleate  (MK‐801) and L‐kynurenine  (L‐kyn) were obtained  from 

Tocris Bioscience (Bristol, UK). A solution of each ligand in water was stored in 1 mM stock solution 

at –20 °C. The radiolabelled GTP analog, [35S]GTPγS (specific activity: 1000 Ci/mmol), was acquired 

from  Hartmann  Analytic  (Braunschweig,  Germany).  [3H]DAMGO  [26]  (specific  activity:  38.8 

Ci/mmol), [3H]Ile5,6Delt II (specific activity: 19.6 Ci/mmol), and [3H]HS665 [27] (specific activity: 13.1 

Ci/mmol) were radiolabelled in the Isotope Laboratory of BRC (Szeged, Hungary). [3H]MK‐801 [28] 

(specific  activity:  30  Ci/mmol)  was  purchased  from  PerkinElmer  (Boston,  MA,  USA)  and  the 

UltimaGoldTM MV aqueous scintillation cocktail was from PerkinElmer (Boston, MA, USA). 

2.4.2. Animal 

Male and female Wistar rats and guinea pigs were used for membrane preparations. The animals 

were guarded in a temperature‐controlled room, ranging from 21 to 24 °C, under a 12:12 light and 

dark  cycle  with  water  and  food  ad  libitum.  All  housing  and  experiments  were  conducted  in 

accordance with the European Communities Council Directives (86/606/ECC) and the Hungarian Act 
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for the Protection of Animals in Research (XXVIII.tv. 32.§). The total number of animals, as well as 

their suffering, was minimized whenever possible. 

2.4.3. Preparation of Brain Samples for Binding Assays 

Rats and guinea pigs were decapitated, and their brains were quickly removed. The brains were 

used for membrane preparation following the procedure reported by Benyhe [29] for binding and 

[35S]GTPγS binding experiments, in agreement with the protocol of Zádor et al. [30]. 

Homogenization of brains was performed in 30 volumes (v/w) of ice‐cold 50 mM Tris‐HCl pH 

7.4 buffer with a Teflon‐glass Braun homogenizer at 1500 rpm. The centrifuge was settled at 18000 

rpm for 20 min at 4 °C, the resulting supernatant discarded, and the pellet taken up in the original 

volume of Tris‐HCl buffer. Incubation of homogenate at 37 °C for 30 min was performed in a shaking 

water‐bath. Five volumes of 50 mM Tris‐HCl pH 7.4 buffer were used to suspend the final pellet at 

−80 °C. For the [35S]GTPγS binding experiments, the brains were homogenized with a Dounce in 5 

volumes  (v/w)  of  ice‐cold  TEM  (Tris‐HCl,  EGTA, MgCl2)  at  −80  °C.  The  protein  content  of  the 

membrane preparation was determined by the method of Bradford, BSA being used as a standard 

[31]. 

2.4.4. Receptor Binding Assays 

Functional [35S]GTPγS Binding Experiments 

The functional [35S]GTPγS binding experiments were performed as previously described [32,33]. 

Briefly the membrane homogenates were incubated at 30 °C for 60 min in Tris‐EGTA buffer (pH 7.4) 

composed of 50 mM Tris‐HCl, 1 mM EGTA, 3 mM MgCl2, 100 mM NaCl, containing 20 MBq/0.05 cm3 

[35S]GTPγS (0.05 nM) and increasing concentrations (10−10 to 10−5 M) of ligands. The experiments were 

performed  in  the presence of excess GDP  (30 M)  in a  final volume of 1 mL. Total binding was 

measured in the absence of test compounds, non‐specific binding was determined in the presence of 

10 M unlabeled GTPγS. The reaction was terminated by rapid filtration under vacuum and washed 

three times with 5 mL ice‐cold 50 mM Tris‐HCl (pH 7.4) buffer through Whatman GF/B glass fibers. 

The radioactivity of the filters was detected in an UltimaGoldTM MV aqueous scintillation cocktail 

with a Packard Tricarb 2300TR liquid scintillation counter. 

Binding Experiments 

In MOR, DOR, and KOR displacement, aliquots of frozen rat and guinea pig brain membrane 

homogenates  were  thawed  and  suspended  in  50  mM  Tris‐HCl  buffer  (pH  7.4);  in  NMDA 

displacement, the Tris‐HCl buffer (pH 7.4) contained 100 μM glycine and 100 μM L‐glutamic acid. 

