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ABSTRACT 

 The incidence of neurodegenerative disorders like Parkinson’s disease (PD) and 

Alzheimer’s disease (AD) are increasing as the population ages. Slowing the rate of 

neurological decline can have a huge impact on health care costs and quality of life for 

both the patients and those caring for them. Pituitary adenylate cyclase activating peptide 

(PACAP) is a Secretin family peptide that activates the PAC1, VPAC1 and VPAC2 

receptors and is associated with neuroprotection and neuronal differentiation. PACAP 

administration protects neurons against toxic, hypoxic, traumatic or inflammatory insults. 

The receptors of the Secretin family are unique due to the large extracellular domain 

(ECD) necessary to bind the endogenous ligand prior to receptor activation. The Secretin 

family ligands are all peptides, this family of receptors being responsible for regulating 

and maintaining homeostasis within the organism. PACAP is a pleiotropic peptide acting 

both centrally and peripherally. Exogenously administered peptide is rapidly 

metabolized. For neuroprotective effects, PACAP must cross the blood brain barrier 

(BBB). Enhancing the transport across the BBB has been accomplished through peptide 

glycosylation. 

 Here we design and synthesize a series of glycosylated PACAP agonists and 

antagonists to evaluate them for receptor activity and ability to cross the BBB. A 

homology model was constructed of the full length PAC1R based on the transmembrane 

portion of both the mu opioid receptor and the corticotropin releasing factor-1 receptor 

combined with the NMR derived solution structure of the PAC1R ECD bound with the 

receptor antagonist, PACAP6-38. Using this model to guide us, the decision was made to 
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place the glycosylated residue at the C-terminus of the peptide. A series of PACAP based 

glycopeptide agonists and antagonists were prepared using solid phase peptide synthesis 

(SPPS). Synthesis of PACAP analogs is complicated by the inclusion of two sites of 

aspartimide formation, the D3-G4 and D8-S9 sequences. Initial SPPS trials resulted in 

very little desired peptide formation. Reagent adjustments and using an amino-group 

protection strategy improved peptide yield. Methionine sulfoxide formation occurs in 

PACAP analogs. Substitution of methionine with leucine avoids this oxidation issue. 

 An initial screen of PACAP and two glycosylated analogs using PC12 cells for 

PAC1R activation indicated that all three promoted neurite-like process outgrowths 

indicating PAC1R activation. The diluent treated cells did not exhibit this morphological 

change. Quantification of cells for assessing antiproliferative effects was not performed. 

More PC12 experiments should be performed to assess antiproliferative action and to 

screen additional glycosylated PACAP analogs for PAC1R activation. 

 One of the glycosylated PACAP analogs was detected in CSF after i.p. 

administration in a mouse. Microdialysis samples obtained in vivo were analyzed by a 

newly developed LC/MS2 technique and found to contain the administered glycosylated 

PACAP still intact, demonstrating that the glycopeptide crosses the BBB. Additional 

experiments using other glycosylated PACAP analogs are planned. 
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CHAPTER 1: 

INTRODUCTION 

1.1 Need for Neuroprotection 

As the population ages, neurodegenerative disorders are becoming more common, 

with the incidence of Parkinson’s disease (PD) second only to Alzheimer’s disease (AD) 

in prevalence. 1 Slowing the rate of neurological decline or prolonging the time to onset 

of clinical symptoms can have a huge impact on quality of life for both patients and 

family members, as well as decrease health care costs associated with caring for these 

individuals. 2  The clinical manifestations of PD are seen as motor function disturbances 

that include tremor, bradykinesia, rigidity and disturbances in gait3 that appear up to 20 

years after onset of the neurodegenerative process4 and after 50-70% of dopaminergic 

neurons have already been damaged.3,5 

At the cellular level there is a loss of dopaminergic neurons in the substantia 

nigra pars compacta (SNpc) along with accumulation of protein aggregates of α-

synuclein (Lewy bodies) inside the cells. Being able to identify patients early in the 

disease process, before motor symptoms develop, would provide a treatment window for 

slowing, perhaps reversing, the destruction of neurons responsible for the symptoms of 

