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ABSTRACT 

Millions of people in the US currently suffer from chronic pain but available therapeutics 

do not provide effective chronic pain treatment. Opiate therapy is still the gold standard 

for chronic pain management with detrimental side effects, such as tolerance, addiction, 

constipation, and respiratory depression that limit their therapeutic potential. Opiates 

exert their positive and negative effects by activating the µ opioid receptor (MOR). 

Conversely, the κ opioid receptor (KOR) has been shown to modulate the tolerance and 

addiction produced by MOR agonists and is also involved in mood modulation (anxiety 

and depression). Therefore, blocking KOR activation results in positive effects against 

opiate side effects and stress-related depression. Dynorphin A (Dyn A) is the endogenous 

opioid peptide for the KOR. Structure-activity relationship (SAR) studies were carried 

out to develop a KOR selective antagonist based on the Dyn A structure. A minimum 

Dyn A pharmacophore with improved stability, no cell toxicity, and antagonist activity 

was discovered.  

Peptidomimetic enkephalin analogues previously developed in our group as MOR and δ 

opioid receptor (DOR) agonists have shown multifunctional activity, with MOR/DOR 

agonist and KOR antagonist activities. To our knowledge, this finding is first of its class 

for the opioid receptors. Novel design and synthesis of KOR selective ligands based on 

our multifunctional enkephalin analogues was done. Successful peptide synthesis resulted 

in analogues with high stability in rat plasma and no cell toxicity.  
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Chapter 1: Overview 

1.1  Pain 

The International Association for the Study of Pain (IASP) describes pain as a sensory 

and emotional experience that is associated with actual or potential tissue damage1. It is 

because of these two separate components that studying pain has been complicated. 

When we study pain in the laboratory we only get to study the sensory aspect of pain. 

The subjective emotional experience has been difficult to assess with animal models, 

until recently with the introduction of behavioral models like the conditioned-place 

preference (CPP). However, these models still do not assess the full pain experience that 

humans perceive.  

 

Figure 1: Comparison of amount of people suffering from chronic diseases with the 

amount of funding for research awarded in 2013. (RePORT NIH categorical spending) 

Pain is divided into acute and chronic pain. There are significant differences between 

acute and chronic pain, like duration, their physiological consequences in human, and the 

way they are treated in the clinic (Table 1)2. More than 100 million people in the US 

suffer from chronic pain, more than diabetes, heart disease, and cancer patients combined 
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(Figure 1). Despite the increased number of people suffering from chronic pain, the 

amount of funding awarded for the study of pain has been considerably lower compared 

to other chronic diseases. Pain and several associated comorbidities can adversely affect 

function and daily activities, translating to a decreased quality of life. Individuals 

suffering from chronic pain are four times more susceptible to psychological disorders 

when compared to healthy individuals3. Depression and anxiety disorders are prevalent 

comorbidities in chronic pain patients and pain has also been shown to be predictive of 

the development of depression4,5. Chronic pain represents an economic and social burden, 

costing approximately $560-630 billion per year including direct (healthcare costs, 

prescriptions) and indirect (lost productivity: reduced performance) costs6. 

Table 1: Differences between acute and chronic pain2,6.  

Acute Pain Chronic Pain 

Protective 

Adaptive 

Arises from tissue injury 

Treated with available analgesics 

Gone after tissue healing 

Maladaptive 

Abnormal nerve function 

Can have no evident cause 

Persists ( > 3 mo) 

 

Neuropathic pain is one example of chronic pain that occurs when there is damage to the 

nervous system. Neuropathic pain is a combination of conditions with different patterns 

that can occur spontaneous or in the presence of stimuli7. Pain can exist in neuropathic 

pain patients as sensory loss or hypersensory phenomena (allodynia and hyperalgesia)8. 

One of the main issues surrounding chronic pain is treatment availability. There are many 
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analgesics that effectively target acute pain but clinicians still lack a therapeutic 

alternative that successfully treats chronic pain9.  

Non-steroidal anti-inflammatories (NSAIDs), acetaminophen, opiates, such as morphine, 

and combinations of these have been the standard of treatment for chronic neuropathic 

pain but with reduced efficiency, with patients still feeling pain after treatments (Table 2). 

There is indication that NSAIDs work for inflammatory and acute pain but there is 

negligible evidence that they reduce neuropathic pain, additionally they have side effects 

that increase with dosage8. Other therapeutics currently used in the clinic as chronic pain 

treatments include: antidepressants, anticonvulsants, and steroids10,11. These therapies can 

be useful for some patients but they have to be evaluated in a case-by-case basis, a drug 

that works for someone might not work for others with a similar type of pain.  

Opiate therapy is considered the mainstay treatment, it can provide pain relief for short-

term (acute) pain but chronic pain treatment need sustained and prolonged dosing. 

Opiates are laden with serious side effects that sometimes complicate the patient’s 

outcome12. In the subsequent sections opiates and their receptors will be covered in more 

detail with a focus on how we can take advantage of this system for improved pain 

therapeutics.  

 

 

 

 



 26 

Table 2: Chronic neuropathic pain therapeutics and their side effects. 

Treatments Example Side Effects 

Non-steroidal anti-

inflamatories (NSAIDs) 

Ibuprofen Gastrointestinal bleeding, 

cardiovascular problems  

Paracetamol/Acetaminophen Acetaminophen Allergic reactions, stomach 

pains 

Opiates Morphine, codeine, 

fentanyl 

Respiratory depression, 

constipation, tolerance, 

addiction, opioid induced 

hyperalgesia 

 

1.2 Opioid receptors 

Since the discovery of the poppy plant (“joy plant”), its effects in humans, and its later 

use in medicine during the 19th century, opiates have been at the center of pain relief and 

recreational use12. Morphine was extracted from opium in 1803 and since then it has 

received great research attention, in the search to improve its analgesic effects and reduce 

its detrimental side effects without much success. Drugs that act similarly to morphine 

are still, to this day, the go-to pain therapy because these drugs work by taking care of the 

affective side of pain13. 

Opiates have their effects through the activation of protein receptors, which were later 

identified as opioid receptors, namely the µ opioid receptor (MOR). Three main opioid 

receptors have been identified, the MOR, the δ opioid receptor (DOR), and the κ opioid 

receptor (KOR). The opioid receptors are G-protein coupled receptors (GPCRs), which 

are an extensive group of protein receptors whose main activity is to transduce 
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extracellular stimuli to intracellular signaling. GPCRs’ complexity comes from both the 

different stimuli that activate them (light, hormones, amino acids, lipids, among others) to 

the many signaling cascades they activate (G-proteins, mitogen activated protein kinases 

(MAPK))14. Due to their complex and broad range of activities these receptors represent a 

big portion of targeted drugs, it is estimated that approximately 50% of modern drugs 

target GPCRs15. 

The opioid receptors are mainly localized in the central nervous system (CNS) but are 

also present in the peripheral nervous system and peripheral tissues16. Protein sequencing 

of the opioid receptors found that these have highly conserved amino acid residues and 

extensive structural homology16. Throughout the years, opioid receptor research studies 

have suggested the existence of opioid receptor subtypes as well as receptor complexes 

(homo and heterodimers) being responsible for the differences in ligand affinities 

observed. Devi et al. suggested that subtypes could be the same as receptor complexes, 

showing that what others have termed as KOR subtypes were really opioid receptor 

heterodimers (e.g. KOR2 = KOR/DOR)17,18. These heterodimers are of particular interest 

due to the synergistic effects they provide upon ligand binding when both receptor 

ligands are administered, showing increased ligand binding affinities. The opioid 

receptors are known to co-localize in the same brain and spinal cord regions, thus 

dimerization of these receptors is biologically and therapeutically relevant19.  

The opioid receptors are rhodopsin-like GPCRs that mainly activate the Gαi G protein, 

inhibiting adenylyl cyclase and cAMP production, as well as increasing K+ release and 

inhibiting Ca+ internalization, thus reducing neuronal activity20,21 (Figure 2). Therefore, 
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opioid receptor agonists show inhibitory effects in the spinal cord that translate to 

antinociception.  

 

Figure 2: Opioid receptor signaling scheme. 

GPCRs have the ability to activate different intracellular pathways as shown for the 

opioid receptors on Figure 2, and some have done studies to take advantage of this by 

studying the differential activation of different pathways or biased signaling. Previously, 

it was thought that receptors existed in either activated or inactivated conformations      

(R è R*) but research in the last decades have shown that receptors can exist in a myriad 

of different conformations, with each providing the possibility of a different response or 

outcome22,23. It was classically thought that GPCRs initiated their response through the 

G-protein but it has been shown that G-protein independent signaling can also occur, with 

β-arrestin signaling being the most characterized. β-arrestin is in charge of GPCR 

receptor internalization but it also acts as a scaffolding molecule that can initiate different 

signaling cascades24. Ligand directed signaling can then selectively target one of these 

signaling pathways. There is increased interest from a therapeutic development 
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perspective considering that it can lead to drug design with limited side effects. Of 

particular interest is for the development of MOR agonists that selectively target the G-

protein signaling (required for analgesia) cascade and do not activate β-arrestin, 

potentially resulting in drugs that do not present tolerance after prolonged administration 

or reduced respiratory depression and constipation21,25,26. ERK1/2 phosphorylation has 

been shown to be up-regulated after chronic morphine administration and during opioid 

withdrawal. Finding a ligand that does not interact with either β-arrestin 2 or is not 

involved in ERK1/2 phosphorylation could provide a therapeutic with reduced tolerance21.  

Therapeutic research at the opioid receptors has mainly consisted of structure-activity 

relationship (SAR) studies, some have used rhodopsin’s crystal structure to model the 

opioid receptors in order to do in silico screens and docking studies for high-throughput 

ligand evaluations. Until recently, the opioid receptors crystal structures were not 

available and researchers had to rely on homology computational modeling. The opioid 

receptors crystal structures were determined in the presence of antagonist small molecule 

ligands, which may have consequences on which type of ligands can be assessed27–29.  

All main opioid receptors are mainly associated and studied for their analgesic and 

reward effects. The opioid receptors have a myriad of physiological functions depending 

on the ligand bound at the receptor and also their location. 

1.2.1 MOR 

The MOR is responsible for both the analgesic effects and the side effects 

associated with opiate therapy. The main MOR induced side effects include 

constipation, tolerance, addiction, and respiratory depression. Risks of developing 
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any of these side effects limits the use of opioid analgesics with some patients not 

achieving pain relief. Opioid induced constipation is a debilitating side effect that 

lowers the quality of life of those undergoing treatment, sometimes leading to 

patients preferring to live with the pain. Tolerance development with long-term 

opioid administration is another detrimental effect. Those suffering from chronic 

pain and in need of sustained drug administration are the ones greatly affected, 

since larger doses are required for the same pain relief with the increased risk of 

developing opioid induced hyperalgesia and any of the other side effects30.  

The MOR has been shown to mediate the drug reinforcing effects that occur 

directly (opiate drugs) and indirectly (ethanol), resulting in drug seeking 

behaviors. MOR agonists’ addictive properties have lead to what is being deemed 

by the media as the “opioid epidemic”, with drug overdoses being the leading 

cause of injury death in the US the last few years31. The need for the rewarding 

effects of opiate pain treatments has lead to increased illegal drug seeking 

behaviors from those patients suffering of opiate addiction. Opioid drug 

overdoses are accompanied by respiratory depression, leading to death if not 

treated on time32. For a comprehensive review on MOR see ref. 13.  

1.2.2  DOR 

Effects at the DOR are the least clear of the three receptors. The DOR has been 

shown to produce antinociceptive effects when activated by Deltorphin II33. DOR 

agonists have also been shown to enhance the MOR agonist produced analgesia 

with promising antidepressant potential and neuroprotective effects against 

glutamate neurotoxicity34.  
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Antagonists at the DOR have been shown to prevent or reduce the development of 

tolerance and physical dependence to MOR agonists32,35. Based on this fact, some 

have looked for DOR antagonists to be used as treatments for these MOR side 

effects. For recent reviews on DOR and its ligands see 36,37. 

1.2.3  KOR 

KOR agonists have been shown to produce analgesic effects but with detrimental 

side effects; dysphoria and sedation. KOR agonists have made it into clinical 

trials but were abandoned due to the dysphoric effects as well as psychotomimetic 

effects, which made it unbearable for patients to keep taking the drug38,39. Since 

then, the pursuit of KOR agonists as therapeutics has been focused on developing 

peripherally restricted compounds that have decreased potential of side effect 

development.  

KOR activation by Dynorphin A (Dyn A) in the Nucleus Accumbens (NAc), 

brain region associated with motivation and reward40, results in a decrease of 

dopamine (DA) release, whereas KOR antagonists increase the basal DA levels41. 

These effects show the KOR’s involvement in mood modulation and maintenance. 

KOR antagonists have also been shown to reduce stress-induced drug seeking 

behaviors and to have anxiolytic effects in rodents. KOR antagonists also reduce 

tolerance development of MOR agonists, peaking the interest for the development 

of KOR antagonists. Non-peptide small molecules lead the way with the 

discovery of JDTic, Nor-BNI, and GNTI. These highly selective KOR antagonists 

were used as pharmacological tools but the interest to develop them as 

therapeutics was greatly hampered by the long duration of action exhibited, 
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lasting weeks after a single dose42. Many groups have thus focused on the 

development of peptide KOR antagonists to modulate the duration of action. 

1.3 Endogenous opioid ligands, especially Dynorphin A 

Soon after the discovery of the opioid receptors, the endogenous ligands were discovered 

and sequenced43,44. First the enkephalins, and later dynorphins and endorphins were 

isolated from brain material and their precursor proteins identified; proenkephalin, 

prodynorphin, and proopiomelanocortin (POMC), respectively13,16. The endogenous 

peptides derived from these precursors all have the same N-terminal enkephalin sequence 

(Tyr-Gly-Gly-Phe) (T able 3). It is important to point out that these peptide ligands have 

been classified as binding to a particular opioid receptor but they all bind with high 

affinity at more than one opioid receptor with different selectivities.  

T able 3: Endogenous opioid peptides. 

Peptides Structure Receptor 

Enkephalins 
Leu-enk: H-Tyr-Gly-Gly-Phe-Leu-OH 

DOR 
Met-enk: H-Tyr-Gly-Gly-Phe-Met-OH 

Dynorphins 

Dyn A: H-Tyr-Gly-Gly-Phe-Leu-Arg-Arg-Ile-Arg-Pro-Lys-Leu-

Lys-Trp-Asp-Asn-Gln-OH 
KOR 

Dyn B: H-Tyr-Gly-Gly-Phe-Leu-Arg-Arg-Gln-Phe-Lys-Val-Val-

Thr-OH 

Endorphins 

α-end: H-Tyr-Gly-Gly-Phe-Met-Thr-Ser-Glu-Lys-Ser-Gln-Thr-

Pro-Leu-Val-Thr-OH 

MOR 
β-end: H-Tyr-Gly-Gly-Phe-Met-Thr-Ser-Glu-Lys-Ser-Gln-Thr-

Pro-Leu-Val-Thr-Leu-Phe-Lys-Asn-Ala-Ile-Ile-Lys-Asn-Ala-Tyr-

Lys-Lys-Gly-Glu-OH 
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1.3.1 Dynorphin A at the KOR 

Dynorphin A (Dyn A; T able 3) is a 17-mer endogenous opioid peptide with 

selectivity for the KOR45,46. The shared four amino acid N-terminal sequence 

(enkephalin) between Dyn A and other endogenous opioid receptor ligands results 

in Dyn A’s affinity to all three opioid receptors showing preference to KOR 

thanks to its elongated C-terminal sequence. Early on, it was determined that Dyn 

A (1-17) had the same affinities to the three opioid receptors as Dyn A (1-13) 

fragment, which results in the further SAR studies of Dyn A (1-13) and shorter 

fragments47. Chavkin et al. identified the amino acid residues responsible for 

KOR selectivity and deemed it the “address” region, residues 5-13, and the 

enkephalin sequence (residues 1-4) was designated the “message” region of Dyn 

A45,48. The “address” region determines receptor specificity, whereas the 

“message” gives the peptides its activity at the receptor; for example for the 

opioid ligands the “message” region dictates agonist activity at the reeptor. 

Structure-activity relationship (SAR) studies have shown key residues for affinity 

and potency at the KOR, Lys13, Lys11, and Arg7, with Arg7 being the most 

responsible for its potency45. The rationale was that there were anionic residues 

on the KOR that directly interacted with these polar residues resulting in 

increased affinity and potency. Comparing Dyn A structure’s with Dynorphin B 

(T able 3), which selectively binds to the KOR, it has similar polar residues at 

analogous positions providing further evidence of the residues importance48.  
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Linear peptides are very flexible molecules and it is important that they adopt the 

most suitable conformation for optimal receptor recognition, which can be 

dictated by the nature of the amino acids on the peptide sequence. Secondary 

structural analyses have shown that part of Dyn A adopts an α-helical structure in 

the presence of micelles and hydrophobic buffers that mimic the cell membrane 

environment49–51. Residues 5-9 adopt an amphipathic α-helix and thus it has been 

proposed that the hydrophobic residues interact with the cell membrane allowing 

the hydrophilic residues to interact with the KOR, which would justify the 

importance of the polar residues shown by others49. Therefore, the amphipathic 

character of Dyn A’s sequence seems highly important, but it should be noted that 

Dyn A has subsequent Arg-Arg residues at positions 6 and 7 and thus removing 

one of them would keep its amphipathic character.  

Dyn A is an interesting neurotransmitter with a range of activities along different 

receptors. Dyn A produces inhibitory effects through its activation of the KORs 

(and opioid receptors) and at the same time it has been shown to be nociceptive, 

up-regulated in chronic and sustained pain situations, and to be required for the 

maintenance of chronic pain but not the onset52,53. These effects mainly come 

from non-opioid Dyn A, [Des-Tyr1]-Dyn A52,54. Dyn A is prone to rapid 

degradation by peptidases resulting in [Des-Tyr1]-Dyn A, which does not bind to 

the opioid receptors but has been shown to interact with the bradykinin receptors 

(BRs) resulting in hyperalgesia55–57. [Des-Tyr1]-Dyn A has also been shown to 

interact with the N-methyl-D-aspartate receptor (NMDA-R) through which it 

produces its neurotoxicity and motor effects58.  



 35 

Dyn A has been shown to be involved in the development of morphine tolerance 

and physical dependence, inhibiting morphine analgesia and right shifting 

morphine’s effective dose in naïve mice59. Dyn A’s system is well distributed in 

the brain consistent with its wide range of activities47. Dyn A’s sustained activity 

at the KOR results in stimulation of MAPK pathways (ERK1/2, p38 MAPK, and 

c-Jun kinase)60 and it also leads to p38 activation, which is essential for the 

dysphoric effects of stress induced dynorphin release21. Other effects include 

cardiovascular effects, bradycardia and hypotension in unconscious animals and 

hypertension in conscious animals, and immunomodulatory effects that cannot be 

blocked by naloxone16. 

As discussed, Dyn A has been demonstrated to be present in many areas of the 

brain including hippocampus, amygdala, hypothalamus, striatum, and spinal cord, 

with functions ranging from learning and memory to emotional control, stress and 

pain61. Dyn A’s SAR has been extensively studied at the KOR for many years in 

the search to develop selective potent agonists and antagonists45,62–64. Behavioral 

studies using agonists, antagonists, and knockout (KO) animals have 

demonstrated a potential role of the Dyn A/KOR system in analgesia of 

neuropathic pain65.  Dyn A/KOR’s involvement in stress and mood has drove the 

recent research and development of Dyn A based KOR antagonists for the 

treatment of anxiety, depression, and stress-induced drug seeking behavior. 

Prodynorphin gene disruption and antagonist activity at the KOR have been 

shown to reduce the stress induced response in the forced swim test, suggesting 

Dyn A/KOR’s role in stress related depression66. The KOR’s involvement in 
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indirect modulation of synaptic DA levels has also been studied for the possibility 

of drug abuse treatments67. Depressive states are characterized by decreased DA 

release, and Dyn A release has been shown to provoke this DA decrease. Stress 

has also been shown to induce higher levels of cAMP-response element binding 

protein (CREB) in the NAc, and in turn CREB induces Dyn A release. Thus, by 

controlling CREB Dyn A release can be decreased and the mesolymbic DA 

system function can be restored41.  

Dyn A effects in the brain have been suggested by the effects of Salvinorin A, a 

selective KOR ligand found in salvia divinorum sage68. Salvinorin A is 

psychotomimetic that produces hallucinations in humans, suggesting KOR’s 

involvement in these behaviors69. Dyn A/KOR system has been found to be 

required for stress induced drug reinstatement when activated in concert with 

corticotropin releasing factor (CRF)68,70,71. Stress induced CRF activation results 

in Dyn A release which in turn activates the KOR in key areas of the brain related 

to reward, stress, addiction, and depression72,73. 

Taken together, Dyn A/KOR system’s involvement in all these brain regions and 

in vivo behavioral effects discussed above suggest that Dyn A based KOR 

antagonists might be useful for the treatment of stress induced drug seeking 

behaviors, anxiety, and depression with no detrimental side effects. We can take 

advantage of these observations for the design of novel therapeutics without side 

effects. 
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1.3.2 Dyn A’s SAR at the KOR 

Chavkin’s initial SAR45,46, discussed earlier, gave shape to the studies that 

followed. Dyn A’s structure has been manipulated in order to increase KOR 

selectivity and function with studies concentrating on truncations, non-natural 

amino acid substitutions, and cyclizations. Early truncation studies showed that 

there was no difference in binding affinity of the fragments Dyn A (1-13) and 

Dyn A (1-11) compared with full sequence Dyn A (1-17), thus SAR has been 

focused on the shorter fragments44,45.  

C-terminal metabolism produces peptides with high affinity for the opioid 

receptors compromising receptor selectivity. Dyn A’s C-terminal sequence has 

been shown to alter its toxicity profile, Dyn A (1-17) and Dyn A (1-13) show loss 

of neurons while Dyn A (1-11) and shorter fragments do not74. A great number of 

neuropeptides have C-terminal amides due to critical biological functions and 

improved enzymatic stability75 and early on it was shown to improve Dyn A’s 

affinity at the opioid receptors maintaining similar activity, thus the major SAR 

studies have been on Dyn A amide analogues16,63.  

Initial interest focused on developing high affinity and KOR selective analogues. 

Non-aromatic substitutions at positions Tyr1 and Phe4 were detrimental for opioid 

receptor binding and activity, and thus these were identified as essential 

residues16,48. Metabolic stability is a major concern for peptide therapeutic 

development, thus the search for peptides with improved stability and conserved 

activity and selectivity. Non-natural amino acid substitutions at Gly2 with D-Ala2 

resulted in high affinity but reduced KOR selectivity74. Dyn A’s third position 
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substitution with D-Ala retained affinity and showed increased KOR selectivity 

(κ/µ/δ: 1/342/1315; Table 4). Choi et al. looked at N-terminal alkylations of [D-

Pro10]-Dyn A (1-11) (κ/µ/δ: 1/222/9160) analogue, which can also reduce 

aminopeptidase degradation, showing that these substitutions are also well 

tolerated presenting the same affinity trend as the parent ligand (κ/µ/δ: 1/8/70) 

with increased selectivity (Table 4)76. From these studies, it transpired that N-

terminal alkylations resulted in reduced efficacy in the GPI assay, producing weak 

agonist activity with dialkylations providing the most significant decrease in 

activity (weak antagonist activity).  

Others have also looked at different approaches to more stable Dyn A analogues 

like reduced amide bonds (SK-9709) and several N-methylations through the 

peptide chain (E-2078) with success (for a detailed review see Aldrich et al. 

2009)74. These modifications provided analogues that showed increased KOR 

selectivity with analgesic effects through the KOR were observed in vivo74. 

Peptide cyclizations have also been assessed, with similar trends observed. Meyer 

et al. studied Dyn A cyclizations between residues Leu5 and Lys11 by disulfide 

bond (Cys-Cys, Pen-Cys, and combinations of these), showing that the chirality of 

residue 5 was important for KOR binding (L-Cys, L-Pen, were well tolerated) 

whereas position 11 was not77.  

The flexibility provided by the Gly-Gly residues at positions two and three 

indicate that relative orientation of aromatic residues Tyr1 and Phe4 is an 

important feature48. Studies of Dyn A’s third position showed that Pro3 

substitution was well-tolerated (Ki = 2.7 nM), and other lipophilic substitutions 
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kept KOR affinity and selectivity suggesting that the lipophilic character at this 

position is important48,78,79. Interestingly, Pro3 substitution resulted in weak 

antagonist activity at the KOR (Table 5)79.  

Following the “message – address” concept, selectivity improvements were 

expected to come from “address” domain modifications, residues 5-13, while 

activity modulations were expected from the “message” region (residues 1-4). 

Lipophilic substitutions at positions 8 and 10 resulted in high affinity and some 

KOR selectivity without affecting activity, as anticipated. D-Ala8 (Ki = 0.19 nM) 

and D-Pro10 (Ki = 0.03 nM) substitutions were very well tolerated modifications 

expected to result in higher stability. These modifications increased KOR 

selectivity over DOR but not so much over MOR. [D-Ala8]-Dyn A (1-11)-NH2 

was the prototypical structure used by Aldrich and colleagues for their 

developments of chimeric Dyn A analogues discussed later in this section.  

 

 

 

 

 

 



 40 

Table 4: Binding affinities of Dyn A analogues. Constructed from 16,78. 