Samples were incubated in the presence of the unlabeled ligands in increasing concentrations (10−10 

to 10−5 M) for at 35 °C for 45 min with [3H]DAMGO, for at 35 °C for 45 min with [3H]Ile5,6Delt II, at 25 

°C for 30 min with [3H]HS665, and at 25 °C for 120 min with [3H]MK‐801. The non‐specific and total 

binding was determined in the presence and absence of 10 M unlabelled naloxone (MOR and DOR), 

HS665 (KOR), and MK‐801 (NMDA). Radioactivity of the filter disks was measured, as written above. 

Data Analysis 

Experimental data are presented as means ± S.E.M. Sigmoid dose‐response curves were fitted 

with GraphPad Prism 5.0 (GraphPad Prism Software Inc., San Diego, CA, USA). An unpaired t‐test 

with two‐tailed p value was performed to determine the significance level. In the competition binding 

assays, the ‘One site competition’ fitting was used to establish the equilibrium binding affinity (Ki 

value). 

2.5. In Vivo Tests 

2.5.1. Animals 
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In our experiments, we used CD‐1 male mice  (Harlan,  Italy, 25–30 g) maintained  in colony, 

housed  in  cages  (7 mice per  cage) under  standard  light/dark  cycle  (from 7:00 a.m.  to 7:00 p.m.), 

temperature (21 ± 1 °C) and relative humidity (60% ± 10%) for at least 1 week. Food and water were 

available ad libitum. The Service for Biotechnology and Animal Welfare of the Istituto Superiore di 

Sanità  and  the  Italian  Ministry  of  Health  authorized  the  experimental  protocol  according  to 

Legislative Decree 26/14. 

2.5.2. Treatment Procedure 

DMSO was purchased from Merck (Rome, Italy). Peptides solutions were freshly prepared using 

saline containing 0.9% NaCl and DMSO in the ratio DMSO/saline 1:5 v/v every experimental day. 

These  solutions  were  injected  at  a  volume  of  10  μL/mouse  for  intracerebroventricular  (i.c.v.) 

administrations or at a volume of 20 L/mouse for subcutaneous administrations. 

2.5.3. Surgery for i.c.v. Injections 

For i.c.v. injections, mice were lightly anesthetized with isoflurane, and an incision was made in 

the  scalp,  and  the  bregma  was  located.  Injections  were  performed  using  a  10  μL  Hamilton 

microsyringe equipped with a 26‐gauge needle, 2 mm caudal and 2 mm lateral from the bregma at a 

depth of 3 mm. 

2.5.4. Tail Flick Test 

The  tail  flick  latency was  obtained  using  a  commercial  unit  (Ugo  Basile,  Gemonio,  Italy), 

consisting of an infrared radiant light source (100 W, 15 V bulb) focused onto a photocell utilizing an 

aluminum parabolic mirror. During  the trials, the mice were gently hand‐restrained using  leather 

gloves. Radiant heat was  focused  3–4  cm  from  the  tip  of  the  tail,  and  the  latency  (s)  of  the  tail 

withdrawal to the thermal stimulus was recorded. The measurement was interrupted if the latency 

exceeded the cut off time (15 s at 15 V). The baseline latency was calculated as mean of three readings 

recorded before testing at intervals of 15 min and the time course of latency determined at 15, 30, 45, 

60, 90, and 120 min after treatment. Data were expressed as time course of the maximum percentage 

effect (%MPE) = (post‐drug latency − baseline latency)/(cut‐off time − baseline latency) × 100. 

2.5.5. Formalin Test 

In the formalin test, the injection of a dilute solution of formalin (1%, 20 μL/paw) into the dorsal 

surface of the mouse hind paw evoked biphasic nociceptive behavioral responses, such as licking, 

biting the injected paw, or both, occurring from 0 to 10 min after formalin injection (the early phase) 

and a prolonged phase, occurring  from 15  to 40 min  (the  late phase). Before  the  test, mice were 

individually placed in a Plexiglas observation cage (30 × 14 × 12 cm) for one hour, to acclimatize to 

the testing environment. The total time the animal spent licking or biting its paw during the early 

and late phase of formalin‐induced nociception was recorded. 

2.5.6. Data Analysis and Statistics 

Experimental data were expressed as mean ± s.e.m. In the tail flick test, significant differences 

among the groups were evaluated with two‐way ANOVA followed by Sidakʹs multiple comparisons 

test.  Formalin  test  data were  analyzed  by  using  one‐way  ANOVA,  followed  by Holm–Sidakʹs 

multiple comparisons test. GraphPad Prism 6.03 software was used for all the analyses. Statistical 

significance was set at p < 0.05. The data and statistical analysis comply with the recommendations 

on experimental design and analysis in pharmacology. 