PD. 4 Current treatment of the motor manifestations involves dopamine replacement 

therapy using the dopamine precursor L-dopa, dopamine receptor agonists (pramipexole, 

ropinirole), monoamine oxidase inhibitors (MAOIs; rasagiline, sleigiline), and catechol 

O-methyl transferase (COMT) inhibitors (entacapone, tolcapone), but none of these 
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therapies has demonstrated the ability to modify or slow the progression of the disease. 3 

 There are several etiologies responsible for the damage that leads to the neuronal 

cell death of PD. The causes of the damage include oxidative stress with free radical 

formation, inflammation, excitotoxicity mediated by glutamate receptors, disruption in 

mitochondrial complex 1 activity, and proteasome dysfunction leading to mishandling of 

protein breakdown. 3   Mounting evidence suggests that chronic traumatic encephalopathy 

(CTE) is linked to the repetitive concussive nature of contact sports, and also seen in 

military personnel who are exposed to bomb blasts. 6-8  CTE is associated with memory 

loss, inability to think clearly, behavioral disturbances/mood swings, and is often a 

neuropathy that mimics PD.6-8 

1.2  Endogenous Neuroprotective Peptides 

A number of naturally occurring endogenous compounds have been identified that 

show neuroprotective effects. 9-11 Neuropeptide agonists of the Secretin receptor family 

have demonstrated, at subnanomolar concentrations, neuroprotective actions following an 

ischemic event, 12 traumatic brain injury, 13 as well as the ability to slow or reverse the 

signs of PD in the animal model.14,15 

Pituitary adenylate cyclase activating peptide (PACAP) is a peptide of the 

Secretin family of G protein-coupled receptors (GPCRs) that has attracted a great deal of 

attention because if its role in neurodevelopment, neuroprotection and as a possible 

therapy to slow the decline in neurodegenerative diseases16-20 like Parkinson’s 

disease15,21-23, Alzheimer’s disease, 21,24-26 amyotrophic lateral sclerosis (ALS), 27,28 and 

Huntington’s disease, 29 as well as autoimmune disorders such as multiple sclerosis (MS). 
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30 PACAP has also been shown to reduce neurological damage secondary to stroke or 

trauma. 12,13,15,31-34 Before PACAP or its analogs can be considered candidates for 

therapy, certain pharmacokinetic and pharmacodynamics concerns must be addressed 

regarding in vivo stability of the exogenously administered peptide and distribution of the 

intact peptide to its site of intended action. 

The Secretin family of GPCRs has as its namesake the first endogenous 

compound identified as a hormone. In 1902 William M. Bayliss and Ernest H. Starling 

found that an acid extract of the canine jejunum, when infused into the vein, resulted in 

secretion of pancreatic juice, a finding that led to the newly isolated compound being 

called secretin. 35 This discovery contradicted Ivan Pavlov’s earlier studies that later 

earned Pavlov the 1904 Nobel Prize in Physiology or Medicine, which stated digestion 

was under the exclusive control of the nervous system. 36 In 1905 the term hormone was 

used to describe secretin, being a substance that was secreted into the blood and 

distributed throughout the body until it reached the tissue or site of action. Erik Jorpes 

and Viktor Mutt isolated and determined the sequence of secretin, a task that started in 

1952 and took a decade to complete. 36-39 At that time, it took one kilometer of duodenum 

to isolate and purify one milligram of secretin, but by the mid-1960s, Bodanszky and 

colleagues had successfully synthesized that first hormone. 40-44  
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In 1989, Atsuro Myiata et al. identified and named PACAP based on its isolation 

from ovine hypothalamic tissue and ability, in rat anterior pituitary cell cultures, to 

activate adenylate cyclase and increase cAMP concentrations. 45 The peptide sequence 

was revealed to be a 38 amino acid carboxy-terminal (CT) amidated peptide (PACAP38). 

The following year PACAP27, the 27 residue amino-terminal (NT) CT amidated 

fragment having the same activity, was isolated. 46 Both PACAP38 and PACAP27 bind to 

and activate the PAC1, VPAC1 and VPAC2 receptors of the Secretin family of GPCRs. 

