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ABSTRACT 

 Neurodegenerative disorders negatively impact the health of millions of people world-

wide each year, and current therapeutic strategies only alleviate symptoms and exhibit little to no 

curative potential. Peptides comprise an important class of biological regulatory molecules that 

may be able to meet these concerns. Many endogenous peptides act as hormones, neuromodula-

tors, secretagogues, and regulators of the inflammatory response. Furthermore, peptides are high-

ly selective for their target receptors, leading to reduced side effect profiles, and they are regard-

ed as non-toxic due to their metabolism yielding innocuous amino acids. However, progress in 

developing peptide drugs is hampered by their poor in vivo pharmacokinetic profiles, limited 

membrane permeability, and low oral bioavailability. Several chemical strategies including cy-

clization, N-methylation, lipidation, PEGylation, and incorporation of unnatural amino acids 

have been largely successful in improving the stability of peptides, but generally don’t elicit 

membrane penetration. One such chemical modification that can address the membrane permea-

bility problem is glycosylation. Glycosylation has been demonstrated to improve water solubility 

and in vivo stability of peptides, and dramatically enhance penetration across biological mem-

branes, most notably the blood-brain barrier (BBB). We have applied our glycosylation method-

ology to a variety of endogenous peptides, and this work summarizes the glycosylation of PA-

CAP, a potential candidate for treating neurodegenerative disorders. Overall, we found that our 

PACAP glycopeptides exhibited superior stability in vitro and in vivo compared to their non-

glycosylated counterparts while maintaining the intrinsic efficacy and potency of native PACAP. 

Most importantly, we found that our PACAP glycopeptides were able to penetrate the BBB in 

physiologically relevant concentrations and elicit neuroprotective and anti-inflammatory activi-

ties in animal models of Parkinson’s disease, stroke, and traumatic brain injury. 



 20 

CHAPTER 1: NEURODEGENERATION AND NEUROINFLAMMATION:  

MOLECULAR PATHOPHYSIOLOGY, CURRENT TREATMENT LANDSCAPE, AND 

GLYCOSYLATED NEUROPEPTIDES AS NOVEL THERAPEUTICS
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INTRODUCTION 

Neurodegenerative disorders negatively affect a significant portion of the elderly popula-

tion around the world, and in some cases, they can affect those in younger demographics [1–5]. 

The current treatment landscape for neurodegeneration is bleak and predominantly consists of 

therapies that only alleviate symptoms or ultimately failed during clinical trials. Currently there 

are no treatments that can reverse or halt the progression of neurodegenerative diseases. Alt-

hough the origin of many neurodegenerative diseases is still not fully understood, a significant 

amount of progress made on elucidating the molecular mechanisms that promote disease pro-

gression. One important aspect of neurodegeneration often not considered is persistent neuroin-

flammation and overactivation of microglia [6–11].  This ultimately leads to alterations in brain 

homeostasis and the generation of radical species responsible for cellular damage and the activa-

tion of apoptotic signaling cascades [12]. Although there are innate repair mechanisms, they are 

typically overwhelmed by the extensive cellular damage and inflammation.  

The search for viable treatments for neurodegeneration has not been met with much suc-

cess, but endogenous neuropeptides represent a potential feedstock of drug candidates for the 

treatment of neurodegeneration and other brain-related diseases including neuropathic pain and 

psychiatric disorders [13–16]. Peptides are potent and highly selective for their target receptors, 

leading to fewer off-target interactions observed with small molecule drugs [17,18]. Further-

more, peptides are readily metabolized into their constituent amino acids, which are generally 

regarded as non-toxic. However, peptides are metabolized so rapidly in vivo they are often not 

present in high enough concentrations to exert any beneficial therapeutic effects. Many peptides 

also exhibit poor membrane permeability, which is especially problematic in cases where a pep-
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tide needs to cross the BBB to access to receptors in the brain. Several chemical strategies have 

been implemented to address these concerns, but many of them often reduce water solubility and 

hamper bioavailability to a certain extent [19,20]. Glycosylation is one strategy that has not been 

as widely implemented but is arguably more effective [21–24]. Glycosylation has been demon-

strated to increase water solubility and bioavailability while retaining the biological activity of 

the native peptide [22]. More importantly, glycosylation has been shown to significantly improve 

BBB penetration of bioactive peptides of differing sizes and physiochemical properties [25–31]. 

Thus, glycosylation is an extremely effective strategy for making endogenous peptides more 

“druggable”.  

  In this chapter an overview of the fundamental biochemical origins of neurodegenerative 

disorders will be provided, with specific sections devoted to the pathophysiology of Parkinson’s 

disease (PD) and smaller overviews of stroke and traumatic brain injury (TBI). Current treat-

ments in use for PD will be discussed, and efforts towards development of drugs for stroke and 

TBI will also be explored. Then, endogenous peptides as attractive alternative drugs to small 

molecule therapeutics will be presented. Chemical strategies for improving the pharmacokinetic 

(PK) profiles of peptides will also be examined. A small section will be devoted to discussing 

examples of glycosylated analogues with a focus on endogenous opioid peptides. The final sec-

tion of this chapter will be dedicated to the brief introduction of the pituitary adenylate cyclase 

activating peptide (PACAP) as a potential therapy for neurodegenerative disorders.
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NEURONAL DISEASE STATES: NEURODEGENERATION  

AND NEUROINFLAMMATION 

Biochemistry of Neurodegeneration: Oxidative Stress, Excitotoxicity, Dysregulation of Protein 

Degradation, and Neuronal Apoptosis. Programmed cell death is a routine process required to 

allow new cells to flourish and remove older cells that cease to properly function [32–34]. How-

ever, this process is detrimental in tissues that do not easily regenerate, such as neurons in the 

CNS. Run-away neuronal apoptosis has been demonstrated to be a key factor in the cause and 

progression of neurodegenerative disorders [12]. Although a defined root cause for neurodegen-

erative disorders remains elusive, there are several biochemical factors that have been shown to 

contribute to neuronal apoptosis and progression of neurodegeneration. Such factors include re-

active oxygen and reactive nitrogen species (ROS and RNS), imbalances in ion homeostasis, ex-

citotoxicity, relatively low concentrations of growth factors, and dampened neuroprotective sig-

naling cascades [12,35]. Additionally, mitochondrial dysfunction can lead to the release of cyto-

chrome c into the cytoplasm and subsequent activation of caspases, which are enzymes involved 

in apoptotic cell death [36]. Furthermore, altered protein degradation pathways have been impli-

cated in the progression of neurodegenerative disorders [12,37]. These factors ultimately lead to 

heightened inflammatory responses by microglia and astrocytes and the continual release of pro-

inflammatory mediators. This cycle ultimately suppresses neuroprotective signaling cascades and 

promotes inflammation and neuronal apoptosis (Figure 1). 
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Figure 1. The cycle of neurodegeneration/neuroinflammation and PACAP glycopeptides as potential thera-
peutics. Neuronal cell death cascades and neuroinflammation are both operative in both chronic and acute neuro-
degenerative diseases. Excitotoxicity, dysfunction of protein degradation pathways, buildup of neurotoxic protein 
aggregates, and oxidative damage due to reactive oxygen species (ROS) and reactive nitrogen species (RNS) all 
contribute to neuronal apoptosis and exacerbate the inflammatory response. Simultaneously, microglia initially re-
spond with the release of anti-inflammatory mediators. However, microglia can enter a hyperactivated or  
“primed” state as the disease progresses. This results in a shift from an anti-inflammatory state to a pro-
inflammatory state, resulting in the release of pro-inflammatory mediators, further release of ROS, and continual 
neuronal cell death. This cycle ultimately results in the common cognitive, motor, and behavioral deficits observed 
across several neurodegenerative diseases. 

Neuroinflammation and Activated Microglia. Inflammation, specifically microglia-mediated 

neuroinflammation, has been implicated in the progression of neurodegenerative disorders 

[9,38]. Microglia, the resident immune cells of the CNS, monitor the health of the brain paren-

chyma through interactions between their extended cellular processes and surrounding neurons 

and synapses [8]. They predominantly exist in a quiescent state but are readily activated in re-

sponse to alterations in brain homeostasis, the presence of misfolded proteins, and other noxious 

central and systemic stimuli [39]. This initiates the release of anti-inflammatory cytokines and 

growth factors, providing neuroprotective support for the surrounding neurons. However, micro-

glia in this initially activated state are highly susceptible to and overwhelmed by secondary in-
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flammatory stimuli, which are abundant in progressive neurodegenerative disorders [7]. This of-

ten results in microglial priming, which is a process where microglia shift from a protective anti-

inflammatory state to a neurodegenerative pro-inflammatory state [8,39]. During this process 

there are significant changes in microglial gene expression patterns, increased production of pro-

inflammatory mediators, and morphological changes. Systemic inflammation can also induce 

microglial priming in the CNS through interactions between peripheral pro-inflammatory cyto-

kines and their target receptors on cerebral endothelial cells [11].  Although overactive microglia 

have not been directly implicated in the initiation of neurodegenerative disorders, there is evi-

dence to suggest that this may not be true in some specific cases. For example, Nasu-Hakola dis-

ease is a rare neurodegenerative condition where mutations of the TREM2 gene, which is only 

expressed in microglia, lead to dementia and neurodegeneration early on in life [40,41]. This is 

one of the few examples where neurodegeneration can be initiated by microglia themselves ra-

ther than secondary activation by a neurological insult. 
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NEURODEGENERATIVE DISORDERS AND THEIR TREATMENT LANDSCAPES 

Molecular Pathophysiology of PD. Parkinson’s disease is a neurodegenerative disorder charac-

terized by cognitive deficits, psychiatric impairments, and severe motor skill dysfunction. These 

symptoms arise from selective damage to dopaminergic neurons in the substantia nigra pars 

compacta, which is proposed to occur from extensive neuroinflammation, oxidative stress, neu-

rotoxic protein aggregates, and altered protein degradation and recycling [42]. There has also 

been extensive work devoted to elucidating the specific genetic components of PD and how they 

contribute to the disease.  

 One of the pathological hallmarks of Parkinson’s disease is the accumulation of Lewy 

bodies, which consist of aggregates of  a-synuclein. Although the exact function of  a-synuclein 

is unknown, it has been suggested to be involved in dopaminergic neurotransmission and synap-

tic vesicle recycling due to its high expression in the mammalian brain and ability to associate 

with various membrane structures and vesicular structures as well as lipid rafts [42]. Native a-

synuclein is conformationally flexible but can adopt higher order structures in certain environ-

ments [43,44]. Particular mutations of a-synuclein found in some patients with autosomal-

dominant inherited early onset PD, namely A30P and A53T, can promote association of  a-

synuclein monomers to form neurotoxic aggregates [45,46].  An additional key protein involved 

in the progression of Parkinson’s disease is Parkin, which is involved in the ubiquitination of 

proteins targeted for degradation and recycling [47]. Specific mutations in Parkin prevent effi-

cient tagging of misfolded or neurotoxic protein monomers, resulting in a buildup of excess pro-

teins and the formation of neurotoxic aggregates that can further exacerbate neuroinflammation 

and oxidative damage to neurons [48].  
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 In addition to genetic mutations in Parkin and a-synuclein, there are several other factors 

that contribute to the pathogenesis of PD. Two of the biggest contributors include mitochondrial 

dysfunction and oxidative stress [49,50]. The production of reactive oxygen species (ROS) such 

as the superoxide anion, peroxide radicals, and radical nitrogen species (RNS) can cause damage 

to proteins and lipids by breaking covalent bonds and converting oxidizing alcohols into highly 

reactive aldehydes that can cause protein crosslinking and ultimately alter their structure and 

function [51–53]. Monoamine oxidases A and B (MAO A, MAO B) are specific enzymes that 

have been extensively studied in the context of Parkinson’s disease for their role in the genera-

tion of ROS. MAOs are involved in the deamination of amine functional groups in neurotrans-

mitters including dopamine, noradrenaline, adrenaline, and serotonin, suggesting the critical role 

MAOs play in the regulation and maintenance of higher brain function [54–56]. Mechanistic 

studies have shown that ROS are generated during the deamination process mediated by MAO A 

and B, which may suggest this metabolic process can contribute to the progression of neuro-

degenerative diseases [57,58]. Interestingly, MAOs are expressed predominantly on the surface 

of mitochondria in glial cells, and the  expression and activity of MAO B in particular increase 

with age [56,57]. Furthermore, high concentrations of ROS can disrupt the function of mito-

chondria complex I, which in turn leads to decreased ATP synthesis and further increases in ROS 

production in response to imbalances in cellular energy homeostasis [42,59–61].  

Current PD Treatments and their Pitfalls. Levodopa is considered the gold standard therapy for 

PD and has been a mainstay treatment since the 1960s [62]. However, it has been demonstrated 

that levodopa can agitate and worsen motor symptoms over time, and its use can actually be neu-

rotoxic towards dopaminergic neurons. Additionally, levodopa only alleviates motor symptoms 

and does not fully address the generation of radical species and the associated neuronal apopto-
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sis. Prolonged treatment with levodopa can result in the oxidation of levodopa and subsequent 

formation of levodopa-derived quinones, which can form adducts by reacting with nucleophilic 

amino acid side chains in certain proteins. These adducts result in structurally altered proteins 

that are potentially cytotoxic and exacerbate neuronal cell death. In addition to levodopa, dopa-

mine receptor agonists have also been explored has potential PD therapies [63,64]. One of the 

distinct advantages of dopamine receptor agonists compared to levodopa is their improved phar-

macokinetic profiles. For example, levodopa exhibited an elimination half-life of 1.5 hours, 

whereas the dopamine receptor agonists pramipexole and ropinirole exhibited elimination half-

life values of 8 hours and 6 hours, respectively [62]. Furthermore, the receptor subtype selectivi-

ty of dopamine receptor agonists can enhance their therapeutic potential by limiting the possibil-

ity of certain side effects mediated through specific dopamine receptor subtypes. Although these 

have been shown to be somewhat effective, they do suffer from undesired non-motor side effects 

including psychiatric symptoms, nausea, and orthostatic hypotension among others [64].  

 Due to some of the significant disadvantages of levodopa and dopamine receptor ago-

nists, other alternatives have been explored including anticholinergic drugs, adenosine A2A re-

ceptor antagonists, and ionotropic glutamate receptor antagonists. Anticholinergic drugs exert 

their effects through the metabotropic G-protein coupled muscarinic cholinergic receptors 

(mAChRs). There are 5 mAChR subtypes, namely M1, M2, M3, M4, and M5. There are adverse 

autonomic side effects mediated through M2 and M3, and cognitive side effects have been ob-

served through central M1 activation. Thus, efforts towards the discovery of M4 and M5 selec-

tive agonists have been pursued. More recently, selective agonists for the M1, M4, and M5 re-

ceptors targeting allosteric binding sites have been developed [65]. Adenosine A2A receptor an-

tagonists are used primarily to alleviate motor-related symptoms of PD [66]. Antagonists target 
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the A2A receptors, which are involved with the regulation of GABAergic and glutamatergic neu-

rotransmission and effect the release of dopamine and glutamate [67]. Clinical studies of several 

A2A antagonists are ongoing [62]. Ionotropic glutamate receptor antagonists exert their therapeu-

tic effects via antagonism of metabotropic glutamate receptors (mGluRs) and subsequent modu-

lation of glutamatergic transmission [68,69]. These drugs have been shown to mitigate motor-

related symptoms of PD relatively well, but their nonmotor side effects may outweigh these ef-

fects [62]. 

 Although there are several PD therapies available, they do result in adverse non-motor 

side effects. More importantly, none of the current treatments halt or reverse progression of the 

disease. Thus, other neuroprotective alternatives must be explored. To this end, endogenous pep-

tide hormones, which exert a wide range of various biological effects (especially in the brain), 

are an excellent starting point [16,70]. More specifically, endogenous neuropeptides that regulate 

inflammation and neuronal development represent a specific class of peptides that may have 

therapeutic benefits in neurodegenerative disorders [71–75]. One particular peptide, the pituitary 

adenylate cyclase activating peptide, has shown much promise as a potential neuroprotective 

therapy [76]. The discovery, distribution, and neuroprotective properties of the pituitary adenyl-

ate cyclase activating peptide will be discussed in later sections. 

Brief Discussion of Stroke and Treatment Landscape. Stroke generally results from an acute neu-

rological injury or cardiac arrest and ultimately leads to severe brain damage due to decreased 

blood and nutrient flow to the brain. There are two general types of stroke: focal ischemia and 

global ischemia [77]. Global ischemia is generally associated with cardiac arrest and affects a 

large area of brain tissue, while focal ischemia is clinically analogue to acute ischemic stroke, 

which typically affects a smaller portion of brain tissue [78]. In both cases tissue necrosis occurs 
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within the core of the infarction. The area immediately surrounding the infarction core, which is 

referred to as the penumbra, undergoes apoptosis and subsequent activation of pro-inflammatory 

mechanisms [77]. Necrosis is a fundamentally different form of cell death compared to apopto-

sis. Necrosis occurs specifically in response to an injury or insult, resulting in biochemical death 

cascades that lead to the release of pro-inflammatory mediators and neurotoxic compounds that 

induce apoptotic death cascades in the ischemic penumbra. Furthermore, specific morphological 

changes to cells including shrinkage, compromised integrity of the cell membrane, and swelling 

of organelles are unique to necrosis and are not often associated with routine apoptosis [33,34].  

 Several key events that can initiate necrotic and apoptotic cell death signaling cascades 

following ischemic stroke include inhibition of cellular oxidative phosphorylation and subse-

quent decreases in ATP production. This can have disastrous consequences on energy metabo-

lism and cell structure integrity. The activity of ion channels is altered, which can cause imbal-

ances in K+, Na+, Cl-, and Ca2+ concentrations. Additionally, dysfunction of proton pumps can 

result in cellular acidosis, which in turn effects protein synthesis within the cell. ROS production 

mediated through cytochrome c release through damaged mitochondria can further activate 

apoptotic cell death signaling cascades and initiate the release of pro-inflammatory mediators. 

 Although there have been a plethora of clinical trials investigating the efficacy of various 

treatments for stroke, there has been little success in identifying efficacious treatments. A recent 

analysis of ~160 trials investigating neuroprotective treatments revealed that only ~120 trials 

were completed in full [79]. However, 80 of the 120 trials only examined early-phase safety as-

pects with fewer than 200 subjects. Furthermore, ~1/2 of the trials utilized treatment windows 

greater than 6 hours when it has been demonstrated that the ideal treatment window for minimal 

brain damage lies between 4 and 6 hours. In a recent NINDS trial investigating the ideal treat-
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ment window of the thrombolytic tissue plasminogen activator (TPA), which aids in breaking 

down blood clots, it was found that the ideal treatment window was between 3 to 4.5 hours with 

no specific benefits or harms to patients between 1-3 hours [80]. A recent analysis of 17 poten-

tially promising neuroprotective therapies with diverse biological activities including statins, an-

tioxidants, antibiotics, immunotherapies, and hematopoietic growth factors among others, re-

vealed success in animal models of stroke, but poor translation into humans. It is clear that neu-

roprotective therapies should be more widely studied, as the treatment landscape appears to be 

dominated by thrombolytic and antithrombotic therapies [81]. 

Brief Discussion of TBI and Treatment Landscape. Unlike many age-related neurodegenerative 

diseases, traumatic brain injury occurs in populations of varying ages and typically arises from 

external head injuries resulting from assaults, falls, traffic accidents, and sports-related incidents 

[3,82]. This results in significant brain damage that evolves over a period of three defined stages. 

In the early stages (within 24 hours of injury) several biochemical changes similar to those ob-

served in stroke and PD occur rapidly, including depletion of ATP, reduction of cerebral blood 

flow and decreased oxygen and nutrient delivery to the brain, disruptions in ion homeostasis, and 

subsequent neuronal apoptosis [83,84]. Due to the lack of oxygen delivery to the brain, anerobic 

metabolic processes predominate, which further exacerbates the generation of neurotoxic ROS. 

During the intermediate phase (occurs days after injury) neuroinflammation will begin to domi-

nate due to the activation of microglia and production of proinflammatory mediators. At this 

stage the structure of the BBB is compromised, which allows entry of foreign pathogens and cy-

tokines present in the can enter the brain, resulting in further enhancement of proinflammatory 

responses. During the late phase of TBI pathology, which occurs days to weeks after the initial 
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injury, seizures are common due to alterations in inhibitory and excitatory synaptic currents. Ad-

ditionally, behavioral and psychiatric abnormalities are also clinically observed during this stage. 

 To date there are no efficacious pharmacological treatments available in the clinic to treat 

TBI. Oftentimes physical interventions and prophylactic measures are initially taken to prevent 

secondary infections and monitor the intracranial pressure of the patient [85,86]. In some cases, 

intubation, and the potential for a tracheostomy, may be required. Additionally, induced hypo-

thermia can be employed to reduce the body temperature of a patient to reduce the cerebral met-

abolic rate, which can slow brain tissue damage. Hyperbaric oxygen therapy has also been inves-

tigated. Saturating the blood with excess oxygen can counter the oxygen deficit induced by TBI 

and reduce brain tissue damage. One pharmacological strategy includes the use of antioxidants to 

halt lipid peroxidation and subsequent damage to proteins and nucleic acids, and the lipid bi-

layer. However, positive preclinical data in animal models did not translate well into human tri-

als. Other therapeutic strategies that have been investigated include the use of calcium channel 

antagonists, use of corticosteroids to reduce swelling in the brain, ciclosporin A and statins for 

their immunomodulatory activity, and others that are reviewed elsewhere [87,88]. Pharmacologi-

cal therapies that promote neuron repair such as erythropoietin and thymosin beta 4 have also 

been investigated. Lastly, cell-based neurorestorative and angiogenic therapies have also been 

studied extensively including pluripotent stem cells and bone marrow stromal cells. To date, no 

treatments investigated in humans demonstrated efficacious neuroprotection or alleviation of 

cognitive deficits. Like stroke, poor translation from pre-clinical to clinical studies is common 

and problematic. Thus, there is a critical need for pharmacological therapies to treat TBI. 

 
Summary of Therapeutic Landscape for Neurodegenerative Diseases. It is clear that there is a 

severe lack of novel treatments for neurodegenerative disorders. Treatments that are currently in 
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use or considered “mainstay therapies” only alleviate symptoms and do not address the core bio-

chemical pathways that promote neuronal apoptosis and neuroinflammation. Furthermore, treat-

ments aiming to halt disease progression typically fail because they are only targeting a single 

aspect of the neurodegenerative cycle. Therefore, an ideal approach would simultaneously ad-

dress neuronal death cascades, reactive oxygen species generation, and neuroinflammation. En-

dogenous peptide hormones that regulate various aspects of human physiology and health are an 

attractive feedstock of potential therapies due to their ability to modulate homeostasis effective-

ly. Approaches to develop novel drugs from endogenous peptide hormones will be discussed in 

depth in the next several sections. 

ENDOGENOUS PEPTIDES: A FEEDSTOCK FOR POTENTIAL DRUG CANDIDATES  

Peptides as Therapeutics: Successes, Failures, and Additional Challenges. Due to the lack of cu-

rative treatments for neurodegenerative disorders, there is a critical need for the development of 

novel treatments that address both neuronal apoptosis and neuroinflammation. Oftentimes in 

drug discovery we look to nature for inspiration due to the plethora of structurally diverse and 

biologically active compounds produced by various organisms. One such class of compounds are 

endogenous peptides produced in the human body. Peptides are important biomolecules that reg-

ulate physiological processes necessary for proper maintenance of homeostasis. Neuropeptides 

present in the CNS in particular act as neurotransmitters that mediate communication between 

adjacent neurons and distant organ systems, cytokines that modulate the inflammatory response, 

and neurotrophic molecules involved in neuronal cell survival and the development of the central 

nervous system throughout life [89,90]. Since many of these processes are tightly regulated, na-

ture designed peptides to be highly selective and potent at their target receptors. Therefore, pep-

tides typically exhibit low toxicity resulting from off-target interactions, which is commonly ob-



 34 

served in many small molecule drugs. Furthermore, peptides are metabolized into simple amino 

acids, which are generally non-toxic and participate in metabolic processes. Despite these ad-

vantages, endogenous peptides typically are not regarded as ideal drug candidates for several 

reasons. First, native peptides are highly unstable in vivo and are typically degraded by various 

enzymes within minutes. This is an important feature in the context of routine regulation of phys-

iological functions, as it may not be ideal for a peptide to activate its target receptor for a pro-

longed period of time. Due to peptides’ inherent instability, it is challenging to administer them 

orally, which is problematic in terms of patient compliance. Lastly, peptides are generally unable 

to penetrate biological membranes, such as the BBB. This is a significant problem that can ham-

per the development of peptidic and non-peptidic drugs targeting the brain.  

 Although peptides were previously regarded as poor drug candidates in the past, current 

attitudes towards peptide-based drugs are slowly changing. They are garnering much more atten-

tion from the pharmaceutical industry due to significant advancements in peptide drug design 

and delivery [13,20,91]. Several chemical strategies have been employed to address the low in 

vivo stability of peptides, and generally speaking many of these strategies have been met with 

great success [92]. D-amino acid substitutions and the strategic introduction of nonnatural amino 

acids have successful in significantly increasing the half-life of peptides without sacrificing effi-

cacy or potency. Additionally, N-methylation and backbone cyclization have been demonstrated 

to increase both half-life and membrane permeability. Some notable motifs used in peptide cy-

clization include modified disulfides, amides, carbamates, ureas, olefins, ethers, and thioethers 

[93–97].   Peptide PEGylation increases water solubility and provides a shield of hydration that 

reduces enzymatic cleavage [19,20]. Lipidation has been utilized to improve membrane permea-

bility and provide a binding motif for circulation proteins in plasma, which can bind to the lapi-
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dated peptide and protect it from enzymatic degradation [98]. It is evident that a considerable 

amount of progress has been made towards converting endogenous peptides into viable drug 

candidates. Although the problem of enhancing stability has essentially been solved, none of 

these approaches are a general means of improving the membrane permeability of peptides. In 

other words, implementing cyclization or N-methylation to any peptide sequence does not guar-

antee that it will successfully penetrate cellular barriers and the BBB. Lipidation may lead to re-

ductions in water solubility, which can potentially hamper bioavailability and transport in some 

contexts. Although PEGylation can increase water solubility and provide additional stability, it 

can also potentially enhance kidney clearance and alter the peptide’s bioactive conformation 

such that it leads to reductions in potency and efficacy. However, one chemical modification that 

has not been explored as extensively is glycosylation (Figure 2). The overall benefits of glyco-

sylation will be discussed in the next section. 

 

 

 
Figure 2. Comparison of chemical methods to improve the PK and membrane permeability of peptides. 
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Glycosylation: A Viable Approach to Make Peptides “Druggable”. Carbohydrates are another 

key group of biomolecules that play essential roles in mediating cell-cell signaling and adhesion, 

protein folding, immune responses, and more [99,100]. Carbohydrates are typically incorporated 

into proteins through various post-translational processes. The resultant glycoproteins are gener-

ally categorized into N-linked or O-linked glycoproteins. N-linked glycoproteins consist of oli-

gosaccharides appended through asparagine side chains and are processed in the Golgi apparatus, 

whereas O-linked glycoproteins contain carbohydrate residues bonded to the oxygen atoms of 

serine or threonine residues, which is accomplished through enzymatic mechanisms [99,101]. 

Due to the prevalence of functionally important endogenous glycoproteins, several research 

groups investigated the influence carbohydrate moieties on the biological activity of endogenous 

peptide hormones. Over the last several decades (1980s to 2020s) glycopeptide science has flour-

ished significantly and yielded biologically active compounds of varying molecular weights with 

enhanced membrane penetrance. Glycopeptide analogues of various classes of endogenous pep-

tides ranging from opioid peptides, secretins, angiotensin1-7, neurotensins, and more have been 

synthesized and evaluated  for their biological activity and membrane penetrance and are cov-

ered in several reviews (Figure 3) [22–24,102]. 
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Figure 3. Application of glycosylation to peptides of varying sizes. 

 Glycosylation can favorably modulate the physiochemical properties of peptides in sev-

eral ways. The bulky carbohydrate moiety acts as a steric shield that effectively protects proxi-

mal amide bonds and other biologically labile chemical bonds from cleavage by proteases and 

peptides (Figure 4A). The ideal position of the carbohydrate moiety must be carefully consid-

ered, as improper placement within the peptide sequence can lead to reduced receptor binding 

and activation by either significantly altering the bioactive conformation of the peptide or by 

forming unfavorable steric interactions with the target receptor. In many cases the ideal position 

for the carbohydrate moiety is the C-terminus of a peptide, as peptides containing a glycoside in 

the middle of the peptide sequence, or the N-terminus exhibit reduced biological activity. More 

importantly, glycosylation can modulate the amphipathic character of peptides and influence 

their interactions with biological membranes. The term “biousian” has been used to describe the 

amphipathic nature of glycopeptides and how the carbohydrate can influence interactions with 
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biological membranes [103].  Peptides are typically lipophilic in nature; therefore, they tend to 

embed within lipid bilayers and adopt an amphipathic a-helical conformation. However, glyco-

peptides are capable of dissociating from the membrane surface into the aqueous phase where 

they adopt a myriad of random coil conformations (Figure 4B). The glycopeptide then returns to 

the membrane surface and once again adopts an amphipathic a-helical conformation. This re-

versable “hopping” motion allows glycopeptides to probe a larger membrane surface area com-

pared to non-glycosylated peptides, increasing the probability of the peptide binding and activat-

ing its target receptor. The amphipathic character of glycopeptides also heavily influences their 

ability to permeate cellular barriers. In the next section the basic structure and function of the 

BBB will be described, common mechanisms of BBB penetration will be discussed, and the pro-

posed mechanism of glycopeptide-BBB penetration will be explored.  

BBB Structure and Function and Postulated Mechanisms for Peptide Penetration of Membranes. 

The BBB is a selective physical and enzymatic barrier that restricts entry of many peripheral so-

lutes [104]. The BBB is primarily composed of tightly packed endothelial cells that form so-

called “tight junctions” that restrict paracellular diffusion of ions other polar molecules. These 

tight junctions are comprised of a complex network of claudins (claudin-3 and claudin-5) and 

occludin that interact across the intercellular space between BBB endothelial cells. Furthermore, 

the claudins and occludin are anchored onto intracellular scaffolding and regulatory proteins 

within their respective endothelial cells, adding to the overall strength of the tight junctions. The 

BBB also exhibits high electrical resistance (~1800 W cm2), owing to its ability to restrict passive 

entry of ions. However, there are specific transporter/carrier proteins and ion channels through 

which metabolically important molecules (carbohydrates, amino acids, small peptides, etc.) and 

ions can enter the BBB [105]. Some examples of common transporter proteins present at the 
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BBB endothelium include GLUT1 and the large neutral amino acid carrier. Additionally, there 

are a series of peptide transporter systems (PTSs), namely PTS-1, PTS-2, PTS-3, PTS-4, PTS-5, 

and PTS-6, which are capable of transporting peptides of varying size uni- or bi-directionally 

[106]. Lipophilic and amphiphilic molecules can typically enter the BBB via passive diffusion, 

provided they meet specific criteria pertaining to their total polar surface area, cLogp, and other 

physiochemical properties [107] . Adsorptive-mediated transcytosis allows for molecules with 

multiple positive charges to pass through the BBB. Presumably, molecules with a high density of 

positively charged functional groups interact with the negatively charged sulfate and phosphate 

groups of membrane lipids, resulting in aggregation, vesicle formation, and eventual passage 

across the BBB from the blood side to the brain side [104,108]. Large macromolecules can also 

enter the BBB via receptor-mediated transcytosis [104,109]. In general, large proteins can bind 

to BBB endothelial cell surface receptors that results in a conformational change that alters the 

structure of the membrane surface immediately surrounding the receptor. This promotes mem-

brane invagination and clathrin-coating and eventual formation of a vesicle through which the 

protein can travel through to gain access to the brain parenchyma.  

 A significant number of in vivo microdialysis and pharmacological studies have demon-

strated the ability of glycopeptides to penetrate the BBB following peripheral administration 

[22,27,28]. However, the exact mechanism of transport is not fully understood. Early studies on 

glycosylated analogues of albumin, INFG and IgG demonstrated that the glycosylated analogues 

permeated the BBB with greater efficiency than their un-glycosylated counterparts [110,111]. 

Furthermore, glycoproteins like lactoferrin were also found to penetrate the BBB [109]. In these 

specific cases receptor-mediated transcytosis was proposed. For smaller glycopeptides contain-

ing a glucose moiety it was initially postulated that they were able to enter the BBB via the 
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GLUT-1 transporter [112]. Investigations of the biological activity and BBB permeability of O- 

and C- linked Dermorphin glycopeptide analogues disproved the notion that GLUT-1-mediated 

transport was occurring and that another mechanism was operative [113]. It is hypothesized that 

the glycopeptides aggregate at the membrane surface, and once a critical concentration is reached 

the membrane will curve inwards and lead to eventual invagination of the glycopeptides into a 

vesicle [23]. The glycopeptides can then travel across the BBB and exit the vesicle on the brain 

side of the BBB. Ongoing work utilizing electron microscopy and glycopeptides containing fluo-

rescent tags will hopefully provide further insight into their BBB transport mechanism.  

A B 

 

 
 
Figure 4. The effect of glycosylation on peptide stability and interactions with biological membranes. A. Gly-
cosylation provides a steric shield towards proteolysis.  B. Introduction of a carbohydrate moiety into the peptide 
backbone gives the peptide “biousian character.”  A glycopeptide lacking a carbohydrate will strongly interact with 
the lipid bilayer and adopt an amphipathic a-helical conformation. The introduction of a carbohydrate will increase 
the water solubility of the peptide message and allow it to “hop” into the aqueous phase where it can adopt an en-
semble of random coil conformations. This “hopping” behavior allows glycopeptides to assess a greater amount of 
surface area compared to their un-glycosylated counterparts [22]. 

Summary: Glycopeptides as Novel Therapeutics. It is evident that glycosylation can successfully 

improve the PK/PD properties and membrane permeability of endogenous peptides, making 

them more “drug-like”. Furthermore, it is notable that glycopeptides violate Lipinski’s Rules and 

are still capable of penetrating the BBB and exhibit efficacious biological activity. Several ex-

amples ranging from small opioid and angiotensin-derived glycopeptides, medium-sized opioid 
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peptides, and larger peptide hormones like calcitonin and GLP-1 highlight the broad applicability 

of glycosylation. Still, there are a vast number of potentially therapeutic endogenous peptides 

that have not been subjected to glycosylation. One particular area of interest are pleotropic pep-

tide hormones that exert a diverse array of biological activities across different organ systems, 

especially in the brain. More specifically, the search for therapeutic peptides that may be useful 

for treating neurodegenerative diseases would greatly benefit humanity. The pituitary adenylate 

cyclase activating peptide (PACAP) is one such peptide that has been shown to exert neuropro-

tective and anti-inflammatory activity in several animal models of chronic and acute neuro-

degenerative diseases. Due to PACAP’s inherently poor in vivo stability and limited BBB pene-

tration, we set out to prepare the first glycosylated analogues of PACAP with improved stability, 

membrane permeability, and intrinsic efficacy and potency of the native hormone (Figure 5).  

 
Figure 5. Glycosylation of PACAP and the resulting effects on drug-like properties. 

A Brief Introduction to PACAP: A Possible Novel Curative Therapeutic for the Treatment of 

Neurodegenerative Disorders? As previously discussed, endogenous peptides provide a massive 

pool of potential drug candidates that can be chemically modified to improve their stability and 

overall biological activity. Glycosylation in particular is an extremely useful strategy for increas-

ing in vivo stability and promoting membrane transport, especially across the BBB. Thus, glyco-

sylation of endogenous peptides involved in neuroprotection provides medicinal and peptide 

chemists a unique opportunity to discover novel treatments for both acute and chronic neuro-
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degenerative diseases. PACAP represents a possible therapy for neurodegenerative disorders and 

neuroinflammation. PACAP is an endogenous neuropeptide, neurohormone, secretagogue, and 

neurotransmitter that plays a myriad of important roles in the central nervous system (CNS) [76]. 

It exists as two different isoforms: one containing 38 amino acids (PACAP1-38) and another con-

taining 27 amino acids (PACAP1-27) [114,115]. PACAP belongs to a small family of neuropep-

tides known as the secretins, which regulate important biological functions including the in-

flammatory response, blood pressure, circadian rhythm, cell survival, and more. Other known 

members of this family of peptides include the closely related vasoactive intestinal peptide 

(VIP), glucagon, GLP-1, secretin, peptide histidine methionine (PHM), and peptide histidine iso-

leucine (PHI). The secretin family of endogenous peptides will be discussed further in Chapter 

2. 