Dyn A  

Analogues 

KOR 

Ki (nM) 

MOR 

Ki (nM) 

DOR 

Ki (nM) 

κ/µ/δ  

ratio 

GPI 

(nM) 

(1-13)-OH 0.02 0.4 1.8 1/18/83 0.63a 

(1-11)-OH 0.57 1.85 6.18 1/3/11b 0.45c 

(1-11)-NH2 0.07 7.6 2.9 1/103/39 1.1d 

D-Ala3(1-11)-NH2 0.76 260 1000 1/342/1315 8.1d 

Ala3(1-11)-NH2 1.1 210 730 1/190/660 1.7d 

D-Ala8(1-11)-NH2 0.19 1.97 12.2 1/10/64 n.d. 

D-Pro10(1-11)-OH 0.03 0.24 2.1 1/8/70 0.22e 

N-allyl-D-Pro10(1-11) 0.05 11 500 1/222/9160 18.3e 

N,N-diallyl-DPro10(1-11) 3.6 32 150 1/8.8/41 >3000e 

Nle6(1-11)-NH2 0.95 6.0 1.35 1/6.3/1.4 94f 

Nle7(1-11)-NH2 0.43 1.44 1.38 1/3.4/7.9 31f 

a 44, b 80, c 45, d 64, e 76, f 63.  

Kawasaki et al. assessed the consecutive Arg residues at positions 6 and 7 by 

substitutions with Nor-leucine (Nle) resulting in high affinity binders at all three 

opioid receptors with retained GPI potency and increased potency at MVD48,63. 

This was the first evidence that the consecutive Arg residues may not be as 

necessary for binding at the KOR, or any of the opioid receptors, as previously 

published. 

In the search for Dyn A based antagonists it was discovered that the N-terminal 

positive charge (amine group) was necessary for signal transduction but not the 

binding at the opioid receptors81. N-terminal amine deletion reversed agonist 

activity to antagonist activity. N-acetylation (Ki = 13 nM) and N-benzyl (Ki = 
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0.029 nM) substitutions were examined and shown to retain nanomolar-binding 

affinity for the KOR and good selectivity profiles. Schiller et al. showed that 

MDP N-terminal substitution (Ki = 0.82 nM, κ/µ/δ: 1/259/198) had antagonist 

activity at all three opioid receptors and increased selectivity at the KOR 

compared to Dmt1-Dyn A(1-11)-NH2 (κ/µ/δ: 1/1/4)81. 

Table 5: Dyn A antagonist analogues. Constructed from 16,48,82–84. 

Dyn A analogues 
KOR 

Ki (nM) 

MOR 

Ki (nM) 

DOR 

Ki (nM) 

κ/µ/δ 

ratio 

Ke 

(nM) 

Pro3(1-11)-NH2 2.7 5700 8800 1/2110/3260 494a 

MDP1(1-11)-NH2  

(Dynantin) 
0.82 210 160 1/259/198 0.632b 

N-Ac-Tyr1(1-11)NH2 13 1200 2500 1/88/187 n.d. 

N-Bzl-D-Pro10(1-11)NH2 0.029 31.1 176 1/1070/6080 990 

Arodyn 10.0 1700 5800 1/174/583 n.d 

JVA-901 20.0 250 5300 1/12.6/268 n.d. 

zyklophin 30.0 5900 >10k 1/194/>330 84c* 
aKe

 determined against [D-Ala3]-Dyn A (1-11)-NH2 (GPI assay)79, bKe determined 

against Dyn A (GPI)81, c Ke from cAMP assay against Dyn A85. 

Using the “message – address” concept Wan et al. designed JVA-901 by 

combining Dyn A’s “address” region of [D-Ala8]-Dyn A (1-11)-NH2 with a N-

terminal protected tetrapeptide obtained from Philippine cobra venom by Orosz et 

al. which was selective for the KOR with weak antagonist activity84,86. The 

tetrapeptide had the characteristic aromatic residues in positions one and four 

critical for opioid activity. The chimeric JVA-901 (Ki = 20 nM) blocked 1 nM 
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Dyn A (1-13)-NH2 in the adenylyl cyclase assay, showing antagonist activity at 

the KOR in vitro84. 

Table 6: Structure of KOR antagonists Dyn A analogues. 

Compound Structure 

Extacet Ac-Arg-Phe-Met-Trp-Met-Arg-Arg-DAla-Arg-Pro-Lys-NH2 

Arodyn Ac-Phe-Phe-Phe-Arg-Leu-Arg-Arg-DAla-Arg-Pro-Lys-NH2 

JVA-901 Ac-Tyr-Lys-Trp-Trp-Leu-Arg-Arg-DAla-Arg-Pro-Lys-NH2 

Cyclodyn cyclo[Tyr-Gly-Trp-Trp-Glu]-Arg-Arg-Ile-Arg-Pro-Lys-NH2 

Zyklophin N-benzylTyr1-Gly-Gly-Phe-c[DAsp-Arg-Arg-Dap]-Arg-Pro-Lys-NH2 

 

Following Wan et al.’s success, Bennett et al. designed extacet by combining the 

“address” region of [D-Ala8]-Dyn A (1-11)-NH2 with small Arg-acetalin peptide 

at the “message” region (Table 6). The acetalins were previously shown to have 

antagonist activity at the MOR in the GPI assay, and thus used for antagonist 

activity on Dyn A analogue. Extacet showed high binding affinity at the KOR (Ki 

= 6.6 nM)83 thus a small mixture-based combinatorial library was constructed 

(256 peptides) from which arodyn was obtained. Arodyn showed a higher 

selectivity (κ/µ/δ: 1/174/583), affinity (Ki = 10.0 nM) and lower efficacy than 

JVA-901 at KOR (Table 5). Arodyn showed similar KOR/MOR selectivity but 

higher KOR/DOR selectivity than Dynantin, which was considered significant 

because it was before ligand optimization whereas Dynantin had already been 

optimized.  



 43 

Following JVA-901’s discovery, constrained antagonists that could be useful for 

determining possible bioactive conformations and for the development of models 

of receptor-ligand interactions were evaluated. Vig et al. designed cyclic Dyn A 

analogues starting from the N-terminal Tyr to a side chain, taken that the N-

terminal amine was not important for binding and it provided antagonist activity87. 

At this point, cyclic Dyn A analogues with antagonist activity were not available 

and cyclic analogues constrained at the Tyr1 position had not been done before 

due to Tyr1’s importance for opioid receptor binding87. Cyclodyn showed less 

efficacy than JVA-901 and blocked Dyn A (1-13) cAMP response, the KOR 

affinity was reduced but the selectivity profile was similar to JVA-901.  

All of Dyn A antagonist analogues modifications discussed have concentrated on 

N-terminal (“message”) region modifications. An exemption to this has been 

zyklophin. Zyklophin consists of cyclization between residues 5 and 8 with a N-

benzylTyr1 substitution82. This Dyn A analogue is important because it is highly 

KOR selective (κ/µ/δ: 1/194/>330), it has been shown to cross the blood brain 

barrier (BBB) after systemic administration blocking effects of KOR selective 

agonist U50,488 (central administration) with a duration of action of < 12 h88. It is 

important to note that previously developed KOR selective antagonists had 

excessively long duration of action, lasting up to 8 weeks after a single dose, 

making zyklophin a viable alternative for therapeutic development42. 

1.3.3 Selective KOR peptide ligands unrelated to Dyn A 

Other peptides unrelated to Dyn A have also been identified from combinatorial 

libraries (FE20041: DPhe-DPhe-DNle-DArg-NH2; and its analogues), and from 
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fermentation broth of fungi (CJ-15,208: cyclo[Phe-Trp-Phe-Pro]) with agonist 

and antagonist activities respectively74,89. Recent developments of FE20041 

analogues with high KOR selectivity, produced FE200665, which has entered 

clinical trials as a peripherally restricted KOR agonist for the treatment of acute 

post-operative pain74. Peripherally restricted KOR agonists can be useful due to 

their lack of centrally mediated side effects that greatly hamper central KOR 

activation.  

1.4 Peptide therapeutics 

There is a current interest and revival of peptide drug development. Five of the top selling 

drugs are peptides or proteins (Enbrel, Remicade, Humira, Avastin, MabThera) and more 

are in clinical trials90. Among the many advantages, peptides provide high levels of 

receptor recognition while at the same time providing a reduced toxicity profile and 

reduced drug-drug interactions. Peptides are naturally occurring and therefore readily 

degradable by serum and tissue proteases, and are subject to unspecific proteolysis90. The 

benefits are not without consequence, with higher degradation potential they can present 

problems on membrane penetration, which is detrimental to their oral bioavailability 

profiles, and are subject to rapid renal clearance with the kidney being largely responsible 

of peptide and protein degradation. This is important because drug development 

strategies have focused on making drugs that are orally bioavailable in order to increase 

patient compliance and ease of administration.  

The peptide’s metabolic stability can be fine-tuned by modifications while retaining 

pharmacological activity. Many studies have shown successful peptide modifications that 

improve membrane-penetrating abilities as well as reduce or defer the peptide’s 
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degradation. Different routes of administration are used depending on the peptide’s 

metabolic stability, as well as their intended location of action. To this effect, special 

formulations of peptide drugs also play a role since these can have a great effect on when 

and how the peptides are administered in the clinic. For our interests, we have to consider 

BBB crossing since our target receptor is in the CNS. In this case we have to consider 

that peptides do not traverse the BBB by passive diffusion alone, transporters as well as 

efflux pumps play a role on how much crosses the barrier. Some have looked at 

increasing the hydrophobicity of peptides to improve its passive diffusion through the 

membrane91. Increasing the hydrophilicity for the ease of transport through transporters 

has also been addressed, but there is not enough information available so that rational 

design of BBB penetrating peptides can be applied91. Meanwhile, peptides are 

administered to the site of action, on our studies intrathecal (i.th.) administration of our 

peptides was used to get to the site of interest in the CNS in vivo. 

1.5 Approach 

Our Dyn A analogues with antagonist function at the KOR design consists on deleting an 

amino acid residue in the middle of the peptide sequence producing a minimum 

pharmacophore. Changing or removing residues from the center of a peptide sequence 

can change the secondary structure adopted by the peptide upon binding and rendering 

the peptide with a lack of affinity and activity at their receptor63,92. Therefore, we studied 

the effects on affinity and activity of the newly designed ligands in vitro. From these 

studies we obtained lead ligands that were also tested in vivo for KOR antagonist effects. 

We also assessed the effects of Dyn A based modifications on enkephalin analogues 

previously developed in our group for improved affinity at the KOR93. 
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Part I 

NOVEL [DES-ARG7]-DYNORPHIN A ANALOGUES AS KAPPA OPIOID 

RECEPTOR ANTAGONISTS 
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Chapter 2: Introduction 

2.1 Pain and kappa opioid receptor antagonists 

Chronic pain affects about 100 million people in the US94. The most common and 

“effective” treatment for patients suffering from chronic pain is opiate therapy. Opioids 

used in the clinic mainly target the MOR and are laden with debilitating side effects 

including constipation, tolerance, and addiction. The search for novel analgesics that 

show reduced or no side effects for chronic pain has been ongoing since morphine’s 

discovery and subsequent opioid drug development12.  

The KOR has been studied due to its analgesic potential as well as its effects against 

depression, anxiety, and addictive disorders85. The KOR is present in the CNS, where it 

has detrimental side effects, and the periphery. Peripherally acting KOR agonists have 

been studied for the treatment of visceral and inflammatory pain without the central 

mediated side effects74.  

Our interest focuses on KOR selective antagonists in the CNS. KOR central antagonism 

has been shown to effectively reduce depression-like behavior in rats and also reduce 

stress-induced drug seeking behaviors74. Rothman et al. took it a step further and tested 

functional KOR antagonists in humans and found that it helped maintain drug 

abstinence95. One of the main MOR induced side effects that limit drug administration is 

its addictive potential. KOR antagonists can reduce the addiction driven by MOR 

agonists and also aid with the depressive states that occur during opiate withdrawal.  

Initial selective KOR antagonists were developed as tools to study the KOR agonists but 

have also been developed as drugs and have gone into clinical trials41. The Naltrexone 
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derived antagonists such as Nor-BNI and GNTI, and also JDTic have very long duration 

of action, lasting from 4-8 weeks after a single dose (Figure 3). Most recently JDTic has 

been introduced into clinical trials, with no major toxicity risks observed except for two 

cases of ventricular tachycardia but the mechanisms of this effect are not yet understood96. 

These organic small molecule compounds show significantly long duration of actions, 

which can be beneficial from a pharmacotherapy perspective, meaning that patients 

would need less dosing and drug compliance might be improved. But this prolonged 

activity could also complicate their therapeutic use88. These non-peptide KOR 

antagonists have been shown to activate the JNK pathway and since this pathway 

regulates many cellular processes these compounds can have unwanted side effects85. For 

these reasons our main focus is in developing peptide KOR antagonists, since peptides 

may have an alternate mechanism of action that does not activate long-term JNK 

stimulation. 

 

Figure 3: Naltrexone derived Nor-BNI and 6’-GNTI, and JDTic structures. 
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2.2 SAR of Dyn A’s key residues at the KOR 

Dyn A has been widely studied at the KOR, being its endogenous peptide with high 

binding affinity for all three opioid receptors with preference for the KOR. Dyn A SAR 

studies have focused on Dyn A (1-13) and Dyn A (1-11) analogues since they retain the 

highest binding affinity for the KOR48. Chavkin et al. did initial SAR studies on Dyn A 

structure where they found key residues that were necessary for potency and binding at 

the KOR (Lys13, Lys11, and Arg7)45. These SAR studies focused on C- terminal 

truncations without disturbing the N-terminal enkephalin structure; Ala scans were also 

employed. Snyder et al. designed Dyn A (1-13)-NH2 analogues containing Lys or 

Lys(Ac) at positions 6, 7, 9, 11 and 13 in order to investigate the importance of polar 

residues in the C-terminal “address” region97. Replacement of Arg7, Lys11 and Lys13 by 

Lys(Ac), resulted in analogues with decreased affinity and selectivity for the KOR. 

Substitution of Arg6 did not reduce affinity at the KOR but it enhanced the affinity at 

other opioid receptors resulting in decreased KOR selectivity. These results demonstrated 

that residues 6, 7, 11, and 13 were quite important for KOR receptor selectivity of Dyn A 

(1-13)-NH2 analogues97. In contrast, Kawasaki et al. showed that substitutions with non-

natural amino acid, Nor-Leucine (NLeu), of the two consecutive Arg residues at positions 

6 and 7 (one at a time) were potent binders at the KOR63. Showing that the 7th position on 

Dyn A structure was not as important as previously thought and that it well tolerated 

residue substitutions at this position. 

Dyn A is an endogenous peptide, with all natural amino acids, with high enzymatic 

lability and thus a short half-life (< 1 h). Many strategies to improve metabolic stability 

have been done. Modifications have mainly consisted of D-amino acid substitutions 



 50 

throughout Dyn A structure. Other modifications that have been tested are N-

methylations and amide bond reductions combined with structural constraints such as 

cyclizations and Proline substitutions74.  

Dyn A was first modified in the search of selective agonist analogues and later for the 

search of antagonists. Dyn A antagonists have been found by modifying its N-terminal 

“message” sequence74. Aromatic residues 1 and 4 were found to be important for binding 

therefore the flexibility conferred by the two Gly residues at positions 2 and 3 were 

considered important for the orientation of residues 1 and 448. The third position on Dyn 

A (1-11) has been shown to be important for KOR selectivity, some have looked at D-

Ala64 and Pro substitutions of Gly3, were the latter showed partial agonist and antagonist 

functions in vitro and in vivo respectively79.  
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Chapter 3: Rationale 

The development of KOR antagonists has been greatly pursued due to their involvement 

in stress, depression, and MOR driven tolerance and addiction as previously discussed. 

KOR selective antagonists have been recently developed for clinical use, with some 

entering clinical trials98,99. The majority of central KOR antagonist development has been 

of small organic molecules, but our approach focuses on modifications of endogenous 

opioid peptide, Dyn A (Figure 4). Peptides are naturally occurring and enzymatically 

labile, thus designing peptide ligands would provide shorter duration of action due to 

natural enzymatic degradation. 

 

Figure 4: Dyn A analogue design strategy. X represents done deletions. 

Dyn A, the endogenous opioid peptide for the KOR, provides a good starting point for 

the development of KOR selective ligands. It has been previously shown that Dyn A 

possesses key amino acid residues that provide its potency and high binding affinity at 

the KOR, Lys13, Lys11, and Arg7 45. Our SAR approach focuses on Dyn A (1-11) and is 

different from others in that we employed amino acid residue deletion of Arg7. The 

residue’s character and position on a biologically active peptide provide structural 

properties that gives its receptor affinity and activity, which is why residue deletion in the 

middle of a peptide’s sequence has not been largely pursued before92.  

H2N-Tyr-Gly-Gly-Phe-Leu-Arg-Arg-Ile-Arg-Pro-Lys-Leu-Lys-Trp-Asp-Asn-Gln-OH
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Arg7 has been at the center of Dyn A SAR since the start, it is the second residue of a 

basic pair, which are important in degradation signaling and some think that non-

degradation signaling might also occur45. Dyn A has been shown to adopt an α-helical 

structure in the presence of micelles and hydrophobic buffers49–51. Dyn A residues 5-9 

were found responsible for the amphipathic α-helical structure, thus it has been proposed 

that the hydrophobic residues interact with the membrane while the hydrophilic residues 

bind to the KOR, which would confirm the significance of the polar Arg residues shown 

by others49. 

In our laboratory, we have studied Dyn A’s SAR at the BRs where it was found that Arg7 

removal improved binding affinity and the simple modification provided antagonist 

activity at the Bradykinin 2 receptor (B2R)56. Our design focused on assessing Arg7’s 

importance and antagonist function of the [Des-Arg7] Dyn A analogues for the KOR, 

testing a similar strategy that for the B2R. N-terminal amine substitution has been shown 

to reverse the activity of opioid peptides from agonist to antagonists81 and Pro3 

substitution produces KOR antagonist activity79 which we also introduced into our 

analogue design. Combinations of these strategies along with non-natural residue 

substitutions were tested for improved KOR selectivity, antagonism, and metabolically 

stable peptides adding to the [Des-Arg7]-Dyn A SAR studies.  
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Chapter 4: Materials and Experimental Section 

4.1 Reagents for Fmoc Solid Phase Peptide Synthesis (SPPS) 

Amino acids and reagents were purchased from Chem-Impex International (Wood Dale, 

IL) and AAPPTec Inc. (Louisville, KY). Resins were purchased from NovaBiochem 

(Darmstadt, Germany) and AAPPTec Inc. Solvents used were purchased from Aldrich 

(St. Louis, MO) and EMD (Darmstadt, Germany). Reaction vessels were purchased from 

Torviq (Niles, MI) and glassware used was purchased from Pyrex (Lowell, MA). All 

other materials were purchased from VWR (West Chester, PA). 

4.2  SPPS Procedure 

All Dyn A analogues were synthesized by standard solid phase peptide synthesis (SPPS) 

100. SPPS was done manually using fluorenylmethyloxycarbonyl (Fmoc) chemistry for 

orthogonal deprotections. After successful synthesis, peptides were characterized by RP-

HPLC and Mass-Spectometry.  

For Dyn A analogues with an acid C-terminal synthesis, pre loaded (Lys) Wang resin (4-

benzyloxybenzyl alcohol) 100-200 mesh with loading capacities of 0.7 mmol/g were used. 

C-terminal amide analogues were synthesized using Fmoc protected Rink amide resin (4-

((2,4-dimethoxyphenyl)(Fmoc-amino)methyl)phenoxyalkyl) 100-200 mesh with loading 

capacities of 0.59-0.7 mmol/g.  
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Figure 5: A) Fmoc-Lys(Boc)-Wang resin and B) Fmoc-Rink Amide resin structures. Red 

= Wang resin, Blue = Boc, Pink = Fmoc. 

Wang resin was swelled for approximately 3 hours in dichloromethane (DCM), whereas 

Rink amide resin was swollen for 60 min in DCM. The loading of the Rink amide resin 

was done following Fmoc deprotection by 20% piperidine in N,N-dimethylformamide 

(DMF), using excess of Fmoc-amino acid (Fmoc-Lys(Boc)-OH and Fmoc-Arg(pbf)-OH; 

3 equiv) with excess reagents dissolved in DMF, 3equiv of Hydroxybenzotriazole 

(HOBt), 3 equiv of O-Benzotriazol-1-yl-tetramethyluronium (HBTU), and 6 equiv of 

N,N-diisopropylethylamine (DIPEA) for approximately 60 min. Followed by peptide 

chain elongation with deprotection and coupling procedures, using the same method 

described above for the Rink amide resin loading, with the respective Fmoc-amino acids. 

Detection of successful deprotections and couplings were monitored using a qualitative 

test for the presence of free primary amines known as the Kaiser test. The Kaiser test 

consists of three solutions: Solution A: 500 mg of ninhydrin in 10 mL ethanol, Solution 

B: 80 g phenol in 20 mL ethanol, Solution C: 2 mL 0.001M potassium cyanide (KCN) in 

98 mL piperidine101. A positive test results (blue colored resin) indicates a free amine and 

a negative result (clear resin beads) indicates fully protected amine (coupling completed). 
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Following deprotections and couplings, 3 washes with DMF and 3 washes with DCM to 

get rid of excess reagents and deprotection products were done. 

 

Figure 6: A) HOBt and B) HBTU structures. 

The resin cleavage was done in trifluoroacetic acid (TFA): Triisopropylsilane (TIS): 

water (H2O) in a 95:2.5:2.5 ratio for 3 hours. The high acidic conditions also promote the 

deprotection of the protected amino acid side chains. After cleavage completion, the 

target peptide was precipitated as a white powder in cold diethyl ether (Et2O). 10 min 

centrifugation and two extra washes with diethyl ether were done, followed by 

subsequent centrifugation. Crude peptide was let to air-dry overnight with crude percent 

yields around 50-70%. 
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Figure 7: Scheme for the Solid Phase Peptide Synthesis of Dyn A analogues. 

4.3 Peptide purification  

Crude peptide was then purified by reverse phase high performance liquid 

chromatography (RP-HPLC) using Agilent 1100 with Vydac 218TP510 C-18 column 

with a gradient of 10-40% acetonitrile (ACN): 0.1% TFA in water in 15 min at a flow 

rate of 3 mL/min. After purification evaporation of ACN was done by roto-evaporation 

and water was removed by lyophilization. Pure peptides were analyzed by high-

resolution mass spectrometry (HR-MS) and the purity determined to be ≥ 95% by 

analytical RP-HPLC. Pure peptide yields ranged from 10-55%. 

4.4 Membrane preparations materials 

Bovine Serum Albumin (BSA), captopril, bacitracin, Phenylmethylsulfonylfluoride 

(PMSF), Tris-HCl, K+Na+ tartrate:CuSO4:Na2CO3 , NaOH, and L-glutamine were 

purchased from Sigma Aldrich (St. Louis, MO). (3H)-DAMGO, (3H)-Deltorphin II, and 
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(3H)-U69593 were purchased from Perkin Elmer (Waltham, MA). Dubelcco’s Modified 

Eagle Medium (DMEM), amphotericin-penicillin-streptomycin (APS), fetal bovine 

serum (FBS), and trypsin were obtained from Gibco (Waltham, MA). Hypoxanthine - 

Aminopterin – Thymidine (HAT) was purchased from ATCC (Manassas, VA). 

4.5 Membrane preparations for: rMOR-HN9.10, hKOR-HN9.10, and hDOR-

NG 108-15 cells  

Crude membranes were prepared from fresh cell cultures of transfected HN9.10 and NG-

108-15 cells with the respective transfected receptor102. Cell pellets were obtained after 

cell lysing using ice-cold buffer (50mM Tris-HCl, pH 7.4, and 100 µM PMSF) 

centrifuged at 4,000 rpm using a Beckman JA-18 rotor for 15 min at 4˚C. Cells were then 

resuspended in ice-cold buffer homogenized with a Polytron PT 2100 homogenizer 

(Pittsburgh, PA) followed by centrifugation at 17,500 rpm in a Beckamn JA-18 rotor for 

30 min at 4°C. Crude membrane pellets were resuspended in ice-cold Tris-HCl buffer, 

homogenized again and transferred for storage at -80ºC until use. Protein concentration 

was determined using the Lowry method103. 

4.6 Protein concentration determination 

The Lowry assay protocol was followed103. NaOH was added to a 100 µL sample of the 

crude membrane preparations and heated to 50ºC for 30 minutes. 0.1:0.1:10 K+Na+ 

tartrate:CuSO4:Na2CO3 [Ellman's Reagent] was added to each sample and left at room 

temperature (rt) for 10 min. Lastly, 1 N Folin's Reagent was added and sat for 30 minutes 

at rt and absorbance was read at 700 nm. Bovine serum albumin (BSA) was used as a 

standard.  
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4.7 Cell culture 

Hippocampal neuroblastoma (HN9.10) cells were maintained in Dubelcco’s Modified 

Eagle Medium (DMEM) without sodium pyruvate supplemented with 10% FBS, 1:1000-

fold dilution of antibiotic solution (Penicillin 10,000 Units/mL, Streptomycin 10 mg/mL, 

Amphotericin B 25 µg/mL; APS), and 2 mM Glutamine. Neuroblastoma-glioma hybrid 

(NG-108-15) cells were maintained in DMEM without sodium pyruvate supplemented 

with 10% FBS, 1:1000-fold dilution of APS, and HAT104. Cells were grown at 37˚C, 95% 

air/5% CO2 humidified atmosphere. Cells were washed with Phosphate Buffered Saline 

(PBS) before passage. Cells were passaged when ≥ 90% confluence was achieved using 

0.25% trypsin. 