The 38 amino acid peptide has higher affinity for the receptors, but both forms activate 

the receptors with equal potency. The closest homolog to PACAP is vasoactive intestinal 

peptide (VIP), a 28 amino acid peptide isolated from porcine duodenum. 21 This peptide 

has 68% identity with PACAP27 (Table 1) and activates the VPAC1 and VPAC2 

receptors equally to PACAP, but is several orders of magnitude less active than PACAP 

at the PAC1 receptor. For over 700 million years of evolution the Secretin family of 

GPCRs and the peptides that activate its receptors have been crucial to maintain life in 

species across the animal kingdom. 47 The importance of PACAP is demonstrated in the 

conservation of its sequence. The sequence is completely conserved among every 

mammal in which the peptide has been isolated and characterized. It even has very high 

identity among animals from very different clades, one of the tunicate forms having only 

one amino acid difference from mammalian PACAP27.21,47 

Every ligand for the Secretin superfamily of receptors is a peptide of 27 to 44 

amino acids in length. Each hormone initiates a signaling cascade through interaction 

with a receptor imbedded in a cell membrane. 9 Robert Schwyzer describes in detail the 

effect of membrane environments on the conformation and on the interactions of peptide 
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ligands with cell membranes and receptors. His membrane compartment theory states that 

the membrane environment of the receptor influences the secondary structure of the 

signal peptide to adopt the most advantageous conformation for interaction of the 

message with the specific receptor binding site, resulting in receptor activation. 48 The 

‘restriction of conformational space’ imposed upon the address portion of a peptide 

ligand by the cell membrane environment is responsible for the selectivity of the receptor 

subtype.48,49 

The so-called ‘side chain deployments’ in membrane bound peptides are 

configured similarly to the active, chemically constrained configurations of the ligands, 

indicating the role the membrane plays in ligand selectivity on receptor activation. 48 The 

membrane environment induces a stable secondary structure in a peptide normally 

unstructured in solution, such that the secondary structure correlates with bioactivity. 49 

Once associated with the membrane, the structural differences between peptides of the 

same GPCR family act to direct receptor selectivity and specificity. 50 Knowledge of 3D 

membrane-bound structure can help in rational drug design since the preferred 

conformation of the peptide when associated with a membrane correlates to bioactivity, 

especially with short peptides that lack structural conformation in the aqueous 

environment. 50 In accordance with the membrane compartment theory, once the peptide 

associates with the membrane a preferred peptide conformation results in which the 

residue side-groups orient to the aqueous extracellular environment, to the hydrophobic 

regions of the lipid bilayer, or to the interface between the two.49 
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1.3  Homeostasis through cell signaling 

Maintaining homeostasis within a living organism is a complex undertaking that 

requires continuous input and feedback among the cells of tissues in the various organ 

systems.  Communication is effected through receptors located on or in cells and, when 

activated, produce a response that can increase, decrease or block some action through a 

cell signaling cascade. 

Receptors responsible for cell signaling may be either intracellular or membrane 

bound. 51 DNA receptors are intracellular receptors that bind to lipophilic ligands, like 

steroid hormones. Membrane bound receptors include ion-channel receptors, enzyme 

receptors and GPCRs. Ion-channel receptors, like the nicotinic acetylcholine receptor, 

regulate the flux of ions across the cell membrane to maintain or establish a voltage 

gradient across the membrane. Enzyme receptors like receptor tyrosine kinase (RTK) 

receptors autophosphorylate tyrosine residues within their own protein structures. 51 The 

GPCRs interact with a wide variety of ligands, ranging from small molecules up to 

complex peptides, and are a prime focus for drug discovery, making up about 15% of the 

drug-target family genome52, with 30 to 40% of marketed drugs targeting the GPCRs.53 

1.4 G Protein Coupled Receptors   

GPCRs possess seven transmembrane helical domains with three extracellular and 

three intracellular loops (Figure 1). The amino-terminus is located outside the cell and 

confers specificity to the receptor. The N-terminal domain can, as in the case of Secretin 

family peptides, participate in ligand binding. The carboxy-terminus is located inside the 
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Figure 1.1:  GPCR ribbon structure based on the crystal structure of the rhodopsin 
receptor.  