 Although it has been established that PACAP can modulate the immune response and 

elicit neuroprotection, it is not practical to administer the native isoforms of PACAP due to their 

rapid degradation. Additionally, both isoforms of PACAP are capable of passing through the 

BBB, either by passive diffusion for PACAP1-27 isoform and through a PACAP1-38 specific 

transporter protein known as PTS-6, but due to its low stability it is likely that exogenously ad-

ministered PACAP would degrade rapidly before it could pass through the BBB and enter the 

brain to induce neuroprotection. Thus, we have envisioned that glycosylation of PACAP could 

increase its stability and further enhance its BBB permeability (Figure 6). Although various SAR 

campaigns have been carried out to develop more stable and efficacious, none of them investi-

gated glycosylation as a means of improving PK/PD properties. In the next several chapters top-

ics covering PACAP-related drug discovery and class B GPCRs as drug targets will be dis-
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cussed, and our laboratories efforts towards the synthesis and biological evaluation of glycopep-

tide analogues of PACAP will extensively overviewed.  

 

Figure 6. Breaking the cycle of neurodegeneration with PACAP glycopeptides. We have hypothesized that by 
glycosylating PACAP, an endogenous neuropeptide capable of attenuating neuroinflammation and eliciting potent 
neuroprotection, we could obtain analogues that are highly stable, exhibit enhanced BBB permeability, and produce 
more portent therapeutic effects than native PACAP. 

 
 
 

• Disruption of ion homeostasis
• Mitochondrial dysfunction
• Generation of reactive oxygen 

species (ROS) and reactive 
nitrogen species (RNS)

• Damage to lipids, proteins, 
nucleic acids, and higher 
order cellular structures

• Altered protein degradation
and buildup of protein
aggregates

• Activated microglia
• Release of pro-inflammatory 

mediators
• Further promotes neuronal

degeneration and neuronal
apoptosis

• Cerebral Ischemia
• Aging (PD)
• External Injury

Neuroinflammation Neuronal Cell Death

ü Neuroprotective
ü Attenuates inflammation
ü Breaks cycle of neurodegeneration

OHO
HO

HO

HO
O

Glycosylated PACAP1-27 Analogues



 44 

 

CHAPTER 2: CLASS B G-PROTEIN COUPLED RECEPTORS: STRUCTURE,  

FUNCTION, DRUG DISCOVERY EFFORTS, AND AN INTRODUCTION TO THE 

PAC1, VPAC1, AND VPAC2 RECEPTORS 
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INTRODUCTION 

G-protein coupled receptors (GPCRs) represent a major class of transmembrane receptors 

involved in the modulation and regulation of important biological functions. In fact, over 40% of 

pharmaceutical agents on the market currently target a GPCR [116]. There is great structural di-

versity amongst GPCRs, and over the years many GPCRs have been organized into different 

families or classes. Class A GPCRs constitute the largest family of GPCRs, whereas the class B, 

C, and frizzled/taste 2 families contain fewer members. Class B GPCRs, consisting of 15 family 

members, are structurally distinct from other GPCR families and almost exclusively bind large 

peptide ligands. The class B GPCRs are involved in the hormone secretion, blood pressure con-

trol, circadian rhythm, calcium homeostasis, glucose metabolism, gut mucosal growth, and neu-

roendocrine regulation [117]. Thus, class B GPCRs are highly valuable drug targets and have 

garnered attention from both small molecule and peptide medicinal chemists. In fact, many pep-

tide analogues of various endogenous class B GPCR peptide ligands are either on the market or 

in clinical trials as treatments for diabetes, osteoporosis, HIV-associated lipodystrophy, and more 

[117]. PACAP is a member of this exclusive family of peptides and is involved in the develop-

ment of the nervous system and plays protective roles following neurological insults. Unfortu-

nately, there are no PACAP-derived drugs on the market to treat neurodegenerative disorders. 

Considering the target receptors of PACAP are the class B GPCRs PAC1, VPAC1, and VPAC2, 

the focus of this chapter will include the structure of class B GPCRs, class B GPCR interactions 

with receptor activity modifying proteins (RAMPs), and the proposed mode of receptor binding 

and activation. Then, the pharmacology, signal transduction pathways, and the subsequent bio-

logical effects mediated through the PAC1, VPAC1, and VPAC2 receptors will be discussed in 

brief.  Last, a few examples of drug discovery campaigns towards the development of both pep-
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tide and small molecule agonists and antagonists targeting the PAC1, VPAC1, and VPAC2 re-

ceptors will be examined. 

 
CLASS B GPCRs: ENDOGENOUS LIGANDS, STRUCTURE, AND RAMPS 

Endogenous Ligands and their Biological Activities. The class B family of GPCRs, otherwise 

known as the secretin family, is comprised of 15 receptors, all of which bind large peptide hor-

mones and are involved in the regulation of important physiological functions ranging from neu-

ronal development, neuroprotection, blood pressure, circadian rhythm, calcium homeostasis, and 

more [117,118]. A detailed list of all known class B GPCRs and their associated endogenous lig-

ands and biological function is summarized in Table 1.  

Table 1. Class B GPCRs, their endogenous ligands, and biological functions 

Receptor Endogenous Ligand(s) Biological Function 
Pituitary adenylate cyclase activating 
peptide receptor (PAC1) PACAP Neuroendocrine functions, neuronal 

development, vasodilation 
Vasoactive intestinal peptide type 1 
receptor (VPAC1) VIP, PACAP Induction of inflammatory response, 

vasodilation 
Vasoactive intestinal peptide type 2 
receptor VPAC2 VIP, PACAP Induction of inflammatory response, 

vasodilation 
Calcitonin receptor (CALCR) Calcitonin Calcium homeostasis 
Calcitonin-like receptor (CALCRL) Calcitonin Calcium homeostasis 
Glucagon receptor (GCGR) Glucagon Glucose metabolism 
Corticotropin-releasing hormone type 
1 receptor (CRHR1) CRH, Urocortin Glucose metabolism, stress response 

Corticotropin-releasing hormone type 
2 receptor (CRHR2) CRH, Urocortin Glucose metabolism, stress response 

Parathyroid hormone type 1 receptor 
(PTHR1) PTH, PTHrP Calcium homeostasis 

Parathyroid hormone type 2 receptor 
(PTHR2) PTH, PTHrP Calcium homeostasis, hypothalamic 

secretion 
Gastric inhibitory polypeptide recep-
tor (GIPR) GIP Insulin secretion 

Secretin receptor (SCTR) Secretin, PACAP (low affinity) Pancreatic secretion 
Glucagon-like peptide type 1 receptor 
(GLP1R) GLP-1, Glucagon Glucose metabolism, insulin secretion 

Glucagon-like peptide type 2 receptor 
(GLP2R) GLP-1, Glucagon Glucose metabolism, insulin secretion, 

gut mucosal growth 
Growth-hormone-releasing-hormone 
receptor (GHRHR) GHRH Stimulation of growth hormone release 

 

Unlike other GPCR families, class B GPCRs predominantly bind and activate relatively large 

peptide hormones (generally >25 amino acid residues), all of which adopt similar bioactive con-

formations. More specifically, class B GPCR peptide ligands typically adopt a-helices in their C-
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termini and b-turn-like conformations in their N-termini when they interact with the transmem-

brane regions of their target receptors. The hypothesized binding mode of class B GPCR peptide 

ligands will be discussed further in a later section.  

Unique Structural Features of Class B GPCRs. Class B GPCRs, like prototypical GPCRs in other 

families, consist of 7 transmembrane  a-helices with intracellular cytoplasmic regions responsi-

ble for interacting with G-proteins and extracellular loops that interact with their respective ago-

nists and/or antagonists. Ligand binding leads to a complex series of intracellular signaling cas-

cades that have physiological consequences. However, class B GPCRs also consist of a large ex-

tracellular N-terminal domain (ECD) that is not present in the other GPCR families and is unique 

to the class B family [118]. There is some structural diversity amongst class B GPCRs’ ECDs, 

but they all contain a highly conserved “sushi domain”, which is a highly conserved structural 

motif consisting of two antiparallel b-sheets sandwiched between two a-helices, all of which is 

stabilized by three disulfide bonds, various salt bridges, hydrophilic, and hydrophobic interac-

tions [119,120]. Disruption of the conserved disulfide bonds or mutation of key amino acids that 

stabilize the sushi domain leads to drastic reductions in receptor activation by endogenous lig-

ands, highlighting the important role of the N-terminal domain in ligand binding [121–125]. 

Another distinct feature of class B GPCRs is the presence of a much larger and wider “V-

shaped” ligand binding pocket compared to other GPCR families [120].  The larger ligand bind-

ing cavity contains a sufficient amount of space for large peptide ligands to enter, interact with 

the transmembrane region, and induce receptor activation. Upon binding of a peptide ligand, 

three extracellular helical bundles move inward, resulting in the outward movement of intracellu-

lar helices 5 and 6, facilitating interactions with G-proteins [120]. Additionally, there is a large 
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kink present at TM7 that is lacking in other GPCR families, which further explains the presence 

of the large binding pocket of class B GPCRs [121].  

Proposed Binding Mode of Endogenous Peptide Ligands targeting Class B GPCRs. Judicious 

SAR studies of class B GPCR peptide ligands in combination with GPCR mutation studies and 

structural elucidation experiments has provided a wealth of information on the binding mode of 

peptide ligands on class B GPCRs [126–133]. The currently accepted binding model involves 

two steps (Figure 7) [134]. In the first step, the C-terminal segment peptide will initially dock 

onto the ECD in an  a-helical conformation. Thus, the ECD can be thought of as an affinity trap 

for its cognate peptide ligand. This interaction is stabilized by several hydrophobic interactions 

on one face of the helix and hydrophilic reactions on the other face of the helix. Then, a confor-

mational change is induced that shifts the N-terminal region of the peptide ligand inward towards 

the transmembrane domain binding pocket, leading to eventual insertion into the receptor active 

site. This overall process can be visualized simply as a clam shell closing shut from an open po-

sition. 
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Figure 7. Proposed binding mode for class B GPCR peptide ligands. The hypothesized ligand binding mecha-
nism of peptide ligands to class B GPCRs follows two steps. In the first step, the helical C-terminus of the peptide 
ligand binds to the ECD of the GPCR. The induces a conformational change that brings the ligand bound ECD to-
wards the opening of the transmembrane ligand binding domain. This allows for proper positioning of the disordered 
N-terminus of the peptide ligand in the active site, ultimately leading to attainment of the ligand’s bioactive confor-
mation and subsequent signal transduction and physiological effects. 

Influence of Receptor Activity Modifying Proteins (RAMPs) on Class B GPCR Pharmacology. 

Another interesting feature of class B GPCRs is the ability of specific family members to form 

complexes with receptor activity modifying proteins (RAMPs) that exhibit novel pharmacologi-

cal profiles in terms of the ligands they bind and the intracellular signaling cascades that are acti-

vated [135]. RAMPs were originally identified during the search for the target receptor of the 

calcitonin-gene related peptide (CGRP). It was found that the calcitonin receptor-like receptor 

(CLR) required a RAMP for ligand recognition, regulation of receptor internalization and recep-

tor trafficking, and signal transduction [136]. RAMPs are transmembrane proteins containing a 

single a-helical transmembrane region that is highly conserved, an extracellular N-terminus, and 

a relatively short intracellular C-terminus [137,138]. To date three RAMPs have been identified 

that interact with specific class B GPCRS, namely RAMP1, RAMP2, and RAMP3. Consistent 

with the original findings by McLatchie and coworkers, it was later discovered that other class B 
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GPCRs including VPAC1/VPAC2, PTH1R/PTH2R, and CRHR1 all form heterodimers with the 

different RAMPs [139].  

 Interestingly, specific RAMP-GPCR heterodimer combinations lead to unique pharmaco-

logical profiles. For example, the heterodimer between CLR and RAMP1 has high affinity for 

CGRP, whereas heterodimer association of CLR with either RAMP2 or RAMP3 (referred to as 

AM1 and AM2, respectively) leads to receptor complexes with high affinity for adrenomedullin, 

a large vasodilatory peptide hormone with structural homology with CGRP [140]. Additionally, 

association of CALCR with RAMP1, RAMP2, or RAMP3 leads to pharmacologically distinct 

receptor complexes known was AMY1, AMY2, and AMY3, respectively. AMY1 and AMY3 are 

known to bind the peptide hormone amylin with high affinity, but the ligand specificity for 

AMY2 has not been fully elucidated [140]. Information regarding additional class B GPCR-

RAMP complexes is lacking, but studies investigating VPAC1/VPAC2 and CRHR1 interactions 

with RAMPs revealed that specific heterodimer pairs yielded slight alterations in G-protein cou-

pling and subsequent enhancements in phosphoinositide hydrolysis in the case of 

VPAC1/RAMP2, enhanced coupling to Gi for VPAC2/RAMP1 and VPAC2/RAMP2, and in-

creased Ca2+ production in the case of CRHR1/RAMP2 [141]. More recently it was discovered 

that the PAC1 receptor interacts with all three known RAMPs, but the physiological conse-

quences upon activation of PAC1-RAMP complexes have yet to be fully elucidated [142,143]. A 

summary of class B GPCR-RAMP complexes are highlighted in Table 2. 

 Although the majority of GPCR-RAMP interactions studied extensively involve class B 

GPCRs only, several heterodimer complexes between RAMPs and class A GPCRs as well as an 

adhesion family GPCR were detected utilizing a novel multiplexed suspension bead array (SBA) 

immunoassay [142]. The class A GPCR-RAMP heterodimer complexes comprised primarily of 
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chemokine receptors including the Chemerin receptor 1, CCR (1-10), CXCR (1-6), CX3CR1, 

XCR1, and ACKR (1-5) [142,144]. Other Class A GPCRs that were also found to interact with 

RAMPs include GPR4, GPR182 [142]. Lastly, the Class C GPCR CaS receptor and the adhesion 

family GPCR ADGRF5 were also confirmed to interact with RAMPs [142,145]. These new and 

exciting findings suggest that there is even a wider array of RAMP-GPCR complexes that may 

be pharmacologically relevant and that RAMP-GPCR heterodimers may be novel drug targets to 

treat human diseases.  

Table 2. Known Class B GPCR-RAMP heterodimer complexes (Adapted from Moore et al. 
British Journal of Pharmacology, 2012, 166, 66–78) [139–142] 

Class B GPCR RAMP Name of Receptor 
Complex 

Pharmacological Con-
sequence 

CLR RAMP1 CGRP High affinity for CGRP 

CLR RAMP2 AM1 High affinity for adreno-
medullin 

CLR RAMP3 AM2 High affinity for adreno-
medullin 

CALCR RAMP1 AMY1 High affinity for amylin 
CALCR RAMP2 AMY2 Unknown 
CALCR RAMP3 AMY3 High affinity for amylin 

VPAC1 RAMP2 None Given 
Increased phosphoinosi-
tide hydrolysis; No effects 
on cAMP stimulation 

VPAC2 RAMP 1 and RAMP2 None Given Altered G-protein cou-
pling (enhanced Gi) 

CRHR1 RAMP2 None given Increased Ca2+ 
PTH1R RAMP2 None given Unknown 
PTH2R RAMP3 None given Unknown 
PAC1 RAMP1, RAMP2, and RAMP 3 None given Unknown 
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PAC1, VPAC1, AND VPAC2 RECEPTORS: PHARMACOLOGY AND IMPLICATIONS IN 

HUMAN HEALTH AND DISEASE 

Introduction. The PAC1, VPAC1, and VPAC2 receptors are all class B GPCRs that regulate a 

plethora of important physiological functions ranging from neuroendocrine regulation, hormone 

secretion, blood pressure, neuronal development, immune responses, and much more [76,146–

152]. Therefore, these receptors are valuable drug targets for the treatment of neurodegenerative 

diseases, immune disorders, and other various syndromes. Furthermore, the pleiotropic nature of 

their endogenous peptide ligands, namely PACAP and VIP, implies their use as potential thera-

peutics for a variety of diseases. This section is devoted to discussing the pharmacology, distri-

bution, associated signaling cascades, and mechanisms for attenuating neuronal apoptosis and 

neuroinflammation via activation of PAC1, VPAC1, and VPAC2. Additionally, the discovery of 

PACAP will be discussed. 

Receptor Pharmacology and Signaling Pathways. PACAP and VIP signal through the class B 

GPCRs PAC1, VPAC1, and VPAC2. PACAP has high affinity for all three receptors, whereas 

VIP has high affinity for VPAC1 and VPAC2 while having low affinity for PAC1. The only 

known PAC1 receptor selective agonist is a 61 amino acid peptide known as maxadilan, which is 

produced by the Lutzomyia longipalpis sand fly [153]. Many SAR campaigns aiming to develop 

PAC1 selective ligands has been largely unsuccessful. Several selective peptide ligands for either 

the VPAC1 or VPAC2 receptors have been developed over the past 20 years and are discussed 

elsewhere [154]. Further development of selective agonists and antagonists for PAC1, VPAC1, 

and VPAC2 is critical for elucidating the therapeutic role for each receptor. So far, it has been 

demonstrated that many of PACAPs neuroprotective actions are mediated specifically through 
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PAC1, while the inflammatory response can be modulated through activation of VPAC1 or 

VPAC2 (Figure 8) [150,155].  

PAC1 is coupled to both Gas and Gaq G-proteins. Activation of Gas results in the stimula-

tion of adenylyl cyclase and subsequent production of cAMP from ATP. Increasing intracellular 

cAMP then leads to downstream activation of the protein kinase A (PKA) and extracellular sig-

nal-regulated kinase (ERK) pathways, which results in the transcription and upregulation of neu-

roprotective and neurotrophic factors including brain-derived neurotrophic factor (BDNF) and 

apoptosis-regulating proteins such as B-cell lymphoma-2 (bcl-2) [155]. Additionally, PACAP 

signaling through PAC1 decreases the concentration of intracellular ROS, which is achieved 

through inhibition of mitochondria-mediated apoptosis. More specifically, PACAP prevents cy-

tochrome C release, which is mediated by mitochondrial membrane-bound bax, which prevents 

activation of caspase-3 and caspase-9, both of which are cysteine proteases involved in pro-

apoptotic signaling [12,156]. Signaling through Gaq results in the induction of the phospholipase 

C (PLC)/diacylglycerol (DAG)/inositol triphosphate (IP3) signaling pathway, leading to increas-

es in intracellular Ca2+ and the induction of neurogenesis [76,157–159]. Activation of this path-

way has also been implicated in the inhibition of cell death signaling cascades [150]. Further-

more, signaling through the phosphoinositide 3-kinase (PI3) and protein kinase B (Akt) path-

ways further reenforces neuroprotection by inhibiting downstream caspases and subsequent neu-

ronal apoptosis [76,160].  

Signaling through the VPAC1/VPAC2 receptors is similar to PAC1 in that cAMP pro-

duction is induced by G as-mediated adenylyl cyclase stimulation. VPAC1 receptor activation 

can also lead to initiation of the protein kinase C (PKC) pathway via stimulation of PLC. Inter-

estingly, signaling through VPAC2 predominantly results in activation of the cAMP/PKA signal-
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ing pathway with little activation of the PLC/PKC pathway [154]. Due to the increased expres-

sion of both VPAC1 and VPAC2 in immune cells, such as macrophages, under pro-

inflammatory conditions, activation of the VPAC1/VPAC2-induced downstream signaling is hy-

pothesized to be responsible for the ability of PACAP and VIP to attenuate the inflammatory re-

sponse [146,161–164]. More specifically, activation of VPAC1/VPAC2 by VIP has been demon-

strated to inhibit the production pro-inflammatory mediators including TNF-a,  and NO, and IL-

12, in a cAMP-dependent manner [161]. However, it has been demonstrated that these inhibitory 

effects are more prominently mediated through VPAC1 rather than VPAC2 through the use of 

selective agonists for VPAC1 and VPAC2 [165,166]. VIP has also been shown to inhibit the 

production of the pro-inflammatory cytokine IL-6 in a PKC-dependent manner [167]. Taken to-

gether, it is clear that the immunomodulatory effects of PACAP and VIP are mediated primarily 

through VPAC1 and VPAC2, and that these activities can be elicited both in the brain and in the 

peripheral organs. Both activities in the CNS and periphery may result in a synergism that con-

tributes to the robust neuroprotective activities of PACAP. 
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Figure 8. Physiological effects of activation of the PAC1, VPAC1, and VPAC2 receptors. Neuroprotective 
effects are mediated primarily through PAC1, whereas the inflammatory response is modulated by activation of 
VPAC1 and VPAC2. Minimal activation of VPAC2 may be desirable due to possible negative side effects in-
cluding water retention, potential edema, and excessive vasodilation. 

PACAP Isolation and Distribution. PACAP was originally isolated from ovine hypothalamic tis-

sues and was found to stimulate cAMP production in rat pituitary cells [114].  Sequence analysis 

revealed that the first isolated PACAP contained 38 amino acid residues and a highly charged 

amidated C-terminus.  However, a shorter PACAP isoform containing only 27 amino acid resi-

dues was later discovered in side-fractions during purification of PACAP1-38 [115]. Isolation of 

PACAP in different mammalian and vertebrate species revealed that the primary sequence of 

PACAP has been highly conserved for billions of years, indicating that there was a degree of 

evolutionary pressure for the primary amino acid sequence to be retained [150]. This implies that 

PACAP plays critical roles for the survival of various organisms. Experiments investigating the 

relative distribution of both isoforms showed that PACAP1-38 is the dominant isoform present in 

the brain with PACAP1-27 only comprising 10% of the total PACAP content [168]. It was later 

revealed by Banks et al. that a bidirectional transporter protein localized at the BBB known as 
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peptide transporter 6 (PTS-6) was responsible for the entry of PACAP1-38 into and out of the 

brain [168]. Interestingly, PTS-6 is only selective for PACAP1-38, but PACAP1-27 can penetrate 

the BBB to a small extent via passive diffusion. 

Immunohistochemical studies revealed that PACAP is widely distributed in the central 

nervous system (CNS) and is also present in peripheral organs including the lung, heart, gut, and 

testis [169–172]. Interestingly, the relative concentration of PACAP present in the ovaries is 

markedly lower than in the testis [169]. The specific brain regions where PACAP and its associ-

ated mRNA have been identified include the substantia nigra, thalamus, thalamus, hippocampus, 

nucleus accumbens, pineal gland, and the striatum [76,171,173,174]. The wide distribution of 

PACAP in various organ system indicates that it likely plays important physiological roles relat-

ed to maintaining homeostasis both within and outside of the CNS. VIP was originally isolated 

by Said and Mutt from hog small intestine extracts and evaluated its ability to modulate blood 

pressure, increase blood glucose, and enhance respiratory stimulation [175]. Much like PACAP, 

VIP is widely distributed throughout both the CNS and peripheral tissues, emphasizing the idea 

that these peptides regulate important biological functions [176–180]. 

 
 

CLASS B GPCR DRUG DISCOVERY: SMALL MOLECULE ANTAGONISTS AND  

AGONISTS AT SELECT CLASS B GPCRS 

Introduction. Due to the important physiological effects mediated by class B GPCRs, several re-

search groups both in academia and industry have set out to develop agonists and antagonists to 

treat a diverse array of diseases. A substantial amount of effort has been directed towards the de-

velopment of small molecule-based agonists and antagonists at class B GPCRs, despite the in-

creasing popularity of peptide therapeutics. However, due to the nature of the endogenous pep-
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tide ligands of class B GPCRs, development of orthosteric small molecule agonists targeting 

class B GPCRs has not been met with much success. Therefore, many of the small molecules 

targeting class B GPCRs are antagonists that bind to the easily accessible ECDs present in all 

class B GPCRs. Some examples of antagonists that bind to the transmembrane region of the 

GPCR have been described, but the site of interaction is not the orthosteric site. Selected exam-

ples of small molecule agonists and antagonists at class B GPCRs including PAC1, VPAC1, 

VPAC2, CGRP, GLP-1 receptor, and PTHR1 will be discussed in the following sections. 

Hydrazide Antagonists at PAC1. In vitro screening of compounds from the Abbott compound 

library led to the discovery of the first small molecule antagonists at the PAC1 receptor [181]. 

Two compounds, namely 1 and 2 (Figure 9), exhibited low-nanomolar inhibitory activity. Beebe 

and coworkers conducted a SAR campaign to identify structural motifs critical for antagonist 

activity. 

 
Figure 9. Representative structures of lead PAC1 antagonists. 

The initially identified antagonists consist of two distinct aromatic ring-containing moieties con-

nected by a hydrazide linker (Figure 10). Region A is comprised of a phenol ring with an elec-

tron-withdrawing group ortho to the phenolic oxygen. Region B contains two aromatic rings, 

namely a middle ring and a distal aromatic ring substituted with lipophilic groups.  
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Figure 10. General structural features of selected PAC1 antagonists. 

 
 
SAR investigations probed the importance of specific functional groups and motifs present in 

these different regions to identify key pharmacophoric elements. It was ultimately found that the 

phenolic oxygen and electron-withdrawing group present in the aromatic ring of region A were 

critical to maintaining antagonist activity. Deletion of either the phenolic oxygen or the electron-

withdrawing group lead to inactive compounds, and the replacement of the electron-withdrawing 

substituent with an electron-donating methoxy group had deleterious effects on antagonist activi-

ty. Saturation of the hydrazide linker to the hydrazine or substitution with oxadiazole or thiadia-

zole linkers significantly reduced receptor binding. The middle aromatic ring of region B was 

more sensitive to substitutions compared to the distal aromatic ring, which tolerated a variety of 

lipophilic substitutions in the ring. However, the presence of an unsubstituted benzene ring, a 

pyridine ring, or benzyl protected phenolic group lead to inactive compounds. Overall, this SAR 

investigation yielded valuable information for the development of future antagonists at the PAC1 

receptor.  

Ago-Allosteric Agonists at the GLP-1 Receptor. Lau and coworkers discovered two small mole-

cule agonists of the GLP-1 receptor using a high-throughput functional assay screening platform 

[182]. The most potent agonist (Compound 4, Figure 11) was found to stimulate insulin release 

in mice. More interestingly, these compounds did not bind to the orthosteric site of the receptor, 
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as evidenced by their ability to induce receptor activation in the presence of exedin (9-39), a 

known GLP-1 receptor antagonist. Further pharmacological studies revealed their ability to en-

hance the affinity of native GLP-1 for the GLP-1 receptor, demonstrating its’ effects as a positive 

allosteric modulator. Compounds with both allosteric and intrinsic agonist activity have been 

termed ago-allosteric modulators [183]. 

 
Figure 11. Small molecule ago-allosteric modulators at GLP-1. 

Additional Small Molecule Pyrimidine Agonists of the GLP-1 Receptor. Coghlan et al. discov-

ered two potent pyrimidine-based compounds with agonist activity at the GLP-1 receptor (Fig-

ure 12) [184]. These compounds were capable of stimulating cAMP production in HEK293 

cells, and subsequent in vivo studies demonstrated their ability to stimulate insulin secretion in 

rats. Additional studies using human islets from a patient with type 2 diabetes showcased the 

ability of the compounds to stabilize insulin concentrations.  

 
Figure 12. Pyrimidine-inspired small molecule agonists at GLP-1. 

PTHR1-Selective Small Molecule Agonists to Treat Hypoparathyroidism. Recently, a small 

molecule agonist selective for the PTHR1 and devoid of activity at PTHR2 was reported (Figure 

13) [185]. This compound was initially identified using an in vitro functional screening platform 

assessing cAMP stimulation and phospholipase C activity. Furthermore, the lead compound was 
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capable of attenuating calcium homeostasis in animal models of hypoparathyroidism and hy-

pocalcemia and exhibited longer-lasting effects than direct PTH injections. Excitingly, this par-

ticular compound was able to exert its biological activity following oral administration. 

 
Figure 13. Representative structure of a PTHR1 small molecule agonist capable of attenuating deficiencies in 
calcium homeostasis. 

In silico Screening and Elucidation of Allosteric Agonists at the GLP-1 Receptor. Li and col-

leagues conducted a judicious in silico screening campaign to identify new small molecule ago-

nists selective for the GLP-1 Receptor (Figure 14) [186]. Specifically, they constructed a ho-

mology model of the GLP-1 receptors’ transmembrane region and computationally determined 

potential allosteric site amenable for small molecules. After computational analysis of a large 

library of compounds, nine were selected for subsequent in vitro characterization, two of which 

exhibited ideal activity (Figure 14.) Further in vitro experiments revealed 9 stimulated insulin 

secretion in INS-1 832/13 cells. Interestingly, these compounds were determined to be allosteric 

agonists that bound specifically to the transmembrane region of the receptor.   
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Figure 14. In silico derived small molecule agonists at GLP-1R. 

CGRP Receptor Antagonists for Migraine Therapy: Clinical Examples. The CGRP receptor is 

comprised of the calcitonin receptor-like receptor complexed with RAMP1 and has been impli-

cated in migraine, making it a viable therapeutic target [140,149]. Several CGRP small molecule 

antagonists have been developed over the years, two of which are undergoing clinical trials 

(Figure 15). Olcegepant, telcagepant, and other CGRP small molecule antagonists bind at a hy-

drophobic region formed by the CGRP ECD and RAMP1 interface and prevents initial binding 

of CGRP [140]. 
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 Figure 15. Structures of Olcegepant and Telcagepant, small molecule antagonists at the CGRP receptor under 
clinical investigation to treat migraine. 

Small Molecule Antagonists at VPAC1 as Potential Cancer Therapeutics. Several small molecule 

antagonists of the VPAC1 receptor were identified from the Bristol-Myers Squibb compound 

collection as potential cancer using a high throughput in vitro screening platform assessing their 

ability to inhibit cAMP stimulation [187]. Two series of compounds with common core struc-

tures were identified, namely a series containing substituted biaryl ring system and a series con-

sisting of a cyanothiophene core (Figure 16). SAR studies lead to the generation of a diverse li-

brary of compounds with improved potency compared to the original starting compounds. Unfor-

tunately, none of the compounds were potent antiproliferative agents, necessitating further struc-

ture optimization. 
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A B 

  
Figure 16. Selected VPAC1 small molecule antagonists. 

Small Molecule Antagonists at VPAC2. Studies aiming to identify non-peptidic antagonists of 

the VPAC2 receptor led to the discovery of two small molecule antagonists of the VPAC2 recep-

tor, which were identified from the GNF compound library using a high throughput in vitro 

screening platform measuring inhibition of cAMP release (Figure 17) [188]. Compounds 12 and 

13 were found to be selective for VPAC2 and did not exhibit agonist or antagonist activities at 

PAC1 or VPAC1. Interestingly, these compounds were selectively specifically for human 

VPAC2 and not mouse VPAC2. Receptor mutation experiments and binding/functional studies 

in human/mouse VPAC2 chimeras revealed this species selectivity were attributed to differences 

in the transmembrane regions between human and mouse VPAC2. This was a surprising result 

considering the fact that many class B GPCR antagonists bind to the ECD of the receptor. 

 
Figure 17. Structures of small molecule antagonists targeting the human VPAC2 receptor. 

Identification and Biological Evaluation of PAC1 Receptor Antagonists Identified Through In 

Silico Screening. Further investigations into the identification of PAC1 receptor agonists by Ta-

kasaki et al. through in silico docking studies lead to the discovery of new small molecule antag-
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onists at the PAC1 receptor [189]. In silico screening experiments were performed utilizing the 

NMR structure of the extracellular domain of the PAC1 receptors bound to the known antagonist 

PACAP6-38. Analysis of interactions between PACAP6-38 and the extracellular domain of the 

PAC1 receptor revealed key hydrogen bonding interactions between Arg30 of PACAP6-38 and 

residues Leu80, Ser120, and Glu121 of the PAC1 ECD and hydrophobic interactions between Val26 

of PACAP6-38 and Cys113 of PAC1 [189]. This is consistent with potential hydrophobic interac-

tions between Tyr22 of PACAP6-38 and Cys113 and Phe106 of the PAC1 ECD that were identified 

in separate photoaffinity labeling studies [190]. Based on various criteria applied in the in silico 

docking simulations, ten compounds were initially identified that were studied further for their 

ability to inhibit cAMP stimulation and CREB phosphorylation in CHO cells expressing PAC1. 

From these in vitro experiments two compounds exhibited low nanomolar activity, namely PA-8 

and PA-9 (Figure 18). 

 
Figure 18. Representative structures of PAC1 receptor small molecule antagonists. 

 These compounds were further evaluated in vivo to examine their effects on PACAP-

induced mechanical allodynia and nociceptive behaviors. It was found that PA-8 and PA-9 

blocked PACAP-induced mechanical allodynia and attenuated physical behaviors including lick-

ing, biting, and scratching. Based on these promising results, PA-8 was then studied for its ef-

fects on formalin-induced inflammatory pain. Specifically, it was found that PA-8 following 

both intrathecal (i.t.) and oral (per os p.o.) administration successfully attenuated nociceptive be-

haviors induced by formalin, and immunohistochemical analysis revealed a decrease in cFos ex-
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pression, which is an involved in the induction of inflammatory pain induced by formalin [191]. 

In a separate study, a series of PA-9 derivatives were synthesized and studied for their potential 

as treatments for neuropathic pain. It was found that analogue 13 (Figure 19) was found to ex-

hibit more potent antagonist activity compared to PA-9 and alleviated mechanical allodynia in-

duced by spinal cord injury [192].  

 
Figure 19. Representative structure of compound 13, a PAC1 receptor small molecule antagonist with enhanced 
activity compared to PA-9. 

Summary and Future Challenges in Class B GPCR Drug Discovery. Class B GPCRs and GPCR-

RAMP complexes represent a class of valuable drug targets due to their regulation of critically 

important biological functions. However, they are difficult to target, especially with small mole-

cule agonists. Although some small molecule-based drug discovery campaigns targeting class B 

GPCRs has been somewhat successful, the majority of these small molecules only target a small 

fraction of the total family of class B GPCRs. Furthermore, many of these small molecules typi-

cally function as antagonists and only bind to the ECD and not the orthosteric site buried in the 

transmembrane region. Several allosteric and ago-allosteric modulators have also been identified 

that bind to the transmembrane region outside of the receptor active site. The recent elucidation 

of a small number of class B GPCR:RAMP complexes with their own unique pharmacological 

profiles also poses potential difficulties in small molecule drug discovery at class B GPCRs. 

Therefore, much of class B GPCR agonist drug discovery efforts are still based around using the 

peptide ligands for these receptors as structural templates. Furthermore, many class B GPCR ag-

onists that are currently on the market or in late-stage clinical trials are peptidic in nature [134]. 
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For example, analogues of calcitonin (miacalcin, cibacalcin, calcimar) are approved treatments 

for osteoporosis, Paget’s disease, and hypercalcemia; Forteo and PREOS (analogues of PTH) are 

on the market as treatments for osteoporosis, and GLP-1-based peptides to treat type II diabetes 

(exenatide and liraglutide) have been recently approved by the FDA. As previously discussed in 

Chapter 1, significant advances in the field of peptide drug discovery and synthesis have made 

peptide-based drugs more attractive alternatives to traditional small molecules, which typically 

exhibit more off-target interactions, problematic metabolism in some cases, and greater toxicity. 

Thus, appropriate application of contemporary peptide drug design principles and synthetic 

methods can yield efficacious and selective peptidic agonists at class B GPCRs.
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CHAPTER 3: PACAP AND VIP DRUG DESIGN EFFORTS: STRUCTURAL STUDIES, 

STRUCTURE-ACTIVITY RELATIONSHIP, AND PACAP GLYCOPEPTIDE AGONIST 

DESIGN 
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 INTRODUCTION 

Over the last 30 years a plethora of structural information on PACAP and VIP has been 

obtained through traditional structure-activity relationship (SAR) studies and spectroscopic ex-

periments. These pioneering investigations provided further insight into the binding mode of 

PACAP and VIP and contributed to the hypothesis of peptide ligand binding and activation of 

class B GPCRs in general. This chapter outlines a brief history of structural biology studies and 

SAR campaigns of PACAP. A section will be devoted to the discovery and development of 

PAC1 selective agonists. To date, no synthetic agonist (small molecule or peptide) selective for 

the PAC1 receptor has been discovered, and the only known fully selective agonist of the PAC1 

receptor is the relatively large peptide maxadilan. This will be followed by a discussion of our 

laboratory’s general strategy for glycosylation of neuropeptides and our approach to PACAP 

SAR studies. Then, a summary detailing the structures of our PACAP glycopeptide analogues 

will be presented. It is important to emphasize that glycosylation of PACAP has NOT been re-

ported in the literature, making this series of analogues novel. 
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STRUCTURAL CHARACTERIZATION OF PACAP AND VIP: CD, NMR, AND CRYO-EM 

STUDIES 

Optical Rotatory Dispersion-Circular Dichroism (ORD-CD) Investigations. Initial conformation-

al studies probing the secondary structure of class B GPCR ligands, such as measurement of 

ORD-CD spectra of VIP and secretin, began in the early 1970s, revealing a propensity for a-

helix formation in the presence of organic solvents, specifically trifluoroethanol [193,194]. Sub-

sequent 2D NMR and CD studies probing the conformations of PACAP1-27 in solution and in the 

presence of sodium dodecyl sulfate (SDS) also revealed distinct  a-helix formation in the C-

terminal segment of the peptide [126]. Additionally, it was observed in this study that the N-

terminus of PACAP1-27 (His1-Asp8) did not exhibit a well-defined conformation. In addition to 

the C-terminal a-helix segment, two other regions were found to adopt  b-coil-like confor-

mations, but this required further investigation.  