4.8 Competitive Binding Studies 

Crude cell membrane preparations were diluted in 50 mM Tris-HCl, pH 7.4, working 

buffer that contained 50 µg/mL bacitracin, 10 µM captopril, 100 µM PMSF, and 5 

mg/mL BSA. The radioligands used in the competitive assay were obtained from Perkin-

Elmer Inc. through the office of Radiation Control at the University of Arizona; [3H]-

DAMGO (51.5 Ci/mmol) was used for the MOR, [3H]-Deltorphin II (45 Ci/mmol) for 

DOR, [3H]-U69593 (43.6 Ci/mmol) for KOR. For the assay, 10 increasing concentrations 

(10-4-10-13M) of test compounds were incubated with 50 µg of protein and 500 pM of 

[3H]-DAMGO, 500 pM [3H]-Deltorphin II, or 1.5 nM [3H]-U69593, respectively for 2 

hours (h) at rt in a shaking water bath as previously described102.  Non-specific binding 

was determined as that in the presence of 10 µM of Naloxone. After the 2 h incubation, 

reaction mixtures were rapidly filtered through Whatman GF/B filters (Gaithersburg, 
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MD) presoaked in 1% polyethyleneimine (PEI), followed with four washes of 2 mL cold 

0.9% saline solution.  

4.9 GTPγS functional assay 

Assays were performed as previously described105. Previously frozen KOR-CHO pellets 

were homogenized with a Teflon-on-glass Dounce in buffer (10mM Tris-HCl pH 7.4, 

100mM NaCl, and 1mM EDTA) and centrifuged at 20,000 x g at 4°C for 30 min. 

Membrane pellet was resuspended in assay buffer (50 mM Tris-HCl ph 7.4, 100 mM 

NaCl, 5 mM MgCl2, 1 mM EDTA, 40 µM GDP) with a Teflon-on-glass Dounce. 15 mg 

membrane protein was incubated with drug or vehicle in the presence of 0.1 nM [35S]-

GTPγS (PerkinElmer). Plates were incubated at 30°C for 1 h with drugs (fixed 10 µM 

concentration or 12 different concentrations for dose-response curves) or vehicle (0.1% 

DMSO) then reactions terminated by rapid filtration using a 96-well plate Brandel cell 

harvester (Brandel, Gaithersburg, MD). Plates were dried and 40 mL of Microscint-20 

(PerkinElmer) was added. Bound [35S]-GTPγS was measured using a TopCount 

scintillation and luminescence counter. Data presented as the mean ± SEM of the 

percentage of U50,488 stimulation. Concentration-response curves were fit using a non-

linear three parameter inhibition curve, and efficacy and/or potency values calculated 

using GraphPad Prism 7.  

4.10 Guinea Pig Ileum LM/MP assay 

Male Hartley guinea pigs under CO2 anesthesia were sacrificed by decapitation and a 

non-terminal portion of the ileum removed. The longitudinal muscle with myenteric 

plexus (LMMP) was carefully separated from the circular muscle and cut into strips as 
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described previously106. These tissues were tied to gold chains with suture silk and 

mounted between platinum wire electrodes in 20 mL organ baths at a tension of 1 g and 

bathed in oxygenated (95:5 O2/CO2) Krebs’ bicarbonate buffer (118 mM NaCl, 4.7 mM 

KCl, 2.5 mM CaCl2, 1.19 mM KH2PO4, 1.18 mM MgSO4, 25 mM NaHCO3, and 11.48 

mM glucose) at 37°C, then stimulated electrically (0.1 Hz, 0.4 ms duration) at 

supramaximal voltage. Following an equilibration period, compounds were added 

cumulatively to the bath in volumes of 20 µL until maximum inhibition was reached. A 

PL-017 dose–response curve was constructed to determine tissue integrity before 

analogue testing. 

4.11 Mouse Vas Deferens assay 

Male ICR mice under CO2 were sacrificed by cervical dislocation, and the vasa deferentia 

was removed. The tissue were tied to a gold chain with suture silk and mounted between 

platinum wire electrodes in 20 mL organ baths at a tension of 0.5 g and bathed in 

oxygenated (95% O2,5%CO2) magnesium-free Kreb’s buffer at 37°C. They were 

stimulated electrically (0.1 Hz, single pulses, 2.0 ms duration) at supramaximal voltage. 

After an equilibrium period, compounds were added to the bath cumulatively in volumes 

of 20 µL until response inhibition was achieved. DPDPE (10 nM) was tested to determine 

tissue integrity before compound testing began. 

4.12 Rat plasma stability assay 

Rat plasma stability protocol was modified from Hall et al.57 Stock solutions of 50 

mg/mL of test compounds were diluted 5-fold into Rat Plasma (Rat Plasma non-sterile 

heparin, pelfreez-bio) and incubated at 37 ˚C. 100 µL of sample were collected after 
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several time points (1, 2, 4, 6, 12, and 24 h) and the reaction stopped using 150 µL of 

EtOH, except for CYF121 for which the reaction was stopped using 150 µL of ACN. 

Samples were centrifuged at 10,000 rpm for 15 min and 100 µL of supernatant were 

collected and analyzed by RP-HPLC (Agilent 1100 auto sampler using YMC AA 12S05-

2546WT C-18 analytical column). 

4.13 XTT cell viability assay 

ATCC XTT cell viability assay kit was used107. Cells were seeded in 96 well plates at a 

density of 10,000 cells/well. Nine concentrations of test compound were added and 

incubated for 24 h. After compound incubation, 50 µL of Activated-XTT Solution 

(ATCC Cat. No. 30-1011K) were added and incubated for three hours. Absorbance was 

measured at 475 nm (specific absorbance) and 660 nm (non-specific absorbance) with 

Biotek Synergy 2. Data was collected from at least 3 independent experiments with 

assays run in triplicate. 

4.14 JNK activation assay 

Cells were seeded in 96 well plates at a density of 40,000 cells/well. Control and test 

compound were added at different concentrations (1 nM, 1µM, and 1 mM) in duplicate 

and incubated at 37 ˚C for 60 min. Nor-BNI was used as control drug. All reagents herein 

were from JNK1/2 pT183/Y185 ELISA Kit SimpleStep from Abcam (Cat. No. 

ab176645). After incubation, 100 µL of 1X Cell Extraction Buffer were added to each 

well. Protein concentration was determined with Bio Rad DC Protein assay (Cat. No. 

500-0112) and diluted (if necessary) to a concentration of 100-500 µg/mL. Cell lysates 

were frozen at -80˚C or used right away. 50 µL of samples and standards were added to 
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coated microplate strip wells with 50 µL of Antibody Cocktail and incubated for 60 min 

at room temperature at 400 rpm on a plate shaker. After incubation, wells were washed 

three times with 350 µL of 1X Wash Buffer. 100 µL of TMB Substrate solution was 

added to each well and incubated for 15 min in the dark on the plate shaker at 400 rpm. 

Afterwards, 100 µL of Stop Solution was added and put on plate shaker for one min. The 

absorbance was recorded at 450 nm as an endpoint reading.  All data were plotted on 

GraphPad Prism 7. 

4.15 NMR analysis of CYF121 

CYF121 was analyzed by 1HNMR in DMSO-d6 on a Bruker DRX-500 spectrometer. 

Result analysis: 

CYF121: 1H NMR (499 MHz, DMSO-d6) δ 8.92 (s, 1H), 8.13 – 8.00 (m, 5H), 7.93 (t, J = 

5.6 Hz, 1H), 7.89 (d, J = 8.0 Hz, 1H), 7.68 (d, J = 8.6 Hz, 1H), 7.61 (t, J = 5.7 Hz, 1H), 

7.56 (t, J = 5.73, 1H), 7.33 (s, 1H), 7.28 (d, J = 4.2 Hz, 1H), 7.24 (d, J = 4.2 Hz, 3H), 

7.18 (td, J = 8.7, 7.9, 3.8 Hz, 1H), 7.09 (s, 1H), 6.37 (s, 2H), 4.50 (td, J = 9.8, 3.9 Hz, 1H), 

4.33 – 4.25 (m, 2H), 4.17 (d, J = 7.3 Hz, 2H), 3.71 (dd, J = 16.5, 5.8 Hz, 2H), 3.57 (td, J 

= 17.4, 16.3, 5.4 Hz, 2H), 3.09 (q, J = 6.7, 6.0 Hz, 5H), 3.02 (dd, J = 13.9, 3.9 Hz, 1H), 

2.80 (d, J = 3.9 Hz, 1H), 2.75 – 0.76 (m, 42H). 

4.16 In vivo characterization 

Adult male ICR mice (15-20 g; Harlan, Indianapolis, IN) were kept in a temperature-

controlled environment with lights on 07:00–19:00 with food and water available ad 

libitum. All animal procedures were performed in accordance with the policies and 

recommendations of the International Association for the Study of Pain, the National 
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Institutes of Health, and with approval from the Animal Care and Use Committee of the 

University of Arizona for the handling and use of laboratory animals. 

Behavioral Assay: A mouse model of acute pain (Tail flick assay) was chosen and the 

compound administered by lumbar puncture (l.p.)108 to eliminate the need for intrathecal 

catheters. Briefly, the latency to tail withdrawal (TWL) from a 52°C water bath were 

measured before 3 doses of CYF120 (0.1, 1.0, and 10 µg, in 5 µL volume, 

n=5/treatment) were injected into the intrathecal space by l.p. (baseline values). Tail 

withdrawal latencies were re-assessed up to 5 times over a 90 min period. A cut-off 

latency of 10.0 s was implemented to prevent tissue damage to the distal third of the tail.  

For CYF121 the same acute pain model was chosen and the compound administered by 

l.p. Tail withdrawal latencies were re-assessed up to 9 times over 24 h with a cut-off 

latency of 10.0 s to prevent tissue damage to the distal third of the tail. 

For measurements in the presence of KOR agonist, mice were pretreated at t = -15 min 

with vehicle (MPH2O, 5µL), CYF120 or CYF121 (10 µg in 5 µL volume, 

n=6/treatment) by l.p.  At t = 0 min, FE200665 (10 µg in 5 µL volume, l.p.) was given. 

Tail flick latencies were re-assessed up to 9 times over 24 h with a cut-off latency of 10.0 

s to prevent tissue damage to the distal third of the tail. 

Maximal percent efficacy was calculated and expressed as: 

% Antinociception = 100 x (test latency after drug treatment –baseline latency)/(cutoff – 

baseline latency) 
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All data were analyzed by non-parametric two-way analysis of variance (ANOVA; post 

hoc: Bonferroni) in GraphPad Prism 7; areas under the curve were compared by one-way 

ANOVA. Differences were considered to be significant if p ≤ 0.05. All data were plotted 

in GraphPad Prism 7. 
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Chapter 5: Results and Discussion 

5.1 Design and synthesis of Dyn A analogues 

5.1.1 Design and Peptide Synthesis  

Previous Dyn A SAR had identified key residues, Arg7, Lys11, and Lys13, 

necessary for binding affinity and activity at the KOR45,63. Many studies have 

done modifications of Dyn A keeping the “key” residues. Our design of Dyn A 

KOR antagonists is different and new in that Arg7 was deleted. Typically, 

removal of amino acid residues in the middle of a peptide sequence results in 

structural changes that decrease the binding affinity of peptide ligands at their 

receptors. This strategy was based on the fact that Dyn A’s C-termini region (5-

13) has amphipathic character and the removal of one of the two consecutive Arg 

residues would not affect the amphipathic nature.  

All Dyn A analogues were synthesized using standard Fmoc- chemistry SPPS 

with a crude purity of ~ 40-80%. The purification of these analogues was 

straightforward and simple due to their mainly hydrophilic nature (aLogP, Table 

7). All peptides were dissolved in water and had a short retention time (RT) in 

reverse-phase high pressure liquid chromatography (RP-HPLC). High-Resolution 

Mass Spectrometry (HR-MS) was used to confirm the identity of the peptides and 

the final purity was confirmed to be ≥ 97%.  
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Table 7: Analytical data of Dyn A analogues synthesized.  

  Low MSa HRMSb HPLCc  

Compound 
Molecular 

Formula 
Observed Observed Calcd. 

Error 

(ppm) 

RT 

(min) 
aLogPd 

CYF104 C69H114N20O14 724.6e 724.4496e 724.4484e 1.7 12.9 -1.03 

CYF107 C57H91N17O12 1206.7 603.8582e 603.8589e -1.2 11.9 -1.22 

CYF110 C57H92N18O11 603.5e 603.3662e 603.3669e -1.2 14 0.13 

CYF111 C60H97N17O11 1232.7 1232.7622 1232.7626 -0.3 15.2 0.91 

CYF112 C59H94N18O12 1247.6 624.37255e 624.3722e 0.6 12.3 0.30 

CYF113 C60H96N16O12 1233.7 1233.74512 1233.74664 -1.2 11.7 -1.00 

CYF118 C71H105N21O12 1444.7 1444.8305 1444.8324 -1.3 12.4 0.98 

CYF119 C67H103N21O11 1378.7 460.27858f 460.27881f -0.5 14.6 0.33 

CYF120 C60H96N18O11 1245.7 1245.75633 1245.75787 -1.2 11.5 0.33 

CYF121 C49H78N14O9 504.4e 504.31096e 504.31109e 0.1 15.4 0.92 

CYF123 C56H88N18O12 603.4e 603.34905e 603.34873e 0.5 14.2 -0.33 

CYF124 C59H92N18O12 623.4e 623.36437e 623.36438e -0.01 13.0 -0.08 

CYF125 C58H90N16O12 602.3e 602.35301e 602.35282e 0.3 13.7 0.43 

CYF126 C59H92N18O12 1245.7 1245.72046 1245.72015 0.2 11.6 -0.08 

CYF128 C62H98N18O12 1287.7 1287.76995 1287.76844 1.2 13.4 0.54 

CYF129 C46H73N15O9 980.5 980.57878 980.57885 -0.1 12.7 -0.13 

CYF130 C48H75N15O10 1022.5 1022.58895 1022.58941 -0.4 14.0 0.09 

CYF131 C49H77N15O9 1020.5 1020.60997 1020.61015 -0.2 12.9 0.21 

CYF133 C46H72ClN15O9 1014.3 1014.54036 1014.53987 0.5 12.8 0.31 

CYF134 C46H72FN15O9 998.572 998.56930 998.56942 -0.1 13.8 -0.01 

CYF135 C46H72IN15O9 1106.4 1106.47364 1106.47549 -1.7 15.3 0.52 
a (M+H)+, ESI (Finnigan, Thermoelectron, LCQ classic)  
b (M+H)+, FAB-MS (JEOL HX110 sector instrument), or MALDI-TOF (Bruker Ultraflex 

III) 
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c Hewlett Packard 1100 (C-18, Vydac 218TP104, 250 mm x 4.6 mm, 10 µm) with a 

gradient of 10-40% of acetonitrile containing 0.1% TFA within 15 min and up to 90% 

within an additional 5 min, 3 mL/min. 
d http://www.vcclab.org/lab/alogps. 
e (2M+H)2+ 

f (3M+H)3+ 

5.1.2 SAR of [Des-Arg7]-Dyn A fragments: Radioligand binding affinity studies. 

[Des-Arg7]-Dyn A analogues were evaluated in radioligand binding assays 

against [3H]-DAMGO, [3H]-Deltorphin II, [3H]-U69593 to assess their affinity for 

the opioid receptors (MOR, DOR, and KOR, respectively). Initial results showed 

that Arg7 deletion was well-tolerated at all opioid receptors in binding affinity 

studies. It has been shown that modifications in the “address” region, residues 5-

13, of Dyn A do not affect the binding affinity at the MOR and DOR. The same 

trend was observed for the [Des-Arg7]-Dyn A analogues. Initially, deletion of 

residue seven was done on Dyn A (1-13) and Dyn A (1-11) resulting in CYF104 

and CYF107 respectively, and tested for their binding affinity at KOR, MOR and 

DOR (Table 9). It was found that Arg7 removal does not affect the ligands’ 

interactions with the KOR (CYF104: Ki=	0.39 nM; CYF107: Ki=	0.43 nM) 

resulting in comparable binding affinities to the parent compounds (Dyn A(1-13); 

Ki = 0.12 nM; Dyn A(1-11): 0.09 nM), showing that residue deletion in the 

middle of a peptide sequence is possible without affecting receptor binding 

affinities. Next, [Des-Arg7]-Dyn A analogues design consisted of making 

substitutions that were known to improve binding of Dyn A at the opioid 

receptors. CYF107 had the same nanomolar binding affinity of CYF104, being a 

shorter peptide, thus further modifications were done on CYF107 structure. 
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Many neuropeptides have a C-terminal amide, which is required for biological 

activity and also serves to improve enzymatic stability97. Substitution of C-

terminal acid for an amide of CYF107 produced CYF110 (Ki = 	0.07 nM), which 

showed a 6-fold increase in binding affinity at KOR. Schiller et al. showed that N-

terminal amine substitution of Dyn A with (2S)-2-methyl-3-(2,6-dimethyl-4-

hydroxyphenyl)propanoic acid (MDP)  reversed the activity from agonist to 

antagonist81. MDP substitution on CYF111 and CYF113 resulted in significantly 

reduced binding affinities at the KOR (534-fold and 900-fold, respectively). An 

acetyl group was also introduced at the N-terminal amine, CYF112, and a 3390-

fold reduction in KOR binding affinity was observed. These also showed reduced 

binding affinity at the MOR and DOR due to the N-terminal importance in opioid 

receptor recognition.  
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Table 8: Structures of [Des-Arg7]-Dyn A analogues. 

Compounds Structure 

Dyn A (1-13) H-Tyr-Gly-Gly-Phe-Leu-Arg-Arg-Ile-Arg-Pro-Lys-Leu-Lys-OH 

Dyn A(1-11)-NH2 H-Tyr-Gly-Gly-Phe-Leu-Arg-Arg-Ile-Arg-Pro-Lys-NH2 

CYF104 H-Tyr-Gly-Gly-Phe-Leu-Arg-Ile-Arg-Pro-Lys-Leu-Lys-OH 

CYF107 H-Tyr-Gly-Gly-Phe-Leu-Arg-Ile-Arg-Pro-Lys-OH 

CYF110 H-Tyr-Gly-Gly-Phe-Leu-Arg-Ile-Arg-Pro-Lys-NH2 

CYF111 Mdp-Gly-Gly-Phe-Leu-Arg-Ile-Arg-Pro-Lys-NH2 

CYF112 Nα-Ac-Tyr-Gly-Gly-Phe-Leu-Arg-Ile-Arg-Pro-Lys-NH2 

CYF113 Mdp-Gly-Gly-Phe-Leu-Arg-Ile-Arg-Pro-Lys-NH2 

CYF118 Nα-Ac-Tyr-Lys-Trp-Trp-Leu-Arg-DAla-Arg-Pro-Lys-NH2 

CYF119 Nα-Ac-Phe-Phe-Phe-Arg-Leu-Arg-DAla-Arg-Pro-Lys-NH2 

CYF120 H-Tyr-Gly-Pro-Phe-Leu-Arg-Ile-Arg-Pro-Lys-NH2 

CYF123 Nα-Ac-Tyr-Gly-Gly-Phe-Leu-Arg-DAla-Arg-DPro-Lys-NH2 

CYF124 Nα-Ac-Tyr-Gly-Pro-Phe-Leu-Arg-DAla-Arg-DPro-Lys-NH2 

CYF125 Nα-Ac-Tyr-Gly-Pro-Phe-Leu-Orn-DAla-Arg-Pro-Lys-NH2 

CYF126 Nα-Ac-Tyr-Gly-Pro-Phe-Leu-Arg-DAla-Arg-Pro-Lys-NH2 

CYF128 Nα-Ac-Tyr-Gly-Pro-Phe-Leu-Arg-Ile-Arg-Pro-Lys-NH2 
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Table 9: [Des-Arg7]-Dyn A (1-11) and [Des-Arg7]-Dyn A (1-13) modifications binding 

affinities. 

Compound 

KORa MORb DORc 

Ki
e 

(nM) 

LogIC50
d

 
 

(nM) 

Ki
e 

 (nM) 

LogIC50
d

 
 

 (nM) 

Ki
e 

 (nM) 

LogIC50
d

 
 

 (nM) 

Dyn A(1-13) 0.09 -9.826 ± 0.10 8.0f - 8.3f - 

Dyn A(1-11) 0.12 -9.960 ± 0.33 1.9g - 6.2g - 

Dyn A(1-11)-NH2 0.10 -9.812 ± 0.27 5.6g - 3.2g - 

CYF104 0.39  -9.101 ± 0.22 4.1 -8.06 ± 0.09 4.5 -7.83 ± 0.04 

CYF107 0.43  -9.054 ± 0.16 6.3 -7.88 ± 0.06 6.2 -7.69 ± 0.06 

CYF110 0.07 -9.882 ± 0.14 0.94 -8.74 ± 0.22 3.6 -8.16 ± 0.11 

CYF111 63  -6.929 ± 0.09 1600 -5.79 ± 0.10 210 -6.38 ± 0.09 

CYF112 85  -6.800 ± 0.07 820 -5.79 ± 0.25 2200 -5.31 ± 0.14 

CYF113 226  -6.375 ± 0.08 1800 -5.45 ± 0.09 580 -5.95 ± 0.18 
a Competition assays were carried out at pH 7.4 using cell membranes using 1.5 nM [3H]-

U69593, b 500 pM [3H]-DAMGO, c 500 pM [3H]-Deltorphin II. d Logarithmic values 

determined from the nonlinear regression analysis of data collected from at least two 

independent experiments in duplicate. e Calculated using the Cheng–Prusoff equation. f 

Ref: 79. g Ref: 80. 

 

After obtaining evidence that Arg7 was not necessary for binding as previously 

published45, Arg7 deletions were done on various already published highly KOR 

selective Dyn A analogues45,97. The hypothesis was tested on the Venorphin/JVA-

901 (CYF118) and Arodyn (CYF119) structures ( Table 10). From previous 

studies, it was found that D-amino acids were well tolerated at positions 8 and 10 

of Dyn A without compromising KOR affinity74. Bennett et al. tested a small 

combinatorial library for binding and antagonist function at the KOR and found 
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Arodyn’s predecessor to which they modified a Met residue for a Leu in the 

structure due to its oxidation prospect83. The design of both of these compounds 

(JVA-901 and Arodyn) took into account the “message-address” concept. The 

“message” region or N-termini residues are considered to give peptides their 

activity at the receptor. Both JVA-901 and Arodyn were discovered in the search 

of potent KOR antagonists. Arodyn, unlike most opioid peptide ligands, does not 

have an aromatic residue at the 4th position and like JVA-901, possesses an N-

terminal amine acetylation making it a novel and different Dyn A analogue 

targeting KOR from what had been previously published83. Removal of Arg7 was 

done on these structures and it was found that the binding affinity was not 

affected, nanomolar binding was retained and the KOR selectivity was also 

maintained.  

 Table 10: Structures of KOR selective Dyn A analogues used to test [Des-Arg7] effects. 

Compound Structure 
KOR 

Ki  (nM) 

Dyn A H-Tyr-Gly-Gly-Phe-Leu-Arg-Arg-Ile-Arg-Pro-Lys-OH 0.12 a 

JVA-901 Ac-Tyr-Lys-Trp-Trp-Leu-Arg-Arg-DAla-Arg-Pro-Lys-NH2 19.8 b 

CYF118 Ac-Tyr-Lys-Trp-Trp-Leu-Arg-DAla-Arg-Pro-Lys-NH2 21 a 

Arodyn Ac-Phe-Phe-Phe-Arg-Leu-Arg-Arg-DAla-Arg-Pro-Lys-NH2 10 c 

CYF119 Ac-Phe-Phe-Phe-Arg-Leu-Arg-DAla-Arg-Pro-Lys-NH2 37 a 

 a Competition assays were carried out at pH 7.4 using cell membranes using 1.5 nM 

[3H]-U69593 b Ref. 84 c Ref. 83 

Schlechtingen et al. showed that a Gly3 substitution by a Pro on Dyn A, [Pro3]-

Dyn A (1-11)-NH2, had weak antagonist activity at the KOR with improved 

selectivity79. This strategy was followed giving CYF120 incorporating the 
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removal of Arg7 and it was found to have comparable binding affinity with 

improved selectivity for the KOR (κ/µ/δ: 1/164/64), being a shorter peptide 

sequence with high selectivity for the KOR. In order to improve antagonist 

activity, N-terminal acetylation was done on CYF120 and the resulting analogue, 

CYF128, showed 12-fold reduction in binding affinity at KOR and no binding 

affinity at MOR or DOR (Table 11). 

Considering the “message-address” concept, modifications were introduced in the 

“address” region, of CYF128 searching for a higher KOR selectivity profile. 

Introducing one modification at a time, first Ile8 was replaced by DAla8, and Ile8 

and Pro10 were replaced by DAla8 and DPro10 on CYF126 and CYF124, 

respectively but binding affinity was significantly reduced (Ki = 5200 and 3600, 

respectively). These modifications did not improve KOR selectivity either. Pro3 

was then reversed to Gly3 keeping the DAla8 substitution and the N-terminal 

acetylation on CYF123, and its binding affinity was restored to less than 100 nM. 

CYF123 showed good selectivity for KOR against MOR, where it showed no 

competition, and 7-fold selectivity for KOR vs. DOR. Comparison of the binding 

affinities of CYF124, CYF126, and CYF123 suggests that modifications on both 

the “message” and “address” regions simultaneously may not be preferred for the 

opioid receptors. While separate modifications can be optimized for improved 

receptor interactions as observed on CYF120 and CYF123. Lemaire et al. saw 

that single modifications resulted in improved KOR selectivity profiles62. 