The prototypical representation of a GPCR showing the 7 transmembrane helices, 3 
extracellular loops (top) and 3 intracellular loops (bottom). PDB 1F8854,55 rendered using 
MOE®.55 
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cell. The intracellular portion of the GPCR is associated with the heterotrimeric G protein 

for which this receptor type is named. Upon receptor activation, the G protein complex, 

consisting of α, β, and γ subunits undergoes a change. The Gα subunit, upon exchanging 

a GDP for a GTP, dissociates from the β-γ subunit. Both the Gα-GTP and β-γ subunits 

act as signal transducers within the cell. 51 The regulatory effects of the vast quantity of 

GPCRs in the living system make these receptors prime targets for drug development. 52  

Attempts to organize the receptors into logical categories result in several 

classification systems. One system is based on the number of conserved key residues 

within the receptor structure, classifying the receptors into family A, B or C. 56,57 Family 

A is the largest grouping, consisting of rhodopsin-like receptors which can be activated 

by a wide variety of ligands, from photons, ions and small organic molecules to peptides 

and proteins. Family B, the group containing the Secretin family receptors, is a small 

group of 20 receptors that are activated by peptide hormones and neuropeptides. One 

hallmark of this family is the large extracellular (EC) domain containing several cysteine 

residues that produce disulfide bridges. Family C receptors have very large EC domains 

and bind ligands like glutamate, γ-amino butyric acid (GABA), and calcium, to name 

only a few. Another GPCR classification system presented by Shiöth and Fredriksson, 

based on phylogenetic studies in humans, divides the receptors into five superfamilies 

(Figure 2) and uses the acronym GRAFS for Glutamate, Rhodopsin, Adhesion, 

Frizzled/tas2 and Secretin. 58  
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Figure 1.2:  GPCR phylogenetic tree based on GRAFS categories. 

Phylogenetic tree of glutamate, rhodopsin, adhesion, frizzled/taste2, and secretin receptors 
showing the Rhodopsin family GPCRs that have published receptor structures.53,59 (from 
http://gpcr.scripps.edu/index.html.) 
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Figure 1.3:  Secretin branch of the GRAFS phylogenetic tree. 

Detail of the branch of the phylogenetic tree representing the 15 Secretin Family receptors. 
Crystal structures are now available for the corticotropin releasing hormone 1, CRHR1 (also 
called CRF1R, PDB 4K5Y) 60 and the glucagon, GCGR (PDB 4L6R) 61 receptor transmembrane 
domains of Secretin family GPCR structures. (Adapted from 
http://gpcr.scripps.edu/index.html.)53,59 
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Several crystal structures for GPCRs of the Rhodopsin superfamily have been 

determined and are depicted in Figure 2. In 2013 structures of the isolated 

transmembrane portion of two Secretin family receptors, the agonist bound glucagon 

receptor (GCGR) 61 and the antagonist bound corticotropin releasing factor type I 

(CRF1R, or alternatively CRH1R), 60 were determined. Even though no crystal structure 

for any full-length receptor in the Secretin superfamily has been established (Figure 3), 

structural information for the N-terminal extracellular domain, from either NMR or 

crystal structures, is available for several of the receptors, including CRF2, GIP, GLP1, 

PTH and PAC1. 62-64 Additionally, a homology model of VPAC1 NT extracellular 

domain (ECD) has been constructed based on the structure of the CRF ectodomain.65 

1.5  PACAP 

Many receptors and ligands responsible for homeostasis belong to the Secretin 

family of GPCRs, 66 specifically the PAC1 receptor, but also the VPAC1 and VPAC2 

receptors, all of which are activated by PACAP38, PACAP27 and synthetic analogs. 18,67-