NMR and X-Ray Crystal Structural Studies of PACAP1-21 and PACAP6-38 Bound to the PAC1 

ECD. In 2001, Inooka and coworkers published a landmark structural study detailing the mi-

celle-bound and receptor-bound conformations of PACAP1-21 [127]. Although a truncated form 

of PACAP was used, it was determined to be a full agonist at the PAC1 receptor. It was ultimate-

ly determined that PACAP1-21 adopted three unique secondary structure elements: namely a dis-

ordered N-terminus (His1-Asp3), a b-coil region between Asp3-Phe6 and Gly4-Thr7, and a C-

terminal a-helix between Asp8-Lys21. Comparison of the receptor-bound PACAP1-21 and mi-

celle-bound PACAP1-27 revealed significant conformational similarities in the C-terminal a-

helices, but the b-coil structures were not observed in the micelle-bound conformation, indicat-

ing this may be unique to PACAP’s bioactive conformation in the presence of the PAC1 recep-
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tor. This result was consistent with the findings from Inooka’s original PACAP structural studies 

in the early 1990s [126]. Later, in 2006 a solution NMR structure of the antagonist PACAP6-38 

bound to a full length human PAC1 ECD was reported [195]. However, after elucidation of an 

X-ray crystal structure of the PAC1 ECD complexed with PACAP6-38 some discrepancies were 

identified between the NMR and X-ray crystal structures. More specifically, in the NMR struc-

ture a conserved proline residue found in other class B GPCR ECDs was found to be oriented 

much differently compared to the same proline residue in the PAC1 ECD crystal structure [196]. 

Furthermore, the disulfide bond pattern observed in the PAC1 ECD crystal structure and other 

class B GPCR ECD crystal structures was strikingly different from the PAC1-PACAP6-38 NMR 

structure [195,196]. Most importantly, superposition of PACAP6-38 from the NMR structure onto 

the PAC1 ECD crystal structure revealed that PACAP6-38 derived from the NMR structure was in 

the opposite orientation compared to PACAP6-38 in the PAC1 ECD crystal structure as well as 

incretin, glucagon, and PTH in their respective class B GPCR ECD crystal structures [196].  

Thus, structural information from the crystal structure of the PAC1 ECD and other class B 

GPCR ECDs complexed with their native peptide ligands seem to provide a more accurate and 

realistic picture of PACAP6-38’s binding orientation in the PAC1 ECD. 

Cryo-EM Structure of PAC1 and VPAC1 Receptors with PACAP1-27 Bound. Excitingly, Cryo-

EM structures of PAC1 complexed with PACAP1-38 (both with and without an engineered het-

erotrimeric G protein) and maxadilan, a PAC1 receptor selective agonist that will be discussed 

later in this chapter, were recently elucidated (Figure 20A) [197,198]. Additionally, a Cryo-EM 

structure of VPAC1 in the presence of VIP has also been determined recently [199] (Figure 

20B). Interestingly, despite the significant differences in the primary sequences of PACAP1-38 

and maxadilan, there are similarities in their interactions with the PAC1 ECD. However, their 
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interactions within the orthosteric site differ considerably. One discrepancy found in the Cryo-

EM structure of PAC1 (containing an engineered heterotrimeric G protein) bound to PACAP1-38 

is the fact that the N-terminus of PACAP1-38 adopts a helical conformation within the orthosteric 

site. This is not consistent with SAR studies (discussed later in this chapter), which suggest PA-

CAP adopts a b-turn-like conformation in the PAC1 active site. Therefore, further investigation 

is still required to fully elucidate the bioactive conformation of PACAP. 
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A B 

  

Figure 20. Cryo-EM Structures of PAC1 and VPAC1 Receptors. A. CryoEM Structure of PAC1:PACAP1-38 
complex (engineered G protein omitted for clarity; PACAP1-38 highlighted in green; PDB: 6M1I. B. CryoEM 
structure of VPAC1:PACAP1-27 complex (engineered G protein and stabilizing cholesterol molecules omitted for 
clarity; VIP highlighted in magenta; PDB: 6VN7). 

Summary of Structural Studies. Taken together, the current database of structural biological data 

of PACAP, VIP, and other class B GCPR peptide ligands provides a wealth of information on 

their binding modes, bioactive conformations, and specific intermolecular interactions with their 

respective receptors. These data also reinforce the hypothesized 2-step binding mechanism of 

class B GPCR-peptide interactions. Additional work is still required in structural characterization 

of class B GPCRs complexed with their peptide ligands due to some discrepancies observed in 
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prior structural studies. Further it should be considered that many class B GPCR:RAMP com-

plexes with functionally distinct pharmacology exist and have yet to be identified. Despite these 

facts, a considerable amount of progress towards understanding the fundamental characteristics 

of class B GPCR biology, structure, and pharmacology has been achieved.
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STRUCTURE-ACTIVITY RELATIONSHIP (SAR) INVESTIGATIONS OF PACAP 

Introduction. SAR studies on both PACAP and VIP have provided valuable information regard-

ing their bioactive conformations. Using early structural biological studies as starting points, 

several groups sought to further elucidate the molecular determinants of PACAP and VIP bind-

ing to their respective receptors. Initial investigations examined the importance of the C-terminal 

region due to propensity of class B GPCR peptide ligands to adopt a-helices within this region. 

Then, SAR campaigns within the N-terminal region, which is required for receptor activation, 

were carried out. This led to the eventual discoveries of antagonists for the PAC1 and 

VPAC1/VPAC2 receptors. From there, a plethora of additional SAR studies investigating con-

formationally restricted and non-natural amino acids have been carried out. This section will be 

subdivided based on the peptide ligand being discussed and the particular region within the pri-

mary sequence of the peptide being investigated. 

Truncation Studies and other N- and C-Terminal Modifications. Typical peptide SAR studies 

begin with truncations starting from the N-terminus, as most endogenous peptide hormones tar-

geting GPCRs of any class activate their respective receptors with their N-termini. Removal of 

His1 in PACAP resulted in a loss of functional activity, and subsequent removal of Ser2 through 

Ile5 resulted in further decreases in functional activity. This led to the discovery of the PAC1 re-

ceptor antagonist PACAP6-38 [200]. Thus, it was found the first 5 residues were required to main-

tain agonist activity. Interestingly, analogues of both PACAP1-27 and PACAP1-38 with N-terminal 

deletions down to resides 10, 11, 12, 13, and 14, with 14 being the most potent, were weak ago-

nists at the PAC1 receptor [201]. The reason for this shift from antagonist activity back to ago-

nist activity is still not fully understood.  
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Acylation of the N-terminus either with a simple acyl or hexanoyl group did not affect 

receptor activity too greatly [202]. Several N-terminally lapidated analogues of VIP have also 

been investigated and did not show decreases in functional activity [203,204]. Conversely, re-

moval of amino acids starting from the C-terminus lead only to decreases in binding affinity with 

little change in functional activity, which was expected based on structural biology studies 

[205,206]. For example, deletion of the additional 11 amino acid tail of PACAP1-38 did not lead 

to dramatic decreases in binding. Still, it is clear that the additional 11 amino acids confer selec-

tivity towards PAC1 as introduction of the 11 amino acid tail of PACAP1-38 to VIP enhanced se-

lectivity towards the PAC1 receptor and slightly reduced selectivity at the VPAC1/2 receptors. 

Additionally, analogues containing sequential deletions from Leu27 to Leu23 still behaved as full 

agonists [205]. Disruption of the C-terminal  a-helical conformation by introduction of a  yCH2-

NH motif at positions 21 and 22 resulted in drastic decreases in receptor binding, further rein-

forcing the importance of the C-terminal  a-helix [202]. Additional modifications at the C-

terminus including replacement of the C-terminal amide with either a propyl- or hexylamide re-

sulted in compounds with activity comparable to that of the native peptide but with improved 

stability [152,202]. Introduction of Ala residues at positions 14, 15, and 20 in the C-terminal por-

tion of PACAP’s primary sequence resulted in minimal effects on receptor binding and activa-

tion and improved half-life values [202]. 

Identification of Pharmacophoric Elements of PACAP’s Primary Sequence: D-Amino Acid and 

Ala Scans. After determination of amino acids critical to receptor binding and activation, the 

next common step in peptide SAR campaigns involves examining amino acid side chain stereo-

chemistry and functional group composition (hydrophobic, polar, acidic/basic, etc.) and how 

they affect receptor binding and functional activity. This is accomplished by performing an Ala 



 76 

scan and D-amino acid scan starting from the N-terminus and then working towards the C-

terminus. Full Ala and D-amino acid scans of PACAP’s entire primary sequence have not been 

performed to date, but this has been investigated in the N-terminal region due to its importance 

in receptor activation [207]. D-amino acid scans revealed that replacement of His1-Asp3 did not 

result in significant losses in receptor binding and functional activity, but drastic reductions were 

observed with the D-amino acid counterparts of Ile5-Thr7 were introduced. This indicates that the 

side chain stereochemistry and/or conformation in this region of the N-terminus is important for 

maintaining the ideal bioactive conformation. More specifically, this could lead to disruptions in 

sidechain/sidechain and/or side chain-receptor interactions between the hydrophobic Ile5 and 

Phe6 residues. An Ala scan of the first seven N-terminal residues revealed that replacement of 

His1, Asp3, and Phe6 resulted in massive reductions in receptor functional activity, indicating that 

these three residues are important pharmacophores within PACAP’s primary sequence [207]. 

Replacement of the remaining four residues in the N-terminal sequence with Ala did not lead to 

significant changes in functional activity. 

N-Methyl Scan. The purpose of an N-methyl scan, or introduction of an N-methyl group to the a 

amino nitrogen atom in certain residues, provides useful information on the importance of back-

bone hydrogen bonding and maintenance of specific conformations around certain positions in 

the primary sequence. N-methylation of His1, Ser2, or Asp3 did not result in decreased functional 

activity, but N-methylation of Gly4-Thr7 led to drastic losses in functional activity [207]. This 

suggests the conformation induced through various backbone NH-carbonyl hydrogen bonding 

interactions is critical for maintenance of PACAP’s bioactive conformation. Interestingly, N-

methylation of Gly4 resulted in a complete loss of functional activity, indicating that the NMe-

Gly4 (or Sar4) analogue was a PAC1 receptor antagonist. 
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Position 1 and 2 Modifications. After obtaining baseline knowledge of the steric, conformational, 

and chemical importance of each amino acid on receptor binding and functional activity, more 

specific modifications at a desired position can be introduced. This may involve subtly or drasti-

cally alerting the amino acid in question, such as reversing a negative charge on an Asp residue 

to a positive charge by introduction of a Lys or Arg, replacing helix inducing amino acids with 

helix-breaking or turn-inducing amino acids, or simply the introduction of an additional meth-

ylene group in an amino acid’s side chain (norvaline (Nva) to norleucine (Nle), for example). 

His1 modifications performed on PACP include N-methylation of the His side chain imidazole 

nitrogen atoms. Methylation of the N-1 nitrogen led to only slight reductions in functional activi-

ty, while methylation of the N-3 nitrogen resulted in a greater reduction in functional activity 

[207] (Figure 21). 

 Replacement of Ser2 with a proline residue, which is conformationally restricted and typ-

ically induces turn-like structures, did not alter the in vitro profile compared to the native peptide 

[207]. Furthermore, an analogue containing a hydroxyproline (Hyp) residue, which contains a 

hydroxyl group like Ser in the native peptide, also performed just as well as the native peptide. 

Introduction of 2-aminoisobutyric acid (Aib), which is a known helix inducer and is sterically 

bulky, also did not lead to reductions in functional activity. This suggests that a wider range of 

substitutions seem to me more well tolerated in the 2 position. 
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Figure 21. Position 1 and 2 Modifications. The nitrogen atoms in the imidazole ring of His1 were methylated 
individually. Ser2 was replaced with conformationally rigid Pro or D-Pro. Once it was determined these substitu-
tions were well-tolerated, Hyp was introduced to preserve the hydroxyl group present in native PACAP. The he-
lix inducing amino acid Aib was also introduced into position 2.  

Position 3 Modifications. Several analogues containing substitutions at the 3rd position highlight-

ed the importance of the negative charge Asp3 adopts under physiological conditions [207]. Re-

placement of Asp3 with Glu did not lead to a change in functional activity, but replacement with 

an Asn residue drastically reduced activity. This demonstrates that a negative charge at the 3rd 

position is required for receptor activation, most likely via a charge-driven interaction (salt 

bridge) or hydrogen bonding interaction with proximal residue in the receptor active site. In ad-

dition to the importance of charge, the length of the side chain also played an important role. Re-

placement with Asp with aminoadipic acid (Aad) (Figure 22), which contains three methylene 

groups between the a-carbon and carboxylic acid moiety, exhibited reduced functional activity 

compared to the native peptide or Glu3 analogue.   
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Figure 22. Position 3 Modifications. The importance of the negative charge present at Asp3 under physiological 
conditions was probed by substitution with an Asn residue, which resulted in a decrease in functional activity. 
Then, the length of the side chain while preserving the negative charge in the side chain was investigated. The 
Glu3 analogue was comparable in functional activity to native PACAP, but the Aad3 analogue exhibited reduced 
activity. 

Position 4 and 5 Modifications. Positions 4 and 5 in both PACAP and VIP are hypothesized to be 

key residues responsible for inducing receptor selectivity. In PACAP positions 4 and 5 are occu-

pied by Gly and Ile, respectively, while in VIP those same positions are occupied by Ala and 

Val, respectively (Figure 24). Gly is a known turn-inducer while Ala has the propensity to in-

duce a-helices, and Ile and Val have subtly different steric profiles. Therefore, this so-called 

“hinge region” has garnered much interest from peptide and medicinal chemists investigating 

PACAP and VIP SARs. Introduction of helix-inducing amino acids like Ala and Aib result in 

analogues that are more “VIP-like” and are selective towards the VPAC1 and VPAC2 receptors 

[206]. The importance of conformation about the hinge region prompted work to further eluci-

date the conformational requirements for receptor binding. To this end Fournier and coworkers 

introduced several gamma lactams in place of the residues in the 4th and 5th positions with the 

hopes of locking the hinge region into a turn-like structure (Figure 23) [207]. However, the 

gamma lactam analogues exhibited drastically reduced binding and functional activity at the re-

ceptor. Further investigations into the hinge region are clearly required, and approaches taken by 

our lab will be discussed in a later section in this chapter. 
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Figure 23. Position 4 Modifications. Gly4 was substituted with helix-inducing Aib and turn-inducing Gly-Val 
Freidinger gamma lactam in an attempt to alter receptor subtype selectivity and enhance efficacy/potency. 

 

Figure 24. VIP substitutions in PACAP’s hinge region. Replacement of Gly4 and Ile5 with analogous Ala4 and 
Val5 from VIP resulted in “VIP-like” PACAP analogues that exhibited decreased selectivity at PAC1 and enhanced 
selectivity at the VPAC1 and VPAC2 receptors. 

Position 6 Modifications. Studies probing the role of different bulky, aromatic, and hydrophobic 

amino acids in position 6 revealed key characteristics required for optimal binding and functional 

activity [207]. Introduction of more conformationally rigid and indole-like aromatic amino acids 

(Ind, Dis, Tic, Tiq, Figure 25), resulted in mostly inactive compounds that were not capable of 

effectively inducing receptor activation. However, introduction of less constrained bulky aro-

matic and non-aromatic amino acids (Cha, Bip, Nal (Figure 25)) yielded compounds with activi-

ty comparable to that of the native peptide. This demonstrated that steric bulk and hydrophobic 
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character were more important for receptor interactions and attainment of the ideal bioactive 

conformation than just aromaticity on its own. 

 

Figure 25. Position 6 modifications of PACAP. Replacement of Phe6 with amino acids with side chains containing 
bulky aromatic and non-aromatic hydrophobic groups demonstrated that hydrophobicity is more important than 
aromaticity in maintaining optimal receptor binding and activation. 

 
Position 10 and 11 Modifications. Findings from early structural biological studies on PACAP 

suggested the presence of a  b-turn or b-coil-like conformation between residues Ser9-Arg12. 

These results encouraged González-Muñiz and coworkers to introduce a turn-like motif by in-

corporating the conformationally constrained dipeptide compound known as IBTM (Figure 26) 

at positions 10 and 11 [208]. Both R and S stereoisomers of IBTM were employed. Unfortunate-

ly, these analogues exhibited extremely low binding affinities and reduced functional activity at 

both PAC1 and VPAC1. These finding were further investigated using 2D NMR spectroscopy, 

and it was determined that the dipeptide mimics disrupted the global conformation of the peptide 

and likely interfered with receptor binding. It was also postulated that the Tyr10 and Ser11 side 

chains are involved in receptor recognition, and the lack of these residues in the compounds con-

taining the dipeptide mimic lacked the proper receptor recognition motifs. 
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Figure 26. Position 10 and 11 modifications of PACAP. Replacement of the Tyr10-Ser11 dipeptide motif with 
conformationally constrained R- or S- IBTM yielded inactive compounds, demonstrating the negative impact on 
attaining the ideal bioactive conformation. 

 
Proposed Bioactive Conformation Based on SAR Data. Based on results from SAR studies of 

PACAP’s N-terminus, a  b-turn-like bioactive conformation has been proposed. More specifical-

ly, it has been postulated that PACAP adopts an Asx turn, otherwise known as a  b-II’-turn [209–

211]. Two key pieces of evidence that support this hypothesis are the fact that sarcosine4 (Sar4) 

analogues of PACAP to date behave as antagonists, and the fact that His1 modified analogues 

containing N-methylated indole nitrogen atoms exhibited reduced functional activity. Based on 

this information, it was proposed that the N-1 nitrogen of the imidazole ring hydrogen bonds 

with the amide proton of Asp3, and this interaction positions the carbonyl oxygen of His1 to hy-

drogen bond with the amide proton of Gly4 [209]. 

Helix N-Capping. Another hypothesis regarding the specificity of class B GPCR ligands is the 

presence of a helix N-capping motif, which is a common structural moiety found in proteins that 

stabilize the N-termini of helices within peptides and proteins [212]. Analysis of 134 sequences 

related to class B GPCR peptide ligands in different species revealed a highly conserved N-

capping motif in 124 of the analyzed sequences. More specifically, close examination of posi-

tions 6-10 in the primary sequence revealed a common pattern of amino acids. Positions 6 and 10 
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were typically occupied by hydrophobic amino acids (Phe, Tyr, Val, Met, etc.), and position 7 

was occupied by short polar amino acids like Ser and Thr, but Asp and Arg have also been seen 

in a few examples. It is postulated that the side chain groups of the amino acid residues in posi-

tions 6 and 10 interact via hydrophobic interactions or p-p stacking, which positions the side 

chain of the amino acid in position 7 to hydrogen bond with the backbone amide nitrogen atom 

of the amino acid in position 10. 

Photoaffinity Labeling Studies. Photoaffinity labeling is an extremely useful technique that can 

supplement findings from classical structural biology experiments and SAR investigations. In 

brief, photoaffinity labeling involves the use of photosensitive chemical probes to map interac-

tions between a ligand and its target protein [213,214]. Ideally, the chemical probe should be de-

signed such that it interacts with its target protein with high specificity. Upon radiation with light 

of a specific wavelength, the photolabile group on the chemical probe will convert into a highly 

active species, such as a carbene, that can then covalently bond with a proximal reactive func-

tional group at the site of interaction. Some examples of commonly utilized photolabile groups in 

photoaffinity labeling chemical probes include various aryl and alkyl diazo and azide groups, 

benzophenones, diazonium salts, and nitrobenzenes [215]. Careful placement of a probe in the 

peptide’s primary sequence can be informative of specific interactions between an amino acid in 

the peptide ligand amino acids in the receptor binding or active sites. Photoaffinity labeling has 

been widely utilized in class B GPCR structure elucidation and has been successfully imple-

mented the determination of peptide-receptor interaction sites for the secretin receptor, VPAC1 

receptor, calcitonin receptor, and GLP-1 receptor [216–221]. One particular study investigating 

PAC1 ECD-PACAP interactions utilized the photosensitive p-benzoyl-phenylalanine (Bpa) 

[190]. Bpa substitutions were introduced at the N-terminus preceding His1, Phe6, and Tyr22. Fol-
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lowing the enzymatic digestion of the photolabeled PAC1 ECD: PACAP analogue complexes, 

several distinct sites of direct interaction were observed. The Bpa0 analogue bound covalently to 

the  Ser98-Met111 fragment, the Bpa6 analogue bonded to the Ser124-Glu125 dipeptide segment, and 

the Bpa22 analogue was found to covalently attach to the Ser141-Met172 region [190]. These data 

were found to be consistent with previous photoaffinity labeling experiments on other class B 

GPCR peptide-receptor complexes.  

 

PAC1 SELECTIVE COMPOUNDS AND ALLOSTERIC MODULATORS OF  

THE PAC1 RECEPTOR 

Introduction. In addition to traditional SAR experiments, the discovery of the only PAC1 recep-

tor selective peptide and the fact that specific tetracyclic antibiotics act as allosteric modulators 

at the PAC1 receptor have also made significant contributions to the overall compendium of 

PACAP SAR data. These compounds will be discussed here in brief. 

Maxadilan: The Only Known PAC1-Selective Agonist. The only known PAC1 receptor selective 

agonist is a peptide known as maxadilan, which is produced by the sand fly Lutzomyia longipal-

pis and exhibits vasodilatory activity [153]. Maxadilan exhibits virtually no structural similarity 

to PACAP or any other class B GPCR peptide ligand. Despite these structural differences, 

maxadilan is still able to efficiently bind to and activate the PAC1 receptor as described in a re-

cently elucidated Cryo-EM structure. [198,222]. Maxadilan is comprised of 61 amino acids and 

contains 4 cysteine residues involved in 2 disulfide bonds. The first disulfide bond links residues 

Cys1 and Cys5 and the second disulfide bond links residues Cys14 and Cys51. Structural biology 

studies in conjunction with SAR experiments revealed that maxadilan is comprised of a b-sheet 

structure in the middle of its primary sequence sandwiched between to  a-helices [223]. Removal 
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of the second disulfide bond (Cys14-Cys51) resulted in a significant loss in functional activity, 

implicating this disulfide bond’s importance in receptor activation and/or attainment of maxadi-

lan’s bioactive conformation. Deletion of the first disulfide bond (Cys1-Cys5) did not lead to 

drastic losses in activity. Max.d.4, an analogue lacking amino acids 24-42, was found to be a po-

tent antagonist compared to other investigated deletion mutants. In a separate maxadilan SAR 

campaign several analogues exploring alternative ways of linking the N- and C-termini was car-

ried out [224]. In this study it was found that maintaining a degree of flexibility in the N-terminal 

region was important for optimal receptor binding. In vitro analysis of analogues containing di-

mers of N- and C-terminal fragments were found to be weak agonists. Finally, one particular an-

alogue comprised of the N- and C-termini combined through a hexanoic acid linker exhibited 

very weak agonist activity. Few SAR studies have been carried out on maxadilan due to its’ great 

structural complexity, making it highly impractical to prepare on a large scale using conventional 

Fmoc SPPS protocols. Furthermore, there have been concerns with maxadilan’s potential immu-

nogenicity due to its size and the fact that it is only produced in one specific species of sand fly 

and not humans and other mammalian species. 

Ramos-Alvarez et al. and Investigations into PAC1 Receptor Selective PACAP Agonists. More 

recent investigations into the discovery of PAC1 selective agonists, particularly peptidic ago-

nists, were carried out by Ramos-Alvarez et al. [225]. They compiled a library of 47 analogues 

both derived from PACAP1-27 and PACAP1-38. Only a few select examples will be discussed here 

(Figure 27). One particular analogue, namely Iac1, Aib16,17, D-Lys38 [PACAP1-38] exhibited 78-

fold selectivity for the PAC1 receptor, which has not been previously achieved. Other interesting 

substitutions worth discussion include modifications at positions 1 and 3 in combination with 

other substitutions in PACAP’s primary sequence. Introduction of Iaa into position 1 of both 



 86 

PACAP1-27 and PACAP1-38 resulted in sub-nanomolar binding and receptor functional activity. 

This result reaffirms previous results highlighting the importance of the imidazole ring of His1 in 

receptor activation. Introduction of Pya into position 1 in combination with an Ala22 substitution 

resulted in analogues with activity 3 orders of magnitude weaker at PAC1 than the native pep-

tide, but interestingly activity at VPAC1 was more well preserved. Replacement of Asp3 with Pip 

in combination with other substitutions resulted in analogues with drastically decreased binding 

and functional activity. These results confirm the importance of the negative charge present in 

native PACAP at physiological pH. The further supplement the in vitro activity of the Pip3 ana-

logues, Ini3 and Nip3 analogues were also found to be extremely weak agonists or exhibit no ac-

tivity at all.  

 Another important result of this study is the fact that changes made to PACAP1-38 may 

not be observed in the analogous PACAP1-27 derivatives. For example, Sar3 PACAP1-38 and Sar3 

PACAP1-27 were both found to be weak agonists, but the PACAP1-27 variant was a much weaker 

agonist compared to the PACAP1-38 variant. Pro3 PACAP1-38 and Pro3 PACAP1-27 exhibited 

weaker binding affinities and functional activity, but micromolar concentrations of the PACAP1-

27 analogue were required to elicit a similar in vitro response to the corresponding PACAP1-38 

compound. Lastly, D-Ser2 PACAP1-27 displayed an order of magnitude difference in functional 

activity and weaker receptor binding compared to D-Ser2 PACAP1-38, but this difference could be 

attributed to the fact that the additional 11 amino acids present in PACAP1-38 may promote bind-

ing to the PAC1 receptor. 
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Figure 27. Representative examples of non-natural and conformationally restricted amino acids utilized in studies 
aimed at the discovery of PAC1-selective PACAP analogues. 

Allosteric Modulators of PAC1-Receptor: Doxycycline and Minocycline. Interestingly, it has 

been recently discovered that the tetracyclic antibiotics doxycycline and minocycline act as posi-

tive allosteric modulators of the PAC1 receptor (Figure 28).  

 

Figure 28. Representative structures of Doxycycline and Minocycline. 

Doxycycline (100 ng/mL) and Minocycline (100 ng/mL) in combination with VIP and the PA-

CAP fragment HSDGIF was found to promote proliferative activities in CHO cells through the 

PAC1 receptor only [226]. Confirmation of physical interaction between doxycycline and the 

PAC1 receptor was demonstrated via internalization of the yellow fluorescent protein-labeled 

PAC1-Doxycycline complex. Homology modeling detailed the exact site of interaction, which 

corresponded to the region where Gly28-Lys38 of PACAP1-38 interacts with the PAC1 ECD. More 
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excitingly, doxycycline exhibited in vivo efficacy in an animal model of scopolamine induced 

amnesia in addition to antiapoptotic and neuroprotective effects. In other unrelated studies, 

doxycycline has been shown to enhance neurogenesis in the adult hippocampus and was able to 

reduce the number of activated microglia, which may be attributed to its interactions with PAC1 

[227].  

Minocycline was found to interact with the same region of the PAC1 ECD as doxycy-

cline using homology modeling [226]. Examination of minocycline’s effects on the in vitro and 

in vivo efficacy and potency of PACAP revealed that it enhances the potency of PACAP1-27 by 

about an order of magnitude. Not surprisingly, it was found that minocycline on its own could 

not induce cAMP stimulation in vitro and required the presence of either PACAP1-27 or PACAP1-

38 to exhibit any meaningful activity [228]. 
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POLT LABORATORY EFFORTS TOWARDS PACAP SARS, DESIGN PRINCIPLES OF 

GLYCOPEPTIDE ANALOGUES OF PACAP AND ADDITIONAL MODIFICATIONS 

PACAP Glycopeptide Agonists for the Treatment of Neurodegenerative Disorders. Despite the 

immense amount of progress on the development of stable and efficacious PACAP analogues, 

there are few examples that have been successfully shown to elicit potent biological activity in 

vivo, increased stability, and enhanced permeability of biological membranes. To this end, the 

Polt laboratory set out to develop a modest library of PACAP-derived glycopeptide analogues. 

Based on previous successes in the field of glycopeptide drug design discussed in Chapter 1, we 

envisioned that glycosylating PACAP would yield highly stable analogues with improved BBB 

permeability and efficacious activity comparable to native PACAP. Herein, the general design 

principles and rationale of our PACAP glycopeptides are presented. Then, small sections cover-

ing shortened PACAP1-23-inspired glycopeptide analogues and our brief efforts to discover PA-

CAP glycopeptide antagonists for the treatment of migraine will be discussed in brief. The syn-

thesis and in vitro functional activity of our analogues will be discussed in greater detail in Chap-

ters 4 and 5, respectively. Key findings from in vitro stability and In vivo microdialysis experi-

ments evaluating the BBB transport of select glycopeptides will also be examined in chapter 5. 

The results from in vivo experiments assessing the efficacy of select PACAP glycopeptides in 

animal models of TBI, stroke, and Parkinson’s disease will be discussed in Chapter 6. 

 Our approach for the development of novel glycosylated PACAP analogues is highlight-

ed in Figure 29. We chose PAPCAP1-27 as the template for our glycosylated analogues for sever-

al reasons.  First, the extended C-terminal tail in PACAP1-38 facilitates anchorage of the peptide 

onto dipeptidyl peptidase IV (DPPIV), a membrane-bound protease that is known to cleave the 

N-termini of peptide hormones [229]. More importantly, it has been demonstrated that PACAP1-
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38 can induce migraine in healthy humans [149,230,231]. Our initial efforts focused on the intro-

duction of various C-terminal serine glycosides including Ser-b-D-glucose (Ser(Glc)), Ser-b-

lactose (Ser(Lac)), Ser-b-melibiose,  (Ser(Mel)), Ser-b-cellobiose (Ser(Cel)), and two sequential 

Ser(Glc) moieties. The latter was introduced later in our SAR campaign. Due to the inherent lip-

ophilic character of PACAP, we postulated that serine glycosides exhibiting greater water solu-

bility would be required for efficient BBB transport. This is based on previous findings demon-

strating the effects of carbohydrate hydrodynamic radius and amphipathicity on the biological 

activity of a series of DAMGO-derived glycopeptides [30].  

In addition to glycosylation, we introduced additional strategic amino acid substitutions 

to improve stability and fine-tune receptor selectivity while attempting to preserve efficacy and 

potency exhibited by native PACAP and VIP. We replaced the oxidation-prone Met17, with ami-

no acids containing alkyl side chains including Leu or norvaline (Nva).  
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Figure 29. PACAP glycopeptide drug design. A. We hypothesized that the introduction of a carbohydrate moiety 
at the C-terminal end of PACAP1–27 could improve stability and BBB permeability. We envisioned that replace-
ment of Met17 with an alkyl side chain-containing amino acid and stabilizing substitutions at positions 1 and 2 
would also enhance stability. Furthermore, we postulated that strategic amino acid substitutions at positions 4, 5, 
and 7 could lead to improved receptor selectivity profiles. B. General summary of proposed amino acid substitu-
tions. C. Summary of non-natural amino acids used in these studies. 

We additionally examined the effect of substituting Thr7 with an Ala residue, which was shown 

to result in PAC1/VPAC1 selective agonists [209].  We then focused our attention to the N-

O
HO

HO
OH

OH

OO
HO

OH
O

HO

Lactose (Lact)Cellobiose (Cell)

OO
HO

OH
O

HOOHO
HO

OH

HO OHO
HO

OH
O

HO

Glucose (Glc)

OHO
HO

OH
O

O

O
HO

HO
OH

OH

Mellibiose (Mel)

His Ser Asp Gly

Ile Phe Thr Asp Ser Tyr Ser Arg Tyr Arg Lys Gln Met Ala Val Lys Lys Tyr Leu Ala Ala Val Leu Ser C
O

NH2

H2N
Sulfur

Oxidation
Glycoside PlacementPAC1

vs
VPAC1HingeAcylation D-Ser

L-Thr
D-Thr

17

1 2 5

4 7 28

Increasing Water Solubility

His-Ser-Asp-Gly-Ile-Phe-Thr-Asp-Ser-Tyr-Ser-Arg-Tyr-Arg-Lys-Gln-Met-Ala-Val-Lys-Lys-Tyr-Leu-Ala-Ala-Val-Leu-Ser-CONH2

-Carbohydrate
-Relative position of carbohydrate

OR

-Amino acid substitution with
an alkyl side chain-Hinge region: Key to selectivity?

-Fine-tune confromational preference
- α-helix vs β-turn

-L vs. D- Ser
-L vs D- Thr

-N-terminal amino group
vs. N-Acyl moiety

-Ala substitution
-PAC1/VPAC1 selectivity?

-Truncated PACAP1-23 Analogues

O
ORO

O

NH OH
N N

H
Leu23 Ala24

Truncate

O

HN

R N
H

AA (R = Alkyl side chain

O

NH2

OH

Ala

α-helix

β-turn
vs.

O

HN
HO N

H

O

HN
HO N

H

R

R
R = H, Me

O

HNHN

N N
H

R
R = H, Ac

ON
H

HN O
HN

HN

O
HN

HN

O
HN

O

N

HN

HN

O
HN O

HN

NH HN

β-Alanine
(β-ala)

Gamma amino butyric acid
 (GABA)

ON
H

HN

t-butyl glycine
(Tle)

α-amino isobutyric acid
(Aib)

5-amino valeric acid
 (DAVA)

Norleucine
(Nle)

Norvaline
(Nva)

Sarcosine
(Sar)



 92 

terminal region of PACAP, which is responsible for receptor activation. Interestingly, His1-Asp3 

are common amino acid residues between PACAP and VIP, but their primary sequences begin to 

diverge at positions 4 and 5. In PACAP, positions 4 and 5 are occupied by the dipeptide motif 

Gly4-Ile5, while the analogous positions in VIP are occupied by Ala4-Val5. The Gly4-Ile5 motif in 

PACAP is more conducive for b-turn conformations, whereas the Ala4-Val5 moiety has a high 

propensity for a-helix formation. Furthermore, Val and Ile contain branched alkyl side chains 

with slightly different steric profiles. Thus, we hypothesized that this “hinge region” may be the 

key to discriminate between the PAC1 and VPAC1/VPAC2 receptors. This prompted us to ex-

plore the introduction of a-helix or b-turn inducing motifs and amino acids with alkyl side 

chains containing differing steric profiles in this region and the resultant effects on receptor se-

lectivity (Figure 30).  We also set out to introduce substitutions and modifications at His1 and 

Ser2 due to their involvement in the in vivo stability of PACAP and other related peptide hor-

mones. Thus, we introduced stabilizing substitutions in this region including replacement of Ser2 

with D-Ser, L-Thr, or D-Thr, and the introduction of an N-acyl group at the a-amino nitrogen of 

His1.  

 
Figure 30. Summary of amino acids used to prepare "hinge-region" modified compounds. 
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Figure 31. SAR summary of the 4th series of PACAP glycopeptides. The C-terminus, hinge region, and N-
terminal amine were modified in the 4th series of PACAP glycopeptides. The Serine glucoside and serine lactoside 
were reexamined at the C-terminus using CRA3000 as a template, and a serine di-glucoside was also prepared. D-
Nle and D-Nva were introduced into the 5th position, and a compound combining the previously investigated Sar4 
and Nle5 substitutions was also prepared. The effects of introducing a D-Ala4 modification on receptor selectivity 
were also investigated. Lastly, an N-terminally acylated analogue of each compound with a free N-terminal amine 
was prepared to investigate the effects of N-terminal acylation on receptor selectivity.  