Combination of N-terminal acetylation with “address” region modifications as 
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observed on CYF123, provided similar KOR selectivity over MOR and a slight 

reduction over DOR to that of CYF120. 

 

Figure 8: Structure of ornithine. 

CYF125 goes a step further in introducing an ornithine (Orn) residue, which is a 

Lys analogue and thus an amino acid with polar character, for Arg6 in 

combination with the modifications at positions 3 and 8. As expected, CYF125 

resulted in a significant decrease in binding affinity at the KOR, as well as the 

other opioid receptors. Combining modifications at both the N- and C-termini 

indicated that this combination strategy is detrimental to the KOR binding 

affinities of the [Des-Arg7]-Dyn A analogues.   
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Table 11: Binding affinity of “message-address” region modified Dyn A analogues. 

Compound 
KORa MORb DORc 

Ki (nM) IC50
d (nM) Ki (nM) IC50

d (nM) Ki (nM) IC50
d (nM) 

CYF120 61 -6.941 ± 0.16 >10k - 3900 -5.11 ± 0.31 

CYF128 727 -5.829 ± 0.18 NC - > 10k -4.95 ± 0.37 

CYF126 5246 -5.041 ± 0.18 NC - 9700 -4.61 ± 0.14 

CYF124 3605 -5.159 ± 0.20 NC - > 10k -4.58 ± 0.12 

CYF123 98 -6.734 ± 0.11 NC - 720 -5.06 ± 0.19 

CYF125 4332 -5.150 ± 0.12 NC - > 10k -3.92 ± 0.87 
a Competition assays were carried out at pH 7.4 using cell membranes using 1.5 nM [3H]-

U69593, b 1.8 nM [3H]-Diprenorphine, c 500 pM [3H]-Deltorphin II. d Logarithmic values 

determined from the nonlinear regression analysis of data collected from at least two 

independent experiments in duplicate.  

 

Searching for a minimum KOR pharmacophore shorter [Des-Arg7]- Dyn A 

analogues were synthesized (Table 12). The nature of the amino acids at either 

termini of a peptide have been shown to be important for binding affinities and 

activity. Extensive Dyn A SAR has shown that a majority of KOR ligands have a 

basic amino acid at the C-terminal. To fulfill this requirement CYF110 was 

truncated at the C-terminal by two amino acid residues to produce CYF129, 

keeping the C-terminus polarity (Lys −> Arg). The shorter [Des-Arg7]-Dyn A (1-

9) analogues were also synthesized as the C-terminal amide. CYF129 (Ki = 0.22 

nM) retained low nanomolar binding affinity compared to CYF110, suggesting 

that [Des-Arg7]-Dyn A (1-9)-NH2 is a minimum pharmacophore for the KOR 

(Table 13). Further SAR was done on this shorter Dyn A fragment in the search of 

a KOR antagonist minimal pharmacophore. 
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Table 12: Structures of Dyn A minimum pharmacophore. 

Compounds Structure 

CYF121 Mdp-Gly-Gly-Phe-Leu-Arg-Ile-Arg-NH2 

CYF129 H-Tyr-Gly-Gly-Phe-Leu-Arg-Ile-Arg-NH2 

CYF130 Nα-Ac-Tyr-Gly-Gly-Phe-Leu-Arg-Ile-Arg-NH2 

CYF131 H-Tyr-Gly-Pro-Phe-Leu-Arg-Ile-Arg-NH2 

CYF133 H-Tyr-Gly-Gly-Phe(4-Cl)-Leu-Arg-Ile-Arg-NH2 

CYF134 H-Tyr-Gly-Gly-Phe(4-F)-Leu-Arg-Ile-Arg-NH2 

CYF135 H-Tyr-Gly-Gly-Phe(4-I)-Leu-Arg-Ile-Arg-NH2 

 

N-terminal substitution with MDP resulted in CYF121 where a reduced binding 

affinity at the KOR was observed, although still under 100 nM. N-terminal 

acetylation (CYF130) and Pro3 (CYF131) substitutions were also explored with 

reduced binding affinities compared to sub-nanomolar CYF129 but still in the 

nanomolar range. Proline is a constrained amino acid that promotes 

conformational changes on peptides. Comparing the binding affinity of CYF131 

with that of CYF129 a significant reduction in binding affinity was observed, 

which means that Pro3 substitution is having an effect on the structure of this 

analogue at the receptor causing the observed decrease in affinity. CYF131 also 

showed a significantly reduced binding affinity when compared to CYF120. This 

is interesting since the difference between these two structures is the C-terminal 

residues. It can be said that with a strong change like a Pro substitution the C-

terminal Lys11 might be necessary to improve or maintain the KOR binding 

affinity of this particular analogue. In terms of selectivity, Pro3 substitution 

improves selectivity of CYF131 when compared to CYF120. The truncated C-
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terminal residues might play a larger role in binding at the other opioid receptors 

when a Pro3 substitution is present. It is worthwhile to note that these analogues 

do not have any of the “essential” amino acids as they had been previously 

described45.  

Table 13: Binding affinity of [Des-Arg7] Dyn A (1-9)-NH2 analogues. 

Compound 
KORa MORb DORc 

Ki (nM) IC50
d (nM) Ki (nM) IC50

d (nM) Ki (nM) IC50
d (nM) 

CYF121 94 -6.90 ± 0.20 >10,000 - 360 -6.14 ± 0.14 

CYF129 0.30 -9.26 ± 0.13 381.5 -6.19 ± 0.01 6.1 -7.95 ± 0.04 

CYF130 51 -7.03 ± 0.30 4315 -5.02 ± 0.12 3700 -5.19 ± 0.06 

CYF131 220 -6.40 ± 0.30 NC - 4600 -5.07 ± 0.15 

CYF133 0.44 -9.168 530 -6.13 ± 0.07 39 -6.87 ± 0.35 

CYF134 0.62 -9.109 220 -6.49 ± 0.06 499 - 

CYF135 6.7 -7.940 2900 -5.47 ± 0.17 450 -5.97 ± 0.41 
a Competition assays were carried out at pH 7.4 using cell membranes using 1.5 nM [3H]-

U69593, b 1.8 nM [3H]-Diprenorphine, c 500 pM [3H]-Deltorphin II. d Logarithmic values 

determined from the nonlinear regression analysis of data collected from at least two 

independent experiments in duplicate.  

 

Peptide halogenation has been shown to have effects on the peptide’s stability, 

membrane penetration and lipophilic character109,110. Adding halogen atoms 

provides a simple modification that gives many benefits to peptide structures in 

improving their drug-like character. In the Hruby lab, it was shown that 

halogenation of the phenylalanine residue on enkephalin structure analogues 

improve opioid receptor activity93. Different halogen atoms were tested on the 

para- position of the Phe residue of the shorter [Des-Arg7]-Dyn A analogues 
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(CYF133, CYF134, CYF135). Compared to CYF129 the binding affinity at the 

KOR was similar. A slightly higher affinity for the KOR is observed on the p-

chloro substitution (CYF133) compared to the other halogenations employed. 

CYF133 showed the highest KOR/MOR selectivity (κ/µ: 1/1202), whereas 

CYF135 had the highest KOR/DOR selectivity (κ/δ: 1/805). Compared to parent 

compound halogenation improved the KOR selectivity of the [Des-Arg7]-Dyn A 

(1-9)-NH2 ligands retaining the KOR binding affinity. Halogenation can provide 

increased KOR selectivity and thus further SAR should be done assessing p-

halogenation on Phe4 of [Des-Arg7]-Dyn A analogues. 

The presented data shows that [Des-Arg7]-Dyn A analogues have high binding 

affinity for the KOR and can be modified to improve selectivity and antagonist 

function at the receptor. A minimum [Des-Arg7]-Dyn A ([Des-Arg7]-Dyn A (1-9-

NH2) pharmacophore was found with high binding affinities that could tolerate 

the N-terminal amino group substitution for the search of a potent KOR 

antagonist. 

5.2 In vitro functional studies 

5.2.1 GPI – LM/MP and MVD muscle contractility studies  

GPCR activation can be tested by muscle contractility assays. Guinea Pig Ileum 

longitudinal muscle / myenteric plexus (GPI-LM/MP)111 is known to have all 

three opioid receptors with a higher density of KOR and it has been used for 

testing KOR activation previously. The mouse vas deferens (MVD)112 also 

possesses all three opioid receptors but DOR is present in significantly higher 
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concentrations, thus is mainly used to measure DOR activation. Initially, GPI-

LM/MP was used for testing all three opioid receptors but the development of the 

MVD assay gave an extra tool to be able to determine a compounds’ selectivity113.  

The initial [Des-Arg7]-Dyn A analogues were tested on both tissues. Firstly, these 

compounds were tested for their potential of depleting electrically stimulated 

muscle contractions at different compound concentrations. Increasing compound 

concentrations were done cumulatively on both GPI-LM/MP and MVD. In order 

to assess the tissue’s responsiveness known agonists at either KOR (GPI, PL-017) 

and DOR (DPDPE) were done and the responses confirmed.  CYF104 and 

CYF107 showed agonist function producing a complete depletion in stimulated 

contraction height signal at the highest administered dose in GPI. In order to 

corroborate that these results were coming from the targeted receptor, KOR; a 

shift in dose-response curve was done using a known antagonist at the KOR, Nor-

BNI. A dose-response curve was measured in the presence of the antagonist and 

the shift calculated, CYF104 showed a 34-fold shift, and CYF107 a 26-fold shift  

(Figure 9).  
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Figure 9: Rightward shift in dose-response curve in the presence of known KOR 

antagonist nor-BNI. A) CYF104, 34-fold shift (n) CYF104, (�) CYF104 + 10 nM Nor-

BNI, and B) CYF107, 26-fold shift (n) CYF107, (�) CYF107 + 10 nM Nor-BNI. 

Compounds that did not show full agonist activity were analyzed as a percentage 

difference of the initial signal if there was any perceivable change. The percent of 

activity was calculated in comparison to the initial response recorded 1 min before 

the addition of test compound. CYF111, CYF112, CYF113, and CYF120 all 

showed weak partial agonist activity in the MVD assay, at the DOR (Table 14). 

CYF121 had a 0% response at the DOR. CYF111, CYF112, CYF113, and 

CYF121 were expected to have antagonist activity at the opioid receptors due to 

their N-terminal substitutions following Schiller et al.’s observation81. In the GPI 

assay, CYF111 and CYF112 showed no response and CYF113 had a weak 

response at the KOR. CYF120 and CYF121 were not tested in the GPI assay but 

a different functional assay was done and will be discussed in following sections. 

The obtained tissue data indicates that N-terminal amine substitution provides 
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antagonist activity at the KOR with some DOR activation in animal tissue except 

for the shorter CYF121 analogue. 

Table 14: GPI and MVD results of [Des-Arg7]-Dyn A analogues. 

Compounds MVD GPI/LMM 

 IC50 (nM) IC50 (nM) 
Shift with 10nM 

Nor-BNI  

CYF104 132.7 ± 29.8 14.78 ± 3.75 34 fold 

CYF107 135.7 ± 44.4 20.63 ± 8.69 26 fold 

CYF110 72.83 ± 19.20 7.015 ± 0.865 n.d. 

CYF111 4% a 0% a - 

CYF112 7.1% a 0% a - 

CYF113 7.1% a 8.7% a - 

CYF120 9.5% n.d. - 

CYF121 0% n.d. - 
a Percent of agonist activity at 1 µM of test compound compared to average signal 3 min 

prior drug. N.d. = not determined. 

 

The tissues used for these assays are normally reused several times in a test day, 

with a reduction in response effectiveness being linked to how well the tissue 

washings are done and how well the compounds are removed from the tissue bath. 

A key observation was that the test compounds that showed partial agonist and 

antagonist activities at the KOR were readily washed from the tissues and the 

tissue responses completely returned to baseline. This is very important because 

compared to known organic small molecule KOR antagonists these compounds 

were different. KOR organic small molecule inhibitors are known to have long 

duration of action and it has been suggested that this occurs due to membrane 
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absorption of the compounds, thus increasing their ability to interact with the 

KOR. Known KOR antagonists usually decreased the baseline and/or rendered 

the tissue useless after testing, being considered “sticky” compounds. The [Des-

Arg7]-Dyn A analogues tested had not such effect on the tissue and were observed 

to wash off with total baseline signal recovery.  

5.2.2 GTPγS functional assay 

An additional in vitro assay commonly done to assess function at the opioid 

receptors is the GTPγS assay. This assay measures the most upstream signaling 

event that occurs after GPCR activation by monitoring the nucleotide exchange 

after ligand binding114. The GTPγS assay provides a cell free assay to measure 

receptor activation in a reconstituted system. Initially synthesized compounds 

were tested on the GTPγS assay (Figure 10A), where it was observed that 

analogues with the N-terminal substitution, MDP and N-terminal acetylation, did 

not stimulate GTPγS binding when added at a 10 µM concentration (CYF111, 

CYF112, CYF113).  
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Figure 10: GTPγS assay on initial [Des-Arg7] Dyn A analogues. A) Initial compounds 

CYF104, CYF107, and CYF110 showed significant GTPγS activation. N-terminal 

substituted analogues did not show receptor activation. B) Antagonist mode of GTPγS 

assay. Statistical significance was determined by 95% confidence interval (**P ≤ 0.01; 

***P ≤ 0.001). 

These compounds were then tested in the antagonist mode of the GTPγS assay, 

where the compounds were added in the presence of a known KOR agonist 

(U50,488) and the decrease in signal response was measured (Figure 10B). 

Initially, a single dose was used and the response recorded. All compounds were 

added at 10 µM and compared to the total agonist response (U50,488 alone). It 

was observed that CYF111 and CYF113 presented potent antagonist activity at 

the KOR reducing response signal close to baseline. CYF112, the N-terminal 

acetylated [Des-Arg7]-Dyn A analogue, showed partial antagonist function in this 

assay, contrary to what other groups have observed83.  
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 Figure 11: Dose response curve of GTPγS assay of [Des-Arg7] Dyn A analogues in the 

presence of KOR agonist U50,488.  

Dose response curve in in the presence of 100 nM of KOR agonist U50,488 were 

done in order to determine the IC50 and the maximum inhibition percentage values 

(Imax),  Figure 11. In this assay, those compounds that had shown agonist function 

did not converge, CYF104, CYF107, and CYF110. It was observed that the N-

terminal MDP substituted compounds had antagonist function comparable and 

exceeding that of Naloxone (100% normalized), a known opioid receptor 

antagonist. As expected, CYF111 showed 110.9% and 120.7% for CYF121 

(Table 15). Both CYF111 and CYF121 showed lower efficacy compared to their 

binding affinities (111 nM and 121 nM, respectively). CYF120 and CYF131 with 

the Pro3 substitution, showed weak efficacy with partial activity at the KOR, 38% 

and 29% respectively at 10 µM, consistent to what Schlechtingen et al. had 

observed79.  
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Table 15: GTPγS assay dose-response curve data of [des-Arg7] Dyn A analoguesa. 

Compounds IC50 (nM)a Imax (%)b 

Naloxone 136 ± 58 100 

CYF104 NC NC 

CYF107 NC NC 

CYF110 NC NC 

CYF111 224 ± 28 111 ± 7 

CYF120 >2500 38c 

CYF121 751 ± 137 121 ± 4 

CYF131 >2500 29c 

a Concentration to afford 50% inhibition.  Data values reported as the mean ± SEM 

normalized to 100 nM of U50,488 (100% stimulation). b Calculated as a percent of the 

span of naloxone. c Percent inhibition at 10 µM, a full curve could not be fit. NC: Not 

Converged.  

5.3 Stability studies of [Des-Arg7]-Dyn A analogues 

One of the main complications of peptide drugs stem from their poor chemical and 

enzymatic stability, leading to poor oral bioavailability. Peptidases directly target natural 

occurring peptides making it difficult for their delivery and systemic administration. 

Intravenous (i.v.) and intrathecal (i.th.) injections to the affected sites are the most 

common routes of administration currently used in the clinic. Peptides administered by 

i.v. or i.th. are subject to proteolytic enzymes present in the plasma. In order to estimate 

in vivo peptide clearance by circulating peptidases, in vitro peptide stability in plasma or 

serum is measured115. For these reasons, [Des-Arg7]-Dyn A analogues and the control 

Dyn A peptides were tested in rat plasma. The control peptides used were Dyn A (1-11)-

OH and Dyn A (1-11)-NH2 and as expected these were shown to be completely degraded 

in less than 1 h with 0.75 h and 0.76 h calculated half-life respectively.  
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Figure 12: In vitro stability of Dyn A analogues in rat plasma. The samples were tested in 

three independent experiments. Statistical significance of CYF107 was tested by a one-

way ANOVA and was compared to parent ligand but no statistical significance was 

found. Statistical significance for CYF121 and CYF123 were tested by two-way 

ANOVA and were compared to parent ligand, CYF120, followed by a Tukey's analysis 

and are. Asterisks denote significance and for ease of view they are only shown from 6 h 

on (* P < 0.05, ** P < 0.01, **** P < 0.0001).  

Firstly, CYF107 was tested and found that stability was increased by removal of 

Arg7 compared to control peptides. Dyn A has two consecutive Arg residues, 

known as a basic pair, which are important in degradation signaling45. Arg7 is the 

second residue of the basic pair, and from this analysis it can be seen that its 

removal reduces degradation. The initial [Des-Arg7]-Dyn A analogues tested have 

all natural amino acids which are prone to degradation. Analogues with Pro3 

substitution were tested but these had no statistical significant increase in stability 

over CYF107 (Table 16; Figure 12) (CYF120, t1/2 = 1.44 h; CYF131, t1/2 = 2.08 

h). The Arg7 removal of CYF107, CYF120, and CYF131, is enough to confer the 

significant increase over Dyn A(1-11)-NH2. 
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As expected, eliminating the free N-terminal amine (CYF121) showed 

significantly higher stability when compared with the control peptide Dyn A (1-

11)-NH2 with a half-life of 50 h (Table 16). Without the N-terminal amine, 

aminopeptidases are restricted of cleaving off the N-terminal amino acid resulting 

in improved stability116. CYF123 had D-amino acid substitutions in addition to 

the N-terminal substitution, which are also known to improve stability resulting in 

significantly higher half-life (350 h).  

With simple removal of Arg7 on [Des-Arg7]-Dyn A analogues improved stability 

was obtained. Non-natural amino acid substitutions should be evaluated for KOR 

selectivity improvements and these can only improve the stability of future [Des-

Arg7]-Dyn A ligands. Our data suggest that linear (simple) [Des-Arg7]-Dyn A 

analogues with minimal modifications can provide long calculated half-life.  
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Table 16: Stabilities of Dyn A analogues in rat plasma. 

Compounds Structure 

KOR 

Ki 

(nM) 

t1/2
a  

(h) 

Dyn A (1-11)-OH H-Tyr-Gly-Gly-Phe-Leu-Arg-Arg-Ile-Arg-Pro-Lys-OH 0.12 0.75 

Dyn A (1-11)-NH2 H-Tyr-Gly-Gly-Phe-Leu-Arg-Arg-Ile-Arg-Pro-Lys-NH2 0.10 0.74 

CYF107 H-Tyr-Gly-Gly-Phe-Leu-Arg-Ile-Arg-Pro-Lys-NH2 0.43 4.5 

CYF120 H-Tyr-Gly-Pro-Phe-Leu-Arg-Ile-Arg-Pro-Lys-NH2 61 1.4 

CYF121 Mdp-Gly-Gly-Phe-Leu-Arg-Ile-Arg-NH2 94  50 

CYF123 
Nα-Ac-Tyr-Gly-Gly-Phe-Leu-Arg-DAla-Arg-DPro-Lys-

NH2 
98 350 

CYF131 H-Tyr-Gly-Pro-Phe-Leu-Arg-Ile-Arg-NH2 216 2.1 
a Half-life (t1/2) was determined by 0.693/b, where b is the slope found in the linear fit of 

the natural logarithm of the fraction remaining of the parent compound vs. incubation 

time117. 

5.4 [Des-Arg7]-Dyn A analogues cell toxicity  

Cell toxicity can be determined by different available assays. The XTT assay is a 

colorimetric assay that tests for cell viability and proliferation. Dehydrogenase enzymes 

of metabolically active cells cleave the tetrazolium salt, XTT, which yields a colored 

formazan product that can be measured and correlated to live cells118. The XTT assay 

was chosen over MTT due to reduced assay time and reduced crystal solubility issues. 

Cell toxicity studies are normally used in anti-cancer drug development and it was used 

here as a way to easily detect and have some insight into the compounds’ toxicity. First, 

an optimization assay was carried out, to determine the optimal amount of cells, as well 
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as the reaction time of the XTT reagent needed for the cell line used. Several amount of 

cells were plated and different incubation times for the XTT reagent were assessed. The 

data was plotted (Figure 13) and the linear region was used to determine the optimal 

number of cells per well (10,000 cells/well) and the XTT reagent incubation time (3 h) 

since this region provides the most sensitivity to detect changes induced by the test 

compounds.  

 

Figure 13: XTT optimization assay to determine optimal number of cells and XTT 

reagent incubation time. 10,000 cells/well and 3 h incubation time were the optimal 

reaction conditions. 

Full dose-response curves (10-3-10-11 M) were constructed for [Des-Arg7]-Dyn A 

analogues (CYF104, 107,110, 111, 120, and 133) and Dyn A (1-11)-NH2 using optimal 

amount of 10,000 cells per well. The analogues were incubated in hKOR expressing 

HN9.10 cells for 24 h before addition of the XTT reagent. Dyn A is an endogenous 

peptide and its analogues mainly consist of natural amino acid modifications, therefore 

cell toxicity was not expected. Assays were run in triplicate and data was obtained from 

at least two independent experiments. [Des-Arg7]-Dyn A analogues were found to be 
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non-toxic with approximately 100% survival except for CYF111 at the highest 

concentration of 1 mM (~ 70% survival, Figure 14). CYF111 is different in that it has the 

N-terminal amine substitution with MDP, which provided the analogue with antagonist 

activity at the KOR. Statistical analysis found that CYF111’s toxicity is not significant 

when compared to the control peptide at the highest concentration, but it should be noted 

that a decrease in cell viability was observed.  

 

Figure 14: Cell toxicity results of three concentrations (1mM, 1uM, and 1nM, for ease of 

view) of  [Des-Arg7]-Dyn A analogues and Dyn A (1-11)-NH2 (control) on hKOR 

expressing HN9.10 cells after 24 h incubation. Statistical significance was determined but 

no significance was observed (P ≤ 0.05). 

5.5 JNK activation potential of Dyn A analogues 

A recurring problem encountered by KOR antagonist ligands is their long duration of 

action at the receptor. Others have suggested that the small molecule ligands’ long 

duration of action could be due to metabolic or pharmacokinetic mechanisms. Recently, 

Melief et al. found that KOR antagonists that show long duration of action activate JNK 
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through a KOR-dependent mechanism119. From this study it was shown that JNK 

activation correlated with a good number of KOR ligands with long duration of action 

and JNK gene knockouts further implicated JNK’s involvement in long acting activity. 

Also, that JNK phosphorylation could be measured as a way to test for KOR ligands long 

duration of action119.  

 

Figure 15: A) p-JNK activation response after 1 h exposure of different concentrations of 

Nor-BNI or Dyn A (1-11)-NH2. B) p-JNK activation response after 1 h exposure of 

different concentrations of Nor-BNI or CYF121. No statistical significance difference 

was observed. 

A phospho-JNK 1/2 (p-JNK) ELISA kit was used to run a control assay in at least two 

independent experiments in duplicate. Initially, the kit was evaluated using hKOR 

transfected HN 9.10 cells and measuring JNK activation with Nor-BNI and Dyn A. Both 

were found to have similar responses with an increase in JNK response with increased 

concentration (Figure 15 A) of both Nor-BNI (control) and Dyn A (1-11)-NH2. A 

decrease in response was observed at the highest concentration of Nor-BNI, prompting 
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for Nor-BNI to be tested for cell toxicity in the XTT assay and found to be toxic to cells 

at 1 mM concentration (Figure 16). Dyn A and its analogues were not expected to 

produce JNK activation since Dyn A has been showed to have a short duration of action.  

 

Figure 16: XTT cell viability assay in the presence of three concentrations of Nor-BNI (1 

mM, 1 µM, 1nM). 1 mM resulted in significantly reduced cell viability of KOR-HN9.10 

cells. 

CYF121 was tested since antagonist activity was observed in the GTPγS assay to assess 

if there was a particular response reserved for KOR antagonists since the previously 

tested compounds were non-peptidic KOR antagonists120. Both, Dyn A (1-11)-NH2 and 

CYF121 produced a p-JNK response contrary to what was previously observed for the 

short duration non-peptidic KOR antagonists (Figure 15 A-B). JNK activation has been 

tested for long duration of organic small molecule KOR ligands but not with peptides. 

Peptides are known to interact differently than small molecules with GPCRs and also 

activate different signaling pathways, which might be the reason for our contradictory 

observations. Further analysis needs to be done in order to clarify if JNK activation 

cannot be used as an in vitro test on peptide ligands for long duration of action 

determination. Western blot is a good alternative assay for measuring p-JNK where dose-
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response curves and different time of exposure should be evaluated for KOR selective 

antagonists both peptides and small molecules.  