70 These three receptors are distributed throughout the body in peripheral organs as well 

as in the central nervous system (CNS). PACAP has effects on hormone release from the 

hypothalamus, pituitary, gonads, endocrine pancreas and adrenal glands, 71,72 in addition 

to having autocrine and paracrine activity (Table 2). 73-76 PACAP modulates the 

biological clock and circadian rhythm by mediating photic regulation through the 

retinohyphothalamic tract, inducing a sleep/wake cycle shift, either delaying or advancing 

it depending on the timing of PACAP administration and the dose used. 73 These peptides 

act on receptors of the cardiovascular system affecting heart rate, cardiac 
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 Action Example 

endocrine Substances released into the circulation travel to a distant point and 
activate target cells or receptors. Nonspecific/global. insulin, glucagon 

paracrine Substance is released and detected locally with limited diffusion. The 
signal is rapidly inactivated or taken up by adjacent cells. Local. 

neurotransmitters, 
neurohormones 

autocrine Signal molecule acts on the cell/cell type from which it is released. 
Local. 

tumor cell-
growth/proliferation 

   
Table 1.2:  Different modes of action of endogenously released compounds based on the site 
of release compared to the site of action. 
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contractility and speed of electrical conduction through the cardiac conduction pathways. 

71,77-81 They also have β-2 adrenergic-like activity on the lungs resulting in 

bronchodilation and relaxation of tracheal smooth muscle, 82,83 and on the vasculature, 

producing vasodilation. 71,80,81 In the gastrointestinal (GI) tract PACAP increases saliva 

and gastric acid secretion, and in the exocrine pancreas causes the release of amylase and 

lipase. 71 In the CNS, activation of PAC1, VPAC1 and VPAC2 receptors is associated 

with neuroprotection and neuronal differentiation, holding promise for the treatment and 

mitigation of central neurodegenerative disorders like PD and Alzheimer's 9,11,14,25, and 

peripheral neurodegenerative disorders like multiple sclerosis84 and ALS. 28 In the case of 

ALS, timing the intervention with these Secretin family peptides appears to affect the 

usefulness as a therapeutic agent. 28 Furthermore, activation of the PAC1 receptor has 

demonstrated improved outcomes in the mouse stroke model10,12,85 and the traumatic 

brain injury model in the rat.31 

1.6  Ligand-receptor Binding 

 The Rhodopsin superfamily of receptors is the largest group of transmembrane 

receptors. Characteristics common to this group include the D(E)RY amino acid motif 

found where the transmembrane (TM) helix 3 meets the 2nd intracellular loop (IL). 86 The 

size of the NT extracellular portion of the receptor is small when compared with the NT 

extracellular portions of other receptor types, leading to the observation that, with some 

exceptions, the NT does not play a major role in ligand binding. 86 In Rhodopsin family 

receptors, the receptor binding site is located in a pocket within the heptahelical TM 

portion of the receptor (Figure 1.4). 
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Figure 1.4: Ribbon structure of the mu opioid receptor55 
  
The Rhodopsin family mu opioid receptor (MOR) shows a ligand bound in the receptor 
pocket within the transmembrane helices. The relatively conserved DRY sequence 
(aspartate 164, arginine 165 and tyrosine 166) is seen where the 3rd TM helix meets the 2nd 
IL. PDB 4DKL.89 
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Opioid receptors are part of the Rhodopsin superfamily and can be used as a 

model for this group of receptors. Three well-studied opioid receptors have been isolated 

and cloned. These are the µ-, δ- and κ-opioid receptors, MOR87, DOR, and KOR, 

respectively, 88 and antagonist bound crystal structures for each receptor have recently 

been published. 89-91 Opioid receptors are located throughout the CNS as well as 

peripheral nerves that innervate smooth muscle such as in the Guinea pig ileum and 

mouse vas deferens. 92 Endogenous morphine-like substances, or endorphins, are 

neuropeptides produced by the brain and released in response to a number of stimuli 

resulting in analgesia, a sense of well-being, as well as other effects. These peptides 

include β-endorphin and met-enkephalin, primarily activating MOR with some DOR 

activity, leu-enkephalin primarily activating DOR with some MOR activity, and 

dynorphins primarily activating KOR receptors. 93  

This group of neuropeptides has the common NT message sequence of YGGF; 

this is the part that binds in the receptor pocket and activates the receptor. 93 The address 

portion of the peptide follows the message sequence and is responsible for receptor 

selection and specificity. In the case of the short enkephalin peptides, methionine and 

leucine comprise what would be considered the address for the met- and leu-enkephalins 

being directed primarily to the MOR and DOR, respectively. 93 With the larger β-

endorphins, the address can be more than 20 amino acids in length, activating both the 