2.6. Stability in Human Plasma Sample Preparation 

Five microliters of K6 (500 μg in 250 μL of water) were added to 45 μL of fresh human plasma, 

then incubated at 37 ± 1° C. Prepared samples were removed at several designated time points and 
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incubation was stopped by adding an equal volume of the sequencing mixture (5% aqueous ZnSO4 

solution, MeOH, and ACN; 5:3:2), which precipitated proteins, to achieve a final concentration of 100 

μg/mL.  The mixture was  vortexed  and  centrifuged  at  12000×  g  for  5 min,  then  20  μL  of  clear 

supernatant was directly injected into the HPLC system (Waters model 600 solvent pump and 2996 

photodiode array detector, with XBridge BEH 130 C18, 4.6 × 250 mm, 5 μm). The samples were tested 

in three independents experiments (n = 3) and reported values represent the mean ± standard error 

(SEM). Data were analysed using simple regression analysis (significant deviation from zero: F1,13 = 

171.9, p < 0.0001; Y = −0.9705 × X + 95.98). 

3. Results and Discussion 

3.1. Chemistry 

Simple modifications of kyna scaffold  through  the  insertion of aromatic substituents  [34], C‐

terminal derivatization as methyl ester [35], or amide bearing a water‐soluble side chain [36] have 

been  abundantly  documented  in  the  literature,  rather  than  the  insertion  of  kyna  into  a  peptide 

sequence. On  the contrary, different papers highlight  the scarce propensity of  the kyn carboxylic 

group to react with N‐terminus free amino acids involved in the coupling reaction, which renders 

this unusual amino acid difficult to manage as a building block for peptide synthesis [22,23]. 

Taking this in mind, we focused our attention on the functionalization of kyna via a variant of 

Steglich esterification with the previously prepared Boc‐protected 2‐aminoethanol [23] so as to obtain 

intermediate 2 in 60% yield after purification by column chromatography (see General Procedure) 

[24]. Compound 2 was deprotected with a mixture of TFA:DCM = 1:1 at r.t. for 1 h and the so obtained 

intermediate was coupled with Boc‐N(Me)Phe‐OH, following the standard procedure for coupling 

reaction [36]. 

Peptide  elongation/deprotection  steps  were  repeated  to  reach  the  complete  Boc‐protected 

peptide  6  in  66%  yield,  starting  from  intermediate  compound  5,  after  silica  gel  column 

chromatography (Scheme 1). The final peptide KA1 has been obtained in 71% yield after RP–HPLC 

purification. The purity of the sample was assessed by analytical RP–HPLC recorded at 254 nm and 

was found to be ≥95%. 
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Scheme 1. Synthesis of peptide KA1. Reagents and conditions: (a) Boc2O, NaOH 1 M, THF, 10 min at 

0 °C, then 16 h at r.t. quantitative; (b) kynurenic acid, EDC∙HCl, DMAP, DMF, 10 min at 0 °C, then 36 

h at r.t., 60% yield after silica gel column chromatography; (c) TFA/DCM 1:1 1 h at r.t. quantitative; 

(d) Boc‐N‐Me‐Phe‐OH, EDC∙HCl, HOBt, DIPEA, DMF, 10 min at 0 °C, then 16 h at r.t., 75% yield after 

reaction work‐up; (e) Boc‐Gly‐OH, EDC∙HCl, HOBt, DIPEA, DMF, 10 min at 0 °C, then 16 h at r.t., 

70% yield after reaction work‐up; (f) Boc‐DAla‐OH, EDC∙HCl, HOBt, DIPEA, DMF, 10 min at 0 °C, 

then 16 h at r.t., 80% yield after silica gel column chromatography; (g) Boc‐Tyr‐OH, EDC∙HCl, HOBt, 

DIPEA,  DMF,  10  min  at  0  °C,  then  16  h  at  r.t.,  66%  yield  from  5,  after  silica  gel  column 

chromatography. 

Then  L‐kyn  was  converted  in  its  Boc‐derivative  7  following  the  procedure  reported  by 

Tsentalovich et al. [23] to prepare the EM‐2 analogs K2 and K3 (Scheme 2). Firstly intermediate 7 was 

coupled with H‐Phe‐NH2, previously prepared  following  the general procedure of amidation,  to 

obtain intermediate 8 in 61% yield. The Boc‐protecting group was removed from compound 8, and 

the so obtained TFA salt was coupled with Boc‐Pro‐OH to give intermediate 9 in good yield (81%). 