5.6 In vivo characterization of CYF120 

[Pro3] substitution by Schlechtingen et al. showed full antagonist activity in animal tissue 

assays, while having partial activity in the GTPγS assay79. To assess the difference in 

activity reported by others, highly KOR selective CYF120 was tested in in vivo studies 

using mice. In this assay, the test compound was tested for its antinociceptive effects, 

given it had demonstrated partial agonist activity in the in vitro assays. Three doses of 

CYF120 (0.1, 1.0, and 10 µg, in 5 µL; n=5/treatment) or vehicle (MPH2O) were 

evaluated in mice using tail withdrawal latency (TWL) in a hot water bath (52˚C). The 

two highest doses of CYF120 (1.0 and 10 µg in 5 µL, i.t.) produced significantly 

elevated TWL compared to vehicle-treated mice (p < 0.05) 30 min after the injection 

(Figure 17 A), while the 10 µg in 5 µL dose produced significantly elevated TWL at 15 

min as well (p < 0.005). Notably, 1 of the 5 animals injected with 0.1 µg, 1 of the 5 

injected with 1.0 µg, and 2 of the 5 injected with 10 µg in 5 µL experienced lower limb 

catalepsy immediately following injection, lasting 15 seconds before recovering and 

being indistinguishable from their littermates. The percent antinociception of peak effect, 

30 min, was 39 ± 7.0% of the maximum response in the 10 µg in 5 µL dose, indicating 

partial receptor activation (Figure 17 A). This result is consistent with the in vitro GTPγS 

assay, showing that [Des-Arg7]-(Pro3)-Dyn A analogue is a partial KOR agonist in vivo. 

The area under the curve (AUC) was not significantly increased for any of the doses 

compared to vehicle (Figure 17 B).  
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Figure 17: A) Percent antinociceptive effects of three doses of CYF120 recorded as the 

tail withdrawal latency from a 52°C water bath. B) Area under the curve of TWL of 

CYF120. C) Percent antinociception of pre-treatment with 10 µg / 5 µl of CYF120 or 

vehicle (t = -15 min) with 10 µg / 5 µl of FE200665 (t = 0 min). CYF120 blocked 

FE200665 effects from 0 – 45 min. D) Area under the curve (AUC) of percent 

antinociception of pretreated animals was not significantly reduced (no statistical 

significance observed). Statistical significance was determined by 95 % confidence 

interval (*P ≤ 0.05; **P ≤ 0.005 vs vehicle). 
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Figure 18: FE200665 structure. 

CYF120 was also tested in the presence of known selective peptide KOR agonist 

FE200665 (Figure 18)121,122. Mice were pre-treated with CYF120 or vehicle at t = -15 

min and FE200665 was added at t = 0 min. CYF120 blocked the FE200665 response in 

the TWL assay with a reversal to FE200665 response observed after 60 min (Figure 17 

C). The time of action corresponds with the antinociceptive effects observed with 

CYF120 alone (Figure 17 A). The time frame of action of CYF120 directly correlates 

with its stability in rat plasma, t1/2 = 1.4 h. CYF120’s in vivo duration of action observed 

was 60 min (45 min time point) approximately the same as its calculated half-life. The 

AUC was not significantly changed by any of the treatments, but a decreased AUC in the 

pre-treatment with CYF120 and FE200665 can be observed when compared to vehicle + 

FE200665 (Figure 17 D).   

CYF120 showed antinociceptive activity in vivo when administered alone but in the 

presence of KOR selective agonist, it was shown to block the agonist’s activity in vivo. 

Partial agonists can show antagonist effects by occupying the receptor and not allowing 

the full agonist to bind and have an effect123. CYF120 is an example of partial agonists 

with antagonist’s effects in vivo at the same dose and time range as its agonist effects.  
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5.7 In vivo characterization of CYF121 

Three doses of CYF121 (0.1, 1.0, and 10 µg, in 5 µL; n=6/treatment) or vehicle were 

evaluated in mice using TWL in a hot water bath (52˚C) as explained above. No dose of 

CYF121 significantly changed TWL compared to vehicle-treated mice (p > 0.05) at any 

time tested (Figure 19 A). The percent antinociception of all doses of CYF121 were 

negative compared to vehicle but not statistically different. The area under the curve 

(AUC) was not significantly increased for any of the doses either (Figure 19 B). As 

expected, CYF121 did not show any antinociceptive activity in mice when administered 

alone. CYF121 has been shown to have antagonist function at the KOR in in vitro assays, 

thus no activity was expected in vivo.  
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Figure 19: The latency of tail withdrawal from a 52°C water bath (TFL) 3 doses of 

CYF121 (0.1, 1.0, and 10 µg, in 5 µL volume, n=6/treatment) were measured. TFL/TWL 

were re-assessed up to 9 times over a 24 h period. B) No significant increase in areas 

under the curve (AUC) was observed. C) Percent antinociception of pre-treatment with 

10 µg / 5 µl of CYF121 or vehicle (t = -15 min) with 10 µg / 5 µl of FE200665 (t = 0 

min). CYF121 blocked FE200665 effects through to agonist response depletion. D) No 

statistical significance was observed for AUC of percent antinociception of pretreated 

animals. Statistical significance was determined by 95% confidence interval (*P ≤ 0.05 

vs vehicle). 
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To test if the lack of antinociceptive effects were due to activity mediated through the 

KOR, CYF121 was also tested in the presence of KOR selective FE200665 where it was 

found to completely block its agonist response (Figure 19 C), significantly reducing the 

antinociceptive response at 15 min. The AUC was not significantly reduced when 

compared to vehicle + FE200665 (Figure 19 D) but same as CYF120 a decrease can be 

noted. As observed for CYF120, CYF121 also showed a correlation of its duration of 

action in vivo with its rat plasma half-life. CYF121 showed a t1/2 = 50 h and its in vivo 

activity can be observed all the way until FE200665 agonist response is depleted at 24 h, 

showing similar stability in vivo. A longer in vivo study with subsequent agonist 

administration would provide valuable input into CYF121’s duration of action, since 

from our results it was observed to have an effect up to 24 h after administration. These 

results confirm what was observed in in vitro functional studies, MDP substitution 

provides antagonist activity at the KOR with increased stability. 
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Chapter 6: Conclusions and Future Directions 

Dyn A has been subject of many SAR studies at the KOR. Removal of Arg7, one of the 

previously described key residues, was successfully shown to not be necessary for 

binding and activity at the KOR (CYF107, Ki = 0.43 nM). From these studies, it was 

shown that deletion of an amino acid from the middle of a peptide sequence is possible 

without affecting its biological function. A smaller [Des-Arg7]-Dyn A (1-9)-NH2 

fragment was also discovered from our SAR studies. Several modifications were studied 

on [Des-Arg7]-Dyn A, with the most successful substitutions for KOR antagonist activity 

in vitro being the N-terminal amine substitution by MDP on both Dyn A (1-11) and Dyn 

A (1-9) fragments, CYF111 and CYF121 respectively (Imax = 111% and 121%). It was 

observed that simultaneous modifications in the “message” and “address” region of [Des-

Arg7]-Dyn A analogues were detrimental for KOR binding affinity and that a Pro3 

substitution (CYF120; Imax = 38% and 40% antinociception in vivo), even though it 

improved KOR selectivity, it resulted in partial agonist activity in in vitro and in vivo 

tests. Phe4 p-halogenation was observed to improve KOR selectivity of minimal 

pharmacophore [Des-Arg7]-Dyn A (1-11)-NH2, thus in vitro functional studies should be 

done to test for KOR antagonist activity and further SAR should be done to improve 

antagonist activity at the KOR. 

Selective partial antagonist ligand CYF120 showed antagonist activity when in the 

presence of KOR selective agonist FE200665. In chronic pain situations, Dyn A has been 

shown to be up-regulated in the spinal cord, thus CYF120 antagonist activity in the 

presence of KOR agonist is physiologically relevant124. CYF120 showed antagonist 

activity with duration of action up to 45 min.  Comparing with known small molecule 
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KOR antagonists (Nor-BNI, JDTic), CYF120 is significantly better showing a shorter 

duration of action in vivo. Antagonist CYF121 was also tested in vivo where it showed 

no antinociceptive effect and successfully blocked KOR agonist in vivo.  

[Des-Arg7]-Dyn A analogues were tested in in vitro stability assay in rat plasma. 

Removal of Arg7 improved the half-life of [Des-Arg7]-Dyn A (t1/2 = 4.5 h) analogues 

compared to parent peptide Dyn A (1-11)-NH2 (t1/2 = 0.72 h) and N-terminal substitution 

further improved the compounds’ half-life significantly (CYF121) with a calculated half-

life of 50 h. CYF123 remained intact longer than two weeks with a calculated half-life of 

t1/2 = 350 h. CYF123 had both the N-terminal amine substitution as well as D-amino acid 

substitutions at positions 8 and 10, thus a long half-life was expected. The use of rat 

plasma is a general way that compound stability can be assessed in vitro, but other factors 

can play a role in peptide degradation such as peptidases present in red blood cells and 

hepatic enzymes might also be an issue. Stability tests using whole blood and/or liver 

microsomes may be useful in determining analogue stability in the future. [Des-Arg7]-

Dyn A analogues were also shown to have no toxicity in cells expressing the hKOR after 

24 h exposure, as expected, but should be assessed in vivo since Dyn A has been shown 

to produce motor impairments and catalepsy in vivo. 

From these studies we have found a lead ligand that is a minimal Dyn A structure with 

antagonist function at the KOR both in vitro and in vivo. Further modifications need to be 

assessed (SAR) in order to improve KOR selectivity of CYF121. “Address” region 

modifications might be something to evaluate on the shorter peptides, such as 

substitutions of Ile8 with D-Ala as well as introduction of halogen atoms to increase 

lipophilicity and KOR selectivity. In our group, we have observed the effect of halogen 
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atom substitution on enkephalin analogues affinities and how different atoms can have a 

significant effect on the ligands’ activity at the KOR making CYF133, CYF134, and 

CYF135 interesting ligands that should be studied further. CYF121’s duration of action 

should also be further assessed in vivo, by studying the animals for a longer period of 

time and in the presence of continuous KOR selective agonist to assess activity at the 

receptor. The effects of CYF121 and its future analogues should be tested for their anti-

depressive and stress-induced drug seeking behavior effects in vivo.  

Linear peptides are highly flexible molecules, thus having secondary structure 

information can provide great insight into the further design and SAR development, 

offering information that can be used with computer models of the target receptor. 

CYF121’s secondary structure in a membrane-like environment is currently being 

assessed by 2D-NMR and the information obtained will give insight into the further 

development of Dyn A based KOR selective ligands. 

It is necessary to point out that the presented ligands are linear uncomplicated peptide 

analogues that can be easily synthesized and developed and show great stability and the 

receptor activity of interest. This is a great and significant step towards the development 

of peptide ligands for the treatment of depression, drug-seeking behaviors, and MOR 

related addiction and tolerance. Peptides are usually administered at the site where they 

are needed but it would be worthwhile to test the membrane penetration potential of the 

stable lead ligand and its analogues. This can be done in vitro using the PAMPA model 

of membrane penetration or in vivo measuring compound presence in the CNS after 

systemic administration125,126. The results from these assay would provide significant 
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information on how these ligands can be further developed for clinical studies in humans 

in the future. 
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Part II 

SELECTIVITY MODULATION OF NOVEL ENKEPHALIN ANALOGUES WITH 

KOR ANTAGONIST ACTIVITY 
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Chapter 7: Introduction 

7.1 Targeting various opioid receptors; multifunctional activity 

As previously discussed opiate therapy is laden with serious side effects with tolerance 

and addiction being very significant when considering treatments. Some have suggested 

that the opioid receptors undergo functional interactions, due to observations of the 

potentiation of morphine antinociceptive effects by DOR activation127. Others have 

observed the contrary, where DOR agonists resulted in the reduced antinociceptive 

effects of MOR agonists128. These observations suggested that DOR activation results in 

MOR agonist activity modulations128. During these studies it was found that there was 

also an effect in morphine tolerant animals. 

Tolerance occurs when a larger dose of drug is needed to obtain the same therapeutic 

effect; pharmacologically speaking, it translates to a right shift in the dose-response curve 

of a given drug. Sustained administration of MOR agonists lead to tolerance development 

and some studies have found involvement of other opioid receptors. The DOR in 

particular, has been found to be necessary for the maintenance of tolerance but not its 

onset129. Zhao et al. suggested that giving a DOR antagonist or a mixed MOR 

agonist/DOR antagonist to a tolerant individual might result in restoration of MOR 

agonist sensitivity, and thus a reduced amount of drug needed for effect129. 

Our group has been interested in the development of opioid receptor ligands for the 

treatment of chronic pain with reduced side effects. One of the strategies followed has 

been the design of multifunctional ligands, molecules that can simultaneously interact 

with different receptors to achieve higher potency and efficacy but also result in reduced 
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or absence of the undesirable effects130–133. Different strategies have included MOR/DOR 

agonists, MOR/DOR agonists /neurokinin receptor 1 (NK1) antagonists, and MOR/DOR/ 

cholecystokinin receptor (CCK) ligands106,134,135. 

 

Figure 20: Fentanyl Structure. 

Fentanyl (Figure 20) is an MOR selective agonist that has a 10-fold higher potency 

compared to morphine136. It also shows high lipophilic character, which makes it a great 

molecule for BBB penetrating ligands. Lee et al. studied the effects of fentanyl’s 4-

anilidopiperidine (PPP) scaffold targeting both MOR and DOR130. First, Lee and 

colleagues studied the effects of aromatic or constrained amino acid substitutions of the 

phenetyl group on fentanyl’s structure. This design followed the “message-address” 

concept where the amino acid substitutions were considered the “message” and the PPP 

moiety the “address”130. Following a similar strategy Lee and colleagues then substituted 

the C-terminal of enkephalin (DOR’s endogenous ligand) analogues with the PPP moiety, 

in order to increase potency at both receptors and increase the peptides’ lipophilicity 

(increase BBB penetration) and decrease degradation potential134. 

The “message-address” concept as described elsewhere on this dissertation has been an 

important tool in the design of opioid selective ligands. From Lee et al.’s studies it was 

observed that in synthesizing peptidomimetics with a PPP moiety, the PPP would be the 

O

NN
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“address” region giving the molecules’ affinity for the opioid receptors. PPP shares 

structural features with enkephalin namely the aromatic moiety similar to Phe4 residue. 

Combining the enkephalin structure for the “message” provides enhanced DOR activity 

of the already MOR active fentanyl moiety.  

 

 

Figure 21: 4-piperidinyl-N-phenylpropanamide (PPP) structure. 

Further SAR on these novel enkephalin-PPP analogues resulted in higher affinity ligands 

with increased opioid activity, LYS739 and LYS744 (Table 17)93. These analogues were 

synthesized for increased lipophilicity, introducing D-Nle at the second position and 

halogen atoms (F and Cl, respectively) onto the para- position of the Phe4 residue of 

Compound 1293. These analogues resulted in the bivalent function that the authors were 

after, showing great subnanomolar affinity, similar selectivity for both MOR and DOR, 

and increased receptor activity compared to the parent ligand 12 (Table 18). In vivo 

studies of an analogue demonstrated that lipophilic substitutions are a viable strategy to 

develop high potency and bioavailable ligands93. These enkephalin analogues were 

successful bivalent ligands, with agonist activity at both MOR and DOR, which can 

translate to reduced dosing achieving the same antinociceptive effects due to the MOR 

O

N

N
H
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modulating capability of DOR ligands and thus decreasing the prospect of tolerance 

development93,128,137. 

Table 17: Enkephalin analogue structures. 

Compounds Structures 

12 Dmt-DAla-Gly-Phe-PPP 

LYS739 Dmt-DNle-Gly-Phe(4-F)-PPP 

LYS744 Dmt-DNle-Gly-Phe(4-Cl)-PPP 

 

Table 18: Bioactivities of enkephalin-PPP ligands. Constructed from Lee et al.93 

Compounds 

Bindinga IC50
d (nM) 

[35S]-GTPγS 

hMORe hDORe 

MORb 

Ki 

(nM) 

DORc 

Ki 

(nM) 

GPI MVD 
EC50 

(nM) 
Emax %f EC50 

(nM) 

Emax 

%f 

12 0.38 0.36 8.3 1.8 0.88 50 0.77 24 

LYS739 0.02 0.08 0.26 0.37 0.29 98 0.07 48 

LYS744 0.10 0.4 1.3 1.9 0.14 58 0.07 37 
a Competition analyses using membrane preparations from transfected HN9.10 cells that 

constitutively expressed the opioid receptor types. b [3H]-DAMGO, Kd = 0.50 nM. c [3H]-

DPDPE Kd = 0.85 nM. d Concentration at 50% inhibition of muscle contraction in 

electrically stimulated isolated tissues. e Expressed in CHO cells. f (Net total bound/basal 

binding x 100) ± SEM. 

Targeting multiple receptors with a single molecule can prove beneficial in therapeutic 

development. A multivalent/multifunctional ligand not only has the given advantage of 
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affecting different desired responses but it also provides a molecule with a decreased 

potential for drug-drug interactions138. Polypharmacy is a major concern in people 

suffering from various diseases and thus being able to have one molecule that exerts two 

distinct effects aids in reducing the detrimental effects driven by many different drugs 

given simultaneously139.  

7.2 Halogen substitutions and the σ hole 

The presented enkephalin analogues distinctively had halogen substitutions on their Phe4 

residue. Halogen atom substitutions are important in drug development due to their 

ability to make electrostatic interactions with the receptors and examples of its 

therapeutic advantages have been documented140. These “halogen bonds” are strong 

enough to compete with H-bonds, with the potential of interacting with both positive and 

negative atoms and can play a role in receptor recognition and binding110,141. 

Halogenation has also been implicated in molecule conformation stability, preferring a 

given conformation and compound directionality, and thus improving receptor binding 

and selectivity140,142,143. Halogens covalently binding to another atom (namely carbon 

atoms) are subject to charge distribution that results in a “σ hole”, which is a region of 

positive character along the plane of the covalent bond (Figure 22). The σ hole’s positive 

character can be manipulated depending on the halogen atom chosen (I > Br > Cl > F), 

with the increased positive character resulting from higher polarizability and reduced 

electronegativity of the atom143,144. Halogen bonds are considered more hydrophobic than 

their H-Bond counterparts, which can help in drug absorption increasing the drugs 

membrane penetrating potential143. These advantages only speak to the increased 

potential for halogen substituted peptide drug development. Lee et al. observed the 
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increased affinity and improved IC50 values in tissues of the halogenated peptides, which 

is in agreement with previous halogen bond/σ hole evidence presented here93,110. For a 

detailed review on halogen bonds see Ref. 143. 

 

Figure 22: Computer models showing the change in electrostatic potential of halogen 

bonds and the presence of the σ hole. A) Computed electrostatic potential VS(r) on the 

0.001 au surface of H3CO-H. Hydroxyl hydrogen is at upper right. B) Computed 

electrostatic potential VS(r) on the 0.001 au surface of NC-Br. Bromine is at right. Color 

ranges, in kcal/mol: Red, more positive than 35; yellow, 20–35; green, 0–20; blue, 

negative. Reused with permission from ref 141. Copyright 2010 John Wiley and Sons. 

7.3 Opioid functional interactions 

As discussed above, opioid receptors have been shown to have functional interactions 

with each other. Observations include the modulation of morphine antinociception by 

DOR ligands and increased potency (synergy) observed with co-administration of DOR 

and KOR ligands suggesting the existence of a DOR/KOR complex127,137,145. Other 

indications of DOR/KOR complex relies on the increased stability that occurs to the 

DOR when in contact with the KOR, the KOR has been shown to be stable to SDS and 
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sensitive to reducing agents whereas DOR is not, but when the complex is formed an 

increased stability and reduction sensitive complex is observed17. Jordan and Devi 

showed that KOR is able to heterodimerize with DOR but not with MOR17. The 

MOR/DOR interactions have been substantially studied both in vitro and in vivo. It 

should be pointed out that non-selective ligands targeting the MOR and DOR have been 

extensively sought and developed106,132,134,146,147, but DOR/KOR have not. Yoo et al. have 

also recently shown DOR/KOR heterodimer formation occuring in the CNS in vivo148. 

Some have addressed the potential of simultaneously targeting DOR and KOR for the 

relief of chronic pain, with a focus on peripherally restricted KOR agonist activities149. 

Both DOR and KOR have been implicated in anxiety and depression, with both receptors 

colocalized in the same brain region effecting these detrimental responses34,150. Both 

receptors have also been implicated in the reduction of addiction and dependence. DOR 

activation and KOR antagonism have both been shown to be effective against depression, 

where KOR particularly targets stress-induced depressive states and DOR effects have 

been observed in non-stress related depression models. Ligands that target both receptors 

can result in a greater understanding of depressive states. Antagonism at both receptors 

has been implicated in reducing the tolerance and addiction driven by MOR agonists’ and 

studies assessing the synergistic capabilities at DOR/KOR, would be a great step forward 

in the search of anti-addiction drugs.  
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Chapter 8: Design Rationale 

Our present ligand design came after the discovery of the high binding affinity of ligands 

LYS739 and LYS744 as well as their low efficacy at the KOR in studies done recently in 

our lab. To our knowledge, this is the first report of a MOR/DOR agonist ligand 

combined with a KOR antagonist on the same molecule, a trivalent ligand. Further 

evidence of LYS739 opioid activity comes from preliminary in vivo assays were it 

significantly attenuated the spinal nerve ligation (SNL, neuropathic pain model) induced 

tactile allodynia and thermal hyperalgesia after both i.th. and intravenous administration. 

The major focus of this dissertation lies in the design and synthesis of KOR selective 

ligands, and thus we designed LYS739 and LYS744 analogues to improve KOR affinity 

and selectivity.  

Table 19: Binding affinities of LYS compounds at MOR, DOR, and KOR. 

Compounds 

hKORa 

[3H]-U69593d 

hMORa 

[3H]-DAMGOe 

hDORb 

[3H]-Deltorphin IIf 

KORc 

[35S]- GTPγS 

LogIC50 Ki (nM) LogIC50 
Ki 

(nM) 
LogIC50 

Ki 

(nM) 

IC50 

(nM) 

Imax

%g 

LYS739 
-8.8 ± 

0.1 
0.7 

-10.50 ± 

0.10 
0.02 

-9.07 ± 

0.05 
0.4 60 65 

LYS744 
-8.6 ± 

0.1 
1.4 

-9.71 ± 

0.03 
0.10 

-9.73 ± 

0.04 
0.08 52 122 

a Binding assay was done on transfected HN9.10 cell line with the respective receptor. 
b Transfected NG108 cell line. c Expressed in CHO cells. d Kd = 1.5 nM. e Kd = 0.5 nM.  
f Kd = 0.5 nM. g Percent relative to 10 µM naloxone inhibition of 100 nM U50,488.  
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Taking into account the “message-address” concept C-terminal “address” region amino 

acid residues of [Des-Arg7]-Dyn A were systematically added to the C-terminal of the 

enkephalin structure (Figure 23). This design increased the distance between the 

enkephalin and the PPP moiety introducing some key Dyn A residues to improve KOR 

selectivity. The initial design was focused on LYS739 analogues, which was the first 

evidence of the trivalent activity of interest. LYS739 was found to be a partial 

agonist/partial antagonist at the KOR but it was later discovered that a simple halogen 

substitution of Cl for F on LYS739 resulting on LYS744 produced full antagonist activity 

at the KOR in the GTPγS assay. This discovery prompted the design of LYS744 

analogues as well for decreased MOR selectivity and improved KOR antagonism; where 

[Des-Arg7]-Dyn A residues were also introduced into the C-terminal region of the ligand. 

 

Figure 23: New design of enkephalin analogues for higher KOR selectivity. 

O

NNDmt-DNle-Gly-Phe(p-X)

O

NNAaa-DNle-Gly-Phe(4-X)-Leu-Arg-Ile-Arg

[Des-Arg7]-Dyn A
"address"

LYS739: X=F
LYS744: X=Cl

Aaa: Dmt, N-BzlTyr, MDP
X: F or Cl

New Design
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From our previous studies and others81,82, we know that opioid receptor activity can be 

modulated by the nature of the N-terminal amino acid. N-terminal amine substitution 

provides an established strategy for the conversion of agonists to antagonists. The initial 

design consisted of Dmt1 residue at the N-terminal, with the attention concentrated on the 

effect of the C-terminal elongation strategy for KOR selectivity. Based on these initial 

results, further modifications that modulate KOR activity should be pursued, like N-

terminal modifications such as N-BzlTyr1 and MDP1 for KOR antagonism. 

  



 113 

Chapter 9: Materials and Experimental  

9.1 Reagents for Fmoc Solid Phase Peptide Synthesis (SPPS) 

Amino acids and reagents were purchased from Chem-Impex International (Wood Dale, 

IL) and AAPPTec Inc. (Louisville, KY). Resins were purchased from NovaBiochem 

(Darmstadt, Germany) and AAPPTec Inc. Solvents used were purchased from Aldrich 

(St. Louis, MO) and EMD (Darmstadt, Germany). Reaction vessels were purchased from 

Torviq (Niles, MI) and glassware used was purchased from Pyrex (Lowell, MA). All 

other materials were purchased from VWR (West Chester, PA).  

9.2 Peptide synthesis 

The majority of LYS analogues were synthesized by a combination of standard solid 

phase peptide synthesis (SPPS) with liquid phase peptide synthesis (LPPS)100. SPPS was 

done manually using fluorenylmethyloxycarbonyl (Fmoc) chemistry for orthogonal 

deprotections. After successful synthesis, peptides were characterized by RP-HPLC, TLC 

silica plates, and Mass-Spectometry.  