MOR and DOR, though activating the MOR to a greater extent. 94 Small organic 

molecules that are derived from natural sources, like morphine from the latex extracted 

from the opium poppy Papaver somniferum, or completely synthetic molecules like 

meperidine, can also activate these opioid receptors. Unfortunately, side effects and 
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adverse reactions like sedation, somnolence, constipation and respiratory depression are 

common and can be life threatening. 

Activation of the Rhodopsin type of receptor usually occurs when the ligand 

inserts into the binding pocket of the receptor. When endorphins are injected into the 

bloodstream or released into the CNS the peptide may be degraded by soluble or 

membrane bound peptidase. Peptide that survives enzymatic degradation travels through 

the extracellular fluid in a 3-dimensional manner until coming into contact with a 

membrane where the peptide may associate with, and dissociate from, the membrane. 93 

When membrane associated, the peptide can diffuse along its surface until a receptor is 

encountered. The message portion of the peptide enters the binding pocket and activates 

the receptor. For longer peptides the secondary structure of the address portion influences 

in which compartment, aqueous or lipid-membrane, it spends the majority of its time.93 

1.7  Secretin Family Receptors 

In contrast to the wide variety of receptors and ligand types for the Rhodopsin 

family, the number of receptors in the Secretin family GPCRs is much smaller, having 

only 15 receptors identified (Figure 1.3 and Table 1.3), all of which are activated by 

peptide ligands of 27 to 44 amino acids.  

The large extracellular NT domain (ECD) typical for this receptor family contains 

several conserved disulfide bridges. The ECD participates in ligand binding and receptor 

activation of Secretin family peptides (Figure 1.5). In an aqueous environment the 

peptides exist as unstructured random coils. Association with the membrane induces the   
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Receptor (gene) Ligand Peptide Ligand Sequence 

PAC1R (ADCYAP1R1) 
also VPAC receptors PACAP HSDGI FTDSY SRYRK QMAVK KYLAA VLGKR YKQRV KNK  

VPAC1 (VIPR1), 
VPAC2 (VIPR2) VIP HSDAV FTDNY TRLRK QMAFK KYLNS ILN    

Secretin 
(SCTR) Secretin HSDGT FTSEL SRLRE GARLQ RLLQG LV    

GHRHr  
(GHRHR) GHRH YADAI FTNSY RKVLG QLSAR KLLQD IMSRQ QGESN QERGA RARL 

Glucagon  
(GCGR) Glucagon HSQGT FTSDY SKYLD SRRAQ DFVQW LMNT    

Glucagon-like peptide 1 
(GLP1R) GLP1 HDEFE RHAEG TFTSD VSSYL EGQAA KEFIA QLVKG R  

Glucagon-like peptide 2 
(GLP2R) GLP2 HADGS FSDEM NTILD NLAAR DFINQ LIQTK ITD   

Gastric inhibitory peptide 
(GIP1R) GIP YAEGF TISDY SIAMD KIHQQ DFVNW LLAQK GKKND WKHNI TQ 

Parathyroid hormone 1  
(PTHR1) 

PTH SVSEI QLMHN LGKHL NSMER VEWLR KKLQD VHNF   

PTHrP AVSEH QLLHN KGKSI QDLRR RFFLR HHLIA EITA   

Parathyroid hormone 2 
(PTHR2) TIP-39 SLALA DDAAF RERAR LLAAL ERRHW LNSYM HKLLV LDAP  

Calcitonin (CALCR) and 
Calcitonin receptor-like 

(CALCRL) 

Calcitonin CGNLS TCMLG TYTQD FNKFH TFPQT AIGVG AP   

α-CGRP ACDTA CVTHR LAGLL SRSGG VVKNN FVPTN VGSKA F  

β-CGRP ACNTA TCVTH RLAGL LSRSG GMVKS NFVPT NVGSK AF  

Amylin KCNTA TCATQ RLANF LVHSS NNFGA AILSS TNVGS NTY  

Adrenomedulin GCRFG TCTVQ KLAHQ IYQFT DKDKD NVAPR NKISP QGY  

Corticotropin-releasing 
hormone 1&2 (CRHR1&2) CRH SEEPP ISLDL TFHLL REVLE MARAE QLAQQ AHSNR KLMEI I 