Repeated steps of coupling/purification/deprotection afforded the final compound K2 in 72% yield 

from 10, and excellent purity after RP–HPLC purification of  the crude product. Conversely, Boc‐

Kynurenine 7 was transformed in the amide Boc‐derivative 11 in a 71% yield. Then it was deprotected 

with a mixture of TFA:DCM = 1:1 at r.t. for 1 h and the so obtained TFA salt was coupled with BocPhe‐

OH  to  afford  intermediate  12  quantitatively.  Then  repeated  steps  of 

coupling/purification/deprotection were performed to reach peptide K3 in high yield (83% from 14) 

and excellent purity after RP–HPLC purification of the crude compound. 
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Scheme 2. Synthesis of peptides K2, K3. Reagents and conditions: (a) Boc2O, NaHCO3, NaOH 1 M, 

dioxane/H2O (2:1), 10 min at 0 °C, then 30 min at r.t. quantitative; (b) iBCF, NMM, NH4OH, THF, 30 

min at −10°C, then 16 h at r.t., 71% yield after trituration; (c) TFA/DCM 1:1, 1 h at r.t. quantitative; (d) 

Boc‐Phe‐OH, EDC.HCl, HOBt, DIPEA, DMF, 10 min at 0 °C, then 16 h at r.t. quantitative; (e) Boc‐Pro‐

OH, EDC∙HCl, HOBt, DIPEA, DMF, 10 min at 0 °C, 16 h at r.t., 72% yield for 13 after trituration, 81% 

yield for 9; (f) Boc‐Tyr‐OH, EDC∙HCl, HOBt, DIPEA, DMF, 10 min at 0 °C, 16 h at r.t., 95% yield for 

14 after trituration, 73% yield for 10; (g) H‐Phe‐NH2, EDC∙HCl, HOBt, DIPEA, DMF, 10 min at 0 °C, 

then 16 h at r.t., 61% yield from 7 after trituration. 

Finally,  linear  peptides  K4–K6  have  been  synthesized  as  methyl  ester,  acid,  and  amide 

derivatives,  respectively, starting  from L‐kyn methyl ester 15  (Scheme 3), prepared  following  the 

procedure described in the literature [24,36]. Repeated steps of deprotection/coupling reaction were 

performed  to  reach  intermediate 19  in high yield after  trituration  in Et2O. Boc group  removal of 

intermediate  19  gave  K4  in  good  yield  and  excellent  purity  after  RP–HPLC  purification. 

Saponification  of  intermediate  compound  19  afforded  20,  following  the  general  procedure;  the 

conversion of the latter in the amide 21 was performed as previously described by Stefanucci et al. 

[24]. Boc group removal of the linear peptides 20 and 21 afforded products K5 and K6 in good yields 

(72%  and  52%,  respectively),  and  excellent  purity  after  RP–HPLC  purification  (98%  and  96%, 

respectively). 
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Scheme 3. Synthesis of linear peptides K4–K6. Reagents and conditions: (a) SOCl2, MeOH, 30 min at 

0 °C, 16 h at r.t., quantitative; (b) Boc‐Phe‐OH, EDC∙HCl, HOBt, DIPEA, DMF, 10 min at 0 °C, then 16 

h at r.t., 60% after silica gel column chromatography; (c) TFA/DCM 1:1, 1 h at r.t. quantitative; (d) Boc‐

Gly‐OH, EDC∙HCl, HOBt, DIPEA, DMF, 10 min at 0 °C, 16 h at r.t., quantitative; (e) Boc‐DAla‐OH, 

EDC∙HCl, HOBt,  DIPEA,  DMF,  10 min  at  0  °C,  16  h  at  r.t.,  84%  yield  after  silica  gel  column 

chromatography; (f) Boc‐Tyr‐OH, EDC∙HCl, HOBt, DIPEA, DMF, 10 min at 0 °C, 16 h at r.t., 72% yield 

after trituration; (g) NaOH 1 M, THF, 3 h at r.t., quantitative; (h) iBCF, NMM, NH4OH (aq), THF, 30 

min at −15 °C, 2 h at r.t., 52% yield after trituration. 