The 4th generation of glycopeptides were based on in vitro results obtained from the first 

3 generations of glycopeptide analogues. The design considerations are summarized in Figure 

31. These modifications were primarily restricted to the hinge region and N-terminus, with the 
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prepared by Dr. Lajos Szabo. Generation 4 hinge region modifications include the combination 

of the generation 3 Sar4 and Nle5 substitutions, D-Nle and D-Nva substitutions in position 5, re-

placement of Gly4 with D-Ala, and an N-acylation scan at the N-terminal His1 residue. The goal 

of the N-acylation scan was to probe an earlier finding from Ac-2LS132, an analogue from gen-
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ing analogue containing a free amine at the N-terminus. The structures of our PACAP glycopep-

tides are presented in Table 3. 

Table 3. Summary of PACAP Glycopeptide Structures 

Compound Structure 
2ls72-1 HSDGIFTDSY10SRYRKQMAVK20KYLAAVL-CONH2 
2ls72-2 HSDGIFTDSY10SRYRKQLAVK20KYLAAVL-CONH2 
2ls72-3 HsDGIFTDSY10SRYRKQLAVK20KYLAAVL-CONH2    
2ls80Gluc HSDGIFTDSY10SRYRKQLAVK20KYLAAVL-Ser(Glc)-CONH2 
2ls80Lact HSDGIFTDSY10SRYRKQLAVK20KYLAAVL-Ser(Lact)-CONH2 
2ls80Cel HSDGIFTDSY10SRYRKQLAVK20KYLAAVL-Ser(Cell)-CONH2 
CRA3000 HsDGIFTDSY10SRYRKQ-Nva-AVK20KYLAAVL-Ser(Glc)-CONH2 
CRA3001 HsDGIFTDSY10SRYRKQ-Nva-AVK20KYLAAV-Ser(Glc)-CONH2 
CRA3002 HsDGIFTDSY10SRYRKQ-Nva-AVK20KYLAA-Ser(Glc)-L-CONH2 
CRA3003 HsDGIFADSY10SRYRKQ-Nva-AVK20KYLAAVL-Ser(Glc)-CONH2 
CRA3004 HsDGIFADSY10SRYRKQ-Nva-AVK20KYLAAV-Ser(Glc)-CONH2 
CRA3005 HsDGIFADSY10SRYRKQ-Nva-AVK20KYLAA-Ser(Glc)-L-CONH2 
2ls98Mel HSDGIFTDSY10SRYRKQLAVK20KYLAAVL-Ser(Mel)-CONH2 
2ls98Cell HSDGIFTDSY10SRYRKQLAVK20KYLAAVd8L-Ser(Cell)-CONH2 
2ls98Lact HSDGIFTDSY10SRYRKQLAVd8K20KYLAAVd8L-Ser(Lact)-CONH2 
CRA3006 HsD-GABA-IFTDSY10SRYRKQ-Nva-AVK20KYLAAVL-Ser(Glc)-CONH2 
CRA3007 HsD-Sar-IFTDSY10SRYRKQ-Nva-AVK20KYLAAVL-Ser(Glc)-CONH2 
CRA3008 HsD-βAla-IFTDSY10SRYRKQ-Nva-AVK20KYLAAVL-Ser(Glc)-CONH2 
CRA3009 HsD-DAVA-IFTDSY10SRYRKQ-Nva-AVK20KYLAAVL-Ser(Glc)-CONH2 
CRA3010 HsDAIFTDSY10SRYRKQ-Nva-AVK20KYLAAVL-Ser(Glc)-CONH2 
CRA3011 HsD-Aib-IFTDSY SRYRKQ-Nva-AVK20KYLAAVL-Ser(Glc)-CONH2 
CRA3012 HsDGVFTDSY10SRYRKQ-Nva-AVK20KYLAAVL-Ser(Glc)-CONH2 
CRA3013 HsDGLFTDSY10SRYRKQ-Nva-AVK20KYLAAVL-Ser(Glc)-CONH2 
CRA3014 HsDGAFTDSY10SRYRKQ-Nva-AVK20KYLAAVL-Ser(Glc)-CONH2 
CRA3015 HsDG-Tle-FTDSY10SRYRKQ-Nva-AVK20KYLAAVL-Ser(Glc)-CONH2 
CRA3016 HsDG-Nva-FTDSY10SRYRKQ-Nva-AVK20KYLAAVL-Ser(Glc)-CONH2 
CRA3017 HsDG-Nle-FTDSY10SRYRKQ-Nva-AVK20KYLAAVL-Ser(Glc)-CONH2 
2ls132 HSDGIFTDSY10SRYRKQLAVK20KYLAAVLŚ(Lac)-CONH2 
Ac-2ls132 Ac-HSDGIFTDSY10SRYRKQLAVK20KYLAAVLŚ(Lac)-CONH2 
2ls126/1 HTDGIFTDSY10SRYRKQLAVK20KYLAAVL-CONH2 
2ls126/2 HtDGIFTDSY10SRYRKQLAVK20KYLAAVL-CONH2 
2ls126/3 HTDGIFTDSY10SRYRKQLAVK20KYLAAVL-Ser(Glc)-CONH2 
2ls126/4 HtDGIFTDSY10SRYRKQLAVK20KYLAAVL-Ser(Glc)-CONH2 
2ls126/5 HTDGIFTDSY10SRYRKQLAVK20KYLAAVL-Ser(Lact)-CONH2 
2ls126/6 HtDGIFTDSY10SRYRKQLAVK20KYLAAVL-Ser(Lact)-CONH2 
Ac-CRA3000 Ac-HsDGIFTDSY10SRYRKQ-Nva-AVK20KYLAAVL-Ser(Glc)-CONH2 
CRA3000-Lac HsDGIFTDSY10SRYRKQ-Nva-AVK20KYLAAVLŚer(Lac)-CONH2 
Ac-CRA3000-Lac Ac-HsDGIFTDSY10SRYRKQ-Nva-AVK20KYLAAVLŚer(Lac)-CONH2 
CRA3018 HsD-Sar-Nle-FTDSY10SRYRKQ-Nva-AVK20KYLAAVL-Ser(Glc)-CONH2 
Ac-CRA3018 Ac-HsD-Sar-Nle-FTDSY10SRYRKQ-Nva-AVK20KYLAAVL-Ser(Glc)-CONH2 
CRA3019 HsDG-D-Nle-FTDSY10SRYRKQ-Nva-AVK20KYLAAVL-Ser(Glc)-CONH2 
Ac-CRA3019 Ac-HsDG-D-Nle-FTDSY10SRYRKQ-Nva-AVK20KYLAAVL-Ser(Glc)-CONH2 
CRA3020 HsDG-D-Nva-FTDSY10SRYRKQ-Nva-AVK20KYLAAVL-Ser(Glc)-CONH2 
Ac-CRA3020 Ac-HsDG-D-Nva-FTDSY10SRYRKQ-Nva-AVK20KYLAAVL-Ser(Glc)-CONH2 
CRA3021 HsDaIFTDSY10SRYRKQ-Nva-AVK20KYLAAVL-Ser(Glc)-CONH2 
Ac-CRA3021 Ac-HsDaIFTDSY10SRYRKQ-Nva-AVK20KYLAAVL-Ser(Glc)-CONH2 
2ls140 HSDGIFTDSY10SRYRKQLAVK20KYLAAVL-Ser(Glc)-Ser(Glc)-CONH2 
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PACAP1-23 Inspired Glycopeptides. Several structure-activity relationship (SAR) studies have 

been carried out on PACAP to identify important pharmacophoric elements and sites prone to 

proteolytic cleavage [132,200,207,232]. C-terminal truncation studies revealed that the minimum 

sequence required to maintain adequate receptor binding is PACAP1-23, whereas studies investi-

gating N-terminal deletions demonstrated that the 1st 6 residues are required to maintain agonist 

activity [232]. Due to the weak receptor binding profile of PACAP1-23, it was rarely investigated 

further for its neuroprotective potential [205]. However, in 2019 Chatenet and coworkers ex-

plored the in vitro functional activity and neuroprotective potential PACAP1-23 in neuroblastoma 

cells [233]. They demonstrated that PACAP1-23 is capable of attenuating MPP+-induced apopto-

sis, mitochondrial dysfunction, and glutamate-induced excitotoxicity despite drastically reduced 

binding affinity at PAC1 [233]. In addition, they observed comparable potency between PA-

CAP1-23 and PACAP1-38 in activating specific downstream signaling pathways. These data 

demonstrate that PACAP1-23 represents a potential candidate for the treatment of neurodegenera-

tive diseases. We envisioned that implementing our glycosylation strategy to PACAP1-23 would 

yield analogues with greatly enhanced stability and membrane permeability while still retaining 

the potency and efficacy of the non-glycosylated native compound. Given the fact that our PA-

CAP1-23 glycopeptide studies began long after we obtained in vitro data for the PACAP1-27 de-

rived glycopeptides, we chose to implement the most successful amino acid substitutions from 

our PACAP1-27 SAR campaign with regards to both carbohydrate identity and hinge region sub-

stitutions (Table 4, Figure 32) [234]. 
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Table 4. PACAP1-23 glycopeptide agonists 

Compound Structure 
CRA_DV_3022 HSDGIFTDSY10SRYRKQÑAVK20KYL-Ser(OH)-CONH2 
CRA_DV_3023 HSDGIFTDSY10SRYRKQÑAVK20KYL-Ser(Glc)-CONH2 
CRA_DV_3024 HSDGIFTDSY10SRYRKQÑAVK20KYL-Ser(Glc)-Ser(Glc)-CONH2 
CRA_TG_3025 HSDGIFTDSY10SRYRKQÑAVK20KYL-Ser(Lac)-CONH2 
CRA_TG_3026 HSDAIFTDSY10SRYRKQÑAVK20KYL-Ser(Lac)-CONH2 
CRA_TG_3027 HSD-Sar-IFTDSY10SRYRKQÑAVK20KYL-Ser(Lac)- CONH2 
Ñ = Norvaline 

 
Figure 32. Design Considerations for PACAP1-23 inspired glycopeptides. Different carbohydrate moieties and 
a simple serine were introduced at the C-terminus to investigate their effects on potency and efficacy, and the 
previously investigated hinge region substitutions Ala4 and Sar4 were introduced into the PACAP1-23 template to 
determine the effects on receptor selectivity. 

PACAP Glycopeptide Antagonists for the Treatment of Migraine. Due to recent evidence that 

PACAP may be involved in mediating migraine, we sought to prepare several glycopeptide an-

OR

R= GlycosideHinge Region Substitution
α-helix vs. β-turn

PACAP1-23 Scaffold

Goals:
-Optimize transport across Blood Brain Barrier
-Preserve efficacy and potency  of Native PACAP27
-Enhance stability in vitro and in vivo

Goals:
-Bias conformation of N-terminus (β-turn vs α-helix)
-Obtain analogues with differing receptor selectivity
-Shift selectivity while at the same time minimize 
decreases in potency and efficacy

O

NH
N
H

Ala

O
N N

H
Sar

vs.

β-Turn inducerα-Helix Promotor

O
HO

HO
OH

OH

HN

O

NH2
OHO

HO
HO

HO
O

HN

O

NH2
OO

HO
HO

HO
O

Ser(Glc)-Ser(Glc)-CONH2

Ser(Glc)-CONH2 Ser(Lac)-CONH2

HN

O

NH2HO

Ser(OH)-CONH2

O

HO
HO

HO

HO

OH
N

O

NH
O

NH2

OHO
HO

HO

HO
O

O

NH
N
H

Nva

O

NH

S N
H

Met



 97 

tagonists as potential therapies for migraine [230]. We chose to use a “frame-shift” approach 

when designing our compounds (Figure 33). In brief, sequential deletions at the N-terminus and 

additions to the C-terminus, which correspond to residues present in PACAP1-38, were per-

formed. Additionally, we introduced either a free serine or a serine glucoside following the add-

ed C-terminal amino acids to examine the effects of glycosylation on antagonist activity. N-

terminal deletions were performed down to Gly4 and C-terminal additions were performed up to 

Arg30. 

Table 5. Structures of PACAP glycopeptide antagonists 

Compound Structure 
CRA3003.1 sDGIFADSY SRYRKQÑAVK KYLAAVLGS 

CRA3003.2 DGIFADSY SRYRKQÑAVK KYLAAVLGKS 

CRA3003.3 GIFADSY SRYRKQÑAVK KYLAAVLGKRS 

CRA3003.4 sDGIFADSY SRYRKQÑAVK KYLAAVLGŚ 

CRA3003.5 DGIFADSY SRYRKQÑAVK KYLAAVLGKŚ 

CRA3003.6 GIFADSY SRYRKQÑAVK KYLAAVLGKRŚ 

 

 
Figure 33. Design considerations for PACAP antagonists. In our “frame-shift” approach, we simultaneously de-
leted one residue from the N-terminus and introduce an amino acid present in PACAP1-38 at the C-terminus. In addi-
tion to this, we appended a serine glucoside or simple serine directly at the C-terminal end. 

Summary of Glycopeptide SAR Strategy. We believe our contributions to SAR studies on PA-

CAP will offer valuable insight for future PACAP SAR campaigns. Considering glycosylated 

PACAP analogues have never been studied before, the functional activity data and preliminary 
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BBB transport and in vivo efficacy studies presented later in this dissertation will provide useful 

starting points and guidelines for other researchers interested in the continual investigation of the 

effects of glycosylation on the PK/PD properties of PACAP glycopeptide analogues. Further-

more, we also modified the hinge region of PACAP in ways not previously explored that build 

upon previous studies probing receptor selectivity. 
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CHAPTER 4: SYNTHESIS OF PACAP GLYCOPEPTIDES: CONVENTIONAL  

APPROACH AND ALTERNATIVE CHEMICAL AND  

CHEMOENZYMATIC STRATEGIES 
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INTRODUCTION 

The peptide chemists’ toolbox for the preparation of biologically active peptides and pro-

teins has been vastly expanded since the introduction of solid-phase peptide synthesis (SPPS) 

methodologies by Merrifield and coworkers. The development of the 9-

fluorenylmethyloxycarbonyl (Fmoc) group by Carpino revolutionized the field by providing a 

safer alternative to Boc-SPPS methodologies and introducing the concept of orthogonal protect-

ing group strategies in SPPS. The synthesis of amino acid building blocks containing different 

biologically relevant motifs including carbohydrates, lipids, and nucleic acids and other non-

natural amino acids has allowed for the tailored synthesis of novel peptides with interesting 

structures and enhanced biological activity and stability. Additionally, the development of inno-

vative on-resin chemistries enabled peptide chemists to prepare cyclic peptides containing car-

bon-carbon bridges using Grubbs olefin metathesis, Suzuki couplings, and other carbon-carbon 

bond forming reactions.  Despite the immense progress made in SPPS methods, some challenges 

remain, specifically the synthesis of so-called “difficult peptide sequences”. The difficult peptide 

sequence conundrum is especially prominent in the development of class B GPCR peptide ligand 

analogues, particularly PACAP. Generally, peptides consisting of more than about 20 to 25 ami-

no acids are considered difficult sequences because they are highly prone to on-resin aggregation 

through intramolecular/intermolecular hydrogen bonding and hydrophobic interactions/p-p 

stacking for peptides containing mostly nonpolar or aromatic amino acids. In addition to this, any 

peptide containing a dipeptide motif that is prone to aspartimide formation is considered a diffi-

cult sequence. PACAP is considered a difficult peptide sequence due to its long length (27 or 38 

amino acid residues) and presence of two aspartimide-prone motifs (DG and DS) (Figure 34). 
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Figure 34. Aspartimide-prone dipeptide motifs DG and DS in PACAP’s primary sequence.  

On-resin aggregation has been somewhat addressed through the development of resins 

that discourage aggregation of individual peptide chains and using reagents that disrupt intramo-

lecular or intermolecular hydrogen bonding and side chain interactions. Several dipeptide build-

ing blocks containing backbone amide protecting groups or pseudoproline structures have been 

developed to address the aspartimide formation problem. Although these building blocks have 

proven to be extremely useful in many cases, the aspartimide formation problem persists.  

 Due to the poor yields and low purity often obtained when synthesizing difficult peptide 

sequences, our lab chose to explore two alternative methods for preparing difficult peptide se-

quences, such as PACAP and our PACAP-derived glycopeptides. The first method involves the 

use of an engineered enzyme known as omniligase-1, which is capable of ligating small and un-

protected peptide fragments in aqueous solution. The second method involves exploration of a 

less expensive alternative to the relatively expensive dipeptide building blocks that prevent as-
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GLYCOSYLATION OF SERINE, THREONINE, OR CYSTEINE USING MINIMALLY 

COPETENT INDIUM (III) BROMIDE CATALYSIS 

Chemical Glycosylation Using Minimally Competent InBr3 Catalysis. Classical glycosylation 

reactions involve the displacement of an activated leaving group present at the anomeric carbon. 

The carbohydrate containing the leaving group is an electrophile often referred to as the glycosyl 

donor, and the nucleophile used to displace the leaving group is known as the glycosyl acceptor. 

Common glycosyl donor leaving groups included acetates, trichloroacetimidates, triflates, n-

pentyl ethers, halides, aromatic thioethers, anomeric sulfoxides, and more [235–237]. The leav-

ing group typically requires activation by a Lewis acid, which is referred to as an activator. Some 

common activators include silver halide salts, transition metal-based compounds, strong acids, 

and more [235,238,239]. Upon expulsion of the leaving group, a highly reactive oxocarbenium 

ion is formed, which is intercepted by the glycosyl acceptor. Another important component of 

any glycosylation reaction is the solvent, which is a critical element that can affect reaction rate 

and stereochemical outcome. The different components of glycosylation reactions are highlight-

ed in Figure 35.  
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Figure 35. Components of glycosylation reactions. There are 4 important aspects of a glycosylation reaction to 
consider when optimizing reaction conditions, namely the glycosyl donor, glycosyl acceptor, solvent, and activa-
tor. All of these factors can dramatically influence reaction rate and the stereochemical outcome of the reaction. 
Select examples of each factor are presented, with many more summarized in the literature. 
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O
LGRO

LG= Activated leaving group
R= Protecting group

Glycosyl Donor Glycosyl Acceptor

Solvent Activator (Lewis Acid)

R-OH
R-NH2
R-SH

THF
DCM
CHCl3
Toluene
etc.

Ag+X-

TiCl4
InBr3
NIS/TfOH
etc.



 104 

simple acetate group proximal to the anomeric position can interact with the oxocarbenium ion 

following expulsion of the leaving group, thus blocking a-attack of the nucleophile, and promot-

ing b-attack from the equatorial face (Figure 36B). In the case of a non-participating protecting 

group, such as a benzyl ether, axial attack yielding the a-glycoside will be more predominant. 

Thermodynamically the a-glycoside is more stable than the b-glycoside due to optimal orbital 

overlap between the lone pair of electrons on the oxygen atom in the ring and the s* orbital of 

the C-LG bond. 

A 

 

B  

 

Figure 36. Stereochemical outcome of glycosylation reactions. A. Following activation of the leaving group and 
subsequent expulsion, the nucleophile can attack from the axial face leading to the a-glycoside, or the nucleophile 
can perform equatorial attack leading to the b-glycoside. B. Protecting groups capable of anchimeric assistance, 
such as an acetate, can favor equatorial attack of the nucleophile, leading exclusively to the b-glycoside.  

The glycosylation protocol developed in the Polt laboratory exploits acetate protected carbohy-

drate glycosyl donors and utilizes Fmoc-protected amino acids (Ser, Thr, Cys) as glycosyl accep-

tors in the presence of InBr3 as the activator to afford exclusively b-linked carbohydrate-
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containing amino acid building blocks [244,245]. Our methodology is unique because only cata-

lytic amounts of InBr3 are required for the reaction to proceed, whereas many conventional gly-

cosylation approaches require stoichiometric amounts of promoter. The mechanism is detailed in 

Figure 37. Interestingly, when simple linear alcohols are used an anomeric mixture is produced. 

It is unknown why b-selectivity is exclusively observed when using Fmoc-protected amino acids 

as glycosyl acceptors.  

 

Figure 37. Representative mechanism of InBr3-promoted glycosylation reaction. Following expulsion of the ac-
tivated acetate group, the neighboring 2-acetoxy group coordinates with the oxocarbenium ion intermediate, leading 
to predominant formation of the  b-glycoside.  

Preparation of Requisite Amino Acid Glycoside Building Blocks. The standard procedure for the 

preparation of our Fmoc protected serine glycoside building blocks is highlighted in Scheme 1. 

Typically, Fmoc protected serine glucosides and cellobiosides are prepared in a single step and 

purified by recrystallization. However, the lactosides and melibiosides do not easily crystalize 

out of solution, so an alternative route is pursued wherein the free carboxyl oxygen of Fmoc-Ser-

OH is converted to a benzyl ester. The benzyl ester-protected compound is then subjected to the 

standard glycosylation reaction, purified by silica gel chromatography, and the benzyl ester pro-

tecting group is then removed using H2 gas in the presence of 10% Pd/C in EtOAc (Scheme 2). 
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Scheme 1. General synthetic scheme for the 1-step preparation of Fmoc protected serine glycosides. 

 

 

 

Scheme 2. Chemical Synthesis of Fmoc protected serine lactosides. The hydrochloride salt of the serine benzyl 
ester is first Fmoc protected using Fmoc-Osu in the presence of TEA. Separately,  b-lactose is fully acetylated 
using acetic anhydride and NaOAc in refluxing toluene. The standard InBr3-mediated glycosylation is then carried 
out, and the benzyl ester is cleaved under standard hydrogenation conditions. 
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OMNILIGASE-MEDIATED CHEMOENZYMATIC PEPTIDE COUPLINGS 

Background. Due to the propensity of difficult peptide sequences to form on-resin aggregates, 

reactive sites can be blocked and hamper coupling efficiency. This leads to the formation of a 

mixture of truncated sequences along with the desired peptide, leading to more challenging puri-

fication and reduced yields. Highly reactive coupling reagents, capping procedures, and resins 

designed specifically for the synthesis of large peptides have been developed over the past sever-

al decades to minimize aggregation and enhance coupling reaction efficiency [246–248]. Despite 

these advances, truncated products remain problematic for the solid phase synthesis of large pep-

tides and necessitate multiple purification steps. Therefore, alternative methods for the synthesis 

of larger peptides are required. One such method that has been widely explored is enzymatic 

peptide ligation using engineered proteases with modified active sites [249,250]. Proteases natu-

rally cleave amide bonds in peptides and proteins. However, it is possible to chemically modify a 

protease’s active site to favor amide bond formation over cleavage. Subtilisin is one such prote-

ase that has been extensively studied and modified to perform peptide bond formation in aqueous 

solution. Subtilisin is a bacterial serine protease that cleaves peptide amide and ester bonds but 

has also been found to effectively catalyze transesterification reactions [251]. Two subtilisin var-

iants in which the active site serine (Ser221) was replaced with Cys or selenocysteine were pre-

pared and shown to ligate an activated peptide ester with a peptide containing an N-terminal free 

amine [252,253]. However, the Cys and selenocysteine variants also exhibited significant ami-

dase activity, which necessitated additional active site modifications to suppress this activity. 

Wells and coworkers designed a mutant in which Ser221 was replaced with Cys and a proximal 

Pro residue in the active site of the enzyme (Pro225) was replaced with an Ala residue to reduce 

steric crowding [254]. Following these initial studies, Wells and coworkers went on to use the 
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Cys221-Ala225 , variant of subtilisin, termed subtiligase, to synthesize an analogue of ribonuclease 

A containing unnatural amino acids [255]. Janssen and coworkers developed an even more ro-

bust peptide ligase with additional stabilizing mutations and removal of a calcium binding do-

main [256]. This variant, termed peptiligase, was efficient at catalyzing peptide ligation reactions 

both in pure aqueous solutions and in the presence of organic co-solvents. Scientists at EnzyPep 

B.V. used peptiligase as a template for the development of omniligase-1, an even more robust 

subtilisin variant with broad substrate specificity and activity in aqueous solution with or without 

organic co-solvents. Omniligase-1 has been recently utilized in the synthesis of both large and 

small linear and cyclic peptides [257,258]. 

Mechanistically the subtilisin variants first react with activated peptide esters (acyl do-

nors) to form a tetrahedral acyl enzyme intermediate, which is then intercepted by an amine nu-

cleophile (acyl acceptor). The N-terminus of the acyl donor is typically capped with a protecting 

group to prevent oligomerization or self-cyclization during the reaction. Several activated esters 

have been screened throughout the development of peptide ligases, and it was determined that 

the carboxyamidomethyl (Cam) ester were the most reactive. (Figure 38) [259,260]. The Cam 

ester on its own was susceptible to cleavage under basic conditions, so it was coupled to various 

amino acids to enhance stability. The extended Ocam-Leu ester exhibited the best stability under 

basic conditions while still retaining optimal affinity for omniligase-1. 
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Figure 38. General structure of Cam esters used in enzyme ligations. The R group can be a simple NH2 to 
yield an amide, but R is more commonly an additional amino acid. When R=Leu ligation efficiencies have been 
found to increase. 

  
There are four recognition sites in omniligase-1 involved in acyl donor binding, namely 

P1, P2, P3, and P4. (Scheme 3).  The P4 site preferably binds hydrophobic amino acids, whereas 

the remaining sites accept any amino acid residue except for proline. There are only two binding 

sites for the acyl acceptor referred to as P1’ and P2’, which are tolerant to any L-amino acid ex-

cept for proline. After binding of the acyl donor and formation of the thioester-enzyme interme-

diate, Omniligase-1 then binds the acyl acceptor within close proximity of the acyl donor. The 

acyl acceptor is then correctly positioned to attack the reactive thioester-enzyme complex and 

form a second tetrahedral intermediate. The tetrahedral intermediate then collapses to yield the 

ligated peptide product and regenerate the active enzyme (Figure 39). Notably, the ligation reac-

tions take place in the presence of tris(2-carboxyethyl)phosphine (TCEP) to prevent disulfide 

bond formation between active site cysteines of individual enzymes. 
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Scheme 3. Representative reaction scheme detailing peptide fragment ligation mediated by Omniligase-1. Ac-
tive site pockets responsible for peptide fragment specificity are denoted as P1-4 for the acyl donor (cam ester), and 
P1’ and P2’ for acyl acceptor peptides. The peptide ligation reactions are carried out under basic conditions in a 
phosphate buffer in the presence of TCEP to prevent intermolecular disulfide bond formation between Cys residues 
of separate enzyme units. 

 

Figure 39. Mechanism of Omniligase-1-mediated peptide ligation reactions. A Cys residue in the active site 
intercepts the acyl donor peptide and results in the expulsion of the Cam-ester as the corresponding alcohol and a 
thioester-enzyme complex. Upon binding of the acyl acceptor, it is within close proximity of the thioester-
enzyme complex and can perform a nucleophilic attack on the carbonyl carbon. This second tetrahedral interme-
diate breaks down to afford the target ligated peptide product and the free Cys thiol in the Omniligase-1 active 
site, where it is free to react with additional peptide fragments in solution. 

Compound Design. Prior to designing PACAP-derived fragments for omniligase-1-mediated 
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ous work on b-endorphin inspired glycopeptides [261]. The structures of these compounds are 

summarized in Table 7. We selected the N-terminal messages YTGFL or YtGFL as the acyl do-

nors and the C-terminal region consisting of different N-terminal linkers (GABA, Gly-Gly,  b-

Ala) as the acyl acceptors. The N-termini of the acyl donors were capped either with Fmoc or an 

acyl group to prevent oligomerization. We opted to prepare these compounds without the glyco-

sidic amino acids to observe the ligations in the absence of a carbohydrate. In addition to this, we 

re-synthesized the test-kit peptides provided to us by Enzypep both with and without a carbohy-

drate moiety to assess the effect of the carbohydrate on the ligation reaction (Table 6). After this, 

fragments related to PACAP were also prepared and subjected to the ligation reaction. The ini-

tially proposed PACAP fragments are highlighted in Table 8. The chosen acyl donor sequence 

was Ac-HSDGIFTDSYSRYRLQLAVK-Ocam-L-COOH, and the chosen acyl acceptor sequence 

was LYLAAVL-CONH2. These fragments of PACAP were selected for the Omnligase-1-

mediated ligation because they were predicted to have more optimal affinity for the Omniligase-

1 active site compared to the other proposed structures.  

Table 6. Omniligase-1 test peptide structures 

Acyl Donor Sequence  Acyl Accep-
tor 

Sequence  

CRAEnzyAD Ac-DFSKL-Ocam-L-
COOH 

 CRAEnzyAA H-ALR-CONH2 

 CRA_GCE H-ALR-Ser(Glc)-CONH2 

 
 

Table 7.  b-endorphin inspired peptides subjected to omniligase-1-mediated couplings 

Acyl Donor Sequence  Acyl Accep-
tor 

Sequence  

CRA900 Fmoc-YtGFL-Ocam-L  CRA1000 GABA-NLBEKALKSL-CONH2 

CRA901 Fmoc-YTGFL-Ocam-L  CRA1003 GGNLBEKALKSL-CONH2 

CRA901Ac Ac-YTGFL-Ocam-L-
COOH 
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Table 8. Proposed PACAP fragments for omniligase-1 mediated synthesis 

Acyl Donor (ester) Acyl acceptor (nucleophile) 
HsDGIFTDSYS RYRKQÑAVK KYLAAVL 
HsDGIFTDSYSRYRKQÑ AVK KYLAAVL 
HsDGIFTDS YSRYRKQÑAVK KYLAAVL 
HsDGIFTDSYSRYRKQÑAVK KY* LAAVL* 
HsDGIFADSY SRYRKQÑAVK KYLAAVL 
HsDGIFADS YSRYRKQÑAVK KYLAAVL 
*Fragments chosen for Omniligase-1 mediated PACAP fragment condensation studies 
LAAVL = 1CRA217 
HsDGIFTDSYSRYRKQÑAVKKY = 1CRA209 
 
Results and Discussion. Prior to preparation of the target peptide fragments we set out to prepare 

the activated Cam-esters present at the C-termini of the acyl donors. The Cam-ester contains a 

labile depsipeptide bond that is more reactive compared to an amide, allowing for selective 

cleavage of the Cam-ester moiety by omniligase-1. Our initial efforts focused on coupling bro-

moacetic acid to Leu on a 2-chlorotrityl chloride (2-CTC) resin followed by an SN2 displacement 

of the bromine by the carboxyl oxygen of Fmoc-Leu-OH (Scheme 4.) This method proved to be 

time consuming as the reaction required 2 days at room temperature to proceed to completion.  

 
Scheme 4. Preparation of cam ester motif in acyl donor peptides using bromoacetic acid. Fmoc-Leu is first 
coupled to a 2-CTC resin, Fmoc deprotected, and then coupled to bromoacetic acid using Cl-HOBt and DIC. Then, 
the bromine atom a to the amide is displaced by the carboxylic acid oxygen of a Fmoc-protected Leu building block 
over the course of 48 hours at room temperature to yield the desired depsipeptide linkage. 

Alternatively, we investigated preparing an O-Fmoc protected building block easily amenable to 

SPPS (CRA113; Scheme 5). The synthesis of CRA113 began with benzylation of the commer-

cially available and cheap glycolic acid under basic conditions. The free primary alcohol was 

then Fmoc protected using Fmoc-Cl in the presence of pyridine in DCM. The benzyl ester was 

then cleaved under standard hydrogenation conditions utilizing 10% Pd/C and H2 gas in EtOAc. 
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Although this is a three-step synthesis, the yields and purity were high for each step and the 

overall sequence only required 1 week of work to complete. Most importantly, each reaction can 

be performed on a large scale (>10g) without significant reductions in purity or yield. Since rela-

tively small amounts of CRA113 were required for the synthesis of the target peptide fragments, 

only one round of large-scale synthesis was required. 

 

A 

 

B 

 

Scheme 5. Synthesis of Cam-esters and their incorporation into our target peptides. A. Treatment of glycolic 
acid with BnBr in the presence of DBU in acetonitrile furnished the benzyl ester of glycolic acid (CRA111). Fmoc 
protection of the free alcohol using Fmoc-Cl and pyridine in DCM yielded the fully protected building block 
CRA112. Cleavage of the benzyl ester under a hydrogen atmosphere in the presence of 10% Pd/C afforded the 
final building block CRA113, which was easily incorporated in SPPS. B. Fmoc-Leu was loaded onto a 2-CTC res-
in, deprotected, and coupled to CRA113 using Cl-HOBt in the presence of DIC and DMAP. Deprotection was then 
repeated, and the free alcohol was treated with a mixture containing Fmoc-Leu, DIC, Cl-HOBt, and DMAP in 
NMP to yield the desired depsipeptide linkage. 

The acyl donor peptides were prepared on a 2-CTC resin (loading =1.5mmol/g) and the 

acyl acceptor peptides were prepared on a Rink amide resin (loading = 0.83 mmol/g). All cou-
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plings in this study were carried out using HCTU and DIPEA in DMF, except for the coupling 

steps involving Cam ester coupling, which required the use of DIC, Cl-HOBt, and catalytic 

amounts of DMAP in NMP. Peptides constructed on the 2-CTC resin were cleaved using 1% 

TFA in DCM, and peptides prepared on the rink amide resin were cleaved using a strongly acidic 

solution of 90% TFA in the presence of scavengers (See materials and methods). The crude pep-

tides in both cases were then washed with ice cold diethyl ether and purified using RP-HPLC. 

The physiochemical properties of the purified acyl donor and acyl acceptor peptides are summa-

rized in Table 9.    

Table 9. Physiochemical properties of omniligase-1 related peptides 

Compound MW Molecular For-
mula 

HPLC retention 
time (min.) 

ESI (M+H)+ 

    Calculated Observed 
CRA900 993.11 C53H64N6O13 18.7 992.45 993.6 
CRA901 993.11 C53H64N6O13 17.2 992.45 993.52 
CRA901Ac 812.91 C40H56N6O12 13.8 812.40 813.46 
CRA1000 1184.43 C53H97N15O15 15.1 1183.73* 1341.90  
CRA1003 1213.43 C53H96N16O16 11.3 1212.72 1213.81 
CRAEnzyAA 357.45 C15H31N7O3 8.6 357.25 358.39 
CRAEnzyAD 821.91 C38H59N7O13 16.3 821.42 822.53 
CRA_GCE 606.67 C24H46N8O10 7.8 606.33 607.50 
1CRA209 2452.80 C113H176N32O35 10.3 2451.30 N.D. 
1CRA217 775.98 C38H65N9O8 10.1 775.50 N.D. 
*Mass spectrum did not match desired compound 
N.D. = Not determined 
 
Table 10. Omniligase-1 mediated couplings on select test peptides and PACAP fragments 

Acyl Donor Acyl Acceptor Solvent Conditions Reaction Yield 
Ac-DFSKL -Ocam-L-COOH ALR-CONH2 Phosphate Buffer 100% 
Ac-DFSKL -Ocam-L-COOH ALR-Ser(Glc)-CONH2 Phosphate Buffer 100%* 
Fmoc-YTGFL-Ocam-L-COOH GG-NLBEKALKSL-CONH2 25% DMSO in phos-

phate Buffer No Conversion 

Fmoc-YTGFL-Ocam-L-COOH GG-NLBEKALKSL-CONH2 
25% DMSO in phos-
phate Buffer No Conversion 

Ac-DFSKL -Ocam-L-COOH ALR-NH2 
25% DMSO in phos-
phate Buffer No Conversion 

Ac-YTGFL-Ocam-L-COOH GG-NLBEKALKSL-CONH2 Phosphate Buffer No Conversion 
Ac-YTGFL-Ocam-L-COOH GABA-NLBEKALKSL-

CONH2 Phosphate Buffer No Conversion 
Ac-
HSDGIFTDSYSRYRLQLAVK-
Ocam-L-COOH 

LYLAAVL-CONH2 Phosphate Buffer No Conversion 

*Mass spectrum did not match desired compound 
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The typical omniligase-1-mediated ligations were performed in basic phosphate buffer 

(pH=8) in the presence of a small amount of TCEP to prevent oxidation/disulfide formation be-

tween individual omniligase-1 units. The peptide fragments were dissolved in the buffer, and 

omniligase-1 was then added (See materials and methods). Small aliquots of the reaction mixture 

were then removed, quenched (48% H2O/48% ACN/4% Methanesulfonic acid v/v/v), diluted 

with HPLC methanol, and subjected to analytical HPLC analysis. The test peptides provided by 

Enzypep were used to determine if the provided omniligase-1 functioned properly, and it was 

found to be successful. Due to the poor aqueous solubility of the acyl donor peptides (CRA900, 

CRA901, CRA901Ac), DMF or DMSO were generally required as co-solvents, but there were 

exceptions. Unfortunately, none of the ligation reactions went to completion, with the exception 

of the test peptides provided by Enzypep B.V. (Table 10). In the case of CRA900, it is possible 

that the presence of a D-threonine in the second position of the sequence was not recognized in 

the active site. Additionally, it is likely that omniligase-1 activity was reduced in the presence of 

the organic co-solvents. Another factor that may have contributed to the extremely poor ligation 

efficiency was the Fmoc protecting group used to cap the some of the acyl donor peptides. First, 

the hydrophobic nature of Fmoc likely caused the poor solubility of the acyl donor peptides. 