 
Table 1.3:  Receptors, ligands and ligand sequences of several Secretin Family (Class B1) 
GPCRs. (Adapted from9) 
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Figure 1.5:  NMR derived solution structure of PACAP6-27 (Phe6 through Lys38) bound 
to the ECD of the PAC1Rs.95 (PDB code 2JOD)55  

Surface map: magenta- hydrophilic, green- lipophilic, white- neutral. Met17 is the NT residue 
of the ECD portion of the receptor. 
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peptide to form an α helix, reducing the entropic cost paid when the peptide binds to the 

receptor. VIP has approximately 29% surface contact with the ECD of the VPAC1R. 65 

The initial step of receptor activation is the association of VIP with the cell membrane to 

reduce the dimensionality of the search and greatly increase the chance of receptor 

interaction. 96 Upon receptor contact, residues 6-28 first bind to the ECD then residues 1-

5 bind to the receptor core in a two-step activation sequence. 65 VIP is characterized as 

unstructured in solution with a disordered NT region, but forms a long curved α-helix 

when micelle bound. When bound to the micelle, the concave surface of the helix made 

up of Phe6, Tyr10, Leu13 and M17 of VIP forms a hydrophobic patch. 96 Something 

similar was found for micelle bound PACAP38.96 

As with the opioid peptides, helix formation is common for many other types of 

peptide ligands that come into contact with a membrane. 93,94 The address, depending on 

the component residues, can form an amphipathic helix. In this type of configuration, 

hydrophilic side chains are arranged to project from one face of the helix, while 

hydrophobic side chains project from the opposite face. This orientation enables the 

peptide’s hydrophobic face to interact with the lipid membrane and leave the hydrophilic 

residues exposed to the extracellular aqueous milieu. Glucagon-like peptide 1 (GLP1) is a 

Secretin family peptide that demonstrates formation of an amphipathic helix when in 

contact with a cell membrane. 97 The association of the amphipathic helix with the 

membrane reduces the search for a receptor from 3-dimensions to 2-dimensions, greatly 

increasing the likelihood of receptor interaction and activation.98 
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In the case of small organic molecules being used as ligands, potency depends on 

the ability of the molecule to come into contact with the receptor pocket and make 

beneficial contacts with the receptor which leads to receptor activation. Ligand contact 

with the receptor is often a matter of having adequate drug concentrations partitioning to 

the compartment that contains the targeted receptor in order for the drug to interact with 

the receptor. A consequence of higher drug concentrations to achieve this is that higher 

drug concentrations are associated with higher incidence of adverse drug effects. Helix 

formation by a peptide ligand encountering the cell membrane reduces the space that 

must be explored (2D search vs 3D search), and results in the peptide encountering the 

receptor more efficiently thereby decreasing the concentration necessary to activate a 

receptor. 

1.8  Comparison Between Rhodopsin Family and Secretin Family Ligand Binding 

Receptors of the class A or Rhodopsin family have a highly conserved D(E)RY 

sequence (in the systematic numbering scheme, residues 339-341) at the point where the 

3rd TM helix meets the intracellular loop (Figure 1.4). 86 Protonation of the acidic side 

chain early in the progression of the signal is common for this receptor family and 

hydrogen bonding interactions between the D(E)RY motif and residues E600 and T604 

on TM6 occur. 99 Class B or Secretin family peptides lack any similar conserved 

sequence. Mutagenesis studies suggest residues in TM1, TM2 and TM3 for both VPAC1 

and VPAC2, and TM6 for VPAC1 participate in receptor activation events. The Gα 

subunits primarily bind to domains in the third intracellular (IC3) loop. Proximal and 
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distal domains of IC3 contain conserved sequences among class B receptors, which may 