Acid labile 2-Chlorotrityl chloride resins with loading capacities of 1.4 mmol/g were 

used to give protected peptides for further C-terminal modifications. The resin was 

swelled in dry DCM for 1 h. The loading of the first amino acid (1.5 equiv) was done in 

dry DCM with excess DIPEA (5 equiv) for 3-4 h. Followed by peptide chain elongation 

with deprotection and coupling procedures. Rink amide resin was used for analogues 

without the PPP moiety. Rink amide resin loading, was done after the resin was swelled 

in DCM for 60 min and the Fmoc- group was removed with 20% piperidine in DMF. The 

first amino acid residue was loaded (3 equiv) with excess HOBt (3 equiv), HBTU (3 
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equiv) and DIPEA (6 equiv) in DMF for approximately 60-90 min followed by peptide 

chain elongation using these same conditions for 50 min with the respective Fmoc-amino 

acid. Detection of successful deprotections and couplings were monitored using the 

Kaiser test for free 1˚ amine detection. Following deprotections and couplings, 3 washes 

with DMF and 3 washes with DCM to get rid of excess reagents and deprotection 

products were done. 

 

Figure 24: 2-Chlorotrityl chloride resin. 

For C-termini modified analogues the resin cleavage was done in DCM with 1% 

trifluoroacetic acid (TFA) for 10 min, three times. The protected peptide product was 

combined and roto-evaporated until oil and precipitated as a white powder in diethylether 

(Et2O). Crude peptide was let to air-dry overnight with crude yields of 50-75%.  

Crude peptide was then coupled to 4-piperidinyl-N-phenylpropanamide (PPP, 1.1 equiv), 

using HOBT (1.2 equiv), (Benzotriazol-1-yloxy)tris(dimethylamino)phosphonium 

hexafluorophosphate (BOP, 1.2 equiv), and N-methylmorpholine (NMM, 2 equiv) in 

DMF. The reaction mixture was stirred at 0˚C for the first 30 min and then warmed to 

room temperature for 2-4 h. The reaction was monitored by TLC with chloroform: 

methanol (MeOH): acetic acid (AcOH) (90:10:5) and stained with ninhydrin. Product 

was worked up by diluting in ethyl acetate (EtOAc) and washed with 5% sodium 

Cl

Cl
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bicarbonate, 5% citric acid, brine, and water. For the more hydrophobic peptides 

tetrahydrofuran (THF) was added to increase solubility in organic solvent. The organic 

phase was then dried under magnesium sulfate (MgSO4), filtered, and evaporated. 

Usually oil was obtained after EtOAc evaporation and precipitation was done with 

hexanes or Et2O.  

 

Figure 25: (Benzotriazol-1-yloxy)tris(dimethylamino)phosphonium hexafluorophosphate 

(BOP) structure. 

9.3 Peptide deprotection 

Boc deprotection was done at 0˚C in 100% TFA for 40-60 min or in TFA: 

Triisopropylsilane (TIS): water (H2O) in a 95:2.5:2.5 ratio for 3 hours at 0˚C if Arg(pbf) 

was present. Progression of deprotection was monitored by TLC using the same mobile 

phase as before. After solvent removal oil product was obtained, which was then 

precipitated to a white powder peptide by Et2O. Crude peptide was let to air-dry 

overnight with crude percent yields around 50-70%. 

9.4 Peptide purification  

Crude peptide was then purified by RP-HPLC using a semiprep C-18 column with a 30-

90% acetonitrile (ACN): 0.1% TFA in water for 25 min at a flow rate of 3 mL/min. After 

purification evaporation of ACN was done by roto-evaporation and water was removed 

by lyophilization. Pure peptide yields ranged from 10-30%. 
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9.5 Analogue analysis 

Analogues were analyzed by 1HNMR in DMSO-d6 on a Bruker DRX-500 spectrometer. 

Table 20: Synthesized enkephalin analogues. 

Compounds Structures 

CYF202 Dmt-DNle-Gly-Phe(4-F)-Leu-PPP 

CYF206 Dmt-DNle-Gly-Phe(4-Cl)-Leu-PPP 

 

CYF202 - 1H NMR (499 MHz, DMSO-d6) δ 9.01 (s, 1H), 8.29 (s, 5H), 8.16 (s, 2H), 8.06 

(d, J = 23.5 Hz, 2H), 7.94 – 7.86 (m, 1H), 7.43 (dd, J = 13.2, 7.0 Hz, 2H), 7.22 – 7.14 (m, 

2H), 7.02 (dt, J = 17.2, 8.8 Hz, 1H), 6.38 (s, 2H), 4.75 – 4.58 (m, 4H), 4.49 – 4.34 (m, 

1H), 3.98 – 3.83 (m, 2H), 3.68 – 3.50 (m, 4H), 3.14 (t, J = 13.2 Hz, 4H), 1.86 – 1.73 (m, 

6H), 1.49 – 1.15 (m, 6H), 1.13 – 0.96 (m, 9H), 0.90 – 0.67 (m, 12H). 

CYF206- 1H NMR (499 MHz, DMSO-d6) δ 9.02 (s, 1H), 8.30 (s, 5H), 8.16 (t, J = 6.9 Hz, 

3H), 8.04 (t, J = 5.7 Hz, 2H), 7.94 (d, J = 8.5 Hz, 1H), 7.88 (d, J = 7.9 Hz, 1H), 7.43 (dd, 

J = 13.6, 6.9 Hz, 2H), 7.26 (t, J = 7.8 Hz, 1H), 7.21 – 7.15 (m, 2H), 6.38 (s, 2H), 4.74 – 

4.32 (m, 1H), 4.16 – 3.83 (m, 1H), 3.67 – 3.51 (m, 1H), 3.18 – 2.96 (m, 1H), 2.24 – 0.57 

(m, 24H). 

9.6 Competitive Binding Studies 

Crude cell membrane preparations were diluted in 50 mM Tris-HCl, pH 7.4, working 

buffer that contained 50 µg/mL bacitracin, 10 µM captopril, 100 µM PMSF, and 5 

mg/mL BSA. The radioligands used in the competitive assay were obtained from Perkin-

Elmer Inc. through the office of Radiation Control at the University of Arizona; [3H]-
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DAMGO (51.5 Ci/mmol) was used for the MOR, [3H]-Deltorphin II (45 Ci/mmol) for 

DOR, [3H]-U69593 (43.6 Ci/mmol) for KOR. For the assay, 10 increasing concentrations 

(10-4-10-13M) of test compounds were incubated with 50 µg of protein and 500 pM of 

[3H]-DAMGO, 500 pM [3H]-Deltorphin II, or 1.5 nM [3H]-U69593, respectively for 2 h 

at rt in a shaking water bath as previously described102.  Non-specific binding was 

determined as that in the presence of 10 µM of Naloxone. After the 2 h incubation, 

reaction mixtures were rapidly filtered through Whatman GF/B filters (Gaithersburg, 

MD) presoaked in 1% polyethyleneimine (PEI), followed with four washes of 2 mL cold 

0.9% saline solution. 

9.7 Membrane preparations materials 

Bovine Serum Albumin (BSA), Tris-HCl, NaOH, and L-glutamine were purchased from 

Sigma Aldrich (St. Louis, MO). [3H]-Diprenorphine was purchased from Perkin Elmer 

(Waltham, MA). Dubelcco’s Modified Eagle Medium (DMEM), Ham’s F-12K media, 

amphotericin-penicillin-streptomycin (APS), fetal bovine serum (FBS), and trypsin were 

obtained from Gibco (Waltham, MA).  

9.8 Rat plasma stability assay 

Rat plasma stability protocol was modified from Yamamoto et al.135 Stock solutions of 50 

mg/mL of test compounds were diluted 10-fold into Rat Plasma (Rat Plasma non-sterile 

heparin, Pel Freez-bio) (Rogers, AK) and incubated at 37˚C. 100 µL of sample were 

collected after several time points (1, 6, 12, and 24h) and the reaction stopped using 150 

µL of ACN. Samples were centrifuged at 10,000 rpm for 15 min and 100 µL of 
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supernatant were collected and analyzed by RP-HPLC (Agilent 1100 auto sampler using 

YMC AA 12S05-2546WT C-18 analytical column). 

9.9 Cell culture 

Chinese Hamster Ovary (CHO) cells were maintained in Dubelcco’s Modified Eagle 

Medium (DMEM) without sodium pyruvate : Ham’s F-12K media (50:50), supplemented 

with 10% FBS and 1:1000-fold dilution of antibiotic solution (Penicillin 10,000 Units/mL, 

Streptomycin 10 mg/mL, Amphotericin B 25 µg/mL; APS). Cells were grown at 37˚C, 

95% air/5% CO2 humidified atmosphere. Cells were washed with Phosphate Buffered 

Saline (PBS) before passage. Cells were passaged when ≥ 90% confluence was achieved 

using 0.25% trypsin. 

9.10 XTT cell viability assay 

ATCC XTT cell viability assay kit was used107. Cells were seeded in 96 well plates at a 

density of 10,000 cells/well. Nine concentrations of test compound were added and 

incubated for 24 h. After compound incubation, 50 µL of Activated-XTT Solution 

(ATCC Cat. No. 30-1011K) were added and incubated for three hours. Absorbance was 

measured at 475 nm (specific absorbance) and 660 nm (non-specific absorbance) with 

Biotek Synergy 2. Data was collected from at least 2 independent experiments with 

assays run in triplicate. 
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Chapter 10: Results and discussion 

10.1 Peptide synthesis 

LYS739 and LYS744 analogues were initially synthesized by solution phase peptide 

synthesis. Solution phase peptide synthesis consisted of step-wise coupling and 

deprotections from the C- to N-termini. This strategy was successful in the synthesis of 

CYF202 but with longer peptides and particularly those with Arg residues the yields 

were severely reduced, in the majority of cases loosing almost all the product after the 

last coupling reaction step (≤ 3 mg crude peptide). Due to the low yields the synthesis 

was optimized. Trying different coupling reagent pairs, HOBt/ diisopropylcarbodiimide 

(DIC), HOBt/diciclohexylcarbodiimide (DCC), with either NMM or DIPEA. Two 

different Arg residues were used, Boc-Arg-OH � HCl or Boc-Arg(Boc)-OH, in search for 

better yields but with both Arg residue similar results were observed, low coupling yields 

after the Arg residue deprotection step. An Arg side-chain protecting group that is 

resistant to acidic conditions would be the best option for this synthesis, like Arg(Tos), 

but in order to remove this protecting group extreme acidic conditions (HF/anisole) were 

needed and we were searching for a straightforward, low risk, and economic synthesis.    

After unsuccessful results using LPPS, a combination of SPPS and liquid phase C-

terminal modification was done. Using the acid labile 2-chlorotrityl chloride resin, 

protected peptides were obtained and later C-termini modified with PPP. This strategy 

was successfully carried out; crude peptides were obtained at 70-80% yields from SPPS 

and after C-terminal modification and deprotection, 50% yield of crude peptide was 

obtained.  
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Table 21: Structures of enkephalin analogues. 

Compounds Structures 

CYF127 Dmt-DNle-Gly-Phe(4-F)-NH2 

CYF132 Dmt-DNle-Gly-Phe-NH2 

CYF136 Dmt-DNle-Gly-Phe(4-Cl)-NH2 

CYF202 Dmt-DNle-Gly-Phe(4-F)-Leu-PPP 

CYF203 Dmt-DNle-Gly-Phe(4-F)-Leu-Arg-PPP 

CYF204 Dmt-DNle-Gly-Phe(4-F)-Leu-Arg-Ile-PPP 

CYF205 Dmt-DNle-Gly-Phe(4-F)-Leu-Arg-Ile-Arg-PPP 

CYF206 Dmt-DNle-Gly-Phe(4-Cl)-Leu-PPP 

CYF207 Dmt-DNle-Gly-Phe(4-Cl)-Leu-Arg-PPP 

CYF208 Dmt-DNle-Gly-Phe(4-Cl)-Leu-Arg-Ile-PPP 

CYF209 Dmt-DNle-Gly-Phe(4-Cl)-Leu-Arg-Ile-Arg-PPP 
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Table 22: Analytical data of synthesized analogues. 

Compound 
Molecular 

Formula 

HRMSa 
Error 

(ppm) 

HPLCb 

aLogPc 
Observed Calcd. 

RT 

(min) 

CYF127 C28H38FN5O4 544.29277 544.29297 -0.4 15.0 1.75 

CYF132 C28H39N5O5 526.3021 526.3024 0.6 16.5 1.69 

CYF136 C28H38ClN5O5 560.26533 560.26342 3.4 19.1 2.36 

CYF202 C48H66ClN7O7 872.51049 872.50805 -2.8 23.8 4.09 

CYF203 C54H78FN11O8 1028.60861 1028.60916 -0.5 20.0 3.07 

CYF204 C60H89FN12O9 1141.69286 1141.69323 -0.3 23.5 3.49 

CYF205 C66H101FN16O10 1297.79247 1297.79434 -1.4 12.5d 2.59 

CYF206 C48H66ClN7O7 888.47859 888.47850 0.1 25.8 4.51 

CYF207 C54H78ClN11O8 1044.57964 1044.57961 0.03 21.3 3.48 

CYF208 C60H89ClN12O9 1157.66590 1157.66368 1.9 19.3 3.91 

CYF209 C66H101ClN16O10 1313.76518 1313.76479 0.3 9.6d 2.91 

a (M+H)+, FAB-MS (JEOL HX110 sector instrument), or MALDI-TOF (Bruker Ultraflex 

III) 
b Hewlett Packard 1100 (C-18, Vydac 218TP104, 250 mm x 4.6 mm, 10 µm) with a 

gradient of 10-90% of acetonitrile containing 0.1% TFA:H2O, 1 mL/min. 
c http://www.vcclab.org/lab/alogps. 
d Gradient of 35-90% acetonitrile in 13 min. 
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10.2 Preliminary binding affinity studies 

LYS739 was designed as a MOR and DOR agonist, after testing at all three opioid 

receptors it showed nanomolar binding affinity (Table 19). In vitro functional assay was 

done and found that LYS739 was an agonist at MOR and DOR, and a partial 

agonist/partial antagonist at the KOR. To our knowledge this is a finding first of its class, 

where one molecule has different activities at the opioid receptors. LYS744 was also 

tested and found that it was an agonist at the MOR and DOR and a full antagonist at the 

KOR with very high binding affinities at the three opioid receptors.  

Our design consisted in peptide chain elongation in search for an increase in KOR 

selectivity, using amino acid residues from our [Des-Arg7]-Dyn A structure. The peptide 

elongation was done at the C-termini “address” region of LYS739 and LYS744. The idea 

was that introducing residues from the “address” region of Dyn A it would result in an 

increase in KOR selectivity.  

Table 23: Binding affinities of synthesized analogues. 

Compounds 

hKORa 

[3H]-U69593 

LogIC50 Ki (nM) 

LYS739 -8.8 ± 0.1 0.70 

LYS744 -8.6 ± 0.1 1.4 

CYF132 -8.2 ± 0.1 3.4 

CYF127 -9.8 ± 0.2 0.08 
      a Transfected HN9.10 cells with the hKOR.  

First, enkephalin analogues without the C-terminal PPP were synthesized to assess 

importance in binding affinity. CYF132 (Phe4) and CYF127 (Phe4(4-F)) were tested for 
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KOR binding affinity and no significant difference was observed with the affinity in the 

lower nanomolar range similar to parent ligands. CYF136 still needs to be tested but a 

similar result is expected, showing low nanomolar affinity for the KOR. 

The next step is to test the enkephalin-PPP analogues’ binding affinities at all three 

opioid receptors to see if KOR selectivity is improved. Initial observations show some 

analogues displaying slight preference for both the DOR and the KOR but not enough 

data is available to present the results and draw major conclusions. The DOR has also 

been implicated in the prevention and reduction of MOR agonists’ tolerance, dependence 

development32 and depressive states34. Being able to target both KOR and DOR can be a 

useful strategy since both receptors have been shown to be effective in treating pain with 

reduced side effects and/or beneficial against MOR agonists side effects. A ligand that 

acts as a DOR agonist / KOR antagonist can have positive effects against depression. The 

opposite, DOR antagonist / KOR antagonist are also interesting in that both have been 

implicated in reducing the tolerance and addiction driven by MOR agonists’ and studies 

assessing the synergistic capabilities would of great insight as previously alluded. As 

previously discussed, KOR and DOR have been shown to heterodimerize and also be 

present in the same cells and areas of the brain, this is further evidence that targeting both 

receptors for treatment purposes is a valid approach17.  

Naqvi et al. have suggested that the cationic and lipophilic character of the C-termini 

plays an important role for the KOR selectivity of Dyn A analogues48. These analogues 

don't have a conventional C-terminal, having PPP instead of the C-terminal acid or amide, 

thus it will be interesting to see if the same effect is observed.  
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10.3 Rat plasma stability studies 

The stability of the synthesized analogues was assessed by incubating for different 

durations (1, 2, 4, 8, and 24 h) in the presence of rat plasma and later analyzed by HPLC. 

LYS739 was previously tested at a concentration of 0.39 mg/mL using human plasma 

where it was found to be 100% intact after 96 h. The analogues were analyzed at a 

concentration of 10 mg/mL in rat plasma for increased detection sensitivity. LYS744 

analogue with a C-terminal amide instead of the PPP moiety, CYF136, showed a very 

long calculated half-life (t1/2 = > 20,000 h) still being present at > 90% intact after 35 

days. CYF206 and CYF207, C-termini elongated analogues, showed long half-lives (> 2 

d) with CYF207 (t1/2 = 75 h) having lower stability of the two (Figure 26). A reduced 

stability from analogues with increased number of natural amino acid residues at the C-

termini was to be expected. Additional peptide bonds allow for enzymatic degradation by 

endopeptidases, thus increasing peptide size increases its degradation potential.  
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Figure 26: Rat plasma stability studies of enkephalin analogues from at least two 

independent experiments. Significance was determined by two-way ANOVA; post-hoc: 

Bonferroni (****P < 0.0001) on Graphpad Prism 7.  

 

Table 24: Calculated half-life (t1/2) of enkephalin analogues. 

Compound Structure t1/2 (h)a 

CYF136 Dmt-DNle-Gly-Phe(4-Cl)-NH2 >20,000 

CYF206 Dmt-DNle-Gly-Phe(4-Cl)-Leu-PPP 157 

CYF207 Dmt-DNle-Gly-Phe(4-Cl)-Leu-Arg-PPP 75 
a Half-life was calculated with t1/2 = 0.693/b, the slope found in the linear fit of the natural 

logarithm of the fraction remaining of the parent compound vs. incubation time117. 

10.4 XTT cell viability studies 

To assess the toxicity potential of the enkephalin analogues the XTT assay was done 

using KOR-CHO cells. An initial optimization assay was done in order to determine the 

optimal number of cells and time of XTT reagent incubation (Figure 27). After plotting 
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the optimization data it was determined from the linear region of the data that 10,000 

cells per well and 3 h XTT reagent incubation were optimal for the study with the CHO 

cell line.  

 

Figure 27: XTT optimization assay in CHO cells. 10,000 cells per well and 3 h XTT 

reagent incubation were found to be the optimal conditions. 

Complete dose response curves (10-3-10-11 M) of the enkephalin analogues were 

constructed. The test compounds were incubated in KOR expressing CHO cells for 24 h 

prior to addition of XTT reagent. For ease of view only three concentrations are 

represented in Figure 28. At the lower concentrations no toxicities were observed (Figure 

28). At the highest concentration of 1 mM, which is a very high compound concentration, 

all the analogues tested resulted in significantly increased cell toxicity to hKOR-CHO 

cells. These analogues are also highly hydrophobic thus dilution was sometimes a 

problem with some of the compounds having to be diluted in up to 20% EtOH. Compared 

to our peptide Dyn A analogues, which show no toxicity even at the highest 

concentrations, these peptidomimetic compounds are different. It is worthwhile to point 

out that at biologically relevant concentrations (µM and nM) these compounds were not 
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toxic to cells, showing ~ 100% cell viability. The parent compound, LYS739, has been 

tested in vivo and no toxicity has been observed, thus no toxicity is expected from these 

analogues in vivo.  

 

 

Figure 28: Cell toxicity results of three concentrations (1 mM, 1 uM, and 1 nM, for ease 

of view) of enkephalin analogues on hKOR expressing CHO cells after 24 h incubation. 

All data were analyzed by non-parametric two-way analysis of variance (ANOVA, post-

hoc; Tukey’s) in Graphpad Prism 7. Statistical significance was determined by 95% 

confidence interval (****P ≤ 0.0001) compared to the lower concentrations of the same 

compound. 

  

1m
M
1u

M
1n

M
1m

M
1u

M
1n

M
1m

M
1u

M
1n

M
1m

M
1u

M
1n

M
1m

M
1u

M
1n

M
0

50

100

150

[Compound]

%
 S

ur
vi

va
l

CYF204

CYF206

CYF207

CYF209

CYF208

**** ****

**** ****

****



 128 

Chapter 11: Discussion and Future Directions 

Presented in this section are the preliminaries studies of novel enkephalin-PPP analogues. 

There is still much to be done on the enkephalin-PPP SAR in order to find a lead ligand 

with the characteristics of interest. The enkephalin analogues design consisted of C-

terminal elongation using the “address” region of [Des-Arg7]-Dyn A (1-9), which was 

shown to be a minimum pharmacophore for the KOR. The enkephalin-PPP parent 

compounds, LYS739 and LYS744, had shown subnanomolar binding affinities at all 

three opioid receptors and our goal was to modulate the receptor selectivity. Comparing 

LYS739 and LYS744 to CYF127 and CYF132 it was observed that the PPP moiety has 

no significant effect in the binding affinity at KOR. We were able to determine a set of 

conditions for the successful synthesis of these series of compounds with improved yields, 

including the combination of SPPS with C-termini modification in solution.  

As previously mentioned, the binding affinity studies are ongoing, once the results are 

completed the ligands’ KOR selectivity will be assessed and further modifications done. 

From our previous SAR we can suggest that increased KOR selectivity can be assessed 

by synthesizing analogues without the D-Nle2 modification, which has been shown to be 

important for MOR and DOR affinity, and also by introducing Pro3 substitutions, and D-

amino acid substitutions of Ile8. As for increasing DOR/KOR affinity, further SAR needs 

to be done in a way that results in ligands that bind to both receptors and not to the MOR. 

These ligands should also be tested in an in vitro functional assay to check for their KOR 

activities and/or DOR agonist/KOR antagonist activities. Further SAR for receptor 

activity should also follow. We know that receptor activity can be modulated by N-
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terminal substitutions (MDP, N-BzlTyr1) as well as “message” region substitutions, such 

as Pro3 as shown for our [Des-Arg7]-Dyn A ligands. 

These ligands showed high stability to serum proteases, reducing aminopeptidases’ 

degradation due to non-natural Dmt1 and D-amino acid substitutions on the second 

position, with reduced cleavable peptide bonds, showing half-lives well above 2 days. As 

mentioned elsewhere on this dissertation metabolism should be examined in human liver 

microsomes, which have been shown to translate into humans more readily than plasma 

or blood studies, as well as in vivo pharmacokinetic studies151. The increased lipophilicity 

of these ligands also provides higher membrane penetration capabilities thus further 

metabolic studies should be assessed considering the possibility of systemic 

administration in vivo.  

Membrane penetration of the all analogues should also be assessed and compared to 

CYF127 and CYF136. Membrane crossings should be assessed of both the BBB and 

small intestine membrane, to predict absorption after oral administration. Small intestine 

membrane crossing can be assessed by using the PAMPA model and for the BBB in vivo 

assays are the gold standard, measuring compound in brain/spinal tissue or cerebrospinal 

fluid (CSF) after systemic administration125,126. 

After identifying a lead ligand in vivo tests should follow were not only the receptor 

activities are assessed but also the duration of action of these ligands, since they show 

significantly long half-lives in rat plasma. 
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Appendix A: NMR Spectra 

NMR spectra of synthesized analogues recorded on Bruker DRX-500 spectrometer. 

 

 

Figure 29: NMR spectra of CYF121. 
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Figure 30: NMR spectra of CYF202. 
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Figure 31: NMR spectra CYF206. 

 

  



 133 

Appendix B: Publications 

 

Y. S. Lee, D. Rankin, S. M. Hall, C. Ramos-Colon, J. J. Ortiz, R. Kupp, F. Porreca, J. 

Lai, and V. J. Hruby, “Structure–activity relationships of non-opioid [des-Arg7]-

dynorphin A analogues for bradykinin receptors,” Bioorg. Med. Chem. Lett., 4976-4979, 

2014. Reprinted with permission. Copyright 2014 Elsevier.  

Y. S. Lee, D. Muthu, S. M. Hall, C. Ramos-Colon, D. Rankin, J. Hu, A. J. Sandweiss, M. 

De Felice, J. Y. Xie, T. W. Vanderah, F. Porreca, J. Lai, and V. J. Hruby, “Discovery of 

amphipathic dynorphin A analogues to inhibit the neuroexcitatory effects of dynorphin A 

through bradykinin receptors in the spinal cord,” J. Am. Chem. Soc., 136, 18, 6608–6616, 

2014. 

Y. S. Lee, S. M. Hall, C. Ramos-Colon, M. Remesic, D. Rankin, T. W. Vanderah, F. 

Porreca, J. Lai, and V. J. Hruby, “Blockade of non-opioid excitatory effects of spinal 

Dynorphin A at bradykinin receptors,” Recept. Clin. Investig., 2, 2, 2015. 