3.2. In Vitro Studies 

3.2.1. Binding Assays 

Kyna and its analog (KYNA1) previously reported by Zádor et al. did not directly bind , , ‐
receptors in vitro [37]. However, after chronic and acute administration, they altered opioid receptor 

function in vivo and in vitro through the NMDA receptor co‐localized in the cortex and striatum of 

mice and rats, though the interaction of opioid receptors and NMDA have been deeply discussed in 

the literature [37,38]. Kyna is able to bind to the NMDA receptor at micromolar affinity [38]. To test if 

our novel peptides are able to target both of these systems, they were examined in a receptor binding 

radioassay using highly specific  tritium‐labelled primary  ligands  for opioid and NMDA  receptor 

binding sites. [3H]DAMGO, [3H]Ile5,6Delt II, and [3H]MK‐801 equilibrium competition (displacement) 

studies were conducted in rat brain homogenates, while ‐opioid receptor tests were performed with 

[3H]HS665  in  guinea  pig  brain  homogenates.  The  novel  ligands  showed  similar  equilibrium 

inhibitory affinities (Ki value) in the μ‐opioid system as DAMGO except K3 (Table 1, Figure S1A). In 

the δ‐opioid system, the ligands showed lower binding affinity (higher Ki) compared to the selective 

‐opioid  receptor  selective  agonist  Ile5,6Delt  II  (Figure  S1B).  In  the  κ‐opioid  receptor  system,  the 
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compounds showed higher Ki values than that of the selective κ‐opioid agonist HS665 (Figure S1C). 

In the NMDA receptor binding assays, the peptides did not produce any competing activity (Figure 

S1D). Peptide KA1 possesses  the best binding  affinity, with  a Ki value very  close  to  that of  the 

reference compound DAMGO (1.08 ± 0.26 nM vs. 0.90 ± 0.28 nM), suggesting that the insertion of 

kyna into the DAMGO sequence does not impair its binding potency at the μ‐opioid receptor. The 

peptide K6, presenting the enkephalin‐like structure linked to L‐kyn C‐terminal amide, is able to bind 

all three opioid receptors with significant affinity, showing a moderate preference for the μ‐opioid 

receptor (affinity ratio 1:18:70 for , , k, respectively), whereas compounds K4 and K5 are able to 

bind  only  ‐  and  ‐opioid  receptors.  It  is  reasonable  to  believe  that  the  C‐terminal  amide 

derivatization  in peptide K6  confers  the  ability  to bind  to  the ‐opioid  receptor. Concerning  the 
endomorphin‐2 (EM‐2) analogs K2 and K3, the replacement of Phe3 with L‐kyn improves the binding 

affinity and selectivity of K2 for ‐opioid receptors with respect to the standard compound EM‐2, 

with a weak affinity  for ‐opioid receptors, while  the  incorporation of L‐Kyn amide  in position 4 

causes  the  loss of  selectivity  for MOR  in  favor of  a modest binding  affinity  for ‐  and  ‐opioid 
receptors. Peptide K2 shows a Ki value two‐folds lower than that of EM‐2 on the μ‐opioid receptor, 

which let us suppose the positive influence of L‐Kyn in position 3 on K2 binding ability. 

Table 1. Displacement of  [3H]DAMGO,  [3H]Ile5,6Delt  II,  [3H]HS665, and  [3H]MK‐801 by DAMGO, 

Ile5,6Delt II, HS665, MK‐801, and oligopeptides in membranes of rat and guinea pig brains. The IC50 

values for the MOR, DOR, KOR, and NMDA, according to the competition binding curves (see Figure 

S1), were converted  into equilibrium  inhibitory constant  (Ki) values using  the Cheng–Prusoff  [39] 

equation. 

Ligand 

Ki + S.E.M. (nM) 

Opioid System 
NMDA System 

DAMGO a  Ile5,6Delt II a  HS665 b  MK‐801 a 

DAMGO  0.90 ± 0.28  n.d. c  n.d. c  n.d. c 

Ile5,6Delt II  n.d. c  8.85 ± 0.77  n.d. c  n.d. c 

HS665  n.d. c  n.d. c  2.38 ± 0.25  n.d. c 

MK‐801  n.d. c  n.d. c  n.d. c  11.45 ± 1.04 

EM‐2  3.16 ± 0.3  n.d. c  n.d.c  n.d. c 

KYNA  n.d. c  n.d. c  n.d. c  >10000 

L‐kyn  n.d. c  n.d. c  n.d. c  >10000 

KA1  1.08 ± 0.26  554.7 ± 0.8  >10000  >10000 

K2  1.39 ± 0.30  >10000  1043 ± 0.3  >10000 

K3  197.3 ± 0.36  158.8 ± 1.6  >10000  >10000 

K4  2.29 ± 0.28  31.2 ± 0.7  >10000  >10000 

K5  9.11 ± 0.32  94.4 ± 0.8  >10000  >10000 

K6  1.84 ± 0.27  32.5 ± 0.8  127.7 ± 0.3  >10000 

a rat brain membrane, b guinea pig brain membrane, c not determined. 