Second, it’s possible that a small fraction of the Fmoc groups were removed in the basic reaction 

medium and irreversibly inhibited the enzyme via a 1,4-addition of the active site cysteine to the 

dibenzofulvene side product (Figure 40). Several alternative base and acid stable N-terminus 

protecting groups could be used in place of Fmoc including iNOC, pNZ, and Dmaoc all of which 

can be cleaved under mild reductive conditions and do not generate reactive byproducts under 

basic conditions (Figure 41) [262–264]. 
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Surprisingly, the ligation between the glycosylated Enzypep acyl acceptor and unmodi-

fied Enzypep acyl donor went to completion, but mass spectrometry analysis revealed the desired 

product was not obtained. Although the exact structure of this fragment has not been full charac-

terized, it is highly likely that the resultant product is a hydrolysis product where the carbohy-

drate bearing amino acid was cleaved in the basic reaction medium. Further investigations prob-

ing the exact structure of this unknown compound are warranted. 

Attempts at Omniligase-1 ligation of 1CRA209 and 1CRA217 were also carried out. 

Given the fact that ligation should occur in principle with unpurified peptide fragments, these 

two compounds were not purified prior to testing the ligation reaction. Unfortunately, the liga-

tion reaction did not appear to proceed to any extent. It is likely that the reaction did not occur 

due to impurities present in the reaction mixture that may have inactivated omniligase-1. In the 

future, the individual peptide fragments will be purified, and the reaction will be carried out 

again. 
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Figure 40. Possible Mechanism of Omniligase-1 inactivation by Fmoc byproduct. Under the basic conditions of 
the ligation reaction, it is plausible that the N-terminal Fmoc protecting group is cleaved, resulting in a highly reac-
tive dibenzylfulvene intermediate that is intercepted by the omniliagse-1 active site cysteine sulfur atom via a Mi-
chael-like addition. 

 

 
Figure 41. Representative structures of potential alternative N-capping protecting groups. 

Furthermore, the fact that the PACAP-derived fragments, which contained ideal amino acids that 

bind to the enzyme active site, did not undergo the ligation reaction suggests that the substrate 

specificity of omnilgase-1 is not as wide as originally thought. Alternatively, it is likely that dif-

ferent active esters may be required for different peptide sequences. In other words, it may not be 

an issue of enzyme-peptide fragment specificity but may rather be linked to the inherent reactivi-
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ty of the active ester in certain contexts. Therefore, in the future, a more diverse array of active 

ester functionalities will be explored. In addition to this, there are a wide range of other engi-

neered enzymes that could be screened to determine the optimal chemo-enzymatic ligation con-

ditions to afford PACAP glycopeptides [265,266]. Recent computational investigations of om-

niligase-1 and omniligase-1 mutants with greater ligation activity have elucidated the molecular 

details of the peptide ligation reactions. This information will prove to be extremely useful in 

future development of new peptide ligases with high enzymatic activity and broad substrate 

specificity [267].  
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REDUCTIVE ANIMATION TO INTRODUCE BACKBONE AMIDE PROTECTION 

 
Background. In addition to exploring enzymatic methods for the improved synthesis of difficult 

peptide sequences we have examined traditional chemical methods as well. Our chemical efforts 

specifically focused on addressing aspartimide formation, a deleterious side reaction that signifi-

cantly impacts the purity and yield of a peptide. Aspartimide formation involves the cyclization 

between a protected aspartic acid side chain and the amide nitrogen of the preceding amino acid 

residue (Figure 42) [268,269]. Under the basic conditions used to afford Fmoc removal, the pre-

ceding amide nitrogen can displace the t-butyl protected carboxyl group, resulting in racemiza-

tion of the aspartic acid residue. The resultant aspartimide ring can then be opened by a variety 

of nucleophiles, the most common being H2O or piperidine, to yield a or b peptides [270].  
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Figure 42. Mechanism for aspartimide formation on the solid phase during peptide synthesis. Base-promoted 
cyclization of a glycine amide nitrogen and aspartic acid side chain is highly likely in Fmoc-based SPPS. Cycliza-
tion results in racemization of the Asp a-carbon. Additionally, the aspartimide ring is readily opened in two differ-
ent positions by either H2O or piperidine, leading to a complex mixture of side products. 

Peptide sequences containing DS and DG dipeptide motifs are especially prone to aspar-

timide formation, but DT and DC are also highly susceptible to this side reaction [271]. One ob-

vious strategy was to develop new ester protecting groups for the Asp side chain (Figure 43). 

Efforts towards the preparation and use of Asp building blocks with sterically hindered side 

chain protecting groups have not been widely successful in preventing aspartimide formation due 

to their poor solubility, high degree of hydrophobicity, decreased coupling efficiency, and diffi-

cult syntheses [268,272,273]. However, a recent study conducted by Boden and colleagues 

showed that Fmoc-Asp (CSY)-OH effectively prevents aspartimide formation, enhances peptide 

solubility, is deprotected under mild conditions in aqueous solution with electrophilic halogen 

reagents, and is easily prepared on a large scale in four steps [274]. Additionally, its utility was 
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demonstrated in the synthesis of teduglutide, low-density lipoprotein class A, and ubiquitin, all 

of which are large peptides or proteins containing aspartimide-prone motifs 

 

 
Figure 43. Examples of alternative Asp side chain protecting groups aimed at preventing/reducing aspartimide for-
mation. 

 
The commercially available pseudoproline and backbone amide-protected dipeptide 

building blocks have been proven to be more successful in preventing aspartimide formation and 

reducing on-resin aggregation (Figure 44 A/B) [275–281]. Pseudoprolines are only useful in 

specific cases when the amino acid preceding the Asp residue is Ser, Thr, or Cys. Backbone am-

ide protected amino acids and dipeptide building blocks are more widely applicable, as the iden-
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tity of the preceding amino acid side chain is not of great concern. These have been widely used 

in the synthesis of difficult peptides, especially (Fmoc-Asp(OtBu)-Gly(DMB)-OH) in cases 

where a DG moiety is present. The corresponding HMB-protected analogue has also been suc-

cessfully implemented in the synthesis of difficult peptides [278]. However, the removal of 

DMB and HMB can be difficult and requires high concentrations of TFA, which may be unde-

sired if less acidic resin cleavage is desired. Albericio and coworkers addressed this by develop-

ing MOM and EDOTn as backbone protecting groups (Figure 44A) [281]. In any case, back-

bone protected dipeptide building blocks are expensive, increasing the cost of the synthesis. Fur-

thermore, the MOM and EDOTn protected building blocks must be synthesized in-house and are 

not commercially available. Thus, it would be advantageous synthetically and financially to in-

troduce the desired backbone amide protecting group during the course of the synthesis using 

inexpensive reagents. To this end we have attempted the introduction of the 2,5-

dimethoxybenzene (DMB) protecting group on a Gly residue via a SPPS-friendly reductive ami-

nation approach (Scheme 6). 
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A 

 

B 

 
Figure 44. Amino acid building blocks designed to prevent aspartimide formation. A. Representative struc-
tures of amide backbone-protected amino acids that block aspartimide formation. B. Representative structures of 
pseudoproline dipeptide building blocks specific for DS, DT, and DC dipeptide motifs that prevent aspartimide 
formation. 
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DMB is easily cleaved under conventional cleavage conditions (90-95% TFA with scavengers). 

Thus, using a 2-CTC resin allows us to characterize the resultant peptides with the DMB group 

still intact. Furthermore, we considered the possible formation of diketopiperazines from these 

small peptides, and we postulated that the steric hinderance from the aromatic groups present in 

the 2-CTC resin linker would prevent this [282]. Initial studies were performed on the N-

methylated dipeptide CRA400 (Table 11). The free N-terminal amino group was methylated us-

ing a previously described procedure utilizing dimethylsulfate [283,284]. Following N-

methylation, CRA400 was subjected to reductive amination to yield CRA401. The methylated 

amine was treated with a 0.6M solution of 2,4-dimethoxybenzaldehyde (5 equivalents) in trime-

thylorthoformate (TMOF) overnight. The resin was then washed thoroughly with THF and pre-

treated with a 1:1 mixture of DMF:EtOH. The resin the then subjected to a 0.6 M solution (6 

equivalents) of borane-pyridine complex (BAP) in 3:1 DMF:EtOH overnight. We opted to use 

BAP in place of common reducing agents used in on-resin reductions like NaBH4 and NaCNBH3 

for several reasons. First, BAP has already been established as a mild and neutral reducing agent 

that is compatible with SPPS and that can reductively methylate amino acid sidechains in pro-

teins over a broad pH range [285–287]. Additionally, NaCNBH3 reductions are done in the pres-

ence of AcOH to control the pH of the reaction media. We were concerned that the presence of 

acid over the course of the reaction would result in premature cleavage of some of the resin-

bound peptide. Lastly, NaBH4 is a relatively strong reducing agent and may react with other pro-

tected side chains, and NaCNBH3 is relatively more toxic than BAP due to the potential risk of 

generating HCN.  
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Scheme 6. Resin-Based Multi-Step Coupling of Difficult Sequences.  Following Fmoc cleavage (1) with DBU 
and piperidine, introduction of the dimethoxybenzyl (DMB) protecting group (2-3) via reductive amination, HATU-
mediated coupling (4) of a b-tert-butyl-protected a-N-Fmoc-aspartic acid residue, and acid-catalyzed cleavage (5) to 
provide a protected Asp-Gly-Phe tripeptide. 

Having optimized the initial reductive amination reaction conditions, we set out to pre-

pare CRA403, a tripeptide analogue of CRA400 containing a DMB-protected glycine and a t-

butyl-protected Asp residue at the N-terminus. The desired product was obtained along with 

some impurities, presumably peptide that did not successfully undergo reductive amination. 

Fmoc-deprotection studies will be carried out on CRA403 to compare the suppression of aspar-

timide formation to peptides constructed with the commercially available dipeptide building 

block. The scope of this reaction was examined by attempting the reductive amination with two 

4-bromobenzaldehyde and p-tolualdehyde. Unfortunately, the reductive aminations utilizing 

these aldehydes did not go to completion, which may be due to their differing electronic structure 

and, subsequently, differing stabilities of the iminium ion formed in situ. It is possible that the 

reaction may proceed with more equivalents of aldehyde, but the specific reactions conditions 

corresponding to 4-bromobenzaldehyde and p-tolualdehyde have yet to be optimized.  

O
Cl

O H
N

O
NHFmoc

1. 2% Piperidine 2% DBU
    in DMF

2. O

MeO OMe

Cl-Trityl O

O H
N

O
N

OMe

OMe

N•BH3

OH
HNO

O
O

DIPEA / HATU / NMP

1% TFA in DCM

3.

Cl-Trityl O

O H
N

O
N
H

OMe

OMe

Fmoc

4.

5.

O

O H
N

O
N

MeO OMe

O

FmocHN O

OCl-Trityl

HO

O H
N

O
N

MeO OMe

O

FmocHN O

O



 126 

Two model peptides, CRA404 and CRA405, were additionally synthesized to test the re-

ductive amination methodology and investigate the efficiency in preventing aspartimide for-

mation compared to the commercially available DMB-protected dipeptide building blocks. 

CRA404 is a small fragment of PACAP’s N-terminus and CRA405 is a model peptide that has 

been previously studied in separate aspartimide formation studies [288]. All of the compounds 

synthesized to date and their corresponding HPLC and MS data are summarized in Table 11. 

Unfortunately, in the case of CRA404 HPLC and MS data indicate that only a small amount of 

the desired product was obtained, and the major product was the peptide without the DMB group 

present. A similar result was obtained for CRA405 as well, with only a small amount of the de-

sired product being formed as determined by mass spectrometry analysis. This indicates that in 

the case of the longer peptides, the introduction of the DMB group is not as efficient and likely 

requires a larger excess of aldehyde to proceed (>10equivalents). Increasing the reaction temper-

ature or utilizing microwave irradiation may also help to mitigate the reactivity issues, but this 

has not been explored by us to date. 
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Table 11. Summary of Physiochemical Properties of Synthesized Peptides 

Compound Structure HPLC retention time 
(min.) MS [M+H]+ 

   Calculated Observed 

CRA400 NMe-Gly-Phe-COOH 12.99 236.12 237.06 
 

CRA401 NMe-Gly(DMB)-Phe-COOH 12.22 386.44 387.31 

CRA402 Ac-Asp(OtBu)-Gly(DMB)-
Phe-COOH 14.66 585.65 586.45 

 
CRA403 NH-Fmoc-Asp(OtBu)-

Gly(DMB)-Phe-COOH 17.38 765.33 766.37 

CRA404 
NH-Fmoc-His(Trt)-S(OtBu)-
Asp(OtBu)-Gly(DMB)-Ile-
Phe-Thr(OtBu)-COOH 

18.27 1557.78 

1558.88 (mi-
nor) 
 
1408.99(Major; 
no DMB) 

CRA405* 
NH-Fmoc-Val-Leu-
Asp(OtBu)-Gly(DMB)-
Tyr(OtBu)-Ile-COOH 

18.62 1277.68 

1276.83 [M-H]- 
 
1126.84[M-H]- 
(Major peak, 
No DMB) 
 

CRA406 NH-Fmoc-Asp(OtBu)-
Gly(DMB)-Tyr(OtBu)-COOH 19.58 837.38 N.D 

CRA407 
NH-Fmoc-Asp(OtBu)-Gly(p-
tolubenzyl)-Tyr(OtBu)-
COOH 

20.50 791.38 N.D. 

CRA408 
NH-Fmoc-Asp(OtBu)-Gly(4-
Bromobenzyl)-Tyr(OtBu)-
COOH 

No Reaction 855.27 N.D. 

N.D. = Not determined 
*Mass Spectrum obtained using Negative Ion Mode 
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OPTIMIZED APPROACH FOR THE SYNTHESIS OF PACAP GLYCOPEPTIDES 

Due to the lack of success in our studies exploring alternatives routes to synthesize PA-

CAP and other difficult peptide sequences, we set out for a more traditional approach using 

standard SPPS reagents. Initial efforts utilizing a single coupling protocol resulted in poor yields 

and low purity. Thus, we chose to utilize several different coupling protocols at different points 

in PACAP’s primary sequence (Scheme 7). The glycosidic amino acid at the C-terminus was 

coupled to the Rink Amide resin using 6-Cl-HOBt and an equimolar amount of DIC in NMP. 

Our original resin loading was (0.86 mmol/g) reduced to approximately 0.5 mmol/g to mitigate 

any potential aggregation problems later on in the synthesis. This was done by using 0.8 equiva-

lents of the glycosidic amino acid followed by capping of the unreacted sites using a mixture of 

Ac2O and DIPEA (10%:10% v/v) in DCM. The residues Tyr10 through Leu27 were coupled using 

a standard HBTU/N-Methylmorpholine protocol on the PreludeÒ automated prelude peptide 

synthesizer.  Aspartimide formation was suppressed by incorporating Fmoc-protected diamino 

acid building blocks containing either pseudoproline or dimethoxybenzyl (DMB)-containing mo-

tifs [275–279,289]. These dipeptide building blocks were coupled using 6-Cl-HOBt/DIC in 

NMP. The lipophilic tripeptide motif consisting of Ile5, Phe6, and Thr7 residues were coupled 

using the relatively reactive coupling reagent HATU in the presence of 2,4,6-collidine in DMF. 

The remaining amino acids (His1 and Ser2) were coupled using the 6-Cl-HOBt/DIC protocol. 

Any expensive non-natural amino was coupled at its appropriate position using 6-Cl-HOBt/DIC 

in NMP. The acetate groups masking the carbohydrate hydroxyls were removed directly on-resin 

using a 50% solution of NH2NH2•H2O in NMP. Interestingly, crude peptide purity seemed to 

decline significantly after coupling His1 to the resin-bound peptide. We compared coupling of 

Boc-His(Boc)-OH compared to Fmoc-His(Trt), and there were no significant differences in 
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crude purity. At this stage the peptides were cleaved from the resin with a standard cleavage 

cocktail, precipitated in cold diethyl ether, and purified using RP-HPLC.  Satisfyingly, this ap-

proach resulted in improved purity and yield compared to our initial efforts. In the future, it 

would be desirable to investigate alternative acetate cleavage protocols due to the high toxicity of 

NH2NH2•H2O.  

 

Scheme 7. Standard protocol for PACAP glycopeptides, provided by Professor Robin Polt. 
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CONCLUSIONS AND FUTURE DIRECTIONS 

The preparation of difficult peptide sequences remains a significant challenge to peptide 

chemists. Although much progress has been made, there are still widely applicable and general 

strategies to improve upon the purity and yield of difficult peptide sequences and to reduce the 

overall cost of their production. Our laboratory has explored alternative ways of preparing PA-

CAP, which is a known difficult peptide sequence, via a chemoenzymatic approach utilizing 

omniligase-1 and a reductive amination strategy. Attempts at the ligation of smaller peptides and 

PACAP-derived fragments were unsuccessful, presumably due to low specificity and/or binding 

of our peptides to omniligase-1 or to potentially low reactivity of the Ocam-Leu active ester in 

the context of our peptides specifically. Our reductive amination methodology was successful 

with smaller tripeptides but failed when it was extended to larger peptides. It is likely that larger 

peptide fragments require longer reaction times or a larger excess of aldehydes. Furthermore, the 

optimized reaction conditions for the amination using the DMB aldehyde were not ideal when p-

tolualdehyde and 4-bromobenzaldehyde were used. The exact reasons for this drastic reduction 

in reactivity are currently unknown. We then turned to conventional, yet costly, SPPS methods. 

To improve yields and purity, we applied different coupling protocols to specific regions in PA-

CAP’s primary sequence based on the properties of the amino acids. For example, more difficult 

couplings were carried out using more reactive coupling reagents (6-ClHOBt/DIC/NMP or HA-

TU/2,4,6-collidine/DMF) while regions lacking any potentially difficult coupling sites were sub-

jected to a routine protocol utilizing HBTU and N-methyl morpholine (NMM). Additionally, an 

Fmoc-deprotection cocktail consisting of 2% DBU 2% piperidine in DMF (v/v), which is com-

prised of significantly less base than the standard 20% piperidine in DMF mixture, was em-

ployed to reduce aspartimide formation and prevent b-elimination of the carbohydrate moiety. 
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To our delight, this “mixed coupling protocol” approach led to much success and was imple-

mented in the preparation of our 53 PACAP glycopeptide agonists and 6 PACAP glycopeptide 

antagonists. In the future we hope to further optimize the chemoenzymatic and on-resin reductive 

amination approaches for the synthesis of difficult peptide sequences. 
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MATERIALS AND METHODS 

 
Amino Acid Glycoside Synthesis. 
 
Synthesis of Fmoc-Serine  b-D-peracetyl glucoside 
 

 
 Fmoc-L-Serine (1.00 equivalents, 15.28 mmol, 5.00 g), b-D-peracetyl glucose (2.00 
equivalents, 30.56 mmol, 11.93 g) and InBr3 (0.2 equivalents, 3.06 mmol, 1.08 g) were added to 
a 500 mL round bottomed flask and dissolved in 35 mL of CHCl3. The flask was submerged in 
an oil bath and the temperature was raised to 85 ºC and the reaction mixture was stirred vigor-
ously for 16 hours. Once the reaction was complete, as indicated by HPLC, the CHCl3 was re-
moved under reduced pressure and the resulting brown residue was co-evaporated with 100 mL 
of EtOAc 3 times. The residue was then re-dissolved in EtOAc and then washed with H2O three 
times. The organic layer was then subjected to alternating H2O and NaHCO3 washes. The H2O 
fractions were then acidified with 1 M HCl. HCl addition was ceased once the pH was around 2. 
The resulting solid was then filtered and recrystallized from MeOH to afford the desired com-
pound as a white solid (2.04 g, 20%). 1H NMR (400 MHz, CDCl3) δ 7.79 – 7.75 (m, 2H), 7.61 
(d, J = 7.5 Hz, 2H), 7.43 – 7.38 (m, 2H), 7.33 (td, J = 7.4, 1.2 Hz, 2H), 5.66 (d, J = 8.2 Hz, 1H), 
5.20 (t, J = 9.3 Hz, 1H), 5.10 (t, J = 9.6 Hz, 1H), 4.98 (t, J = 8.6 Hz, 1H), 4.53 (d, J = 7.9 Hz, 
1H), 4.45 (dd, J = 13.8, 7.7 Hz, 2H), 4.33 – 4.20 (m, 3H), 4.15 (dd, J = 12.4, 4.4 Hz, 1H), 3.98 
(d, J = 10.5 Hz, 1H), 3.67 (d, J = 9.5 Hz, 1H), 2.10 (s, 2H), 2.05 (s, 3H), 2.02 (s, 5H). 
 
Synthesis of  b-D-peracetyl lactose 

 
 b-D-lactose (1.00 equivalents, 58.43 mmol, 20.00 g), acetic anhydride (11.80 equivalents, 
689.50 mmol, 65.06 mL), and NaOAc (0.35 equivalents, 20.97 mmol, 1.68 g) were added to a 1 
L round bottomed flask. 175 mL of toluene was then added, and the reaction mixture was heated 
to 110 ºC and stirred for 16 hours. The reaction mixture was then diluted with H2O and stirred 
for 1 hour. The organic layer was then separated and washed with H2O (2x) and brine and dried 
over anhydrous MgSO4. Then, 1/3 of the solvent in the organic layer was removed under reduced 
pressure followed by the addition of 200 mL of diethyl ether. The solution was stirred vigorously 
at room temperature overnight. The resulting precipitate was filtered and washed with cold di-
ethyl ether. The crude solid was then recrystallized from ethanol to give a pure white solid (29.70 
g, 75%). 1H NMR (400 MHz, CDCl3) δ 6.25 (d, J = 3.7 Hz, 0H), 5.67 (d, J = 8.2 Hz, 1H), 5.35 
(dd, J = 3.5, 1.1 Hz, 1H), 5.24 (t, J = 9.1 Hz, 1H), 5.07 (ddd, J = 26.2, 9.9, 8.0 Hz, 2H), 4.95 (dd, 
J = 10.4, 3.5 Hz, 1H), 4.50 – 4.41 (m, 2H), 4.17 – 4.04 (m, 3H), 3.91 – 3.81 (m, 2H), 3.76 (ddd, 
J = 10.1, 4.9, 2.1 Hz, 1H), 2.20 – 1.93 (m, 24H). 13C NMR (101 MHz, CDCl3) δ 170.49, 170.44, 
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170.26, 170.19, 169.74, 169.69, 169.14, 168.98, 101.10, 91.68, 75.82, 73.64, 72.77, 71.10, 70.89, 
70.66, 69.14, 66.74, 61.88, 60.98, 20.97, 20.94, 20.89, 20.77, 20.73, 20.64. 
 
Synthesis of Fmoc-Serine benzyl ester 

 
L-Serine benzyl ester (1.10 equivalents, 65.18 mmol, 15.62 g) and Fmoc-Osu (1.00 

equivalents, 59.25 mmol, 20.00 g) were dissolved in 150mL of DCM. Triethylamine (1.50 
equivalents, 88.88 mmol, 11.80 mL) was then added slowly to the reaction mixture. The reaction 
mixture was allowed to stir at room temperature for 12 hours. Upon completion of the reaction 
indicated by TLC the organic layer was washed with 150 mL of 0.1 M HCl (3x) and 200 mL of 
H2O (2x). The organic layer was dried over anhydrous MgSO4. The solvent was then removed 
under reduced pressure resulting in a thick oil which solidified in about 10 minutes. The crude 
product was recrystallized from a 1:1 mixture of DCM:Hexanes. The resulting precipitate was 
then filtered and washed with cold hexanes to afford the desired compound as a white solid 
(22.60 g. 92%). 1H NMR (400 MHz, CDCl3) δ 7.74 (dt, J = 7.6, 0.9 Hz, 2H), 7.58 (d, J = 7.5 Hz, 
2H), 7.43 – 7.22 (m, 10H), 5.75 (d, J = 7.7 Hz, 1H), 5.23 – 5.17 (m, 2H), 4.47 (t, J = 8.6 Hz, 
1H), 4.43 – 4.35 (m, 2H), 4.20 (t, J = 7.0 Hz, 1H), 3.96 (d, J = 27.4 Hz, 2H). 13C NMR (101 
MHz, CDCl3) δ 170.47, 156.36, 143.94, 143.78, 141.46, 141.42, 135.22, 128.80, 128.68, 128.32, 
127.87, 127.23, 127.21, 125.21, 120.14, 120.12, 67.69, 67.36, 63.45, 56.29, 47.27.	
 
Synthesis Fmoc-Serine lactoside benzyl ester 

 
b-D-peracetyl lactose (2.00 equivalents, 95.82 mmol, 65.02 g), Fmoc-L-Serine benzyl es-

ter (1.00 equivalents, 47.91 mmol, 20.00 g) and InBr3 (0.2 equivalents, 9.58 mmol, 3.40 g) were 
added to a 1 L round bottomed flask and dissolved in 105 mL of CHCl3. The flask was sub-
merged in an oil bath and the temperature was raised to 85 ºC and the reaction mixture was 
stirred vigorously for 16 hours. Once the reaction was complete, as indicated by HPLC, the 
CHCl3 was removed under reduced pressure and the resulting brown residue was co-evaporated 
with 100 mL of EtOAc 3 times. The residue was then re-dissolved in EtOAc and then washed 
with H2O three times. The organic layer was then washed with brine, dried over anhydrous 
MgSO4, and the solvent was then removed under reduced pressure. The resulting sludge was 
then purified by flash column chromatography (6:4 EtOAc:Hexanes) to afford the pure com-
pound as an off-white solid (30 g, 61%). 1H NMR (400 MHz, CDCl3) δ 7.78 (dd, J = 7.5, 2.8 Hz, 
2H), 7.60 (d, J = 7.5 Hz, 2H), 7.45 – 7.29 (m, 11H), 5.61 (d, J = 8.1 Hz, 1H), 5.35 (dd, J = 3.4, 
1.1 Hz, 1H), 5.22 – 5.16 (m, 3H), 5.16 – 5.08 (m, 2H), 4.95 (dd, J = 10.4, 3.5 Hz, 1H), 4.90 – 
4.80 (m, 1H), 4.56 – 4.35 (m, 7H), 4.32 – 4.18 (m, 2H), 4.16 – 4.01 (m, 6H), 3.91 – 3.82 (m, 
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2H), 3.51 (ddd, J = 9.9, 5.1, 2.1 Hz, 1H), 2.16 (s, 3H), 2.08 (s, 3H), 2.07 (s, 4H), 2.06 (s, 5H), 
2.05 (s, 4H), 2.00 (s, 3H), 1.97 (s, 3H). 
 
Synthesis of Fmoc-Serine lactoside free acid 

 
 Fmoc-L-Serine lactoside benzyl ester (1.00 equivalents, 0.87 mmol, 0.90 g) was dis-
solved in 17 mL of EtOAc. The solution was then degassed for 10 minutes followed by the addi-
tion of 10% Pd/C (13 mg). The solution was then degassed for an additional 10 minutes. Hydro-
gen gas was then introduced via a hydrogen-filled balloon. The reaction mixture was allowed to 
stir overnight. Once the reaction was complete as indicated by TLC the reaction mixture was fil-
tered through a celite pad. The solvent was then removed under reduced pressure to afford the 
crude product. The crude oil was dissolved in 1:1 H2O:ACN, frozen at -80 ºC, and lyophilized to 
give the pure product as a white solid (0.700 g, 85%). 1H NMR (400 MHz, CDCl3) δ 7.77 (dq, J 
= 7.6, 1.0 Hz, 2H), 7.61 (d, J = 7.4 Hz, 2H), 7.40 (tdt, J = 7.5, 1.2, 0.6 Hz, 2H), 7.35 – 7.29 (m, 
3H), 5.66 (d, J = 8.1 Hz, 1H), 5.35 (dd, J = 3.4, 1.2 Hz, 1H), 5.18 (t, J = 9.1 Hz, 1H), 5.12 (dd, J 
= 10.4, 7.8 Hz, 1H), 4.98 (dd, J = 10.4, 3.4 Hz, 1H), 4.88 (t, J = 8.5 Hz, 1H), 4.68 (d, J = 12.0 
Hz, 1H), 4.51 (dd, J = 10.6, 7.8 Hz, 3H), 4.42 (dd, J = 6.9, 3.7 Hz, 2H), 4.23 (q, J = 7.2 Hz, 2H), 
4.17 – 4.11 (m, 4H), 4.11 – 4.00 (m, 3H), 3.96 (dd, J = 10.0, 4.3 Hz, 1H), 3.90 – 3.78 (m, 2H), 
3.58 (d, J = 9.8 Hz, 1H), 2.16 (s, 3H), 2.15 (s, 3H), 2.06 (s, 3H), 2.05 (s, 8H), 2.05 (s, 2H), 2.02 
(s, 3H), 1.98 (s, 3H). 
 
 
Fmoc-Glycolic Acid Synthesis. 
 
Synthesis of CRA111 

 
Glycolic acid (1.25 equivalents, 13.15 mmol, 1.00 g) was added to a 100 mL round bot-

tomed flask and then dissolved in 13 mL of acetonitrile and cooled to 0 ºC. DBU (1.00 equiva-
lents, 10.52 mmol, 1.60 mL) was then added to the solution dropwise. The solution became 
clearer at this stage. BnBr (1.00 equivalents, 10.52 mmol, 1.25 mL) was then added to the solu-
tion dropwise while stirring.  The reaction mixture was then allowed to warm up to room tem-
perature and was stirred overnight for 16 hours. After the reaction was complete, the reaction 
mixture was poured over ice and transferred to a separatory funnel once the ice melted. The 
aqueous layer was extracted with ethyl acetate three times. The combined organic layers were 
washed with 1M HCl and brine and then dried using MgSO4. The solvent was then removed un-
der reduced pressure, affording a yellow oil as the crude product (1.95 g). The crude material 
was purified using silica gel flash chromatography (7:3 Hexanes:EtOAc) to give the pure product 
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as a yellow oil (1.66 g, 76%) 1H NMR (400 MHz, CDCl3) δ 7.41 – 7.32 (m, 5H), 5.24 (s, 2H), 
4.21 (d, J = 5.4 Hz, 2H), 2.51 (t, J = 5.5 Hz, 1H). 
 
Synthesis of CRA112 

 
CRA111 (1.00 equivalents, 9.99 mmol, 1.66 g) was dissolved in 16 mL of dry dichloro-

methane, and then cooled to 0 ºC followed by the addition of pyridine (9.84 equivalents, 98.30 
mmol, 7.92 mL) Then, a solution of Fmoc-Cl (1.02 equivalents, 10.19 mmol, 2.64 g) in 8 mL of 
dry dichloromethane was added dropwise to the CRA111 solution. The reaction mixture was al-
lowed to warm to room temperature and was stirred for 24 hours. The solvent was then removed 
under reduced pressure, and the resulting solid was re-dissolved in DCM. This solution was 
washed with 1 M sodium bisulfate twice, followed by two brine washes. The combined organic 
layers were dried using MgSO4 and the solvent was removed under reduced pressure. The crude 
off-white powder was then recrystallized (9:1 Hexanes:DCM) to afford the pure compound as a 
white solid (2.95 g, 76%).  1H NMR (400 MHz, CDCl3) δ 7.78 (dt, J = 7.6, 1.0 Hz, 2H), 7.63 (dq, 
J = 7.5, 0.9 Hz, 2H), 7.42 (tdd, J = 7.5, 1.2, 0.7 Hz, 2H), 7.37 – 7.29 (m, 7H), 5.24 (s, 2H), 4.74 
(s, 2H), 4.45 (dd, J = 7.5, 0.4 Hz, 2H), 4.29 (dd, J = 8.0, 6.9 Hz, 1H). 
 
Synthesis of CRA113 

 
CRA 112 (1.00 equivalents, 25.75 mmol, 10.00 g) was added to a round bottomed flask 

and dissolved in 645 ml of EtOAc. The solution was capped with a septum degassed via vacuum 
suction for about 10 minutes. Then, 361 mg of 10% Pd/C was added to the reaction mixture. The 
solution was then degassed for an addition 5 to 10 minutes. The reaction mixture was then 
charged with hydrogen gas via a hydrogen filled balloon. The reaction mixture was then stirred 
at room temperature overnight. The reaction mixture was then filtered through celite, and the 
solvent was removed under reduced pressure. The resulting oil was then dried under vacuum and 
then left open to the air overnight. The oil then solidified into a white solid. The crude solid was 
recrystallized using a DMC/Hexanes mixture to afford the pure compound as a white solid (2.5 
g, 55%). 1H NMR (400 MHz, CDCl3) δ 7.77 (dt, J = 7.6, 0.9 Hz, 2H), 7.63 (dq, J = 7.5, 0.9 Hz, 
2H), 7.41 (tdd, J = 7.5, 1.2, 0.6 Hz, 2H), 7.32 (td, J = 7.5, 1.2 Hz, 2H), 4.74 (s, 2H), 4.48 (d, J = 
7.5 Hz, 2H), 4.31 (t, J = 7.4 Hz, 1H). 

 
Omniligase-1 Acyl Donor and Acyl Acceptor Peptide Synthesis. 
 
General: Cam ester peptide fragments required for Omniligase-1-mediated peptide coupling 
studies were prepared in 12 mL fritted syringes on a 2-CTC (loading = 1.5 mmol/g) resin to af-
ford C-terminal carboxylic acids. All acyl acceptor peptide fragments were prepared on a Prel-
udeÒ automated peptide synthesizer using a Rink Amide-MBHA resin (loading = 0.86 mmol/g). 
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Synthesis was performed either in an automated fashion or semi-manually where reagents were 
loaded into the reaction vessels using a syringe. The resin was agitated (mixed) using a steady 
flow of argon. The washing steps with DMF and DCM were performed for 2 minutes each. 
 
Cam Ester Peptide (acyl donor) Resin Preparation (CRA900, CRA901, CRA901Ac): 0.25 
mmol of 2-CTC Resin (0.5 g, ds: 1.5 mmol/g) was placed in a 12 mL fritted syringe and swelled 
in DCM on a shaker plate for 1 hour. The DCM was expelled from the syringe, and then a solu-
tion of Fmoc Glycolic Acid (CRA113) (3 equivalents, 0.75 mmol, 0.223 g), 6-Cl-HOBt (3 
equivalents, 0.75 mmol, 0.127 g), HBTU (3 equivalents, 0.75 mmol, 0.284 g), and DIPTEA (6 
equivalents, 1.5 mmol, 0.261 mL), in 2.5 mL of DCM was loaded to the syringe. The solution 
was agitated on a shaker plate for 2 hours. Unreacted sites on the resin were then capped by di-
rect addition of MeOH (100 µL) to the resin. The resin was agitated for an additional 30 minutes. 
The reaction mixture was then expelled from the syringe and the resin was washed five times 
with DCM (5 mL, 2 min). 
 
General Fmoc Removal for cam ester peptides: Fmoc removal was achieved by treated the resin 
with 5 mL of a solution containing 20% piperidine in DMF for 12 min. The solution was ex-
pelled from the syringe and the resin was then washed with 5 mL of DMF for 2 min. Then, a 
second deprotection cycle was carried out for 8 min. The solution was expelled from the syringe 
and the resin was washed five times with DMF (5 mL, 2 min.). 
 
Fmoc-Leu-OH coupling to resin-bound glycolic acid: A solution containing Fmoc-Leu-OH (3 
equivalents, 0.75 mmol, 0.265 g), DIC (3 equivalents, 0.75 mmol, 0.117 mL), and DMAP (1 
equivalent, 0.25 mmol, 0.031 g) in 2.5 mL of DMF was added to the resin. The reaction mixture 
was shaken for 2 hours. Following expulsion of the reaction mixture from the syringe, the resin 
was washed 5 times with DMF (5 mL, 2 min.) and 5 times with DCM (5 mL, 2 min.). The resin 
was then capped with a mixture of Ac2O/DIPEA (10%/10%, v/v) in DCM and shaken for 30 
min. The mixture was expelled from the resin, washed five times with DCM (5 mL, 2 min.), and 
then washed five times with DMF (5 mL, 2 min.) in preparation for the remaining couplings. 
 