Y. S. Lee, S. M. Hall, C. Ramos-Colon, M. Remesic, L. LeBaron, A. Nguyen, D. Rankin, 

F. Porreca, J. Lai, and V. J. Hruby, “Modification of amphipathic non-opioid dynorphin 

A analogues for rat brain bradykinin receptors.,” Bioorg. Med. Chem. Lett., 25, 1, 30–33, 

2015. Reprinted with permission. Copyright 2015 Elsevier. 

Y. S. Lee, R. Kupp, M. V. Remesic, C. Ramos-Colon, S. M. Hall, C. Chan, D. Rankin, J. 

Lai, F. Porreca, and V. J. Hruby, “Various modifications of the amphipathic dynorphin A 



 134 

pharmacophore for rat brain bradykinin receptors,” Chem. Biol. Drug Des., 88, 4, 615–

619, 2016. Reprinted with permission. Copyright 2016 John Wiley and Sons. 

Y.S. Lee, S. M. Hall, C. Ramos-Colon, D. Muthu, D. Rankin, F. Porreca, J. Lai, V.J. 

Hruby. “[Des-arg7]-Dynorphin A Analogs for Bradykinin-2 Receptor,” Proceedings of 

the 23d American Peptide Symposium, 134-135, 2013.  

S.M. Hall, Y.S. Lee, C.N. Ramos-Colon, D.R. Rankin, F. Porreca, J. Lai, V.J. Hruby, 

“Structure Activity Relationship of Dynorphin A (2-13) Analogs at the Bradykinin-2 

Receptor,” Proceedings of the 23d American Peptide Symposium, 128-129, 2013.  

C.N. Ramos Colon, Y.S. Lee, S.M. Hall, D.R. Rankin, J. Lai, F. Porreca, V.J. Hruby. 

“Development of Potent Dynorphin A Analogs as Kappa Opioid Receptor Antagonists” 

Proceedings of the 23d American Peptide Symposium, 142-143, 2013.  

Y.S. Lee, S.M. Hall, C. Ramos-Colon, M. Remesic, A. Kuzmin, D. Rankin, T.W. 

Vanderah, F. Porreca, J. Lai, V.J. Hruby. “Amphipathic Non-opioid Dynorphin A 

Analogs to Inhibit Neuroexcitatory Effects at Central Bradykinin Receptors,” 

Proceedings of the 24th American Peptide Symposium, 80-81, 2015.  

S.M. Hall, Y.S. Lee, C.N. Ramos Colon, F. Porreca, J. Lai, V.J. Hruby. “Structure 

Activity Relationship of Stable Dynorphin A-(2-13) Analogues Interacting at the 

Bradykinin-2 Receptor,” Proceedings of the 24th American Peptide Symposium, 71-72, 

2015.  



 135 

C.N. Ramos Colon, Y.S. Lee, S.M. Hall, J. Lai, F. Porreca, V.J. Hruby. “Structure-

Activity Relationship Studies of Dynorphin A Analogs at the Kappa Opioid Receptor,” 

Proceedings of the 24th American Peptide Symposium, 96-97, 2015. 

S.M. Hall, L. LeBaron, C.N. Ramos-Colon, C. Qu, J.Y. Xie, F. Porreca, J. Lai, Y.S. Lee, 

and V.J. Hruby. “Discovery of Stable Non-opioid Dynorphin A Analogues Interacting at 

the Bradykinin Receptors for the Treatment of Neuropathic Pain,” ACS Chem. Neurosci., 

Just Accepted Manuscript. 2016. Reprinted with permission. Copyright 2016 American 

Chemical Society. 

C. Ramos-Colon, Y.S. Lee, M. Remesic, S. Hall, J. LaVigne, P. Davis, A. Sandweiss, M. 

McIntosh, J. Hanson, T. Largent-Milnes, T. Vanderah, J. Streicher, F. Porreca, V. Hruby. 

“Structure Activity Relationships of [des-Arg7]-Dynorphin A Analogues at the κ Opioid 

Receptor,” Just Accepted. J. Med. Chem. 2016. 

 

 

 

 

 

 

 

 



 136 

B.1 Structure-Activity Relationships of Non-opioid [des-Arg7]-Dynorphin A 

Analogues for Bradykinin Receptors.  

Bioorganic & Medicinal Chemistry Letters, 2014.

 



 137 
 



 138 
 



 139 

 

 

 



 140 

B.2 Discovery of Amphipathic Dynorphin A Analogues to Inhibit the Neuroexcitatory 

effects of Dynorphin A Bradykinin Receptors in the Spinal Cord. 

Journal of the American Chemical Society, 2014.

 



 141 
 



 142 
 



 143 

 



 144 
 



 145 
 



 146 
 



 147 
 



 148 

B.3  Blockade of Non-opioid Excitatory Effects of Spinal Dynorphin A at Bradykinin 

Receptors. 

Receptors & Clinical Investigation, 2015.

 



 149 

 



 150 
 



 151 
 



 152 

B.4  Modification of Amphipathic Non-opioid Dynorphin A Analogues for Rat Brain 

Bradykinin Receptors. 

Bioorganic & Medicinal Chemistry Letters, 2015.

 



 153 

 



 154 

 



 155 

  



 156 

B.5  Various Modifications of the Amphipathic Dynorphin A Pharmacophore for Rat 

Brain Bradykinin Receptors. 

Chemical Biology & Drug Design, 2016.

 



 157 



 158 

 



 159 

 

 



 160 

 



 161 

B.6  [Des-arg7]-Dynorphin A Analogs for Bradykinin-2 Receptor. 

Proceedings of the 23d American Peptide Symposium, 2013. 

 



 162 

 



 163 

B.7  Structure Activity Relationship of Dynorphin A (2-13) Analogs at the 

Bradykinin-2 Receptor. 

Proceedings of the 23d American Peptide Symposium, 2013.

 



 164 

 



 165 

B.8  Development of Potent Dynorphin A Analogs as Kappa Opioid Receptor 

Antagonists. 

Proceedings of the 23d American Peptide Symposium, 2013.

 



 166 
 



 167 

B.9  Amphipathic Non-opioid Dynorphin A Analogs to Inhibit Neuroexcitatory 

Effects at Central Bradykinin Receptors. 

Proceedings of the 24th American Peptide Symposium, 2015.

 



 168 

  



 169 

B.10  Structure Activity Relationship of Stable Dynorphin A-(2-13) Analogues 

Interacting at the Bradykinin-2 Receptor. 

Proceedings of the 24th American Peptide Symposium, 2015.

 



 170 

  



 171 

B.11   Structure-Activity Relationship Studies of Dynorphin A Analogs at the Kappa 

Opioid Receptor. 

Proceedings of the 24th American Peptide Symposium, 2015.

 



 172 

 



 173 

B.12 Discovery of Stable Non-opioid Dynorphin A Analogues Interacting at the 

Bradykinin Receptors for the Treatment of Neuropathic Pain. 

ACS Chemical Neuroscience, 2016.



 174 



 175 



 176 



 177 

 



 178 



 179 

 



 180 

REFERENCES 

(1)  Pain Terms: A List with Definitions and Notes on Usage. Recommended by the 

IASP Subcommittee on Taxonomy. Pain 1979, 6 (3), 249–252. 

(2)  Woolf, C. J. What Is This Thing Called Pain? J. Clin. Invest. 2010, 120 (11), 

3742–3744. 

(3)  Gureje, O.; Korff, M. Von. Persistent Pain and Well-Being. J. Am. Med. Assoc. 

1998, 280 (2), 147–152. 

(4)  Tsang, A.; Von Korff, M.; Lee, S.; Alonso, J.; Karam, E.; Angermeyer, M. C.; 

Borges, G. L. G.; Bromet, E. J.; de Girolamo, G.; de Graaf, R.; Gureje, O.; Lepine, 

J.-P.; Haro, J. M.; Levinson, D.; Oakley Browne, M. A.; Posada-Villa, J.; Seedat, 

S.; Watanabe, M. Common Chronic Pain Conditions in Developed and Developing 

Countries: Gender and Age Differences and Comorbidity With Depression-

Anxiety Disorders. J. Pain 2008, 9 (10), 883–891. 

(5)  Reyes-Gibby, C.; Torres-Vigil, I.; Croock, R. Epidemiology of Chronic Pain: 

Classical to Molecular Approaches to Understanding the Epidemiology of Pain. In 

Clinical Pain Management Second Edition: Chronic Pain; Wilson, P. R., Watson, 

P. J., Haythornthwaite, J. A., Jensen, T. S., Eds.; CRC Press, 2008; pp 65–73. 

(6)  Institute of Medicine (US) Committee on Advancing Pain Research, C. and E. 

Relieving Pain in America; National Academies Press (US), 2011. 

(7)  Jensen, T. S.; Gottrup, H.; Sindrup, S. H.; Bach, F. W. The Clinical Picture of 

Neuropathic Pain. Eur. J. Pharmacol. 2001, 429 (1-3), 1–11. 



 181 

(8)  Clinical Pain Management Second Edition: Chronic Pain, 2nd ed.; Wilson, P. R., 

Watson, P. J., Haythornthwaite, J. A., Jensen, T. S., Eds.; CRC Press: Boca Raton, 

FL, 2008. 

(9)  Longo, D. L.; Volkow, N. D.; McLellan, A. T. Opioid Abuse in Chronic Pain — 

Misconceptions and Mitigation Strategies. N. Engl. J. Med. 2016, 374 (13), 1253–

1263. 

(10)  Sindrup, S. H.; Otto, M.; Finnerup, N. B.; Jensen, T. S. Antidepressants in the 

Treatment of Neuropathic Pain. Basic Clin. Pharmacol. Toxicol. 2005, 96 (6), 

399–409. 

(11)  Kremer, M.; Salvat, E.; Muller, A.; Yalcin, I.; Barrot, M. Antidepressants and 

Gabapentinoids in Neuropathic Pain: Mechanistic Insights. Neuroscience 2016. 

(12)  Rosenblum, A.; Marsch, L. A.; Joseph, H.; Portenoy, R. K. Opioids and the 

Treatment of Chronic Pain: Controversies, Current Status, and Future Directions. 

Exp. Clin. Psychopharmacol. 2008, 16 (5), 405–416. 

(13)  Pasternak, G. W.; Pan, Y.-X. Mu Opioids and Their Receptors: Evolution of a 

Concept. Pharmacol. Rev. 2013, 65 (4), 1257–1317. 

(14)  Kroeze, W. K.; Sheffler, D. J.; Roth, B. L. G-Protein-Coupled Receptors at a 

Glance. J. Cell Sci. 2003, 116 (Pt 24), 4867–4869. 

(15)  Tautermann, C. S. GPCR Structures in Drug Design, Emerging Opportunities with 

New Structures. Bioorg. Med. Chem. Lett. 2014, 24 (17), 4073–4079. 

(16)  Janecka, A.; Fichna, J.; Janecki, T. Opioid Receptors and Their Ligands. Curr. Top. 



 182 

Med. Chem. 2004, 4 (1), 1–17. 

(17)  Devi, L. A.; Jordan, B. A. G-Protein-Coupled Receptor Heterodimerization 

Modulates Receptor Function. Nature 1999, 399 (6737), 697–700. 

(18)  The Opiate Receptors, Second.; Pasternak, G. W., Ed.; Springer: New York, NY, 

2011; Vol. 23. 

(19)  Wang, D.; Sun, X.; Bohn, L. M.; Sadée, W. Opioid Receptor Homo- and 

Heterodimerization in Living Cells by Quantitative Bioluminescence Resonance 

Energy Transfer. Mol. Pharmacol. 2005, 67 (6), 2173–2184. 

(20)  Law, P.-Y.; Wong, Y. H.; Loh, H. H. Molecular Mechanisms and Regulation of 

Opioid Receptor Signaling. Annu. Rev. Pharmacol. Toxicol. 2000, 40, 389–430. 

(21)  Al-Hasani, R.; Bruchas, M. R. Molecular Mechanisms of Opioid Receptor-

Dependent Signaling and Behavior. Anesthesiology 2011, 115 (6), 1363–1381. 

(22)  Pradhan, A. A.; Smith, M. L.; Kieffer, B. L.; Evans, C. J. Ligand-Directed 

Signalling within the Opioid Receptor Family. Br. J. Pharmacol. 2012, 167 (5), 

960–969. 

(23)  Alves, I. D.; Cowell, S. M.; Salamon, Z.; Devanathan, S.; Tollin, G.; Hruby, V. J. 

Different Structural States of the Proteolipid Membrane Are Produced by Ligand 

Binding to the Human D -Opioid Receptor as Shown by Plasmon-Waveguide 

Resonance Spectroscopy. Mol. Pharmacol. 2004, 65, 1248–1257. 

(24)  Pierce, K. L.; Lefkowitz, R. J. Classical and New Roles of Beta-Arrestins in the 

Regulation of G-Protein-Coupled Receptors. Nat. Rev. Neurosci. 2001, 2 (10), 



 183 

727–733. 

(25)  DeWire, S. M.; Yamashita, D. S.; Rominger, D. H.; Liu, G.; Cowan, C. L.; 

Graczyk, T. M.; Chen, X.-T.; Pitis, P. M.; Gotchev, D.; Yuan, C.; Koblish, M.; 

Lark, M. W.; Violin, J. D. A G Protein-Biased Ligand at the  -Opioid Receptor Is 

Potently Analgesic with Reduced Gastrointestinal and Respiratory Dysfunction 

Compared with Morphine. J. Pharmacol. Exp. Ther. 2013, 344 (3), 708–717. 

(26)  Bohn, L. M.; Gainetdinov, R. R.; Lin, F. T.; Lefkowitz, R. J.; Caron, M. G. Mu-

Opioid Receptor Desensitization by Beta-Arrestin-2 Determines Morphine 

Tolerance but Not Dependence. Nature 2000, 408 (6813), 720–723. 

(27)  Wu, H.; Wacker, D.; Mileni, M.; Katritch, V.; Han, G. W.; Vardy, E.; Liu, W.; 

Thompson, A. A.; Huang, X.-P.; Carroll, F. I.; Mascarella, S. W.; Westkaemper, R. 

B.; Mosier, P. D.; Roth, B. L.; Cherezov, V.; Stevens, R. C. Structure of the 

Human κ-Opioid Receptor in Complex with JDTic. Nature 2012, 485 (7398), 327–

332. 

(28)  Granier, S.; Manglik, A.; Kruse, A. C.; Kobilka, T. S.; Thian, F. S.; Weis, W. I.; 

Kobilka, B. K. Structure of the δ-Opioid Receptor Bound to Naltrindole. Nature 

2012, 485 (7398), 400–404. 

(29)  Manglik, A.; Kruse, A. C.; Kobilka, T. S.; Thian, F. S.; Mathiesen, J. M.; Sunahara, 

R. K.; Pardo, L.; Weis, W. I.; Kobilka, B. K.; Granier, S. Crystal Structure of the 

Μ-Opioid Receptor Bound to a Morphinan Antagonist. Nature 2012, 485 (7398), 

321–326. 



 184 

(30)  Bekhit, M. H. Opioid-Induced Hyperalgesia and Tolerance. Am. J. Ther. 2010, 17 

(5), 498–510. 

(31)  Assistant Secretary for Public Affairs (ASPA). About the Epidemic 

http://www.hhs.gov/opioids/about-the-epidemic/ (accessed Aug 29, 2016). 

(32)  Feng, Y.; He, X.; Yang, Y.; Chao, D.; Lazarus, L. H.; Xia, Y. Current Research on 

Opioid Receptor Function. Curr. Drug Targets 2012, 13 (2), 230–246. 

(33)  Scherrer, G.; Befort, K.; Contet, C.; Becker, J.; Matifas, A.; Kieffer, B. L. The 

Delta Agonists DPDPE and Deltorphin II Recruit Predominantly Mu Receptors to 

Produce Thermal Analgesia: A Parallel Study of Mu, Delta and Combinatorial 

Opioid Receptor Knockout Mice. Eur. J. Neurosci. 2004, 19 (8), 2239–2248. 

(34)  Lutz, P. E.; Kieffer, B. L. Opioid Receptors: Distinct Roles in Mood Disorders. 

Trends Neurosci. 2013, 36 (3), 195–206. 

(35)  Abdelhamid, E. E.; Sultana, M.; Portoghese, P. S.; Takemori, A. E. Selective 

Blockage of Delta Opioid Receptors Prevents the Development of Morphine 

Tolerance and Dependence in Mice. J. Pharmacol. Exp. Ther. 1991, 258 (1), 299–

303. 

(36)  Pradhan, A. A.; Befort, K.; Nozaki, C.; Gavériaux-Ruff, C.; Kieffer, B. L. The 

Delta Opioid Receptor: An Evolving Target for the Treatment of Brain Disorders. 

Trends Pharmacol. Sci. 2011, 32 (10), 581–590. 

(37)  Chu Sin Chung, P.; Kieffer, B. L. Delta Opioid Receptors in Brain Function and 

Diseases. Pharmacol. Ther. 2013, 140 (1), 112–120. 



 185 

(38)  Talkington, M. Kappa Opioid Receptors: Rekindling the Flame 

http://www.painresearchforum.org/news/8488-kappa-opioid-receptors-rekindling-

flame (accessed Aug 30, 2016). 

(39)  Pfeiffer, A.; Brantl, V.; Herz, A.; Emrich, H. M. Psychotomimesis Mediated by 

Kappa Opiate Receptors. Science 1986, 233 (4765), 774–776. 

(40)  Shirayama, Y.; Chaki, S. Neurochemistry of the Nucleus Accumbens and Its 

Relevance to Depression and Antidepressant Action in Rodents. Curr. 

Neuropharmacol. 2006, 4 (4), 277–291. 

(41)  Carroll, F. I.; Carlezon, W. A. Development of κ Opioid Receptor Antagonists. J. 

Med. Chem. 2013. 

(42)  Metcalf, M. D.; Coop, A. Kappa Opioid Antagonists: Past Successes and Future 

Prospects. AAPS J. 2005, 7 (3), E704–E722. 

(43)  Hughes, J.; Smith, T. W.; Kosterlitz, H. W.; Fothergill, L. A.; Morgan, B. A.; 

Morris, H. R. Identification of Two Related Pentapeptides from the Brain with 

Potent Opiate Agonist Activity. Nature 1975, 258 (5536), 577–580. 

(44)  Goldstein, A.; Tachibana, S.; Lowney, L. I.; Hunkapiller, M.; Hood, L. Dynorphin-

(1-13), an Extraordinarily Potent Opioid Peptide. Proc. Natl. Acad. Sci. 1979, 76 

(12), 6666. 

(45)  Chavkin, C.; Goldstein, A. Specific Receptor for the Opioid Peptide Dynorphin: 

Structure-Activity Relationships. Proc. Natl. Acad. Sci. 1981, 78 (10), 6543. 

(46)  Chavkin, C.; James, I.; Goldstein, A. Dynorphin Is a Specific Endogenous Ligand 



 186 

of the Kappa Opioid Receptor. Science 1982, 215 (4531), 413–415. 

(47)  Chavkin, C. Dynorphin-Still an Extraordinarily Potent Opioid Peptide. Mol. 

Pharmacol. 2013, 83 (4), 729–736. 

(48)  Naqvi, T.; Haq, W.; Mathur, K. B. Structure–activity Relationship Studies of 

Dynorphin A and Related Peptides. Peptides 1998, 19 (7), 1277–1292. 

(49)  Naito, A.; Nishimura, K. Conformational Analysis of Opioid Peptides in the Solid 

States and the Membrane Environments by NMR Spectroscopy | BenthamScience. 

Curr. Top. Med. Chem. 2004, 4, 135–000. 

(50)  Schwyzer, R. Estimated Conformation, Orientation, and Accumulation of 

Dynorphin A-(1-13)-Tridecapeptide on the Surface of Neutral Lipid Membranes. 

Biochemistry 1986, 25 (15), 4281–4286. 

(51)  O’Connor, C.; White, K. L.; Doncescu, N.; Didenko, T.; Roth, B. L.; Czaplicki, 

G.; Stevens, R. C.; Wüthrich, K.; Milon, A. NMR Structure and Dynamics of the 

Agonist Dynorphin Peptide Bound to the Human Kappa Opioid Receptor. Proc. 

Natl. Acad. Sci. U. S. A. 2015, 112 (38), 11852–11857. 

(52)  Wang, Z.; Gardell, L. R.; Ossipov, M. H.; Vanderah, T. W.; Brennan, M. B.; 

Hochgeschwender, U.; Hruby, V. J.; Malan, T. P.; Lai, J.; Porreca, F. 

Pronociceptive Actions of Dynorphin Maintain Chronic Neuropathic Pain. J. 

Neurosci. 2001, 21 (5), 1779–1786. 

(53)  Lai, J.; Ossipov, M. H.; Vanderah, T. W.; Malan, T. P.; Porreca, F. Neuropathic 

Pain: The Paradox of Dynorphin. Mol. Interv. 2001, 1 (3), 160–167. 



 187 

(54)  Walker, J. M.; Moises, H. C.; Coy, D. H.; Baldrighi, G.; Akil, H. Nonopiate 

Effects of Dynorphin and Des-Tyr-Dynorphin. Science 1982, 218 (4577), 1136–

1138. 

(55)  Lai, J.; Luo, M.-C.; Chen, Q.; Ma, S.; Gardell, L. R.; Ossipov, M. H.; Porreca, F. 

Dynorphin A Activates Bradykinin Receptors to Maintain Neuropathic Pain. Nat. 

Neurosci. 2006, 9 (12), 1534–1540. 

(56)  Lee, Y. S.; Muthu, D.; Hall, S. M.; Ramos-Colon, C.; Rankin, D.; Hu, J.; 

Sandweiss, A. J.; De Felice, M.; Xie, J. Y.; Vanderah, T. W.; Porreca, F.; Lai, J.; 

Hruby, V. J. Discovery of Amphipathic Dynorphin A Analogues to Inhibit the 

Neuroexcitatory Effects of Dynorphin A through Bradykinin Receptors in the 

Spinal Cord. J. Am. Chem. Soc. 2014, 136 (18), 6608–6616. 

(57)  Hall, S. M. (University of A. Bradykinin Ligands and Receptors Involved in 

Neuropathic Pain I, University of Arizona, 2015. 

(58)  Shukla, V. K.; Prasad, J. A.; Lemaire, S. Nonopioid Motor Effects of Dynorphin A 

and Related Peptides: Structure Dependence and Role of the N-Methyl-D-

Aspartate Receptor. J. Pharmacol. Exp. Ther. 1997, 283 (2), 604-610. 

(59)  Tulunay, F. C.; Jen, M. F.; Chang, J. K.; Loh, H. H.; Lee, N. M. Possible 

Regulatory Role of Dynorphin on Morphine- and Beta-Endorphin-Induced 

Analgesia. J. Pharmacol. Exp. Ther.  1981, 219  (2), 296–298. 

(60)  Bruchas, M. R.; Chavkin, C. Kinase Cascades and Ligand-Directed Signaling at 

the Kappa Opioid Receptor. Psychopharmacology (Berl). 2010, 210 (2), 137–147. 



 188 

(61)  Schwarzer, C. 30 Years of Dynorphins — New Insights on Their Functions in 

Neuropsychiatric Diseases. Pharmacol. Ther. 2009, 123 (3), 353–370. 

(62)  Lemaire, S.; Lafrance, L.; Dumont, M. Synthesis and Biological Activity of 

Dynorphin-(1-13) and Analogs Substituted in Positions 8 and 10. Int. J. Pept. 

Protein Res. 1986, 27 (3), 300–305. 

(63)  Kawasaki, A. M.; Knapp, R. J.; Walton, A.; Wire, W. S.; Zalewska, T.; Yamamura, 

H. I.; Porreca, F.; Burks, T. F.; Hruby, V. J. Syntheses, Opioid Binding Affinities, 

and Potencies of Dynorphin A Analogues Substituted in Positions, 1, 6, 7, 8 and 10. 

Int. J. Pept. Protein Res. 1993, 42 (5), 411–419. 

(64)  Lung, F. D.; Meyer, J. P.; Li, G.; Lou, B. S.; Stropova, D.; Davis, P.; Yamamura, 

H. I.; Porreca, F.; Hruby, V. J. Highly Kappa Receptor-Selective Dynorphin A 

Analogues with Modifications in Position 3 of Dynorphin A(1-11)-NH2. J. Med. 

Chem. 1995, 38 (4), 585–586. 

(65)  Lemos, J. C.; Chavkin, C. Kappa Opioid Receptor Function. opiate Recept. 2011, 

265–305. 

(66)  McLaughlin, J. P.; Marton-Popovici, M.; Chavkin, C. κ Opioid Receptor 

Antagonism and Prodynorphin Gene Disruption Block Stress-Induced Behavioral 

Responses. J. Neurosci. 2003, 23 (13), 5674–5683. 

(67)  Prisinzano, T. E.; Tidgewell, K.; Harding, W. W. Kappa Opioids as Potential 

Treatments for Stimulant Dependence. AAPS J. 2005, 7 (3), E592–E599. 

(68)  Bruchas, M. R.; Land, B. B.; Chavkin, C. The Dynorphin/kappa Opioid System as 



 189 

a Modulator of Stress-Induced and pro-Addictive Behaviors. Brain Res. 2010, 

1314, 44–55. 

(69)  Roth, B. L.; Baner, K.; Westkaemper, R.; Siebert, D.; Rice, K. C.; Steinberg, S.; 

Ernsberger, P.; Rothman, R. B. Salvinorin A: A Potent Naturally Occurring 

Nonnitrogenous Kappa Opioid Selective Agonist. Proc. Natl. Acad. Sci. U. S. A. 

2002, 99 (18), 11934–11939. 