3.2.2. Binding‐Protein Activation Assays 

The  effect  of  kyn  or  kyna  combined  peptides  on  G‐protein  activation was  investigated  in 

functional [35S]GTPγS binding assays in rat and guinea pig brain membranes. All ligands produced 

dose‐dependent stimulations described by sigmoid curves (Figures S2). K6 showed higher efficacy 

(Emax)  than DAMGO  (Table  2). Moreover,  10  μM  cyprodime  and  10  μM  naltrindole, which  are 

selective MOR and DOR antagonists, respectively [40,41], significantly reversed the agonist effects of 

the  ligands  in  rat  brain membrane  homogenates  (Figure  S3A).  In  guinea  pig  brain membrane 

homogenates, the ligands did not activate G‐protein except K4 and K6 (Figure S3B). Additionally, 10 

μM norbinaltorphine decreased significantly the agonist effect of K4 but did not change the effect of 

K6 (Table 3). Altogether, these data reveal that peptide KA1 acts as a selective ‐opioid agonist, being 
able  to  decrease  the GTPS  binding  percentage  under  the  basal  level  in  the  presence  of  10  M 
cyprodime. Peptides K2 and K3 possess a mixed / agonist activity profile, while peptides K4–K6 

show a modest mixed /‐opioid receptor agonism. Probably peptide K6 is the strongest mixed  
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opioid agonist due  to  its  ability  to bind protein G with an  efficacy value over  the basal  level  in 

presence of each selective opioid antagonist at 10 M. 

Table 2. G‐protein activation DAMGO, and novel oligopeptides in [35S]GTPS binding assays using 
rat brain membrane homogenates. The values were calculated according to dose‐response binding 

curves. 

Ligand 
Maximal Stimulation (Efficacy)  Potency 

Emax ± S.E.M. (%)  Log EC50 ± S.E.M. 

DAMGO  172.0 ± 3.5  −6.384 ± 0.101 

KA1  140.9 ± 1.4  −6.504 ± 0.076 

K2  121.6 ± 2.5  −7.535 ± 0.354 

K3  114.0 ± 2.1  −6.993 ± 0.422 

K4  155.5 ± 4.8  −6.073 ± 0.172 

K5  149.2 ± 3.5  −5.990 ± 0.111 

K6  209.7 ± 3.4  −5.984 ± 0.054 

Table 3. The maximal G‐protein efficacy (Emax) of novel oligopeptides in the absence or presence of 

the selective MOR antagonist cyprodime and the selective DOR antagonist naltrindole in rat brain 

membrane  homogenates  and  in  the  absence  or  presence  of  the  selective  KOR  antagonist 

norbinaltorphine  in  guinea  pig  brain membrane  homogenates  in  [35S]GTPS  binding  assays. The 
values were calculated according to bar graphs in Figure S3. 

 
Ligand 

MOR  DOR 

Ligand 

KOR 

Ligand 

+ Cyp 

Ligand 

+ NTI 

Ligand 

+ Nor‐BNI 

Emax + S.E.M. (%) 

KA1  139.6 ± 8.2  94.7 ± 3.7 **  102.5 ± 1.3 *  111.7 ± 1.1  100.7 ± 6.2 ns 

K2  129.9 ± 8.2  88.0 ± 3.3 **  88.8 ± 1.9 **  92.8 ± 2.0  100.7 ± 6.0 ns 

K3  118.9 ± 3.0  98.5 ± 1.2 **  97.8 ± 1.7 **  95.2 ± 2.2  106.0 ± 6.3 ns 

K4  160.6 ± 5.7  101.6 ± 2.6 ***  103.6 ± 3.2 ***  125.2 ± 2.0  104.9 ± 9.5 * 

K5  153.1 ± 5.9  108.8 ± 1.6 **  103.8 ± 1.9 ***  106.9 ± 0.3  110.5 ± 5.0 ns 

K6  211.7 ± 3.1  108.5 ± 2.4 ***  113.3 ± 2.9 ***  139.8 ± 2.3  142.1 ± 7.1 ns 

Experimental data were processed by GraphPad Prism 5.0 using bar graphs. ns: not significant; * p < 

0.05; ** p < 0.01; *** p < 0.001 based on unpaired t‐tests. 