General coupling procedure (cam ester peptides) for remaining amino acids: The remaining 
couplings were carried out using solutions containing the desired Fmoc amino acid (3 equiva-
lents, 0.75 mmol), HCTU (3 equivalents, 0.75 mmol), and DIPEA (6 equivalents, 1.5 mmol) in 
2.5 mL of DMF. Reactions were carried out for 1 hour. Following expulsion of the reaction mix-
ture from the syringe, the resin was washed with five times with DMF (5 mL, 2 min.). 
 
Acyl Acceptor Peptide Synthesis (CRA1000 and CRA 1003): Asn10-Leu1 amino acid series was 
prepared using the automated SPPS feature on the PreludeÒ automated peptide synthesizer. The 
Fmoc group was removed as described above and a solution containing the desired Fmoc-amino 
acid (3 equivalents), HBTU (3 equivalents), and N-methylmorpholine (12 equivalents) was load-
ed to the resin. The reaction mixture was mixed for 30 minutes followed by a single DMF wash 
(10 mL). The coupling reaction was repeated a second time for 30 minutes, and the resin was 
then washed 6 times with DMF. Subsequent deprotection and coupling cycles were then per-
formed up to Asn10. 
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Manual Loading of final linker residues (GABA, Gly-Gly): A solution containing the desired 
Fmoc amino acid (3 equivalents, 0.75 mmol), 6-Cl-HOBt (3 equivalents, 0.75 mmol), and DIC 
(3 equivalents, 0.75 mmol) were dissolved in 2.5 mL of NMP was loaded to the resin. The reac-
tion mixture was mixed for 60 minutes. The mixture was diluted with DMF (10mL) and drained 
immediately. Then the resin was washed six times with DMF (10mL). 
 
 
Cleavage from the resin and global side chain deprotection: The dried resin was treated with an 
acidic cleavage cocktail containing TFA, DCM, H2O, triethylsilane, and anisole (90:10:2:3:0.5). 
The resin was mixed for 1 hour, and the solution was collected into a 15 mL centrifuge tube. The 
cleavage step was repeated two more times for 10-minute periods. The combined fractions were 
slowly evaporated over a stream of argon until the peptide began to crash out. Cold ether (~12 
mL) was then added to precipitate the peptide and the mixture was centrifuged for 10 minutes at 
5 G. The ether layer was decanted off and ether (~12 mL) was added to the crude peptide and 
centrifuged once more. This process was repeated for a third time. After decanting the ether lay-
er, the crude peptide was dried under vacuum overnight. 
 
HPLC purification and characterization of crude peptides: These crude samples were then pu-
rified on a Gilson system with a UV detector (at 280 nm) using a Vydak C18 preparative re-
versed-phase column (250 mm x 50 mm) using a gradient of 5-80% CH3CN vs 0.1% CF3COOH 
in H2O over 60 min to give the glycopeptides in pure form, assessed for purity by analytical 
HPLC (Inspire C18 5μm 250 mm x 4.6 mm column) on a Varian LC with a diode array detector 
system (at 280 nm) employing the same gradient over  a period of 15 min. The pure fractions 
obtained from preparative HPLC purification were frozen at -80 °C and then lyophilized to af-
ford the pure peptides as white and fluffy solids. The pure peptides were then characterized using 
mass spectrometry (ESI-MS). 
 
Acyl Acceptor Peptide Resin Preparation: 0.25 mmol of Rink Amide-MBHA resin (0.5 g, ds: 
0.5 mmol/g) resin was placed in a 45 mL reaction vessel and swelled in DMF for 1 hour. Fmoc 
removal was achieved by addition of a solution containing 2%DBU-3%piperidine in DMF (10 
mL) and mixing for 4 minutes. The mixture was then drained, and the resin was washed once 
with 10mL of DMF. Fmoc removal was then repeated for an additional 8 minutes followed by 
six DMF washes (10 mL, 2 minutes). 
 
Omniligase-1-Mediated Couplings. 
 
Omnligase-1-Mediated peptide ligation sample preparation: A stock solution containing 10mM 
acyl donor peptide and 15 mM acyl acceptor peptide (60 µL total solution, 45µL H2O and 15µL 
DMSO) was first prepared. 25 µL of this stock solution was then added to an Eppendorf tube 
(reaction vial) 75 µL of 1 M potassium phosphate buffer (pH = 8) containing 2.5 µL of TCEP. A 
separate quenching solution (48% H2O/48% ACN/4% Methane sulfonic acid v/v/v) was pre-
pared and distributed to four HPLC vials (475 µL each).  
 
Omniligase-1-Mediated peptide ligation reaction: 2 µL of Omnligase-1 stock solution (Om-
niligase-1 in 25 mM Tricine buffer, pH 7.5 (1.0 mg/mL)) was added to the reaction vial and 
mixed well. Aliquots (20 µL) from the reaction mixture were removed after 1, 15, 30, and 60 
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minutes and added to the HPLC vials containing the quenching solution. The reaction was moni-
tored by analytical HPLC (Inspire C18 5μm 250 mm x 4.6 mm column) on a Varian LC with a 
diode array detector system (at 280 nm) employing the same gradient as previously described 
over a period of 15 min. 
 
 
On-Resin Reductive Amination. 
 
Resin loading: 1 mmol of 2-CTC resin (1.5 g, ds: 1.5 mmol/g) was swelled in DCM for 1 hour, 
and then a mixture containing the desired Fmoc amino acid (0.7 equivalents, 1.6 mmol) and DI-
PEA (5 equivalents, 11.25 mmol) in 10mL of dry DCM was loaded to the resin. The resin was 
shaken for 3 hours. Then, the resin was capped by drawing 1 mL of MeOH and shaking for an 
additional 30 minutes. The reaction mixture was then expelled from the syringe, and the resin 
was washed seven times with DCM (10mL, 2 min.) and thoroughly dried under vacuum.  
 
General Fmoc deprotection and Fmoc amino acid coupling: Fmoc removal was achieved by 
treated the resin with 8 mL of a solution containing 20% piperidine in DMF for 12 min. The so-
lution was expelled from the syringe and the resin was then washed with 10 mL of DMF for 2 
min. Then, a second deprotection cycle was carried out for 8 min. The solution was expelled 
from the syringe and the resin was washed 5 times with DMF (5 mL, 2 min.). The remaining 
couplings were carried out using solutions containing the desired Fmoc amino acid (3 equiva-
lents, 6.75 mmol), HCTU (3 equivalents, 6.75 mmol), and DIPEA (6 equivalents, 13.50 mmol) 
in 10 mL of DMF. Reactions were carried out for 1 hour. Following expulsion of the reaction 
mixture from the syringe, the resin was washed with 5 times with DMF 10 mL, 2 min.). This ini-
tial big batch of resin was split into 10 smaller batches (~0.225 mmol each), which were then 
used for subsequent studies. 
 
On-resin N-methylation: The Fmoc group was first removed as previously described. The free 
amine was then o-NBS protected by treatment with a solution of 2-nitrobenzenesulfonyl chloride 
(4 equivalents, 0.9 mmol, 0.199 g) and trimethyl pyridine (TMP) (10 equivalents, 2.25 mmol, 
0.30 mL) in 6.3 mL of NMP. The resin was shaken for 15 minutes and then drained and washed 
once with NMP for 2 min. A second cycle of o-NBS protection was carried out for 10 minutes. 
The resin was then washed 5 times with NMP (5mL, 2 min.). Next, the on-resin N-methylation 
step was carried out. The resin was treated with a solution of DBU (3 equivalents, 0.674 mmol, 
0.11 mL) for 3 min. Then, a solution containing dimethylsulfate (10 equivalents, 2.25 mmol, 
0.21 mL) in 1.1 mL NMP was added directly to the resin, which was allowed to shake for an ad-
ditional 2 min. The resin was then drained, washed with NMP (5 mL, 2 min.), and subjected to 
one additional treatment with DBU and dimethylsulfate. The resin was then washed with NMP 5 
times (5mL, 2 min.). The o-NBS protecting group was then removed by treatment with a solution 
containing 2-mercaptoethanol (10 equivalents, 2.25 mmol, 0.158 mL) and DBU (5 equivalents, 
1.125 mmol, 0.168 mL) in 7 mL of NMP for 5 minutes. The resin was then washed once with 
NMP (5 mL, 2 min.) and a second treatment with the 2-mercaptoethanol/DBU solution was car-
ried out. The resin was then washed with 5 times with NMP (5 mL, 2 min.) and five times with 
DCM (5mL, 2 min.) and thoroughly dried under vacuum.  
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Reductive amination: The Fmoc group was first removed as previously described. The resin was 
then washed three times with trimethylorthoformate (TMOF) (5 mL, 2 min.) and treated with a 
solution containing 2,4 dimethoxybenzaldehyde (DMB) (5 equivalents, 1.125 mmol, 0.187 g) in 
1.9 mL of TMOF (~0.6 M solution). The reaction was allowed to proceed for 20 hours. The reac-
tion mixture was then expelled from the syringe and the resin was washed 5 times with TMOF (5 
mL, 2 min.) and five times with DMF:EtOH (3:1) solution. The resin was then treated with a so-
lution of borane pyridine complex (BAP) (8 equivalents, 1.8 mmol, 0.182 mL) in 3 mL of 3:1 
DMF:EtOH (~0.6 M solution) overnight. The mixture was then expelled from the syringe and 
the resin was washed five times with 3:1 DMF:EtOH (5 mL, 2 min.), 5 times with DCM (5 mL, 
2 min.), and the resin was then thoroughly dried under vacuum. 
 
Coupling of Fmoc-Asp(tBu)-OH to DMB protected secondary amine: The resin was treated 
with a solution containing Fmoc-Asp(tBu)-OH (3 equivalents, 0.675 mmol, 0.278 g), HATU (3 
equivalents, 0.675 mmol, 0.257 g) and TMP (3 equivalents, 0.675mmol, 0.089 mL) in 4 mL of 
NMP. The resin was shaken for 2 hours and then washed five times with DMF (5 mL, 2 min.), 
five times with DCM (5 mL, 2 min.), and then vigorously dried under vacuum. 
 
Cleavage from the resin: Resin cleavage was carried out using 1% TFA in DCM (5 mL) in 3 
cycles of 5 minutes. The resin was washed in between cleaving steps with small amounts of 
DCM. The resultant solution was evaporated to a minimum volume under a steady flow of ar-
gon, and the crude peptides were precipitated with cold diethyl ether. 
 
PACAP Glycopeptide General Peptide Synthesis Procedure. 
 
General: Peptide synthesis was performed on a PreludeÒ automated peptide synthesizer. Syn-
thesis was performed either in an automated fashion or semi-manually where reagents were 
loaded into the reaction vessels using a syringe. The resin was agitated (mixed) using a steady 
flow of argon. The washing steps with DMF and DCM were performed for 2 minutes each. 
 
Rink amide resin preparation: 0.5 mmol of Rink Amide-MBHA resin (1g, ds: 0.5 mmol/g) resin 
was placed in a 45mL reaction vessel and swelled in DMF for 1 hour. Fmoc removal was 
achieved by addition of a solution containing 2%DBU-3%piperidine in DMF (10mL) and mixing 
for 4 minutes. The mixture was then drained, and the resin was washed once with 10mL of DMF. 
Fmoc removal was then repeated for an additional 8 minutes followed by 6 DMF washes (10mL, 
2 minutes). 

 
Glycosyl amino acid loading: 0.65 mmol, (1.3 eq.) [N-(9-fluorenylmetoxycarbonyl)-L-serine-3-
yl] peracetyl-b-O-glycopyranoside and 0.65 mmol, (1.3 eq.) 6-Cl-HOBt were placed into a vial 
and dissolved in 8 mL NMP. 0.65 mmol (1.3 eq.) of DIC was then added into the solution. The 
mixture was vortexed for 1 minute and then added to the resin.  The reaction mixture was mixed 
overnight for 16 hours. The mixture was diluted with DMF (10 mL) and drained immediately. 
Then the resin was washed 6 times with DMF (10 mL) and then 4 times with DCM. The unre-
acted NH2 sites on the resin were then capped with a solution of 10% N,N-diisopropylethylamine 
and 10% Ac2O in 8 mL DCM. This reaction was allowed to proceed for 1 hour. The resin was 
then washed six times with DCM and then washed 4 times with DMF to prepare the resin for the 
next automated steps. 
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PreludeÒ automated synthesis:  The Leu27-Tyr10 amino acid series was prepared using the au-
tomated SPPS feature on the PreludeÒ automated peptide synthesizer. The Fmoc group was re-
moved as described above and a solution containing the desired Fmoc-amino acid (3 equiva-
lents), HBTU (3 equivalents), and N-methylmorpholine (12 equivalents) was loaded to the resin. 
The reaction mixture was mixed for 30 minutes followed by a single DMF wash (10 mL). The 
coupling reaction was repeated a second time for 30 minutes, and the resin was then washed six 
times with DMF. Subsequent deprotection and coupling cycles were then performed up to Tyro-
sine10. 

 
Manual loading of DS dipeptide: The Fmoc group was initially removed as described above. 
Then, 1 mmol of Fmoc-DS-OH or Fmoc-DG-OH (2 equiv.) and 1 mmol of 6-Cl-HOBt (2 equiv.) 
were added to a vial and dissolved in 8 mL of NMP.  1 mmol of DIC (2 equiv.) was then added 
to the solution. The mixture was vortexed for 1 minute and then added to the resin.  The reaction 
mixture was mixed for 40 minutes. The resin was then washed once with DMF (10 mL), and a 
second coupling was performed for 60 minutes. The mixture was diluted with DMF (10mL) and 
drained immediately. Then the resin was washed six times with DMF (10 mL).  

 
Automated addition of IFT: The Ile5-Thr7 amino acid series was prepared using the automated 
SPPS feature on the PreludeÒ automated peptide synthesizer. The Fmoc group was removed as 
described above and a solution containing the desired Fmoc-amino acid (3 equivalents), HATU 
(3 equivalents), and 2,4,6-trimethylpyridine (12 equivalents) in 10 mL of DMF was loaded to the 
resin. The reaction mixture was mixed for 30 minutes followed by a single DMF wash (10 mL). 
The coupling reaction was repeated a second time for 30 minutes, and the resin was then washed 
six times with DMF. Subsequent deprotection and coupling cycles were then performed up to 
Isoleucine5. 
 
Manual loading of amino acids: The Fmoc group was initially removed as described above. 
Then, 1.5 mmol amino acid (3 equiv.) and 1.5 mmol of 6-Cl-HOBt (3 equiv.) were added to a 
vial and dissolved in 8 mL of NMP.  1.5 mmol of DIC (3 equiv.) was then added to the solution. 
The mixture was vortexed for 1 minute and then added to the resin.  The reaction mixture was 
mixed for 40 minutes. The resin was then washed once with DMF (10 mL), and a second cou-
pling was performed for 60 minutes. The mixture was diluted with DMF (10 mL) and drained 
immediately. Then the resin was washed six times with DMF (10mL). After the final amino acid, 
the Fmoc group was initially removed as described above.  

 
Acetyl Cleavage: 120 mL of a 50% solution containing NH2NH2 x H2O in NMP (10 mL per re-
action vessel) was prepared and added to the resin. The solution was mixed overnight for 16 
hours. The solution was then drained, and a second 10 mL portion of 50% NH2NH2 x H2O was 
added to each reaction vessel. This solution was mixed for an additional 2 hours. The 50% 
NH2NH2 x H2O was then drained, and the resin was washed eight times with DMF (10 mL), 
eight times with DCM (10 mL), and dried under vacuum for 3 hours. 
  
Cleavage from the resin and global side chain deprotection: The dried resin was treated with an 
acidic cleavage cocktail containing TFA, DCM, H2O, triethylsilane, and anisole (90:10:2:3:0.5). 
The resin was mixed for 1 hour, and the solution was collected into a 45 mL centrifuge tube. The 
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cleavage step was repeated two more times for 10-minute periods. The combined fractions were 
slowly evaporated over a stream of argon until the peptide began to crash out. Cold ether (~40 
mL) was then added to precipitate the peptide and the mixture was centrifuged for 10 minutes at 
5 G. The ether layer was decanted off and ether (~40 mL) was added to the crude peptide and 
centrifuged once more. This process was repeated for a third time. After decanting the ether lay-
er, the crude peptide was dried under vacuum overnight. 
 
HPLC purification and characterization of crude peptides: These crude samples were then pu-
rified on a Gilson system with a UV detector (at 280 nm) using a Vydak C18 preparative re-
versed-phase column (250 mm x 50 mm) using a gradient of 5-80% CH3CN vs 0.1% CF3COOH 
in H2O over 60 min to give the glycopeptides in pure form, assessed for purity by analytical 
HPLC (Inspire C18 5μm 250 mm x 4.6 mm column) on a Varian LC with a diode array detector 
system (at 280 nm) employing the same gradient over  a period of 15 min. The pure fractions 
obtained from preparative HPLC purification were frozen at -80 °C and then lyophilized to af-
ford the pure peptides as white and fluffy solids. The pure peptides were then characterized using 
mass spectrometry (ESI-MS). 
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CHAPTER 5: ANALYSIS OF IN VITRO FUNCTIONAL ACTIVITY AND STABILITY 

OF PACAP GLYCOPEPTIDES AND IN VIVO STABILITY/BBB  

TRANSPORT OF SELECT PACAP GLYCOPEPTIDES 
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INTRODUCTION 

After the initial synthesis of our PACAP glycopeptides, they were assessed for their bio-

logical activity and stability in vitro. Functional activity experiments probed the propensity of 

our glycopeptides to stimulate the production of cAMP in Chinese hamster ovary (CHO) cells 

individually expressing the PAC1, VPAC1, or VPAC2 receptors. cAMP was chosen because 

PACAP was famously discovered based on its ability to increase intracellular cAMP concentra-

tions [114]. In vitro functional activity experiments were carried out by Gabriella Molnar and 

Parthasaradhi Tanguturi in Professor John Streicher’s laboratory (UArizona Department of 

Pharmacology). Simultaneously, the stability of select compounds was evaluated in both artifi-

cial cerebrospinal fluid (aCSF) and rat serum by Chenxi Liu of Professor Heien’s laboratory 

(UArizona Department of Chemistry and Biochemistry). Compounds exhibiting an ideal func-

tional activity profile and enhanced stability were then identified and selected for further study in 

vivo to quantify stability and BBB penetrance. In vitro stability, in vivo stability, and in vivo 

BBB transport experiments were performed by Chenxi Liu and Dr. Mitchell J. Bartlett of Profes-

sor Falk’s laboratory (UArizona Department of Pharmacology). In this chapter, a section cover-

ing background information on the cAMP assay will be presented, followed by discussion and 

analysis of the in vitro functional activity and stability data. The majority of the PACAP glyco-

peptide analogous were derived from PACAP1-27, but in vitro data of compounds derived from 

the shortened PACAP1-23 and antagonists PACAP6-27 will also be presented. A section devoted to 

the in vivo microdialysis technique developed by Professor Heien’s laboratory will then be pre-

sented. Last, in vivo BBB permeability and stability data of select lead glycopeptides will be pre-

sented and discussed. 
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IN VITRO FUNCTIONAL ACTIVITY 

Background on Assay. Ligands targeting GPCRs elicit their biological activity by binding to the 

transmembrane region of the GPCR, which induces a conformational change that initiates down-

stream signaling cascades (Figure 45). These signaling events are mediated through intracellular 

heterotrimeric G proteins that are coupled to the GPCR. These G proteins are comprised of three 

subunits, namely Ga, Gb, and Gl, on the intracellular side of the cell membrane. Canonically, 

ligand binding induces a conformational change that promotes dissociation of the Ga subunit, 

which  then interacts with effector enzymes that generate second messengers involved in a di-

verse array of downstream signaling events [290]. The resultant Gbl dimer also plays important 

regulatory roles in receptor trafficking, transcription, second messenger generation, and more 

[291,292]. One of the classical second messengers that is commonly measured in vitro functional 

activity of potential drug candidates targeting GPCRs is cAMP.  In our studies we chose to use 

cAMP generation to assess the potency and efficacy of our glycopeptides based on the fact that 

PACAP was originally identified based on its ability to induce significant production of cAMP 

[114]. Briefly, CHO cell lines individually expressing PAC1, VPAC1, or VPAC2 were incubated 

with varying concentrations of glycopeptide. Then, cells were worked up appropriately, and 3H 

cAMP and PKA were introduced to the supernatants to assess the amount of cAMP generated by 

each glycopeptide. 
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 Figure 45. General illustration of ligand-induced activation of intracellular signaling cascades mediated by GPCRs. 

 
Results and Discussion: PACAP1-27 Agonists. The glycopeptide analogues were evaluated for 

their in vitro functional activity by measuring our compounds’ ability to induce the production of 

cAMP in CHO cell lines individually expressing the PAC1, VPAC1, and VPAC2 receptors.  

Further, the PACAP glycopeptide analogues were explored via 4 different series of structures 

(Figure 46, Table 12). Structural modifications in the 1st series of PACAP glycopeptide ana-

logues include stabilizing Leu17 and D-Ser2 substitutions. More importantly, the main goal was 

to probe the effects on potency and efficacy upon introduction of amino acid glycosides contain-

ing different mono- and disaccharides at the C-terminus. Subsequently, we explored the effects 

of shifting the position of the carbohydrate-bearing amino acid at the C-terminus in the 2nd series 

of PACAP glycopeptide analogues. We implemented additional stabilizing substitutions includ-

ing Leu17®Nva17 (Norvaline) and Ser2®D-Ser2 or L-Thr2/D-Thr2, and a Thr7®Ala7 was inves-

tigated to obtain PAC1/VPAC1 selective agonists [207]. The last SAR consideration in the 2nd 

series of analogues involved reexamination of the disaccharide-containing analogues functional 

activity at the VPAC1 and VPAC2 receptors. Of note, two of the 2nd series of disaccharide-

containing glycopeptides contained deuterated amino acids (Vald8) to ease their identification 
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during in vivo microdialysis experiments. The D-Ser2 substitution was held constant in several 

analogues to examine effects on receptor selectivity. Modifications in the 3rd series of PACAP 

glycopeptides focused on the importance of the “hinge region” at positions 4 and 5 (Gly and Ile, 

respectively) in modulation of receptor selectivity.  In the 4th series of PACAP glycopeptides we 

further investigated the effects of “hinge region” substitutions, N-terminal acylation on stability 

and functional activity, and the importance of the identity of the carbohydrate residue present at 

the C-terminus. 

 
Figure 46. Drug design strategy for PACAP-derived glycopeptides, provided by Dr. Robin Polt. 
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Table 12. Summary of PACAP1-27 Inspired Glycopeptide Structures 

Compound Structure 
Generation 1 
2ls72-1 HSDGIFTDSY10SRYRKQMAVK20KYLAAVL-CONH2 
2ls72-2 HSDGIFTDSY10SRYRKQLAVK20KYLAAVL-CONH2 
2ls72-3 HsDGIFTDSY10SRYRKQLAVK20KYLAAVL-CONH2    
2ls80Gluc HSDGIFTDSY10SRYRKQLAVK20KYLAAVL-Ser(Glc)-CONH2 
2ls80Lact HSDGIFTDSY10SRYRKQLAVK20KYLAAVL-Ser(Lact)-CONH2 
2ls80Cel HSDGIFTDSY10SRYRKQLAVK20KYLAAVL-Ser(Cell)-CONH2 
Generation 2 
CRA3000 HsDGIFTDSY10SRYRKQ-Nva-AVK20KYLAAVL-Ser(Glc)-CONH2 
CRA3001 HsDGIFTDSY10SRYRKQ-Nva-AVK20KYLAAV-Ser(Glc)-CONH2 
CRA3002 HsDGIFTDSY10SRYRKQ-Nva-AVK20KYLAA-Ser(Glc)-L-CONH2 
CRA3003 HsDGIFADSY10SRYRKQ-Nva-AVK20KYLAAVL-Ser(Glc)-CONH2 
CRA3004 HsDGIFADSY10SRYRKQ-Nva-AVK20KYLAAV-Ser(Glc)-CONH2 
CRA3005 HsDGIFADSY10SRYRKQ-Nva-AVK20KYLAA-Ser(Glc)-L-CONH2 
2ls98Mel HSDGIFTDSY10SRYRKQLAVK20KYLAAVL-Ser(Mel)-CONH2 
2ls98Cell HSDGIFTDSY10SRYRKQLAVK20KYLAAVd8L-Ser(Cell)-CONH2 
2ls98Lact HSDGIFTDSY10SRYRKQLAVd8K20KYLAAVd8L-Ser(Lact)-CONH2 
2ls132 HSDGIFTDSY10SRYRKQLAVK20KYLAAVLŚ(Lac)-CONH2 
Ac-2ls132 Ac-HSDGIFTDSY10SRYRKQLAVK20KYLAAVLŚ(Lac)-CONH2 
2ls126/1 HTDGIFTDSY10SRYRKQLAVK20KYLAAVL-CONH2 
2ls126/2 HtDGIFTDSY10SRYRKQLAVK20KYLAAVL-CONH2 
2ls126/3 HTDGIFTDSY10SRYRKQLAVK20KYLAAVL-Ser(Glc)-CONH2 
2ls126/4 HtDGIFTDSY10SRYRKQLAVK20KYLAAVL-Ser(Glc)-CONH2 
2ls126/5 HTDGIFTDSY10SRYRKQLAVK20KYLAAVL-Ser(Lact)-CONH2 
2ls126/6 HtDGIFTDSY10SRYRKQLAVK20KYLAAVL-Ser(Lact)-CONH2 
Generation 3 
CRA3006 HsD-GABA-IFTDSY10SRYRKQ-Nva-AVK20KYLAAVL-Ser(Glc)-CONH2 
CRA3007 HsD-Sar-IFTDSY10SRYRKQ-Nva-AVK20KYLAAVL-Ser(Glc)-CONH2 
CRA3008 HsD-βAla-IFTDSY10SRYRKQ-Nva-AVK20KYLAAVL-Ser(Glc)-CONH2 
CRA3009 HsD-DAVA-IFTDSY10SRYRKQ-Nva-AVK20KYLAAVL-Ser(Glc)-CONH2 
CRA3010 HsDAIFTDSY10SRYRKQ-Nva-AVK20KYLAAVL-Ser(Glc)-CONH2 
CRA3011 HsD-Aib-IFTDSY SRYRKQ-Nva-AVK20KYLAAVL-Ser(Glc)-CONH2 
CRA3012 HsDGVFTDSY10SRYRKQ-Nva-AVK20KYLAAVL-Ser(Glc)-CONH2 
CRA3013 HsDGLFTDSY10SRYRKQ-Nva-AVK20KYLAAVL-Ser(Glc)-CONH2 
CRA3014 HsDGAFTDSY10SRYRKQ-Nva-AVK20KYLAAVL-Ser(Glc)-CONH2 
CRA3015 HsDG-Tle-FTDSY10SRYRKQ-Nva-AVK20KYLAAVL-Ser(Glc)-CONH2 
CRA3016 HsDG-Nva-FTDSY10SRYRKQ-Nva-AVK20KYLAAVL-Ser(Glc)-CONH2 
CRA3017 HsDG-Nle-FTDSY10SRYRKQ-Nva-AVK20KYLAAVL-Ser(Glc)-CONH2 
Generation 4 
Ac-CRA3000 Ac-HsDGIFTDSY10SRYRKQ-Nva-AVK20KYLAAVL-Ser(Glc)-CONH2 
CRA3000-Lac HsDGIFTDSY10SRYRKQ-Nva-AVK20KYLAAVLŚer(Lac)-CONH2 
Ac-CRA3000-Lac Ac-HsDGIFTDSY10SRYRKQ-Nva-AVK20KYLAAVLŚer(Lac)-CONH2 
CRA3018 HsD-Sar-Nle-FTDSY10SRYRKQ-Nva-AVK20KYLAAVL-Ser(Glc)-CONH2 
Ac-CRA3018 Ac-HsD-Sar-Nle-FTDSY10SRYRKQ-Nva-AVK20KYLAAVL-Ser(Glc)-CONH2 
CRA3019 HsDG-D-Nle-FTDSY10SRYRKQ-Nva-AVK20KYLAAVL-Ser(Glc)-CONH2 
Ac-CRA3019 Ac-HsDG-D-Nle-FTDSY10SRYRKQ-Nva-AVK20KYLAAVL-Ser(Glc)-CONH2 
CRA3020 HsDG-D-Nva-FTDSY10SRYRKQ-Nva-AVK20KYLAAVL-Ser(Glc)-CONH2 
Ac-CRA3020 Ac-HsDG-D-Nva-FTDSY10SRYRKQ-Nva-AVK20KYLAAVL-Ser(Glc)-CONH2 
CRA3021 HsDaIFTDSY10SRYRKQ-Nva-AVK20KYLAAVL-Ser(Glc)-CONH2 
Ac-CRA3021 Ac-HsDaIFTDSY10SRYRKQ-Nva-AVK20KYLAAVL-Ser(Glc)-CONH2 
2ls140 HSDGIFTDSY10SRYRKQLAVK20KYLAAVL-Ser(Glc)-Ser(Glc)-CONH2 
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Satisfyingly, initial investigations in our PACAP glycopeptide SAR probing the introduc-

tion of carbohydrate-containing amino acids at the C-terminus (2LS80Gluc, 2LS280Cel, 

2LS80Lact) did not lead to significant reductions in efficacy or potency (Table 13). Additional-

ly, the stabilizing Met17®Leu17 and Ser2®D-Ser2 did not lead to decreases in activity. These re-

sults demonstrate the steric bulk imparted by the carbohydrate does not disrupt interactions be-

tween the glycopeptide analogues and the receptor ECDs or active sites, which is consistent with 

observations from other SAR campaigns investigating glycosylation of opioid peptides [22].  

Furthermore, the D-Ser2 and Leu17 substitutions were also well-tolerated and only lead to mini-

mal reductions in potency and efficacy. Thus, Leu17 does not disrupt the a-helix required for re-

ceptor binding, and the D-Ser2 substitution preserves the N-terminal bioactive conformation nec-

essary for receptor activation. Moving forward, we chose to retain the D-Ser2 substitution in 

many glycopeptide analogues (particularly those belonging to the CRA series), and chose to ex-

amine replacing Met17 with Nva, which is a linear alkyl amino acid. 
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Table 13. In Vitro Functional Activity of 2nd Generation PACAP Glycopeptides 

 PAC1 VPAC1 VPAC2 Sequence 
Drug EC50 (nM) Emax 

(%) 
EC50 
(nM) 

Emax 
(%) 

EC50 
(nM) 

Emax 
(%)  

PACAP1-27 0.4, 0.13, 
0.34 100 14.8 ± 

1.6 100 0.35 ± 
0.16 100 HSDGIFTDSY10SRYRKQMAVK20KYLAAVL-

CONH2 

CRA3000 25.5 85 1.3 90 241 104 HsDGIFTDSY10SRYRKQÑAVK20KYLAAVL-
Ser(Glc)-CONH2 

CRA3001 54.5 86 4.8 90 654 107 HsDGIFTDSY10SRYRKQÑAVK20KYLAAV-
Ser(Glc)-CONH2 

CRA3002 >250 -79 5.9 93 >2500 -95 HsDGIFTDSY10SRYRKQÑAVK20KYLAAL-
Ser(Glc)-L-CONH2 

CRA3003 >250 -71 78.8 93 >2500 -42 HsDGIFADSY10SRYRKQÑAVK20KYLAAVL-
Ser(Glc)-CONH2 

CRA3004 NC NC 1366 85 NC NC HsDGIFADSY10SRYRKQÑAVK20KYLAAV-
Ser(Glc)-CONH2 

CRA3005 NC NC 1623 78 NC NC HsDGIFADSY10SRYRKQÑAVK20KYLAAV-
Ser(Glc)-L-CONH2 

2ls126-1 9.1 105 14.2 105 272 119 HTDGIFTDSY10SRYRKQLAVK20KYLAAVL-
CONH2 

2ls126-2 57.7 101 43.8 109 493 123 HtDGIFTDSY10SRYRKQLAVK20KYLAAVL-
CONH2 

2ls126-3 34.6 110 28.7 113 334 119 HTDGIFTDSY10SRYRKQLAVK20KYLAAVL-
Ser(Glc)-CONH2 

2ls126-4 178 87 49.8 96 499 84 HtDGIFTDSY10SRYRKQLAVK20KYLAAVL-
Ser(Glc)-CONH2 

2ls126-5 90.5 92 73.6 102 1209 97 HTDGIFTDSY10SRYRKQLAVK20KYLAAVL-
Ser(Lact)-CONH2 

2ls126-6 241 90 64.5 100 699 97 HtDGIFTDSY10SRYRKQLAVK20KYLAAVL-
Ser(Lact)-CONH2 

*NC=No Convergence 
 

The encouraging in vitro results from the 1st series of PACAP glycopeptides prompted us 

to determine the ideal position of the carbohydrate-containing amino acid in the C-terminus 

(CRA3000-CRA3005) (Table 13). We found that shifting the carbohydrate-bearing amino acid 

one or two positions over in the N-terminal direction led to slight and consistent decreases in po-

tency at each receptor. These decreases were more pronounced in the analogues containing the 

Ala7 substitution (CRA3003-CRA3005), which were devoid of activity. Interestingly, [D-Ser2, 

Nva17] PACAP glucosides (CRA3000-CRA3005) were selective for the VPAC1 receptor and 

exhibited partially reduced potency at PAC1 and significantly reduced potency at VPAC2. The 

disaccharide-containing compounds 2LS98Lac, 2LS98Cel, and 2LS98Mel were found to be 
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PAC1/VPAC1 selective agonists with reduced potency at VPAC2, but not to the same degree as 

CRA3000-CRA3005. Interestingly, the melibiose-containing analogue (2LS98Mel) had en-

hanced potency at the VPAC2 receptor compared to the compounds containing either lactose or 

cellobiose.   

In the next set of 2nd series PACAP glycopeptides we explored the effects of substituting 

L-Ser2 with L-Thr or D-Thr in combination with the introduction of a serine glucoside, serine 

lactoside, or Ser with no carbohydrate into the peptide C-terminus (Table 13). We observed mi-

nor reductions in potency upon substitution with L-Thr2 and slightly sharper decreases in the 

case of a D-Thr2 substitution. Further decreases in potency were observed upon the introduction 

of glucose and lactose moieties in the C-terminus. These reductions in potency resulting from 

Ser2®L/D-Thr2 substitutions may be attributed to unfavorable conformational changes that devi-

ate from PACAP’s ideal bioactive conformation. Interestingly, reductions in potency observed in 

D-Ser2-containing analogues are consistent with the series containing a D-Thr2 substitution, fur-

ther highlighting the importance of conformational preference about the N-terminal region. It is 

also plausible that the methyl group in the Thr sidechain may be participating in steric interac-

tions that disfavor receptor activation. 

In one unrelated case where position 2 and the C-terminus were not being investigated, 

we prepared AC-2LS132, an N-terminally acylated version of 2LS80Lact that was found to ex-

hibit equipotent activity at PAC1 and VPAC1 and enhanced selectivity at VPAC2 compared to 

the analogue lacking an N-acyl group. These results prompted us to investigate N-acylation in 

the 4th series of PACAP glycopeptides, which will be discussed in a later section. 
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Table 14. cAMP stimulation of 3rd generation PACAP-derived glycopeptide agonists 

 PAC1 VPAC1 VPAC2 Sequence 
Drug EC50 (nM) Emax 

(%) 
EC50 
(nM) 

Emax 
(%) 

EC50 
(nM) 

Emax 
(%)  

PACAP1-27 1.73 ± 0.56 100 4.49 ± 
0.64 100 73.7 ± 

13.5 100 HSDGIFTDSYSRYRKQMAVKKYLAAVL 

CRA3006 596 78 319 103 >2,500 -79.6 HsD-GABA-IFTDSY10SRYRKQÑAVK20 
KYLAAVL-Ser(Glc)-CONH2 

CRA 3007 30 88 165 111 706 70 HsD-Sar-IFTDSY10SRYRKQÑAVK20 
KYLAAVL-Ser(Glc)-CONH2 

CRA3008 159 76 202 108 737 65 HsD-βAla-IFTDSY10SRYRKQÑAVK20 
KYLAAVL-Ser(Glc)-CONH2 

CRA 3009 412 75 767 125 >2,500 55 HsD-DAVA-IFTDSY10SRYRKQÑAVK20 
KYLAAVL-Ser(Glc)-CONH2 

CRA3010 52.3 89 2.9 107 36.5 112 HsDAIFTDSY10SRYRKQÑAVK20KYLAAVL-
Ser(Glc)-CONH2 

CRA3011 784 68 34.2 91 223 99 HsD-Aib-IFTDSY10SRYRKQÑAVK20 
KYLAAVL-Ser(Glc)-CONH2 

CRA 3012 81.7 80 214 118 1332 107 HsDGVFTDSY10SRYRKQÑAVK20KYLAAVL-
Ser(Glc)-CONH2 

CRA3013 88.9 74 20.9 113 650 88 HsDGLFTDSY10SRYRKQÑAVK20KYLAAVL-
Ser(Glc)-CONH2 

CRA 3014 205 79 132 122 2655 122 HsDGAFTDSY10SRYRKQÑAVK20 
KYLAAVL-Ser(Glc)-CONH2 

CRA3015 448 72 120 104 866 92 HsDG-Tle-FTDSY10SRYRKQÑAVK20 
KYLAAVL-Ser(Glc)-CONH2 

CRA 3016 25.4 93 28.6 109 291 105 HsDG-Nva-FTDSY10SRYRKQÑAVK20 
KYLAAVL-Ser(Glc)-CONH2 

CRA3017 10.6 95 4.8 94 189 109 HsDG-Nle-FTDSY10SRYRKQÑAVK20 
KYLAAVL-Ser(Glc)-CONH2 

AC-2LS132 2.8 96 2.2 98 27.2 101 Ac-HSDGIFTDSY10SRYRKQLAVK 
KYLAAVL-Ser(Lac)-CONH2 

 

PACAP1–27 and VIP share high structural similarity (68%), especially at the N-terminus. 