(70)  Beardsley, P. M.; Howard, J. L.; Shelton, K. L.; Carroll, F. I. Differential Effects 

of the Novel Kappa Opioid Receptor Antagonist, JDTic, on Reinstatement of 

Cocaine-Seeking Induced by Footshock Stressors vs Cocaine Primes and Its 

Antidepressant-like Effects in Rats. Psychopharmacology (Berl). 2005, 183 (1), 

118–126. 

(71)  Valdez, G. R.; Platt, D. M.; Rowlett, J. K.; Ruedi-Bettschen, D.; Spealman, R. D. 

Agonist-Induced Reinstatement of Cocaine Seeking in Squirrel Monkeys: A Role 

for Opioid and Stress-Related Mechanisms. J. Pharmacol. Exp. Ther. 2007, 323 

(2), 525–533. 

(72)  Land, B. B.; Bruchas, M. R.; Lemos, J. C.; Xu, M.; Melief, E. J.; Chavkin, C. The 

Dysphoric Component of Stress Is Encoded by Activation of the Dynorphin  -

Opioid System. J. Neurosci. 2008, 28 (2), 407–414. 

(73)  Bruchas, M. R.; Chavkin, C. Kinase Cascades and Ligand-Directed Signaling at 

the Kappa Opioid Receptor. Psychopharmacology (Berl). 2010, 209 (2), 137–147. 

(74)  Aldrich, J. V; McLaughlin, J. P. Peptide Kappa Opioid Receptor Ligands: 



 190 

Potential for Drug Development. AAPS J. 2009, 11 (2), 312–322. 

(75)  Eipper, B. A.; Mains De, R. E. PEPTIDE a-AMIDATION. Ann. Rev. Physiol 1988, 

50, 333–344. 

(76)  Choi, H.; Murray, T. F.; DeLander, G. E.; Schmidt, W. K.; Aldrich, J. V. Synthesis 

and Opioid Activity of [D-Pro10]Dynorphin A-(1-11) Analogues with N-Terminal 

Alkyl Substitution. J. Med. Chem. 1997, 40 (17), 2733–2739. 

(77)  Meyer, J. P.; Collins, N.; Lung, F. D.; Davis, P.; Zalewska, T.; Porreca, F.; 

Yamamura, H. I.; Hruby, V. J. Design, Synthesis, and Biological Properties of 

Highly Potent Cyclic Dynorphin A Analogues. Analogues Cyclized between 

Positions 5 and 11. J. Med. Chem. 1994, 37 (23), 3910–3917. 

(78)  Lung, F.-D. T.; Meyer, J. P.; Lou, B.-S.; Xiang, L.; Li, G.; Davis, P.; De Leon, I. 

A.; Yamamura, H. I.; Porreca, F.; Hruby, V. J. Effects of Modifications of 

Residues in Position 3 of Dynorphin A(1−11)-NH2 on κ Receptor Selectivity and 

Potency. J. Med. Chem. 1996, 39 (13), 2456–2460. 

(79)  Schlechtingen, G.; DeHaven, R. N.; Daubert, J. D.; Cassel, J. A.; Chung, N. N.; 

Schiller, P. W.; Taulane, J. P.; Goodman, M. Structure−Activity Relationships of 

Dynorphin A Analogues Modified in the Address Sequence. J. Med. Chem. 2003, 

46 (11), 2104–2109. 

(80)  Patkar, K. A.; Murray, T. F.; Aldrich, J. V. The Effects of C-Terminal 

Modifications on the Opioid Activity of [ N-BenzylTyr 1]Dynorphin A-(1−11) 

Analogues. J. Med. Chem. 2009, 52 (21), 6814–6821. 



 191 

(81)  Schiller, P. W.; Weltrowska, G.; Nguyen, T. M.-D.; Lemieux, C.; Chung, N. N.; 

Lu, Y. Conversion of Delta-, Kappa- and Mu-Receptor Selective Opioid Peptide 

Agonists into Delta-, Kappa- and Mu-Selective Antagonists. Life Sci. 2003, 73 (6), 

691–698. 

(82)  Patkar, K. A.; Yan, X.; Murray, T. F.; Aldrich, J. V. [ Nα-BenzylTyr 1, Cyclo( D-

Asp 5,Dap 8)]- Dynorphin A-(1−11)NH 2Cyclized in the “Address” Domain Is a 

Novel κ-Opioid Receptor Antagonist. J. Med. Chem. 2005, 48 (14), 4500–4503. 

(83)  Bennett, M. A.; Murray, T. F.; Aldrich, J. V. Identification of Arodyn, a Novel 

Acetylated Dynorphin a-(1-11) Analogue, as a K Opioid Receptor Antagonist. J. 

Med. Chem. 2002, 45 (26), 5617–5619. 

(84)  Wan, Q.; Murray, T. F.; Aldrich, J. V. A Novel Acetylated Analogue of Dynorphin 

A-(1-11) Amide as a Kappa-Opioid Receptor Antagonist. J. Med. Chem. 1999, 42 

(16), 3011–3013. 

(85)  Urbano, M.; Guerrero, M.; Rosen, H.; Roberts, E. Antagonists of the Kappa 

Opioid Receptor. Bioorg. Med. Chem. Lett. 2014, 24 (9), 2021–2032. 

(86)  Orosz, G.; Ronai, A. Z.; Bajusz, S.; Medzihradszky, K. N-Terminally Protected 

Penta- and Tetrapeptide Opioid Antagonists Based on a Pentapeptide Sequence 

Found in the Venom of Philippine Cobra. Biochem. Biophys. Res. Commun. 1994, 

202 (3), 1285–1290. 

(87)  Vig, B. S.; Murray, T. F.; Aldrich, J. V. A Novel N-Terminal Cyclic Dynorphin A 

Analogue Cyclo N,5[Trp 3,Trp 4,Glu 5] Dynorphin A-(1−11)NH 2That Lacks the 



 192 

Basic N-Terminus. J. Med. Chem. 2003, 46 (8), 1279–1282. 

(88)  Aldrich, J. V; Patkar, K. A.; McLaughlin, J. P. Zyklophin, a Systemically Active 

Selective Kappa Opioid Receptor Peptide Antagonist with Short Duration of 

Action. Proc. Natl. Acad. Sci. 2009, 106 (43), 18396–18401. 

(89)  Saito, T.; Hirai, H.; Kim, Y.-J.; Kojima, Y.; Matsunaga, Y.; Nishida, H.; 

Sakakibara, T.; Suga, O.; Sujaku, T.; Kojima, N. CJ-15,208, a Novel Kappa 

Opioid Receptor Antagonist from a Fungus, Ctenomyces Serratus ATCC15502. J. 

Antibiot. (Tokyo). 2002, 55 (10), 847–854. 

(90)  Katsila, T.; Siskos, A. P.; Tamvakopoulos, C. Peptide and Protein Drugs: The 

Study of Their Metabolism and Catabolism by Mass Spectrometry. Mass Spectrom. 

Rev. 2011, 31 (1), 110–133. 

(91)  Aldrich, J. V; McLaughlin, J. P. Opioid Peptides: Potential for Drug Development. 

Drug Discov. Today. Technol. 2012, 9 (1), e23–e31. 

(92)  Weiner, D. B.; Williams, W. V. Biologically Active Peptides: Design, Synthesis 

and Utilization; CRC Press, 1993; Vol. 4. 

(93)  Lee, Y. S.; Kulkarani, V.; Cowell, S. M.; Ma, S.; Davis, P.; Hanlon, K. E.; 

Vanderah, T. W.; Lai, J.; Porreca, F.; Vardanyan, R.; Hruby, V. J. Development of 

Potent µ and δ Opioid Agonists with High Lipophilicity. J. Med. Chem. 2011, 54 

(1), 382–386. 

(94)  Institute of Medicine Report from the Committee on Advancing Pain Research, 

Care, and Education. In Relieving Pain in America; National Academies Press: 



 193 

Washington, D.C., 2011. 

(95)  Rothman, R. B.; Gorelick, D. A.; Heishman, S. J.; Eichmiller, P. R.; Hill, B. H.; 

Norbeck, J.; Liberto, J. G. An Open-Label Study of a Functional Opioid κ 

Antagonist in the Treatment of Opioid Dependence. J. Subst. Abuse Treat. 2000, 

18 (3), 277–281. 

(96)  Chavkin, C.; Martinez, D. Kappa Antagonist JDTic in Phase 1 Clinical Trial. 

Neuropsychopharmacology 2015, 40 (9), 2057–2058. 

(97)  Snyder, K. R.; Story, S. C.; Heidt, M. E.; Murray, T. F.; DeLander, G. E.; Aldrich, 

J. V. Effect of Modification of the Basic Residues of Dynorphin A-(1-13) Amide 

on Kappa Opioid Receptor Selectivity and Opioid Activity. J. Med. Chem. 1992, 

35 (23), 4330–4333. 

(98)  Chavkin, C.; Martinez, D. Kappa Antagonist JDTic in Phase 1 Clinical Trial. 

Neuropsychopharmacology 2015, 40 (9), 2057–2058. 

(99)  Krystal, A. (Duke U. M. C. Fast-Fail Trials in Mood and Anxiety Spectrum 

Disorders; Kappa Opioid Receptor Phase 2a 

https://clinicaltrials.gov/ct2/show/NCT02218736 (accessed Aug 22, 2016). 

(100)  Merrifield, R. B. Solid Phase Peptide Synthesis. I. The Synthesis of a Tetrapeptide. 

J. Am. Chem. Soc. 1963, 85 (14), 2149–2154. 

(101)  Kaiser, E.; Colescott, R. L.; Bossinger, C. D.; Cook, P. I. Color Test for Detection 

of Free Terminal Amino Groups in the Solid-Phase Synthesis of Peptides. Anal. 

Biochem. 1970, 34 (2), 595–598. 



 194 

(102)  Lee, Y. S.; Qu, H.; Davis, P.; Ma, S.; Vardanyan, R.; Lai, J.; Porreca, F.; Hruby, V. 

J. Chiral Effect of a Phe Residue in Position 3 of the Dmt 1- L(or D)-Tic 

2Analogues on Opioid Functional Activities. ACS Med. Chem. Lett. 2013, 4 (7), 

656–659. 

(103)  Lowry, O. H.; Rosebrough, N. J.; Farr, A. L.; Randall, R. J. Protein Measurement 

with the Folin Phenol Reagent. J. Biol. Chem. 1951, 193 (1), 265–275. 

(104)  Arora, M. Cell Culture Media: A Review. Mater Methods 2013, 3, 175. 

(105)  Schmid, C. L.; Streicher, J. M.; Groer, C. E.; Munro, T. A.; Zhou, L.; Bohn, L. M. 

Functional Selectivity of 6’-Guanidinonaltrindole (6'-GNTI) at  -Opioid Receptors 

in Striatal Neurons. J. Biol. Chem. 2013, 288 (31), 22387–22398. 

(106)  Lee, Y. S.; Agnes, R. S.; Badghisi, H.; Davis, P.; Ma, S.; Lai, J.; Porreca, F.; 

Hruby, V. J. Design and Synthesis of Novel Hydrazide-Linked Bifunctional 

Peptides as Delta/mu Opioid Receptor Agonists and CCK-1/CCK-2 Receptor 

Antagonists. J. Med. Chem. 2006, 49 (5), 1773–1780. 

(107)  Berridge, M. V.; Herst, P. M.; Tan, A. S. Tetrazolium Dyes as Tools in Cell 

Biology: New Insights into Their Cellular Reduction. Biotechnol. Annu. Rev. 2005, 

11, 127–152. 

(108)  Hylden, J. L. K.; Wilcox, G. L. Intrathecal Morphine in Mice: A New Technique. 

Eur. J. Pharmacol. 1980, 67 (2-3), 313–316. 

(109)  Gentilucci, L. New Trends in the Development of Opioid Peptide Analogues as 

Advanced Remedies for Pain Relief. Curr. Top. Med. Chem. 2004, 4 (1), 19–38. 



 195 

(110)  Rosa, M.; Caltabiano, G.; Barreto-Valer, K.; Gonzalez-Nunez, V.; Gómez-Tamayo, 

J. C.; Ardá, A.; Jiménez-Barbero, J.; Pardo, L.; Rodríguez, R. E.; Arsequell, G.; 

Valencia, G. Modulation of the Interaction between a Peptide Ligand and a G 

Protein-Coupled Receptor by Halogen Atoms. ACS Med. Chem. Lett. 2015, 6 (8), 

872–876. 

(111)  Paton, W. D. M.; Vizi, E. S. The Inhibitory Action of Noradrenaline and 

Adrenaline on Acetylcholine Output by Guinea-Pig Ileum Longitudinal Muscle 

Strip. Br. J. Pharmacol. 1969, 35 (1), 10–28. 

(112)  Smith, J. A. M.; Leslie, F. M. Use of Organ Systems for Opioid Bioassay. In 

Opioids I; Herz, A., Akil, H., Simon, E. J., Eds.; Springer-Verlag, 1993; pp 53–78. 

(113)  Taylor, D. A. In Vitro Opioid Receptor Assays; John Wiley & Sons, Inc.: Hoboken, 

NJ, USA, 2001. 

(114)  Cooper, T.; McMurchie, E. J.; Leifert, W. R. [35S] GTPγS Binding in G Protein-

Coupled Receptor Assays. G Protein-Coupled Recept. Drug Discov. 2009, 143–

151. 

(115)  Powell, M. Peptide Stability in Drug Development: In Vitro Peptide Degradation 

in Plasma and Serum. In Annual Reports in Medicinal Chemistry; Academic Press, 

1993; pp 285–294. 

(116)  Taylor, A. Aminopeptidases: Structure and Function. FASEB J. 1993, 7 (2), 290–

298. 

(117)  Konsoula, R.; Jung, M. In Vitro Plasma Stability, Permeability and Solubility of 



 196 

Mercaptoacetamide Histone Deacetylase Inhibitors. Int. J. Pharm. 2008, 361 (1-2), 

19–25. 

(118)  Roehm, N. W.; Rodgers, G. H.; Hatfield, S. M.; Glasebrook, A. L. An Improved 

Colorimetric Assay for Cell Proliferation and Viability Utilizing the Tetrazolium 

Salt XTT. J. Immunol. Methods 1991, 142 (2), 257–265. 

(119)  Melief, E. J.; Miyatake, M.; Carroll, F. I.; Béguin, C.; Carlezon, W. A.; Cohen, B. 

M.; Grimwood, S.; Mitch, C. H.; Rorick-Kehn, L.; Chavkin, C. Duration of Action 

of a Broad Range of Selective κ-Opioid Receptor Antagonists Is Positively 

Correlated with c-Jun N-Terminal Kinase-1 Activation. Mol. Pharmacol. 2011, 80, 

920–929. 

(120)  Melief, E. J.; Miyatake, M.; Carroll, F. I.; Beguin, C.; Carlezon, W. A.; Cohen, B. 

M.; Grimwood, S.; Mitch, C. H.; Rorick-Kehn, L.; Chavkin, C. Duration of Action 

of a Broad Range of Selective  -Opioid Receptor Antagonists Is Positively 

Correlated with c-Jun N-Terminal Kinase-1 Activation. Mol. Pharmacol. 2011, 80 

(5), 920–929. 

(121)  Vanderah, T. W.; Largent-Milnes, T.; Lai, J.; Porreca, F.; Houghten, R. A.; 

Menzaghi, F.; Wisniewski, K.; Stalewski, J.; Sueiras-Diaz, J.; Galyean, R.; 

Schteingart, C.; Junien, J.-L.; Trojnar, J.; Rivière, P. J. M. Novel D-Amino Acid 

Tetrapeptides Produce Potent Antinociception by Selectively Acting at Peripheral 

Kappa-Opioid Receptors. Eur. J. Pharmacol. 2008, 583 (1), 62–72. 

(122)  Spetea, M.; Asim, M. F.; Noha, S.; Wolber, G.; Schmidhammer, H. Current κ 

Opioid Receptor Ligands and Discovery of a New Molecular Scaffold as a κ 



 197 

Opioid Receptor Antagonist Using Pharmacophore-Based Virtual Screening. Curr. 

Pharm. Des. 2013, 19 (42), 7362–7372. 

(123)  Dum, J. E.; Herz, A. In Vivo Receptor Binding of the Opiate Partial Agonist, 

Buprenorphine, Correlated With Its Agonistic and Antagonistic Actions. Br. J. 

Pharmacol. 1981, 74 (3), 627–633. 

(124)  Lai, J. J.; Luo, M.-C. M. C.; Chen, Q. Q.; Porreca, F. F. Pronociceptive Actions of 

Dynorphin via Bradykinin Receptors. Neurosci. Lett. 2008, 437 (3), 175–179. 

(125)  Ferrec, E. Le; Fardel, O.; Ferrec, E. Le; Fardel, O. Applications Using Caco-2 and 

TC7 Cells for Drug Metabolism Studies. In Encyclopedia of Drug Metabolism and 

Interactions; John Wiley & Sons, Inc.: Hoboken, NJ, USA, 2012. 

(126)  Bickel, U. How to Measure Drug Transport across the Blood-Brain Barrier. 

NeuroRx 2005, 2 (1), 15–26. 

(127)  Heyman, J. S.; Vaught, J. L.; Mosberg, H. I.; Haaseth, R. C.; Porreca, F. 

Modulation of µ-Mediated Antinociception by δ Agonists in the Mouse: Selective 

Potentiation of Morphine and Normorphine by [D-Pen2, D-Pen5]enkephalin. Eur. 

J. Pharmacol. 1989, 165 (1), 1–10. 

(128)  Qi, J. N.; Mosberg, H. I.; Porreca, F. Modulation of the Potency and Efficacy of 

Mu-Mediated Antinociception by Delta Agonists in the Mouse. J Pharmacol Exp 

Ther 1990, 254 (2), 683–689. 

(129)  Zhao, G.-M.; Wu, D.; Soong, Y.; Shimoyama, M.; Berezowska, I.; Schiller, P. W.; 

Szeto, H. H. Profound Spinal Tolerance after Repeated Exposure to a Highly 



 198 

Selective Mu-Opioid Peptide Agonist: Role of Delta-Opioid Receptors. J. 

Pharmacol. Exp. Ther. 2002, 302 (1), 188–196. 

(130)  Lee, Y. S.; Nyberg, J.; Moye, S.; Agnes, R. S.; Davis, P.; Ma, S.; Lai, J.; Porreca, 

F.; Vardanyan, R.; Hruby, V. J. Understanding the Structural Requirements of 4-

Anilidopiperidine Analogues for Biological Activities at µ and δ Opioid Receptors. 

Bioorg. Med. Chem. Lett. 2007, 17 (8), 2161–2165. 

(131)  Lee, Y. S.; Agnes, R. S.; Davis, P.; Ma, S.; Badghisi, H.; Lai, J.; Porreca, F.; 

Hruby, V. J. Partial Retro-Inverso, Retro, and Inverso Modifications of Hydrazide 

Linked Bifunctional Peptides for Opioid and Cholecystokinin (CCK) Receptors. J. 

Med. Chem. 2007, 50 (1), 165–168. 

(132)  Yamamoto, T.; Nair, P.; Davis, P.; Ma, S.; Navratilova, E.; Moye, S.; Tumati, S.; 

Lai, J.; Vanderah, T. W.; Yamamura, H. I.; Porreca, F.; Hruby, V. J. Design, 

Synthesis, and Biological Evaluation of Novel Bifunctional C-Terminal-Modified 

Peptides for Delta/mu Opioid Receptor Agonists and Neurokinin-1 Receptor 

Antagonists. J. Med. Chem. 2007, 50 (12), 2779–2786. 

(133)  Vardanyan, R.; Kumirov, V. K.; Nichol, G. S.; Davis, P.; Liktor-Busa, E.; Rankin, 

D.; Varga, E.; Vanderah, T.; Porreca, F.; Lai, J.; Hruby, V. J. Synthesis and 

Biological Evaluation of New Opioid Agonist and Neurokinin-1 Antagonist 

Bivalent Ligands. Bioorg. Med. Chem. 2011, 19 (20), 6135–6142. 

(134)  Lee, Y. S.; Petrov, R.; Park, C. K.; Ma, S.; Davis, P.; Lai, J.; Porreca, F.; 

Vardanyan, R.; Hruby, V. J. Development of Novel Enkephalin Analogues That 

Have Enhanced Opioid Activities at Both Mu and Delta Opioid Receptors. J. Med. 



 199 

Chem. 2007, 50 (22), 5528–5532. 

(135)  Yamamoto, T.; Nair, P.; Largent-Milnes, T. M.; Jacobsen, N. E.; Davis, P.; Ma, S.; 

Yamamura, H. I.; Vanderah, T. W.; Porreca, F.; Lai, J.; Hruby, V. J. Discovery of 

a Potent and Efficacious Peptide Derivative for Δ/µ Opioid Agonist/Neurokinin 1 

Antagonist Activity with a 2′,6′-Dimethyl- L-Tyrosine: In Vitro, In Vivo, and 

NMR-Based Structural Studies. J. Med. Chem. 2011, 54 (7), 2029–2038. 

(136)  Bird, M. F.; Vardanyan, R. S.; Hruby, V. J.; Calo, G.; Guerrini, R.; Salvadori, S.; 

Trapella, C.; McDonald, J.; Rowbotham, D. J.; Lambert, D. G. Development and 

Characterisation of Novel Fentanyl-Delta Opioid Receptor Antagonist Based 

Bivalent Ligands. Br. J. Anaesth. 2015, 114 (4), 646–656. 

(137)  Jordan, B. A.; Cvejic, S.; Devi, L. A. Opioids and Their Complicated Receptor 

Complexes. Neuropsychopharmacology 2000, 23 (4 SUPPL. 1). 

(138)  Dietis, N.; Guerrini, R.; Calo, G.; Salvadori, S.; Rowbotham, D. J.; Lambert, D. G. 

Simultaneous Targeting of Multiple Opioid Receptors: A Strategy to Improve 

Side-Effect Profile. British Journal of Anaesthesia. Oxford University Press July 

2009, pp 38–49. 

(139)  Fanciullo, G. J.; Washington, T. Best Practices to Reduce the Risk of Drug-Drug 

Interactions: Opportunities for Managed Care. Am. J. Manag. Care 2011, 17 Suppl 

1, S299–S304. 

(140)  Auffinger, P.; Hays, F. A.; Westhof, E.; Ho, P. S. Halogen Bonds in Biological 

Molecules. Proc. Natl. Acad. Sci. U. S. A. 2004, 101 (48), 16789–16794. 



 200 

(141)  Shields, Z. P.; Murray, J. S.; Politzer, P. Directional Tendencies of Halogen and 

Hydrogen Bonds. In International Journal of Quantum Chemistry; Wiley 

Subscription Services, Inc., A Wiley Company, 2010; Vol. 110, pp 2823–2832. 

(142)  Politzer, P.; Murray, J. S.; Clark, T. Halogen Bonding and Other σ-Hole 

Interactions: A Perspective. Phys. Chem. Chem. Phys. 2013, 15 (27), 11178–11189. 

(143)  Cavallo, G.; Metrangolo, P.; Milani, R.; Pilati, T.; Priimagi, A.; Resnati, G.; 

Terraneo, G. The Halogen Bond. Chem. Rev. 2016, 116 (4), 2478–2601. 

(144)  Scholfield, M. R.; Vander Zanden, C. M.; Carter, M.; Ho, P. S. Halogen Bonding 

(X-Bonding): A Biological Perspective. Protein Science. Wiley-Blackwell 

February 2013, pp 139–152. 

(145)  Miaskowski, C.; Taiwo, Y. O.; Levine, J. D. Kappa- and Delta-Opioid Agonists 

Synergize to Produce Potent Analgesia. Brain Res. 1990, 509 (1), 165–168. 

(146)  Schiller, P. W.; Fundytus, M. E.; Merovitz, L.; Weltrowska, G.; Nguyen, T. M.; 

Lemieux, C.; Chung, N. N.; Coderre, T. J. The Opioid Mu Agonist/delta 

Antagonist DIPP-NH(2)[Psi] Produces a Potent Analgesic Effect, No Physical 

Dependence, and Less Tolerance than Morphine in Rats. J. Med. Chem. 1999, 42 

(18), 3520–3526. 

(147)  Yamamoto, T.; Nair, P.; Vagner, J.; Largent-Milnes, T.; Davis, P.; Ma, S.; 

Navratilova, E.; Moye, S.; Tumati, S.; Lai, J.; Yamamura, H. I.; Vanderah, T. W.; 

Porreca, F.; Hruby, V. J. A Structure-Activity Relationship Study and 

Combinatorial Synthetic Approach of C-Terminal Modified Bifunctional Peptides 



 201 

That Are Delta/mu Opioid Receptor Agonists and Neurokinin 1 Receptor 

Antagonists. J. Med. Chem. 2008, 51 (5), 1369–1376. 

(148)  Yoo, J.-H.; Bailey, A.; Borsodi, A.; Tóth, G.; Matifas, A.; Kieffer, B. L.; Kitchen, 

I. Knockout Subtraction Autoradiography: A Novel Ex Vivo Method to Detect 

Heteromers Finds Sparse KOP receptor/DOP Receptor Heterodimerization in the 

Brain. Eur. J. Pharmacol. 2014, 731, 1–7. 

(149)  Vanderah, T. W. Delta and Kappa Opioid Receptors as Suitable Drug Targets for 

Pain. Clin. J. Pain 2010, 26 (Supplement 10), S10–S15. 

(150)  Knoll, A. T.; Carlezon, W. A. Dynorphin, Stress, and Depression. Brain Res. 2010, 

1314, 56–73. 

(151)  Masimirembwa, C. M.; Bredberg, U.; Andersson, T. B. Metabolic Stability for 

Drug Discovery and Development. Clin. Pharmacokinet. 2003, 42 (6), 515–528. 

 