3.3. In Vivo Studies 

Data obtained from binding experiments indicate K6 as the best of the series; thus, tail flick and 

formalin tests were performed in order to evaluate the effects of this novel peptide in two different 

pain animal models. The tail flick test measures the time in which the animal withdraws the tail from 

a  thermal  nociceptive  stimulus;  this  time  is  increased  by  analgesics. Compounds were  centrally 

injected, and the response measured from 15 to 120 min after the administration. Compounds K6 and 

DAMGO greatly increase the time of response to thermal nociceptive stimuli and both effects were 

in the same order to magnitude (Figure 2). 
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Figure 2. The effect of K6 and DAMGO in the tail flick test. Compounds were administered in the left 

cerebral ventricle at the dose of 10 g/10 L, and the time to respond to thermal stimuli measured 

from 15 to 120 min. V is for vehicle‐treated animals. Statistical analysis: two‐way ANOVA followed 

by Sidakʹs multiple comparisons test. * is for p < 0.05, *** is for p < 0.001, and **** is for p < 0.0001 vs. 

V. n = 7. 

Since it was reported that some opioid peptides such as DAMGO are also peripheral acting [42], 

we performed a  formalin  test administering K6 and DAMGO subcutaneously  in mice paws. The 

formalin test measures the behavioral response to chemical nociceptive stimuli evoked by a formalin 

diluted solution injected in the mice paw. From 0 to 10 min after the injection, an early phase response 

occurs with direct  stimulation  of peripheral nociceptors, while  a  response  to  inflammatory pain 

appears  from  15  to  40 min  as  a  late  prolonged  phase.  Compound K6 was  able  to  reduce  the 

nociceptive response to formalin in the early phase, whereas a light but not significant reduction was 

induced in the late phase of the formalin test (Figure 3). After the DAMGO injection, we observed a 

reduction of the nociceptive behavior both early and late in the formalin test (Figure 3). The formalin 

early phase, which depends upon the direct excitement of sensory neurons through TRPA1 cation 

channel  activation  [43]  of  MORs  at  the  peripheral  endings  of  nociceptors,  is  responsible  for 

meaningful analgesia [44], and it is not surprising that K6 and DAMGO reduced formalin‐induced 

nociception in the early phase of the test. The differences observed in the late phase are probably due 

to a different metabolic fate of K6 and DAMGO after subcutaneous administration, depending upon 

the protease activity that might act in different ways on K6 and DAMGO chemical structures. 
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Figure  3.  The  effect  of  K6  and  DAMGO  in  the  formalin  test.  Compounds  were  administered 

subcutaneously (s.c.) in the dorsal hind paw of mice at the dose of 100 g/20 L, 15 min before a s.c. 

injection of dilute formalin solution (1% in saline, 20 L/paw). Early phase represents the formalin‐

induced nociceptive behavior recorded from 0 to 10 min after formalin injection; late phase is for the 

formalin‐induced nociceptive behavior recorded from 15 to 40 min after formalin injection. V is for 

vehicle‐treated animals. Statistical analysis: one‐way ANOVA  followed by Holm–Sidakʹs multiple 

comparisons test. ** is for p < 0.01 and *** is for p < 0.001 vs. V. n = 7. 

3.4. Plasma Stability Results 

The plasma stability of compound K6 was tested by incubation in human plasma at 37 °C. The 

degradation curve (Figure 4) was built by plotting the total amount of remaining peptide (expressed 

as μg/mL) vs. time (minutes). Concentration data were obtained in triplicate and analyzed as simple 

linear  regression  using GraphPad  8.3.1.  The  novel  compound  exhibits  good  stability  in  human 

plasma, showing a t1/2 = 47 min, according to the results obtained from the tail flick test after i.c.v. 

administration. 

 

Figure 4. Stability of compound K6 in human plasma. Concentration of K6 in g/mL measured from 

0 to 60 min in triplicate. 

4. Conclusions 

Chemical modification  of  endogenous  opioid  peptides  promotes  the  development  of  novel 

analogs  with  increased  potency  and  improved  pharmacokinetic  properties,  e.g.,  the  synthetic 

bivalent peptide biphalin enhanced stroke immunohistochemical and behavioral neuroprotection in 

comparison  to DPDPE  and DAMGO,  reducing  glutamate  toxicity  and  oxidative  stress  [45–48]. 
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Metabolites of the KP, especially kyna and L‐kyn, play crucial roles in maintaining the normal brain 

function,  preventing  the  over‐activation  of  excitatory  amino  acid  receptors,  thus  offering  novel 

therapeutical opportunities for brain neuroprotection. In this work, we have synthesized six novel 

opioid analogs  incorporating  the L‐kyn and kyna residues at different positions of several opioid 

peptide scaffolds. They were characterized by in vitro and in vivo assays to evaluate their ability to 

bind the NMDA/opioid receptors and to induce analgesic effects after i.c.v. and s.c. administration. 