However, positions 4 and 5 differ between the two peptides. Positions 4 and 5 are occupied by 

Gly-Ile, whereas in VIP they are occupied by Ala-Val. Gly is a known b-turn inducer, while Ala 

promotes a-helix formation. Ile and Val both contain branched alkyl side chains, but their steric 

profiles are subtly different. Thus, we were encouraged to explore substitutions in the “hinge re-

gion” and their effects on receptor selectivity (Table 14). To our delight, in vitro functional ac-

tivity data obtained from the 3rd series PACAP glycopeptides demonstrated that we can success-

fully fine-tune receptor selectivity with the appropriate substitutions in the hinge region. Substi-

tutions in the 4th position containing  b-turn-inducing motifs (GABA, Sar, b-Ala, DAVA) were 

relatively more selective for the PAC1 receptor, with CRA3006 (GABA4) being an exception. 
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However, the compounds containing linker-like amino acids exhibited reduced activity at all re-

ceptors. This likely suggests that the active pharmacophoric region of PACAP was shifted away 

from its ideal position in the receptor active site. CRA3007, which contains a Sar4 substitution, 

exhibited ~4-fold selectivity for PAC1 over VPAC1 and ~24-fold selectivity for PAC1 over 

VPAC2. This is an interesting result considering previously reported analogues containing a Sar4 

substitution were found to be antagonists [207]. Compounds containing the a-helix-promoting 

amino acid substitutions Ala4 (CRA3010) and Aib4 (CRA3011) were more selective for the 

VPAC1 receptor, with CRA3010 exhibiting ~18-fold selectivity for VPAC1 over PAC1 and 

CRA3011 exhibiting ~23-fold selectivity for VPAC1 over PAC1. This is in line with our hy-

pothesis that a-helix preferring amino acid substitutions in the 4th position would exhibit higher 

affinity at the VPAC1/VPAC2 receptors. It was also determined that subtle changes in steric 

bulk of amino acids in position 5 can also affect receptor selectivity. For example, CRA3012-

CRA3015 (Val5, Leu5, Ala5, Tle5) contain amino acids with bulky alkyl side chains, except for 

Ala which contains a simple methyl group. Reductions in potency and efficacy were observed at 

all receptors with no clear trends in receptor selectivity. However, CRA3013 (Leu5) is an exemp-

tion because it was relatively more potent and selective at VPAC1 compared to the other ana-

logues in the series. CRA3016 (Nva5) and CRA3017 (Nle5), which contain amino acids with lin-

ear alkyl side chains, exhibited the best functional activity profiles in this series. Overall, it was 

demonstrated that strategic substitutions favoring specific conformations or steric profiles in the 

hinge region can lead to predictable receptor selectivity. 
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Table 15. cAMP stimulation of 4th Generation of PACAP-derived Glycopeptide Agonists 

 PAC1 VPAC1 VPAC2 Sequence 
Drug EC50 

(nM) 
Emax 
(%) 

EC50 
(nM) 

Emax 
(%) 

EC50 
(nM) Emax (%)  

PACAP1-27 (Con-
trol) ± SEM (n=5) 

0.74 ± 
0.24 100 0.98 ± 

0.23 100 37.5 ± 
7.9 100 HSDGIFTDSYSRYRKQMAVKKYLAAVL 

CRA 3000-Lac 27.2 92 17.1 96 290 116 
HsDGIFTDSY10SRYRKQÑAVK 
KYLAAVL-Ser(Lac)-CONH2 
 

Ac-CRA3000 112 90 79.5 94 92.8 106 
Ac-HsDGIFTDSY10SRYRKQÑAVK 
KYLAAVL-Ser(Glc)-CONH2 
 

Ac-CRA 3000-
Lac 21.4 86 22.1 99 42.8 114 

Ac-HsDGIFTDSY10SRYRKQÑAVK 
KYLAAVL-Ser(Lac)-CONH2 
 

CRA3018 998 85 998 104 >2,500 112 HsD-Sar-Nle-FTDSY10SRYRKQÑAVK 
KYLAAVL-Ser(Glc)-CONH2 

Ac-CRA 3018 >2,500 (35) 415 36 >2,500 (31) 
Ac-HsD-Sar-Nle-
FTDSY10SRYRKQÑAVK20 KYLAAVL-
Ser(Glc)-CONH2 

CRA3019 847 65 649 72 >2,500 74 HsDG-D-Nle-FTDSY10SRYRKQÑAVK20 
KYLAAVL-Ser(Glc)-CONH2 

Ac-CRA 3019 1639 58 NC 18 >2,500 62 
Ac-HsDG-D-Nle-
FTDSY10SRYRKQÑAVK20KYLAAVL-
Ser(Glc)-CONH2 

CRA3020 >2,500 97 607 78 >10,000 Ambiguous HsDG-D-Nva-FTDSY10SRYRKQÑAVK20 
KYLAAVL-Ser(Glc)-CONH2 

Ac-CRA 3020 >2,500 61 244 36 >2,500 71 
Ac-HsDG-D-Nva-
FTDSY10SRYRKQÑAVK20KYLAAVL-
Ser(Glc)-CONH2 

CRA3021 32.3 90 37.7 103 517 74 HsDaIFTDSY10SRYRKQÑAVK20 
KYLAAVL-Ser(Glc)-CONH2 

Ac-CRA3021 110 96 105 111 151 93 Ac-HsDaIFTDSY10SRYRKQÑAVK20 
KYLAAVL-Ser(Glc)-CONH2 

2LS140 2.23 102 3.06 108 156 106 
HSDGIFTDSY10SRYRKQLAVK20 
KYLAAVL-Ser(Glc)-Ser(Glc)-
CONH2 
 

 

Design considerations for the 4th series of PACAP glycopeptides were based on shifts in 

selectivity induced by modifications in the hinge region (3rd series PACAP glycopeptides) and 

by N-acylation at the N-terminus (Ac-2LS132) (Figure 32). Analogues containing D amino ac-

ids substitutions in positions 4 or 5 were implemented, and an analogue containing both Sar4 and 

Nle5 substitutions was also prepared. A corresponding N-Acylated compound was prepared for 

each analogue in this series. Additionally, we reexamined the importance of the C-terminal car-

bohydrates with regards to receptor binding, activation, and selectivity. To this end, a lactose-
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containing analogue of CRA3000 was prepared, and an analogue of 2LS80Glc containing two 

serine glucoside residues was synthesized (2LS140). We observed consistent enhancements in 

selectivity for the VPAC2 receptor in the N-acylated versions of the 4th series glycopeptides, alt-

hough improved selectivity towards VPAC1 was seen in some cases (Table 15). It is unclear if 

this shift is caused by interactions between the N-terminal acyl group and amino acids in the 

VPAC1/VPAC2 receptor active sites or due to conformational affects. It was also revealed that 

replacement of Ile5 with D-Nva or D-Nle results in dramatic reductions in functional activity at 

all receptors, indicating that D-amino acids are not well-tolerated in this position. This is con-

sistent with previous reported SAR experiments wherein D-Ile5-containing analogues exhibited 

reduced activity, highlighting the importance of the side chain orientation of Ile5 in native PA-

CAP [207]. It is likely that this change in chirality disfavors the ideal bioactive conformation that 

native PACAP typically adopts. Additionally, hydrophobic interactions between Ile5, Phe6, and 

Thr7 have also been shown to be important for attaining a bioactive conformation and altering 

the orientation of Ile5 may disrupt these interactions [132,209]. A compound combining the Sar4 

(CRA3007) and Nle5 (CRA3017) substitutions from the 3rd series of PACAP glycopeptides was 

evaluated, and unfortunately, this combination resulted in significant reductions in potency and 

efficacy at PAC1, VPAC1, and VPAC2. It is likely that this combination led to an unfavorable 

conformation that disfavored interactions with the receptor active sites. Interestingly, the intro-

duction of a D-Ala4 substitution resulted in PAC1/VPAC1-selctive agonism and reduced selec-

tivity for VPAC2, albeit with overall reduced potency compared to the native peptide. Both the 

N-terminal free amine and N-acylated CRA3000 derivative containing C-terminal serine lacto-

side exhibited significantly improved functional activity compared to the serine glucoside-

containing compounds, further confirming that PACAP analogues with a disaccharide elicit en-
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hanced activity. 2LS140, which contains a di-serine glucoside motif, exhibited the best function-

al activity in the 4th series of compounds. Additionally, it displayed similar functional activity to 

that of 2LS80Lact, which indicates that two serine glucosides can be used as a disaccharide mim-

ic. This is advantageous because the Fmoc-Ser(Glc(OAc)4)-COOH building block is more 

straightforward to prepare in large quantities than the corresponding Fmoc-Ser(Lac(OAc)7)-

COOH building block (Chapter 4). More specifically, the Fmoc-Ser(Glc(OAc)4)-COOH can be 

prepared in a single step and purified by recrystallization, whereas the Fmoc-Ser(Lac(OAc)7)-

COOH is generally prepared in three steps and requires column chromatography purification. 

Thus, we are interested in using 2LS140 as a template for a future series of PACAP glycopep-

tides to confirm that a di-serine glucoside motif is an appropriate substitution for the serine-

lactoside moiety. 

Results and Discussion: PACAP6-27 Antagonists.  
 
Table 16. In Vitro Functional Activity of 2nd Generation PACAP Glycopeptides 

 PAC1 VPAC1 VPAC2 Sequence 
Drug EC50 (nM) Emax 

(%) 
EC50 
(nM) 

Emax 
(%) 

EC50 
(nM) 

Emax 
(%)  

CRA3003.1 NC NC NC NC NC NC sDGIFADSY10SRYRKQÑAVK20KYLAAVLG-
Ser(OH) 

CRA3003.2 NC NC NC NC NC NC DGIFADSY10SRYRKQÑAVK20KYLAAVLGK-
Ser(OH) 

CRA3003.3 NC NC NC NC NC NC GIFADSY10SRYRKQÑAVK20KYLAAVLGKR-
Ser(OH) 

CRA3003.4 NC NC NC NC NC NC sDGIFADSY10SRYRKQÑAVK20KYLAAVLG-
Ser(Glc) 

CRA3003.5 NC NC NC NC NC NC DGIFADSY10SRYRKQÑAVK20KYLAAVLGK-
Ser(Glc) 

CRA3003.6 NC NC NC NC NC NC GIFADSY10SRYRKQÑAVK20KYLAAVLGKR-
Ser(Glc) 

*NC=No Convergence 
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Figure 47. Dose-response curves detailing inhibition of PACAP1-27 functional activity by selected PACAP glycopep-
tide antagonists. 

 In addition to the library of PACAP glycopeptide agonists, we set out to synthesize a 

small series of PACAP glycopeptide antagonists based on recent studies demonstrating the abil-

ity of PACAP1-38 and PACAP1-27 ability to induce migraine [148,149,230]. We hypothesized that 

a potent PACAP-derived antagonist would have the ability to attenuate and possibly prevent mi-

graines to a greater capacity than native PACAP6-38. We chose to design our compounds after 

PACAP6-27, which still exhibits antagonist activity, albeit not as great as PACAP6-38 [201]. More 

specifically, we opted for a “frame-shift” approach wherein we simultaneously delete an amino 

acid residue at the N-terminus and introduce an additional amino acid at the C-terminus (Figure 

33). The additional C-terminal amino acids corresponded to the additional amino acids present in 

PACAP1-38 (Gly28, Lys29, Arg30). A serine or serine glucoside residue was then appended to the 

C-terminal end of the peptide following the additional C-terminal amino acid. Unfortunately, 

none of the PACAP glycopeptide antagonists exhibited antagonist activity at the PAC1 receptor 

(Table 16, Figure 47). Interestingly, PACAP6-38 also did not display the expected antagonist ac-

tivity. This may be attributed to the assay conditions, concentration of receptors present in the 

cell lines, or the fact that we utilized CHO cells in our experiments whereas human neuroblasto-

ma NB-OK-1 cells are more common for assessing the activity of PACAP-derived antagonists. 
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Results and Discussion: PACAP1-23 Inspired Glycopeptides. To our delight, our shortened PA-

CAP1-23-derived glycopeptide agonists retained similar activity to that of native PACAP1-27 and 

the related PACAP1-27-inspired glycopeptide analogues. The data is summarized in Table 17 

[234]. All the compounds in this series were PAC1/VPAC1 selective, with slightly enhanced po-

tency and selectivity for PAC1 over VPAC1. Activity at VPAC2 was drastically reduced upon 

introduction of a serine with no carbohydrate (CRA_DV_3022) or a glucose residue 

(CRA_DV_3023), but when a serine di-glucose motif was incorporated (CRA_DV_3024) activi-

ty was practically abolished at VPAC2. Similar decreases in VPAC2 activity were also observed 

when a serine-lactoside moiety was introduced into the C-terminus (CRA_TG_3025, 

CRA_TG_3026, CRA_TG_3027). It is notable that the presence of serine glycosides does not 

drastically alter activity at PAC1/VPAC1 but greatly impact activity at VPAC2. This suggests 

that the carbohydrate motifs do not interact favorably with the VPAC2 ECD. The N-terminal 

modifications presented in CRA_TG_3026 (Ala4) and CRA_TG_3027 (Sar4) elicited similar ef-

fects on functional activity as their corresponding PACAP1-27 glycopeptide agonist counterparts 

(CRA3010 and CRA3007). As expected, CRA_TG_3027 was PAC-1 selective, but the potency 

at each receptor dropped significantly. Thus, CRA_TG_3027 would not be a structural template 

that would be ideal to move forward with. However, it is interesting to note the CRA_TG_3026 

was still ~5-fold more selective for PAC1 over VPAC1 and ~46-fold more selective for PAC1 

over VPAC2, considering it was expected to be more VPAC1/VPAC2 selective. Furthermore, 

considering most compounds in this series exhibited greater selectivity for PAC1 compared to a 

number of previously prepared PACAP1-27 glycopeptides (which were relatively more VPAC1 

selective), it is possible the C-termini of the PACAP1-23-derived glycopeptide analogues exhibit 

specific inter-molecular interactions with the PAC1 ECD that the PACAP1-27-derived compounds 
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are not capable of forming. This would need to be investigated more thoroughly by conducting 

additional SAR experiments and computational studies. 

Table 17. In Vitro Functional Activity of PACAP1-23-inspired Glycopeptides 

 PAC1 VPAC1 VPAC2  
Drug EC50 (nM) Emax 

(%) 
EC50 
(nM) 

Emax 
(%) 

EC50 
(nM) 

Emax 
(%) Structure 

PACAP1-27 20, 9.0 100, 
100 30, 6.5 100, 

100 71, 29 100, 
100 

HSDGIFTDSY10SRYRKQMAVK20KYLA
AVL-CONH2 

CRA_DV_3022 2.2 198 5.2 42 571 111 HSDGIFTDSY10SRYRKQÑAVK20KYL-
Ser(OH)-CONH2 

CRA_DV_3023 0.64 181 37 104 567 110 HSDGIFTDSY10SRYRKQÑAVK20KYL-
Ser(Glc)-CONH2 

CRA_DV_3024 1.9 152 26 147 7369 128 HSDGIFTDSY10SRYRKQÑAVK20KYL-
Ser(Glc)-Ser(Glc)-CONH2 

CRA_TG_3025 1.8 174 21 118 1943 169 HSDGIFTDSY10SRYRKQÑAVK20KYL-
Ser(Lac)-CONH2 

CRA_TG_3026 7.0 181 38 124 321 139 HSDAIFTDSY10SRYRKQÑAVK20KYL-
Ser(Lac)-CONH2 

CRA_TG_3027 67 134 195 107 NC NC HSDGIFTDSY10SRYRKQÑAVK20KYL-
Ser(OH)-CONH2 
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IN VITRO STABILITY STUDIES 

Background. Simultaneous evaluation of a peptides’ PK properties in parallel with SAR studies 

is critical to develop compounds with optimized biological activity and stability. The most con-

venient way to initially evaluate a promising set of compounds is using in vitro models that mim-

ic the biological milieu in which the compound(s) will be predominantly localized in vivo. We 

chose to evaluate the stability of our PACAP glycopeptides in both rat serum and artificial cere-

brospinal fluid (aCSF) considering that these compounds are hypothesized to enter the brain fol-

lowing injection intravenous (i.v.) or intraperitoneal (i.p.) administration. Briefly, the glycopep-

tides (~1 µM aqueous solution) were added to aCSF or rat serum and mixed. Aliquots of the so-

lution were removed at specific time points up to 180 minutes and were quenched with a solution 

containing 10% acetic acid. Prior to LC-MS analysis, the samples were “cleaned” by ZipTip® 

protocol. This workflow is summarized in Figure 48. 

 

Figure 48. Workflow for evaluation of in vitro stability studies of PACAP glycopeptides. 

 
Results and Discussion. Initial investigations into the stability of select 2nd series PACAP glyco-

peptides were carried out in water and in aCSF. We first determined that the compounds did not 

degrade in water, and they exhibited half-life values in aCSF ranging between 10-15 minutes 

Dissolve 
Glycopeptides
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 160 

(Figure 49 A/B). Select 2LS-glycosides, namely the glucoside (2LS72-4) and lactoside 

(2LS80Lact), were examined for their stability in rat serum at 37 ºC. Incorporation of a glucose 

residue into the C-terminus of the non-glycosylated 2LS72-2 (t1/2  = 13.9 min), yielding the struc-

ture of 2LS72-4, was found to extend the half-life by approximately 15 minutes (t1/2 = 28.6) 

(Figure 51). Further increases beyond 1 hour were observed in the lactose-containing glycopep-

tide (2LS80Lact) (t1/2 > 60 minutes). Select compounds from the 3rd series of PACAP glycopep-

tides were also subjected to in vitro stability studies in rat plasma at physiological temperatures 

(Figure 50). Compounds containing the linker-like amino acids GABA and DAVA in the 4th po-

sition exhibited extended half-life values. This result was expected because they are structurally 

different from canonical a-amino acids. N-acylation at the N-terminus and the introduction of 

Sar into the 4th position did not result in significant increases in stability as expected, but interest-

ingly the replacement of Ile5 with an Ala residue led to a t1/2 of nearly 20 minutes. These data 

may suggest that the amino acid in the 5th position may play a role in eliciting stability against 

DPPIV-mediated cleavage [229,293].  Unfortunately, no clear trend could be discerned from this 

present set of data on the 3rd series of glycopeptides, and additional experiments will be neces-

sary to further elucidate the effects of hinge region substitutions on stability. 

A B 

  
Figure 49. Summary of in vitro stability of select 2nd series PACAP glycopeptides. A. Stability of analogues in 
water. B. Stability of analogues in artificial cerebrospinal fluid (aCSF). 
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Compound T1/2 
(min.) 

Substitution  

Ac-2LS132 10.28 NH-Acyl-His1 
CRA3006 17.33 GABA4 
CRA3007 10.03 Sar4 
CRA3009 17.07 DAVA4 
CRA3012 2.52 Val5 
CRA3013 13.72 Leu5 
CRA3014 19.11 Ala5 

Figure 50. In vitro serum stability of select 3rd series PACAP glycopeptides with modifications in either positions 4 
or 5. Ac-2LS132, a compound containing an N-terminal acyl group, was also examined for in vitro stability. 

 
 
 
Stability of 2LS72-2, 2LS72-4, and 2LS80Lact in rat serum at 37 ºC  

 

Compound In vitro t½ 
(min.) 

2LS72-2 13.9 
2LS72-4 
(O-Glc) 28.6 

2ls80Lact >60 
 

Figure 51. In vitro serum stability of 2LS72-2, 2LS72-4, and 2LS80Lact. Increasing degree of glycosylation 
(monosaccharide vs. disaccharide) results in significant increases in stability. 
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IN VIVO STABILITY AND BBB PENETRANCE 

Background. The BBB transport properties of our PACAP glycopeptides were assessed using In 

vivo Microdialysis coupled to LC-MS. Microdialysis is a widely used technique that has been 

implemented both in academic and clinical settings [294–296]. A probe containing a semiperme-

able membrane is inserted into the organ of interest, and solute exchange occurs between the 

membrane and the biological milieu. A perfusate is pumped through the probe and the dialysate 

is collected and analyzed by the analytical method of choice. Microdialysis coupled to MS has 

been demonstrated to be especially useful in measuring the concentrations of endogenous neuro-

peptides and exogenously administered non-glycosylated and glycosylated neuropeptides [297–

301]. Therefore, this method was selected to evaluate the BBB permeability of our PACAP gly-

copeptides. In brief, select compounds were administered to rats (i.v.) and dialysate fractions 

were collected every 10 minutes. Simultaneously, blood draws were taken prior to injection and 

at different time points after injection to assess the serum stability of our glycopeptides. One as-

pect of this study that makes it unique is the implementation of the “shotgun microdialysis” ap-

proach developed in Professor Heien’s laboratory at UArizona. In the shotgun approach a cock-

tail containing multiple compounds is injected, which reduces the total number of animals re-

quired for the study and accounts for injection site variability.  

Results and Discussion. Select compounds, namely 2LS72-2, 2LS72-4, 2LS98Lact, 2LS98Cel, 

2LS98Mel, and CRAR3000, were evaluated for their in vivo stability and BBB transport. The 

CNS concentrations of each glycopeptide were quantified using in vivo microdialysis coupled to 

LCMS following i.v. injection in rats (5 mg/kg). The serum concentrations of the PACAP glyco-

peptides were significantly greater compared to the non-glycosylated compound, indicating su-

perior stability in circulation (Figure 52 A/B). However, none of the compounds were detected 
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in the brain at 5 mg/kg or 10 mg/kg doses, which may be attributed to instrumental limitations as 

the glycopeptides may have been present below the limit of detection (Figure 52 C). Satisfying-

ly, 2LS80Lact was detected at a 15 mg/kg dose (i.v.) in the CSF in high nanomolar concentra-

tions, demonstrating that our PACAP glycopeptides successfully penetrate the BBB (Figure 52 

D). Furthermore, 2LS80Lact was present in much higher concentrations compared to the non-

glycosylated 2LS72-2, which suggests that the carbohydrate moiety enhances BBB permeability. 

Unlike previous glycopeptides investigated in our lab, native PACAP itself can penetrate the 

BBB to a limited extent. Specifically, PACAP1—38 passes through the BBB via the PTS-6 trans-

porter, while PACAP1–27 is hypothesized to penetrate via a non-saturable diffusion mechanism, 

albeit at a lower efficiency compared to PACAP1-38, since no such PACAP1–27-selective trans-

porter is known to exist [168]. Therefore, utilizing glycosylation to improve PACAP’s inherent 

BBB permeability and stability could ultimately lead to more potent neuroprotection and en-

hanced anti-inflammatory activity in the brain. 
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A B 

  
C D 

    
 
Figure 52. Summary of in vivo stability and BBB transport. A. Serum concentrations of select PACAP Glyco-
peptides following 5 mg/kg i.v. injection in rats. Glycopeptide concentrations were quantified by HPLC-MS. B. Se-
rum concentrations of select PACAP glycopeptides normalized to 2LS72-2. Glycosylated analogues exhibited en-
hanced stability, particularly those containing a disaccharide moiety or a D-Ser2 substitution in combination with a 
monosaccharide moiety. C. In vivo CSF concentrations of 2LS72-2 and 2LS80Lact following 10 mg/kg i.v. injec-
tion in rat D. In vivo CSF concentrations of 2LS72-2 and 2LS80Lact following 15 mg/kg i.v. injection in rat. 
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CONCLUSIONS AND FUTURE DIRECTIONS 

In summary we have produced a series of brain penetrant PACAP glycopeptide ana-

logues with improved PK/PD properties. In vitro characterization of the PACAP1-27-derived gly-

copeptides revealed key structural features required to maintain optimal receptor binding and 

functional activity and control receptor selectivity. The incorporation of monosaccharides and 

disaccharides into the C-terminus of PACAP did not lead to significant changes in binding or 

functional activity at the PAC1, VPAC1, or VPAC2 receptors. Analogues containing lactose or a 

di-glucoside motif exhibited improved functional activity compared to their mono-glucoside 

counterparts. The optimal position of the carbohydrate-bearing amino acid was determined to be 

directly at the C-terminal end as shifting the carbohydrate residue to the 27th, 26th, or 25th posi-

tions lead to decreases in functional activity at all receptors. Additional substitutions included 

modifications of the amino acids at positions 2, 4, 5, 7, 17 and N-terminal acylation. Replace-

ment of Met17 with either Leu or Nva did not negatively impact binding or receptor activation. 

Substitution of Ser2 with D-Ser only led to negligible reductions in functional activity. Ana-

logues with hinge region modifications at positions 4 and 5 demonstrated modulated receptor 

selectivity profiles, confirming our hypothesis that receptor selectivity can be successfully modu-

lated with the appropriate substitutions. Amino acids in position 4 favoring  b-turn or a-helical 

conformations exhibit enhanced selectivity for PAC1 or VPAC1, respectively. Introducing ami-

no acids with side chains of varying steric bulk (linear vs. branched) in position 5 only somewhat 

altered receptor selectivity. Interestingly, substitution of Ile5 with Nva or Nle, which contain lin-

ear alkyl side chains, demonstrated the best functional activity of the 5th position modified com-

pounds. Introduction of additional conformational constraints in the 4th position, including N-

methyl amino acids and D-amino acids, further demonstrate the role of the hinge region in recep-
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tor selectivity. Notably, CRA3022 (D-Ala4) showed equipotent activity at the PAC1/VPAC1 re-

ceptors, whereas the corresponding L-Ala4 analogue was much more selective for 

VPAC1/VPAC2. N-acylation of the N-terminus led to increased selectivity predominantly at 

VPAC2, but selectivity was also shifted towards VPAC1 in some cases. This is in line with pre-

vious investigations into N-terminally lipidated VIP analogues, suggesting the possible existence 

of a hydrophobic region within the VPAC1/VPAC2 receptors’ transmembrane regions, which is 

not present in PAC1, that can interact with lipophilic moieties [203].  

The PACAP1-23-inspired analogues exhibited comparable functional activity profiles to 

that of the PACAP1-27-derived analogues. Interestingly, the PACAP1-23 glycopeptide analogues 

were PAC1/VPAC1 selective but PAC1-preferring, whereas the majority of the PACAP1-27 gly-

copeptide analogues were PAC1/VPAC1 selective with preference for VPAC1. This result may 

indicate that selectivity can be fine-tuned either from the N-terminal hinge region or specific re-

gions within the C-terminus. Satisfyingly, VPAC2 activity was significantly reduced in the PA-

CAP1-23 glycopeptides, especially in the lactoside and di-glucoside compounds. The hinge-region 

modified PACAP1-23 glycopeptides CRA_TG_3026 and CRA_TG_3027 exhibited reduced func-

tional activity compared to the other compounds in this series, but still yielded interesting results. 

For example, CRA_TG_3026 was expected to be highly selective for the VPAC1/VPAC2 recep-

tors, but it still demonstrated relatively greater selectivity for PAC1 over VPAC1/VPAC2. How-

ever, CRA_TG_3026 still exhibited improved selectivity for VPAC2 compared to the other ana-

logues in this series. CRA_TG_3027 exhibited the expected selectivity profile (PAC1 selective), 

but the potency decreased significantly and did not perform as well as other analogues in this se-

ries. Therefore, moving forward it will be desirable to utilize CRA_DV_3023, CRA_DV_3024, 

and CRA_DV_3025 as templates for future PACAP glycopeptide drug discovery investigations. 
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Furthermore, it would be beneficial to conduct computational studies to investigate how the PA-

CAP1-23 glycopeptides interact with the ECDs of PAC1, VPAC1, and VPAC2 to rationalize their 

selectivity profiles. 

The brief investigations into PACAP glycopeptide antagonists were unfortunately unsuc-

cessful, yielding compounds with virtually no antagonist activity. This may be due in part to the 

fact that our antagonist design was based on frame-shifted version of PACAP1-27 and not PA-

CAP1-38. The classical antagonist used to investigate functional activity at PAC1 is PACAP6-38, 

and it has been previously shown that the extended C-terminal tail may be required to maintain 

antagonist activity. Additionally, the control peptide PACAP6-27 also did not exhibit any antago-

nist activity at all, which is not consistent with what has been previously reported, as PACAP6-27 

should, in principle, exhibit some degree of antagonist activity. These results could also be at-

tributed to differences in the cell lines used or receptor expression levels within the cell lines. In 

the future, it would be desirable to determine the minimum sequence required based on C-

terminal deletions of PACAP6-38 required to maintain adequate antagonist activity at PAC1.  

 Results obtained from stability studies both in vitro and in vivo indicate that our glyco-

sylated PACAP analogues are more robust than their non-glycosylated counterparts. The disac-

charide-containing glycopeptides exhibited superior stability compared to glycopeptides contain-

ing a single glucose residue, except in cases where a D-Ser2 substitution was introduced. Further 

experiments are required to determine the importance of the hinge region and N-terminal acyla-

tion on the stability of our PACAP glycopeptides. In vivo microdialysis-LCMS studies demon-

strated that our PACAP glycopeptides do penetrate the BBB more efficiently than non-

glycosylated PACAP. Taken together, we have demonstrated that glycosylation is a viable chem-
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ical method to improve the PK/PD properties of PACAP. In the next chapter, the in vivo efficacy 

of two PACAP glycopeptides, namely 2LS80Lact and 2LS80Mel will be discussed in detail. 
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MATERIALS AND METHODS 

In vitro Functional Activity. 
 
Cell Culture. CHO cells stably expressing cloned PAC1, VPAC1, and VPAC2 were produced 
by electroporation with human PAC1/VPAC1/VPAC2 N-3xHA tag cDNA constructs (Gene-
Copoeia). Cells were grown on 10cm dishes in DMEM/F-12 50/50 mix w/ L-glutamine & 15mM 
HEPES (Corning) containing 10% heat inactivated fetal bovine serum, 100 units/mL penicillin, 
100 μg/mL streptomycin, and 500 μg/mL G418 under 5% CO2 at 37°C. The cells were enriched 
into high expressing populations using flow cytometry, selecting the top ~2% of expressing cells. 
 
cAMP Accumulation Assay. At ~80% confluence, cells were plated into 96-well plates (20,000 
cells/well) and grown in the same medium and conditions as described above for 24 hrs. The 
cells were then serum starved for 4 hr. After a 20 min incubation at 37°C with 500 μM 3-
Isobutyl-1-methylxanthine (IBMX), serum free medium containing 500 μM IBMX and the ap-
propriate agonists were added and then incubated for 10min at 37°C. The reaction was terminat-
ed by removing the medium and adding 60μL of ice-cold assay buffer (50mM Tris-HCl pH 7.4, 
100mM NaCl, 5mM ethylenediaminetetraacetic acid [EDTA]). Plates were sealed with boiling 
mats and then boiled at 95°C for 10 min. Plates were then centrifuged at 4000 rpm, 4°C, for 10 
min to remove debris. 50μL of lysate was transferred to a 96-well plate. Lysate was incubated 
with ~1 pmol 3H-cAMP (PerkinElmer), and 7 μg protein kinase A (Sigma Aldrich) with 0.05% 
Bovine Serum Albumin (BSA). The assay was incubated at room temperature for 1 hr. The reac-
tions were then harvested onto GF/B filter plates (PerkinElmer) via rapid filtration by a 96-well 
plate Cell Harvester (Brandel) and washed 3 times with ice-cold water. Filter plates were dried, 
40μL of Microscint-PS scintillation cocktail was added to each well, and then counted in a Top-
Count or Microbeta2 (PerkinElmer) microplate scintillation counter. 
 
In Vitro Stability. 
 
In vitro stability in rat serum and aCSF of PACAP Glycopeptides. Compounds were added 
in rat serum or aCSF at concentration of ~1 μM. Initial sample was obtained immediately after 
mixing the solution. Aliquots were taken at different time points then added in quenching solu-
tion that contains 10% Acetic acid and internal standard. Quenched samples then were ZipTip® 
cleaned before being quantified by infusion mode of mass spectrometry, Thermo LTQ Orbitrap 
Velos. All concentrations at different time points were normalized to initial sample concentration 
which is considered 100% at time of 0 min. 
 
 
In Vivo Microdialysis-MS. 
 
In vivo stability and BBB transport determination by microdialysis coupled to Mass Spec-
trometry. In vivo stability was measured by taking blood sample before and after i.v. injection at 
1, 5, 10 and every 10 minutes, where time = 0 min corresponds to injection time. Serum samples 
were obtained by spinning down blood samples for 5 min, then diluted 100 times for analysis. 
BBB transport was measure by collecting dialysate from microdialysis at flow rate of 0.5 
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μL/min. Dialysate samples were collected during every 10 min before and after injection. Both 
serum and dialysate samples were stored on dry ice or -80 ℃. Samples were ZipTip® cleaned 
before being quantified by nano liquid chromatography-tandem mass spectrometry. Self-packed 
10 ~ 15 cm analytical column (ID 75 μm, 3 μm particle, Reprosil-Pur 120 C18-AQ) and Thermo 
LTQ Orbitrap Velos were used for analysis. 
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CHAPTER 6: IN VIVO EFFICACY OF SELECT PACAP GLYCOPEPTIDES IN ANI-

MAL MODELS OF TBI, STROKE AND PD 
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INTRODUCTION 

After rigorous in vitro characterization of the PK/PD properties and in vivo PK and BBB 

transport of our glycopeptides, we selected two compounds to study in animal models of TBI, 

stroke, and PD. More specifically, 2LS80Mel was selected for in vivo evaluation in a mouse 

model of TBI, and 2LS80Lact was evaluated in a stroke mouse model and a rodent PD model. 

TBI studies probing the sleeping behavior and inflammatory markers were carried out in the la-

boratory of Dr. Rachel K. Rowe using the midline fluid percussion mouse model of TBI (Barrow 

Neurological Institute, Phoenix, AZ). Stroke experiments were conducted in Dr. Helena Morri-

son’s laboratory utilizing the transient middle cerebral arterial occlusion mouse model (UArizo-

na College of Nursing) and PD investigations utilizing the progressive 6-OHDA hemi-

parkinsonian rat model were performed in Dr. Torsten Falk’s laboratory by Dr. Mitchell J. Bart-

lett and Kelsey Bernard (UArizona Department of Pharmacology). Overall, 2LS80Mel and 

2LS80Lact exhibited neuroprotective and anti-inflammatory activities in their respective prelim-

inary in vivo studies. These data will be discussed herein. 
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RESULTS AND DISCUSSION 

In Vivo TBI. 2LS80Mel was evaluated for its neuroprotective potential in vivo utilizing a mouse 

model of TBI. The specific model used is known as the midline fluid percussion model, which 

has been widely utilized across different species and is easily fine-tuned to mimic a broad range 

of injury severity [302–306]. In brief, the animal of choice is appended to a specialized device 

(Figure 53) that induces a head injury through a fluid pulse, which is initiated by an adjustable 

pendulum [302]. This model is highly reproducible and closely mimics a closed head injury due 

to the fact that the apparatus to which the animal’s head is fitted to is closed off to the injury-

inducing portion of the apparatus [302].  

 
Figure 53. Device used to induce TBI in our studies. Adapted from “Injury Models of the Central Nervous Sys-
tem” from Methods in Molecular Biology, DOI 10.1007/978-1-4939-3816-2_7, Copyright 2016 Springer Sci-
ence+Business Media New York. 

Mice were pretreated with either 2LS80Mel (10 mg/kg i.p.) or sterile saline 30 minutes prior to 

injury. The mice were then assessed for sleeping patterns (Figure 54 A-C), motor skill and be-



 174 

havioral deficits, (Figure 54 D-F), the presence of peripheral and central inflammatory markers, 

(Figure 54 G-L), and microglial morphology (Figure 54 M-O). The sleeping patterns of the 

mice were examined because it is often observed in the clinic that patients with TBI exhibit ex-

cessive daytime sleepiness [307]. Sleeping behavior was monitored using piezoelectric cages ca-

pable of monitoring and quantifying movement and breathing patterns of the mice. Satisfyingly, 

it was found that mice treated with 2LS80Mel slept less during the daytime than saline treated 

mice, indicating a protective effect. Motor skill and cognitive deficits induced by TBI were alle-

viated in the 2LS80Mel-treated group. 2LS80-Mel-treated mice were able to run on the rotarod 

for a longer period of time than saline-treated mice. The mice were subjected to novel object 

recognition experiments to assess cognition, and it was found that mice treated with 2LS80Mel 

exhibited improved neurological severity scores Analysis of inflammatory markers in the differ-

ent groups of mice further confirmed protective/anti-inflammatory activity of 2LS80Mel. Central 

inflammation did not differ significantly between the different groups of mice, but peripheral in-

flammatory markers were significantly different between each group. The 2LS80Mel treated an-

imals exhibited a decrease in monocyte populations in the periphery, which demonstrates the an-

ti-inflammatory activity of 2LS80Mel. Select inflammatory markers were quantified in the pe-

ripheral blood, but no significant difference between sham, saline-treated, and 2LS80Mel-treated 

animals was observed. Last, microglial morphology was evaluated because it is indicative of the 

induction of either a proinflammatory or anti-inflammatory response [308–313]. Overall, slight 

changes in microglial morphology were observed, such as slight increases in the total number of 

endpoints and increased microglial branch length, but these changes were not statistically signif-

icant. Furthermore, a small decrease in total microglia was observed in the 2LS80-Mel-treated 
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animals, but this decrease was not statistically significant. These results are encouraging, but ex-

periments should be repeated to confirm the anti-inflammatory effects of 2LS80Mel. 

 

 Figure 54. Protective and anti-inflammatory effects of 2LS80Mel in a mouse model of TBI. A-C. Summary 
of sleeping behavior of mice treated with vehicle or PACAP-Mel. D-F. Evaluation of behavior of 2LS80-Mel 
treated mice versus sham mice and saline-treated mice. G-O. Quantification of inflammatory markers and evalua-
tion of morphological changes in microglia. 
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In Vivo Stroke. Transient middle cerebral arterial occlusion (tMCAO) is a widely used and es-

tablished experimental stroke model applicable to mice and rats [314–316]. The middle cerebral 

artery is obstructed with a small silicone filament that restricts blood flow to the brain, which 

effectively mimics a stroke-like state. Blood flow is then restored after a define period of time. In 

our studies the mice were under stroke-like conditions for 1 hour, and 2LS80Lact was adminis-

tered at one of two doses (1 mg/kg i.p. and 10 mg/kg i.p.) immediately following reperfusion. 

The mice were then evaluated for the extent of brain damage due to stroke, specifically by quali-

tatively and quantitatively assessing the infarction size. The size of the infarction induced by 

tMCAO was evaluated using TTC (2,3,5-triphenyltetrazolium chloride), which is a commonly 

used chemical stain for visualizing infarctions [317,318]. In brief, TTC is a colorless compound 

that is reduced to the corresponding formazan by enzymes, specifically dehydrogenases, present 

in mitochondria, providing insight into mitochondrial activity and the overall health of a specific 

tissue [319,320]. TTC staining of our mice revealed that the infarct volumes in the 2LS80Lact-

treated mice were slightly reduced, but there was not a significant difference when compared to 

the saline-treated mice (Figure 55A). When the infarction volume was quantified using Image J, 

it was found that 2LS80Lact reduced the volume of the infarction 28% using the 10 mg/kg dose 

and 16% using the 1 mg/kg dose (Figure 55B). These preliminary results indicate that 

2LS80Lact is a promising lead candidate for the treatment of stroke and should be optimized to 

further enhance neuroprotective and anti-inflammatory activities in stroke. Of note, the 10 mg/kg 

dose induced respiratory depression in the mice, indicating that smaller doses will be required in 

future studies. Satisfyingly, respiratory depression was not observed in the mice administered 1 

mg/kg of 2LS80Lact. Due to the observed off-target effects, it would be beneficial to examine 

PACAP glycopeptides with higher receptor specificity than 2LS80Lact, which exhibits 
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PAC1/VPAC1 selectivity with slightly reduced affinity for VPAC2. For example, select PA-

CAP1-23-inspired glycopeptides or PACAP1-27 3rd series “hinge region” modified compounds rep-

resent ideal candidates for these future studies. 

A B 

 
 
 

 
Figure 55. Neuroprotection of 2LS80Mel in a mouse tMCAO model. Mice were either uninjured (sham) or sub-
jected to tMCAO conditions for 1 hour. Following reperfusion, mice were injected with 2LS80Lact (1 mg/kg i.p. or 
10 mg/kg i.p.) or vehicle. Overall, PACAP-Mel exhibited neuroprotection. A. Mouse brains stained with TTC show 
slight but insignificant differences in infarction volume between 2LS80Lact-treated mice compared to vehicle-
treated mice. B. The infarctions induced in 2LS80Lact-treated mice showed slight reductions in size but were not 
significant compared to vehicle-treated mice. 

 
In Vivo PD. The classical progressive 6-OHDA hemi-parkinsonian rat model was used to assess 

the neuroprotective potential of 2LS80Lact. Briefly, the rats are given unilateral lesions by 

treatment with 6-OHDA, a known neurotoxin that promotes Parkinsonism. Then, the rats are 

challenged with a dopamine receptor agonist (amphetamine in our case) and assessed for their 

turning behavior [321–323]. The observed rotational behavior is likely due to the denervation of 

dopaminergic neurons and subsequent hypersensitivity of the dopamine receptors in the lesioned 

area of the brain. Mild lesions were induced to simulate the early stages of PD, and amphetamine 

was used to induce contralateral rotations. Rats were treated with either vehicle or 2LS80Lact 
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(15 mg/kg i.p.) 6 hours prior to lesioning and 48 hours post-lesion. Then, rotational behavior was 

assessed 2 and 4 weeks after injection. Excitingly, the total number of contralateral rotations sig-

nificantly decreased in the 2LS80Lact-treated rats compared to vehicle-treated rats over the time 

course of the experiment (Figure 56 A/B). Following behavioral analysis, the number of tyrosine 

hydroxylase (TH)-positive neurons in both vehicle-treated and 2LS80Lact-treated animals was 

determined using immunohistochemical staining. TH activity has been implicated in the progres-

sion of PD as it is involved in various catecholamines in the brain, most notably dopamine [324]. 

Therefore, we sought out to quantify TH content in cells as a measure of neuroprotective effica-

cy. To our delight, an increase in TH-positive neurons was observed in the 2LS80Lact-treated 

group in comparison to the vehicle treated rats, indicating a neuroprotective effect and attenua-

tion of neuronal cell death (Figure 56 C, Figure 57). Both behavioral and biochemical data ob-

tained from these experiments indicate that 2LS80Lact successfully elicited neuroprotection. In-

vestigations probing the neuroprotective potential of 2LS80Lact in rats with more severe 6-

OHDA-induced lesions are currently ongoing in Professor Falk’s laboratory. 
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Figure 56. Neuroprotection of a PACAP glycopeptide in a rodent Parkinson’s disease model.  Systemic injec-
tion (i.p.) of 2LS80Lact (15 mg/kg) both 6 hours pre-lesion and 48 hours post-lesion reduces 6-hydroxydopamine-
induced lesion damage in the progressive 6-OHDA hemi-parkinsonian rat model. A. Amphetamine-induced rota-
tions at 2- and 4-weeks post-lesion are plotted (mean rotations ±SEM). B. The mean ±SEM cumulative ampheta-
mine-induced rotations are plotted showing that treatment with 2LS80Lact reduced the number of rotations indica-
tive of a protective effect. *p < 0.05; n =15 per group. C. Unbiased stereology of tyrosine hydroxylase (TH)-positive 
dopaminergic neurons in the substantia nigra (SN) reveal a subtle but significant 6-OHDA-induced loss of TH-
positive neurons on the lesioned side in the vehicle control group (V), but not the 2LS80Lact-treated group (P). *p < 
0.05; n =8 per group. 

 
Figure 57. Example photomicrographs after the immunohistochemical TH staining of nigral brain slices for both 
vehicle and treatment groups, with the lesioned side on the left, the green circle on the intact vehicle slide indicate 
the SN. 
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CONCLUSIONS AND FUTURE DIRECTIONS 

 In summary, two PACAP glycopeptide analogues were demonstrated to produce potent 

and efficacious neuroprotection and anti-inflammatory activity in vivo. More specifically, 

2LS80-Mel was shown to exert protective effects and attenuate behavioral deficits in a mouse 

model of TBI. 2LS80Lact was utilized in a tMCAO mouse model of ischemic stroke and the 

classical hemiparkinsonian rat model used to simulate parkinsonism. Excitingly, 2LS80Lact re-

duced the size of stroke-induced infarctions in mice, and 2LS80Lact could rescue damaged neu-

rons and ameliorated the rotational behavior of rats in the PD model. Most importantly, the pro-

tective and anti-inflammatory activities of our PACAP glycopeptides were consistent in 3 differ-

ent animal models of different neurodegenerative/neuroinflammatory disorders in 3 different la-

boratories. These exciting preliminary data are extremely encouraging and necessitate additional 

experiments to fully assess the protective effects of our PACAP glycopeptides in vivo. Addition-

ally, moving forward it will be important to investigate PACAP glycopeptides with differing re-

ceptor selectivity profiles to determine if potent neuroprotection requires roughly equal activa-

tion of the PAC1/VPAC1/VPAC2 receptors, or if one particular receptor makes greater contribu-

tions than the others. Furthermore, considering the protective activity of PACAP in models of 

AD, we should assess the activity of a lead PACAP glycopeptide in an animal model of AD 

[325–327]. 
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MATERIALS AND METHODS 

 
In Vivo TBI. 

In vivo traumatic brain injury studies in mice 

Rigor: Animal studies were conducted in accordance with the guidelines established by the NIH 
and the Institutional Animal Care and Use Committee (IACUC) at the University of Arizona. 
The Animal Research: Reporting In Vivo Experiments (ARRIVE) guidelines were followed 
[328]. Adult (~3-month-old) male and female C57BL/6 mice (Harlan Laboratories, Inc., Indian-
apolis, IN) were used for all TBI experiments (n=56). Mice were housed in a 14:10 light-dark 
period (lights on at 6:00AM; 200 lux cool, white fluorescent light) at a constant temperature 
(23°C ± 2) and given food and water ad libitum. All mice used in this study were singly housed 
as necessitated by the sleep cages. Following shipment, mice were acclimated to their environ-
ment for at least one week prior to any experiments. After surgery, mice were evaluated daily 
during post-operative care via physical examination and documentation of each animal’s condi-
tion. Animal care was approved by the Institutional Animal Care and Use Committee at the Uni-
versity of Arizona. Randomization of animals was achieved by assigning individuals to treatment 
groups prior to initiation of the study to ensure equal distribution among groups. A power analy-
sis was performed to identify group sizes that enable statistically robust detection of brain injury-
induced deficits while minimizing the number of animals needed; this was based on preliminary 
data and previously published work from our group [307,329]. Data collection was stopped at 
pre-determined final endpoints based on days post-injury (DPI) for each animal. All animal be-
havior was scored by investigators blinded to treatment groups. All histology, flow cytometry, 
and cytokine analyses were performed by investigators blinded to the treatment groups. All be-
havior testing was conducted in the same room to avoid potential confounding of novel locations 
on behavioral responses. 

2LS80Mel Administration: 30 minutes prior to TBI or sham injury, mice were randomly as-
signed to a therapeutic group and received an intraperitoneal injection of 2LS80Mel (10 mg/kg) 
or sterile saline (0.25 mL). Groups were as follows: TBI-2LS80Mel n=17; TBI-vehicle n=17; 
sham n=22 (vehicle n=11, 2LS80Mel n=11). 
Midline fluid percussion injury (mFPI): Mice (19-24g) were subjected to midline fluid percus-
sion injury (mFPI) consistent with methods previously described.[307,330–333] Mice were anes-
thetized using 5% isoflurane in 100% oxygen for five minutes and the head of the mouse was 
placed in a stereotaxic frame with continuously delivered isoflurane at 2.5% via nosecone. While 
anesthetized, body temperature was maintained using a Deltaphase® isothermal heating pad 
(Braintree Scientific Inc., Braintree, MA). A midline incision was made exposing bregma and 
lambda, and fascia was removed from the surface of the skull. A trephine (3 mm outer diameter) 
was used for the craniectomy, centered on the sagittal suture between bregma and lambda with-
out disruption of the dura. An injury cap prepared from the female portion of a Luer-Loc needle 
hub was fixed over the craniectomy using cyanoacrylate gel and methyl-methacrylate (Hygenic 
Corp., Akron, OH). The injury hub was closed using a Luer-Loc cap and mice were placed in a 
heated recovery cage and monitored until they were ambulatory before being returned to their 
respective sleep cages. 
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For injury induction 24 hours post-surgery, mice were re-anesthetized with 5% isoflurane 
delivered for three minutes. The cap was removed from the injury-hub assembly and the dura 
was visually inspected through the hub to ensure it was intact with no debris. The hub was then 
filled with normal saline and attached to an extension tube connected to the male end of the fluid 
percussion device (Custom Design and Fabrication, Virginia Commonwealth University, Rich-
mond, VA). An injury of moderate severity for our injury model (1.4 atm) was administered by 
releasing the pendulum onto the fluid-filled cylinder following the return of a toe-pinch response. 
Sham-injured mice underwent the same procedure except the pendulum was not released. Injured 
mice were monitored for presence of a forearm fencing response and righting reflex times were 
recorded as indicators of injury severity [334]. The righting reflex time is the total time from the 
initial impact until the mouse spontaneously rights itself from a supine position. The fencing re-
sponse is a tonic posturing characterized by extension and flexion of opposite arms that has been 
validated as an overt indicator of injury severity [334]. The injury hub was removed, and the 
brain was inspected for uniform herniation and integrity of the dura. The incision was cleaned 
with saline and closed using sutures. Moderately brain-injured mice had righting reflex recovery 
times greater than four minutes and a positive fencing response. Righting reflex times for TBI-
2LS80Mel mice were 477.13 seconds ± 83.13 seconds and the righting reflex times for TBI-
vehicle mice were 417.05 seconds ± 107.47 seconds. Mice subjected to a moderate mFPI re-
gained gross neurological function with no intervention and therefore, these injuries were most 
consistent with mild-moderate TBI, with a Glasgow coma score (GCS) of 9-13, in which patients 
are generally responsive, but likely disoriented [335]. Sham injured mice recovered a righting 
reflex immediately when removed from the injury device (within 20 seconds). After spontane-
ously righting, mice were placed in a heated recovery cage and monitored until they were ambu-
latory (approximately 5 to 15 minutes) before being returned to their piezoelectric sleep cage 
(see below). Adequate measures were taken to minimize pain or discomfort.  
Collection of sleep-wake parameters: Sleep and wake activity were measured using a non-
invasive piezoelectric sleep cage system (Signal Solutions, Lexington, KY, USA), which classi-
fied sleep behavior according to previously described methods [336–338]. This non-invasive 
method has been validated with electroencephalogram (EEG) and human observations and has 
demonstrated a classification accuracy (sleep vs wake) of >90% in mouse sleep research [339]. 
Each cage had an open bottom that allowed direct placement on a Polyvinylidine Difluoride sen-
sor on the cage floor, and the sensors were coupled to an input differential amplifier to generate 
pressure signals. Sleep was characterized by regular breathing movements associated with sleep 
(3 hertz, regular amplitude signals) [340]. Mice that were characterized as exhibiting wake be-
havior had the absence of this sleep signal and the presence of higher amplitude, irregular spik-
ing, associated with volitional movements. The piezoelectric signals were analyzed over tapered 
eight-second windows at a two-second interval, from which a decision statistic was computed 
and classified by a linear discriminate classifier as “sleep” or “wake”. Sleep bouts required a 
minimum of 4-second epochs. Data were also collected for cumulative minutes slept within each 
24-hour period and were also evaluated separately in the dark period when mice are typical 
awake. To assess sleep fragmentation, the frequencies of individual sleep bouts with different 
episode durations were analyzed.[337,341] Sleep bouts were assigned to one of eight bins of ex-
ponentially increasing durations (4-7, 8-15, 16-31, 32-63, 64-127, 128-255, 256-511, and >512 
seconds) and the frequency of the number of bouts in each bin was calculated. Sleep from 7 mice 
had a poor piezoelectric signal and was excluded from analyses. Groups sizes for sleep: TBI-
2LS80Mel n=14; TBI-vehicle n=17; sham n=18. 
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Rotarod: Sensorimotor function was assessed using the Rotor-Rod system (San Diego Instru-
ments) as we have previously published.[337] Mice were acclimated three days prior to sur-
gery/injury. The mice were placed on the stationary rod and allowed to explore for 30 seconds. 
Following exploration, the mice were placed on the rod at a constant speed of five revolutions 
per minute (rpm). If the mouse fell off the rod, it was placed back on the rod and the timer was 
restarted (until the mice could walk 15 seconds at five rpm). Next, mice were placed on the rod 
with an initial rotation speed of five rpm and an acceleration of 0.2 rpm/sec. The trial ended 
when the mouse fell off the rod; the acclimation period ended after two trials. Following accli-
mation, mice were trained over three consecutive days prior to surgery/injury and the last train-
ing session was recorded as baseline. Testing occurred at 2, 5, and 7 DPI. For the training and 
testing phase, mice were placed on the stationary rod and the motor was started at five rpm with 
an acceleration of 0.2 rpm/sec. Two trials were run back-to-back, and mice were returned to cag-
es thereafter. After 10 minutes, mice preformed a third trial. Time spent on the rotarod from the 
best two trials were averaged to generate a time score for each mouse.  

 
Neurological Severity Score (NSS): Neurological impairments were assessed at 2, 5, and 7 DPI 
using an 8-point NSS paradigm adapted from those previously used in experimental models of 
TBI and previously reported by our lab [329,337,342–345]. One point was given for failure on 
an individual task, whereas no points were given if a mouse completed a task successfully. Mice 
were observed for hind limb flexion, startle reflex, and seeking behavior (presence of these be-
haviors was considered successful task completion). Mice traversed in sequence, three, two, and 
one-centimeter beams. The beams were elevated, and mice were given one minute to travel 30 
centimeters along the beams. The task was scored as a success if the mouse traveled 30 centime-
ters with normal forelimb and hindlimb position (forelimb/hindlimb did not hang from the 
beam). Mice were also required to balance on a 0.5-centimeter beam and a 0.5-centimeter round 
rod for three seconds in a stationary position with front paws between hind paws. The resulting 
non-parametric data are presented as a composite score ranging from zero to eight, representing 
performance on all tasks combined. High final NSS scores indicate task failure and are interpret-
ed as neurological impairment.  
 

Novel object recognition: Cognitive impairment was tested at 14 DPI using the novel object 
recognition (NOR) test as previously published [332,336,346]. Mice were acclimated to clean 
individual plastic testing cages (30.5 cm W × 40.7 cm L × 20.3 cm H: Volume = 0.025 m3) for 
one hour. The test consisted of three phases: habituation, training, and testing. The same plastic 
cage was used for all three phases to prevent potential confounding of placing mice in a new 
cage for novel object testing. Two identical objects (plastic toys) were placed in opposing quad-
rants of the testing cage for the training phase. Mice were then placed in the center of the open 
field and given five minutes to explore the objects. Following training, mice were returned to 
their home cages. Testing began four hours after training. One familiar object was placed in an 
original location and one novel object was placed in the opposing quadrant of the open field. 
Mice were placed into the center and given five minutes to explore. For testing, the times spent 
actively investigating the novel and familiar object were quantified. Investigation of an object 
included the mice sniffing, touching, or climbing onto an object while facing the object. If an 
animal climbed onto an object and sniffed into the air, this time was not calculated into the ex-
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ploration of the novel object. Testing data are displayed as the percentage of total investigation 
time spent with each object and as a discrimination index (DI) in which DI =  . 

Flow cytometry analysis of blood: Whole blood (100 µL) was incubated with Fc block (1:500, 
BioLegend, San Diego, CA) for 10 minutes and then incubated with the following antibodies for 
15 minutes: CD45 (1:200, BioLegend, San Diego, CA), CD11b (1:200, BioLegend, San Diego, 
CA), Ly6C (1:100, BioLegend, San Diego, CA), Ly6G (1:200, BioLegend, San Diego, CA), 
CD115 (1:100, BioLegend, San Diego, CA), NK1.1 (1:100, BD BioSciences, San Jose, CA), 
B220 (1:200, BioLegend, San Diego, CA), and Siglec F (1:100, BD BioSciences, San Jose, CA). 
Samples were then lysed with 1X Red Blood Cell Lysis Buffer (BioLegend, San Diego, CA) and 
washed with FACS buffer. Cell populations were sorted with a BD FACSCanto™ II Cell Ana-
lyzer (BD Biosciences, San Jose, CA). Cells were gated on CD45+ where a total of 80,000 
events 80,000 events were collected. Cells were then gated on CD11b+ events. To specifically 
focus on monocyte populations, cells were gated on Ly6C and CD115, and CD3, B220, Siglec F, 
and NK1.1 were used to gate out T cells, B cells, eosinophils, and natural killer cells, respective-
ly. Populations of interest were defined as CD11b+Ly6Chigh monocytes and CD11b+Ly6G+ neu-
trophils. The total number of events of interest were taken as a ratio to CD11b+ cells to calculate 
percentage of cells of interest. Live and Dead cells were gated out using 7-AAD. There were 
handling errors with four blood samples and those mice were removed from analyses. 

Cytokine measurement: Approximately 75 µL of blood were centrifuged to collect approxi-
mately 40 µL of plasma from each animal at 2 and 14 days post-injury [338]. Multiplex cytokine 
assays (MILLIPLEX MAP Mouse Cytokine/Chemokine Magnetic Bead Panel, MilliporeSigma, 
Burlington, MA) quantified interleukin (IL)-1β, IL-6, and tumor necrosis factor (TNF)-α in pe-
ripheral blood. Manufacturer’s instructions were followed. Briefly, supplied standards and plas-
ma samples were incubated with antibodies coupled to magnetic beads for each analyte over-
night at 4°C with agitation. Next, standards and samples were incubated with Detection Antibod-
ies for 1 hour at room temperature with agitation and then Streptavidin-Phycoerythrin for 30 
minutes at room temperature with agitation. Fluorescent intensity was measured on a Bio-Plex® 
200 system (Bio-Rad Laboratories, Hercules, CA) and corresponded to the concentration of each 
analyte in plasma samples. Duplicate values were averaged and analyzed between groups. 
Grubb’s outlier test identified four statistical outliers from cytokine data that were removed. 

Tissue preparation: At 15 DPI we performed transcardial perfusions with phosphate buffered 
saline (PBS) and 4% paraformaldehyde, brains were harvested, and the hemispheres were sepa-
rated. Brains were incubated in successive concentrations of sucrose (15%, 30%). Using the 
Megabrain technique [347], 1 hemisphere per animal was frozen in groups of 5-9 in optimal cut-
ting temperature compound (OCT) and cryosectioned, in the coronal plane at 40 µm thickness, 
and mounted on slides before staining. 
 
Iba1 immunohistochemistry: Slides were baked for 3 hours at 56 °C prior to use. Brains were 
rehydrated in PBS and antigen retrieval was performed in sodium citrate buffer (pH6.0). Slides 
were washed and blocking solution was applied (4% Normal horse serum [NHS], 0.1% Triton-
100 in PBS). Following blocking, primary antibody solution (rabbit anti-Iba1; WAKO cat 
#019919741 at 1:1000 concentration in 1% NHS, 0.1% triton-100 in PBS) was allowed to bind 
overnight at 4 °C. Slides were washed and secondary antibody solution (biotinylated horse anti-
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rabbit IgG (H +L); vector BA-1100 at 1:250 concentration in 4% NHS and 0.4% triton-100 in 
PBS) was applied and allowed to bind for 60 minutes. Endogenous peroxidases were blocked 
with H2O2 and ABC solution (Vectastain ABC kit PK-6100). Then, after washing, DAB solution 
(from Vector DAB peroxidase substrate kit SK-4100) was applied for 10 minutes. Tissue was 
dehydrated and cleared in ethanol and Citrosolve, respectively. Coverslips were applied using 
DPX mounting medium. 
 
Imaging and analysis: A subset of mice was processed for immunohistochemistry: TBI-
2LS80Mel n=5; TBI-vehicle n=7; sham n=5. All immunohistochemistry was performed on 2-3 
brain slices from each animal, and 3 images per slice were analyzed to reduce variability (6-9 
images per animal). Images were taken in three regions of the cortex: the peri-injury site, prima-
ry somatosensory barrel field (S1BF), and the perirhinal cortex. Z-stack images of stained tissue 
were taken at 400x (40x objective lens, 10x ocular lens) using Zeiss Imager A2 microscope with 
AxioCam MRc5 digital camera with Neurolucida 360 software, with consistent brightness, nu-
merical aperture and Z-stack height. Iba1 staining was analyzed using the skeletal analysis plugin 
following the protocol previously published.[309,348] Cell somas were counted manually. Total 
microglial count, process length and endpoints were recorded and averaged per number of cells 
in each region of interest. 
 
Statistical analyses: For each analysis, shams receiving 2LS80Mel or shams receiving saline 
were statistically compared. No differences were detected between sham groups, so shams were 
combined into a single control group. Bout episode duration and differences in rotarod perfor-
mance were analyzed using a repeated measure two-way analysis of variance (ANOVA) fol-
lowed by Tukey’s multiple comparisons test. Cumulative sleep (min), novel object recognition, 
inflammatory cell populations, cytokines, and microglial cell count, endpoints per cell, and pro-
cess length per cell were analyzed using a one-way ANOVA followed by Tukey’s multiple com-
parisons test. Non-parametric NSS data were analyzed using a Friedman repeated measure 
ANOVA, followed by Dunn’s multiple comparisons test. For all data, the assumption that varia-
bles were normally distributed was verified. Resulting critical values are included in the Results. 
All normally distributed data were screened using the Grubb’s outlier test for statistical outliers, 
outliers are reported in the Results. All of the aforementioned analyses were conducted, and as-
sociated figures were constructed, using GraphPad Prism 9; results are shown as mean ± SEM, 
with statistical significance assigned at the 95% confidence level (α < 0.05). 
 
In Vivo Stroke. 
 
Experimental Procedures using Control Mice and Mice subjected to tMCAO: 
 
Mice (657BL/6, male, 16wk) were delivered and transient ischemic stroke using the filament 
method. Ischemia time was 60min, after which the filament was removed to initiate reperfusion. 
At reperfusion, mice were treated with either saline (r.o), 2LS80Lact 1mg/kg (i.p), and 
2LS80Lact 10mg/kg (i.p). After 24hr of recovery, brain tissue was harvested for TTC staining to 
illuminate the infarcted area (white) and the healthy area (red). The infarct size was quantified 
using Image J and is represented as a % of the contralateral hemisphere. 
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In Vivo PD. 
 

In vivo hemi-parkinsonian rat model 
  
Animal care and treatment: A total of 32 8-week-old male Sprague Dawley rats (225 grams at 
arrival) were purchased from Envigo RMC Inc. (Indianapolis IN).  Rats were housed in tempera-
ture and humidity controlled rooms and allowed access to food and water ad libitum. Rats were 
kept on a 12 light/dark cycle, and all behavioral experiments were performed during the day por-
tion of their light cycle.  All animal studies were approved by the IACUC at The University of 
Arizona, were performed in accordance with the NIH Guidelines for the Care and Use of Labora-
tory Animals, and the ARRIVE guidelines.  

Experimental design: Rats (n = 16 each group) were treated with 2ls98lac or saline (vehicle) 6 
hours prior to surgery, and 48 hours post-surgery via intraperitoneal (i.p.) injection (15 mg/kg).  
All animals were made hemi-parkinsonian with unilateral, striatal 6-hydroxydopamine (Sigma 
Aldrich, St. Louis, MO) injections.  After surgery, behavioral assessments were done at 2-, and 
4-weeks post-surgery.  24 hours after the last test animals were either euthanized and whole 
brains were harvested for future biochemical analysis (n = 8 each group), or perfused and brains 
collected for immunohistochemistry and stereological assessment of tyrosine hydroxylase-
positive (TH+) cells remaining in the SNc (n = 8 each group).  
 
Unilateral 6-hydroxydopamine (6-OHDA) stereotaxic surgery: Rats were made hemi-
parkinsonian through established protocols.[349]  Briefly, rats were anesthetized with isoflurane 
(1.5-2.0%; VetOne, Boise, ID) and fitted with a nose cone for continuous isoflurane administra-
tion. 6-OHDA was prepared in 0.9% sterile saline with 0.02% ascorbic acid; MilliporeSigma, 
Burlington, MA, USA) and was prepared fresh every 2 h.  Using a microinjector (Stoelting Quin-
tessential Stereotaxic Injector Model 53311, Stoelting Co., Wood Dale, IL, USA) connected to a 
syringe (10 μL; Hamilton Co., Reno, NV, USA) and needle (26 gauge; Hamilton Co.) 5 μg per 
coordinate of 6-OHDA was administered unilaterally at two coordinates (in mm) within the stria-
tum: AP 1.6, ML 2.4, DV -4.0, and AP 0.2, ML 3.5, DV -6.4.  Animals were given 12.5 mg/kg 
desipramine HCL in sterile 0.9% normal saline, with 10% dimethyl sulfoxide (DMSO; Sigma-
Aldrich, St. Louis, MO) prior to delivery of 6-OHDA to prevent noradrenergic neuron damage. 
 
Amphetamine-Induced Rotations: In order to pharmacologically assess the degree of DA deple-
tion in the lesioned side, animals were given amphetamine, an indirectly acting DA agonist and 
placed into a plexiglass cylinder (38cm tall  38 cm across) enclosed in an open field box.[350] 
Dextro-amphetamine in sterile 0.9% saline (Sigma-Aldrich) was injected i.p. at 5 mg/kg, and ro-
tations were recorded from above using Logitech HD web cameras connected to an Acer Aspire 
SWS-015 computer.  An observer blinded to the groups counted rotations in both the ipsilateral 
and contralateral rotations for the entire 70-min period.  Total number of rotations is reported.  
Combined number of rotations at 2- and 4-weeks testing are represented as cumulative rotations.  

Immunohistochemistry (IHC): 24 h after completion of the 4-week behavioral tasks, rats were 
transcardially perfused using sterile 0.9% normal saline, followed by 4% paraformaldehyde 
(PFA).  Whole brains were put in 4% PFA for 24 h, at which point they were moved to 30% su-
crose solutions.  40 µm sections were obtained via cryosectioning of whole brains on a cryostat 
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(Leica CM 1850).  A 0.3% H202 solution was used to block endogenous peroxidases, and antigen 
retrieval was performed on free floating sections using heated 0.1M citrate buffer, pH 6.0 and 
then were blocked using Bloxall (Vector Labs, Burlingame, CA).  Sections were then incubated 
with the primary antibodies simultaneously overnight at 4°C for 24 h (TH, AB152, 1:4000, Mil-
lipore-Sigma).  After washing in TBS tissue TH+ cell visualization was achieved by incubating 
for 30 min in Impress AP polymer detection kit, followed by chromogenic reaction with No-
vaRed Substrate kit (MP-5402, and SK-4800 Vector Labs, Burlingame, CA).  Tissue was 
mounted to subbed slides and cover slipped with Cytoseal60 mounting medium.   

Unbiased Stereology: Stereological probes were applied using a BX52 Olympus microscope 
(Olympus America Inc.) equipped with StereoInvestigator  (MBF Bioscience, Williston, VT) 
stereological software and a Microfire CCD camera (Optronics, Goleta, CA) using the optical 
fractionator method according to previously published methods.[351]  Cells were counted under 
the 60X oil immersion objective.  TH+ cells were counted in sections 480 μm apart using a grid 
size of 170 X 100 μm and counting frame size of 75 X 75μm.  The Gundersen method for calcu-
lating the coefficient of error was used to estimate the accuracy of the optical fractionator results. 
Coefficients obtained were less than 0.1. 
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CHAPTER 7: FUTURE DIRECTIONS AND OUTLOOK 
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 Peptide drugs have garnered much attention over the past several decades, and their 

growing popularity in the pharmaceutical industry is certain to increase the number of peptide 

drug approvals and initiation of peptide drug discovery programs. Their roles as endogenous 

hormones, neurotransmitters, secretagogues, cytokines, and general regulators of homeostasis 

implies their inherent abilities to potentially treat diseases. Additionally, peptides fall in a unique 

chemical space between small molecules and large biologics where they exhibit advantageous 

chemical, physical, and therapeutic properties exhibited by both by small molecules and biolog-

ics without suffering from their inherent disadvantages, although they do share some that can be 

easily addressed. Thus, peptides can be thought of as the “sweet spot” between small molecule-

based drugs and large biologics, both of which has their own distinct advantages and disad-

vantages (Figure 58). 

 
Figure 58. Peptides: a happy medium between small molecules and biologics. 

Many of the challenges associated with peptide drugs (poor PK/PD profiles, difficult synthe-

sis/industrial scale-up) have practically been met with developments and advancements in SPPS, 

chemical modifications (N-methylation, lipidation, PEGylation, non-natural amino acids, pep-

tidomimetics), and novel drug delivery approaches. However, a general strategy to improve the 

membrane permeability, especially towards the BBB, has been long sought after. Although often 
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✓Can penetrate biological membranes 
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✓Highly selective for target receptors
✓Can inhibit disease related protein-protein interactions
✓Minimal side effects/reduced off-target interactions
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overlooked, glycosylation represents an ideal chemical modification to improve the physiochem-

ical and pharmacokinetic properties of peptides without sacrificing water solubility and overall 

bioavailability. Most importantly, glycosylation has been demonstrated to impart BBB permea-

bility upon peptides of varying sizes and structures that are not membrane permeable in their 

non-glycosylated state. Such examples include opioid peptides, angiotensin1-7, neurotensins, 

GLP-1, Glucagon, VIP and others. Now, PACAP has been subjected to our laboratory’s glyco-

sylation protocol. Once more, glycosylation has been demonstrated to be an effective and general 

method to impart BBB permeability upon peptides. Furthermore, the enhanced stability of our 

PACAP glycopeptides has likely enhanced their protective effects in vivo. In the future, it would 

be ideal to further optimize the structures of our PACAP glycopeptide analogues to attain a per-

fect balance between PK, PD, and BBB transport in vivo (Figure 59). Considering the ideal in 

vitro functional activity of the PACAP1-23-inpsired glycopeptides, we will likely choose to use 

their structures as templates for future analogues. Additionally, it would be extremely beneficial 

to examine compounds with differing selectivity profiles (PAC1/VPAC1 selective vs. PAC1 se-

lective vs. VPAC1 selective) to assess the contribution from each receptor on the overall neuro-

protective and anti-inflammatory efficacy in our in vivo models of TBI, stroke, and PD. Further-

more, it would be interesting to examine our PACAP glycopeptides in other neurodegenerative 

disorders like AD, especially considering PACAP has historically been shown to exhibit neuro-

protection in both in vitro and in vivo models of AD. Lastly, it would be interesting to further 

probe the BBB penetration of our PACAP glycopeptides using amino acid fluorophores and 

electron microscopy. Our most recent successes with PACAP glycopeptides further reaffirm the 

bright future of glycopeptide-based drugs. As time passes, it is likely that several glycopeptides 
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will eventually be approved for clinical applications and be used to treat diseases that continue to 

plague humanity.  

 
Figure 59. Proposed future studies for PACAP-inspired glycopeptides. 

 
 

O
O

Future Goals for PACAP Glycopeptides

•Optimize and balance PK, PD, and BBB Transport
•Study compounds with different selectivity profiles in vivo
•Investigate mechanism of BBB penetration
•Study compounds in different in vivo models of additional 
neurodegenerative diseases
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MS DATA 

MS Summary 
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