These novel peptides do not bind  to  the NMDA receptors, and some of  them showed good/high 

affinity for opioid receptors with different selectivity profiles. In particular, KA1 exhibits the binding 

constant  (Ki  =  1.08)  very  close  to  that  of DAMGO  for  the  μ‐opioid  receptor  and  a  pronounced 

selectivity but medium‐low efficacy (Emax = 139%); thus the esterification of the ethanolamine portion 

with kyna does not add any particular advantage to the parent peptide DAMGO. On the other hand, 

the presence of L‐kyn residue in place of native Phe in position 3 (K2) leads a potent and selective 

opioid  fragment  toward MOR  (selectivity  ration  = 1:10000:750), whereas  the  substitution  in 

position 4 (K3) leads to a weak and unselective agonist at MOR and DOR. In the analogs K4–K6, the 

kyna  residue was  inserted  in  the  fifth  position  of  the YaGP  peptide, with different C‐terminus, 

respectively, methyl ester, free carboxylic acid, and amide. K4 and K5 show a similar mixed binding 

affinity for MOR and DOR, with a preference for MOR and none or weak affinity for KOR. 

On the contrary, peptide K6 shows an interesting behavior since it is able to bind all three opioid 

receptors with binding affinity ranging from high to modest ( Ki = 1.84 nM, Ki = 32.5 nM, Ki = 127.7 

nM), with a potency (logEC50 = −5.598) and efficacy at MOR (Emax = 211%) higher than that of DAMGO 

(Emax = 172%). Its activity on the GTPS binding assay on rat brain membrane and guinea pig ileum is 

well antagonized by the co‐administration of the selective antagonists for MOR and DOR at 10 M 
concentration, prompting us  to deeply  investigate  its anti‐nociceptive effect  in vivo. The  formalin 

test, which is a model of inflammatory pain, revealed that the antinociceptive effect exerted by K6 

after subcutaneous administration  is significant only  in  the early phase, whereas DAMGO  is also 

active  in  the  late phase.  In  the  tail  flick  test,  the K6 analgesic profile after  i.c.v. administration  is 

superimposable to that of DAMGO, according to a good stability profile  in human plasma. These 

data are encouraging to further develop opioid peptides containing kynurenine moieties since the 

insertion of kyna and kyn in our opioid model improved, in some cases, the binding affinity and was 

able to modulate the selectivity. Also, the possible role played by the metabolism of these peptides 

and  their possible  implication  in different neuropathic and chronic pain models  is unknown and 

worth further investigation. 
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the absence or presence of  the selective MOR antagonist cyprodime  (Cyp) and  the selective DOR antagonist 

naltrindole  (NTI)  in  rat  brain  membrane  homogenates  (Figure  A)  and  the  selective  KOR  antagonist 
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trimethylsilane;  ESI,  Electrospray  ionization;  LRMS,  Low  Resolution  Mass  Spectroscopy;  HOBt,  1‐

hydroxybenzotriazole;  DMAP,  4‐Dimethylaminopyridine;  EDC.HCl,  1‐Ethyl‐3‐(3‐

dimethylaminopropyl)carbodiimide  hydrochloride;  EtOAc,  ethyl  acetate;  THF,  tetrahydrofurane; NMM, N‐

methylmorpholine; iBCF, isobuthylchloroformiate; DMSO, dimethylsulfoxide; Boc, tert‐butyloxycarbonyl; Ar, 

aryl; EM‐2; endomorphine‐2; BSA, Bovine serum albumin; i.c.v., intracerebroventricular; Cyp, cyprodime; NTI, 

naltrindole;  Nor‐BNI,  norbinaltorphine;  DPDPE,  [D‐Pen,D‐Pen5]Enkephalin;  DIPEA,  N,N‐

Diisopropylethylamine;  DMF,  dimethylformamide;  DCM,  dichloromethane;  MeOH,  methanol;  TIPS, 

triisopropylsilane; EGTA, ethylene glycol‐bis(2‐aminoethylether)‐N,N,N′,N′‐tetraacetic acid; GDP, guanosine 5ʹ‐

diphosphate; GTP, guanosine‐5ʹ‐triphosphate; DMSO, dimethylsulfoxide; DAMGO, [D‐Ala2, N‐MePhe4, Gly‐ol]‐

enkephalin; IleDelt II, Ile5,6‐deltorphin II; [35S]GTPγS guanosine‐5’‐[35S]thiophosphate; NMDA, N‐methyl‐D‐

aspartate receptor; Tris‐HCl,  tris‐(hydroxymethyl)‐aminomethane hydrochloride. 
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