indicate common intracellular G-protein binding sites.86 

 In comparing the size of receptor core within the transmembrane helices of 

different GPCR families, the opening is wider and deeper for the Secretin family 

receptors when compared to the Rhodopsin family receptors, and may explain in part 

why there are no small organic molecules that act as agonists for Secretin family 

receptors. 100 It is more difficult for a small molecule to make interactions with the side 

chains of residues of the helices lining the larger binding pocket, so a receptor 

configuration change yielding the active conformation secondary to ligand binding event 

does not occur. 100 Development of a small molecule antagonist has been successful. Non-

peptide antagonists have been developed for three Secretin family receptors: CGRP 

antagonist of the calcitonin receptor for treating migraine, 101,102 CRF1R antagonist for 

treating depression, anxiety, or irritable bowel syndrome, 103 and Glucagon receptor 

antagonist for treating type II diabetes. 101,104 No non-peptide, small molecule receptor 

agonist has yet been synthesized for any Secretin family receptor. 

1.9  Secretin Family Two-Step Ligand Binding Process 

Receptor activation for the Secretin family of GPCRs follows a two-step process 

in which the first step is to interact with the cell membrane, then bind with the ECD of 

the receptor. 98 Comparing the ECD binding orientation of PACAP6-38 to the 

orientations of other ligands of the secretin family (Figures 1.6 and 1.7), glucagon-like 

peptide-1 (GLP-1) antagonist Ex4(9-39) and GIP(1-42), PACAP is oriented parallel to 
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Figure 1.6: Comparison of ECD binding orientation between GLP and PACAP 
antagonists.55 

Ribbon structures showing the binding orientations of the antagonist GLP17-37 (residues G10-
G35 from crystal structure PDB 3IOL)89,95,105 and PACAP6-38 (from NMR solution structure 
PDB 2JOD)94 with respect to the aligned ECDs of the PAC1R and GLP1R (gray mesh). The 
homology model of the transmembrane (TM) portion of the PAC1R (magenta mesh) is based 
on the mu opioid receptor (PDB 4DKL)89,95,105 prepared using MOE®. TM helices are color 
coded from 1 through 7 as red, green, blue, yellow, magenta, gold, and aqua respectively. 

ß GLP17-37 

PACAP6-38 à 
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Figure 1.7: Superposed ECDs of four Secretin Family GPCRs. 55  
 
The surface (gray) of the ECDs of PAC1R, VPAC2R, GIPR, and GLP1R superposed with 
ribbon representations of the antagonist PACAP6-38 (red), antagonist GLP1 9-33 (blue), and 
agonist GIP(1-32) (green). Note the binding orientation of PACAP6-38 is completely different 
when compared to the others (PDB codes 2JOD, 2X57, 2QKH and 3C5T).95,97,106,107 
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the cell membrane when compared to the more perpendicular orientation of the CT-

extended version of the GLP-1 antagonist Ex-4(9-3), the corticotropin releasing hormone 

antagonist astressin, and GIP(1-42), with only the CT residues of PACAP aligning in a 

similar orientation as the other peptides (Figures 1.6 and 1.7). 95,97,106,107 From these 

images, it appears that PACAP interacts with the PAC1R in a very different orientation 

than other peptide/receptor interactions from the same receptor family. The N-terminus of 

each peptide is important for receptor activation. Since the NT portions of PACAP points 

in the opposite direction to those of astressin, GIP and GLP-1, this suggests the receptor 

activation mechanisms for PAC1R may be different from the mechanisms for activating 

other class B receptors.97 

1.10  PACAP Stability 

Many PACAP analogs have been synthesized over the years in an attempt to 

prolong stability when administered exogenously while maintaining receptor activation. 

It has been demonstrated that CT truncation from 38 to 27 amino acids with PACAP 

prolongs plasma concentration to more than 120 minutes and decreases DPP-IV activity 

toward the peptide, from 23±6 min for PACAP38 to 39±4 min for PACAP27, with 

further DPP-IV resistance to >120 minutes by using the dextrorotatory form of Ser as the 

2nd amino acid. 70 Other alterations, like using a linker in place of the 7 amino acid 

portion of the α-helical address domain results in peptides with no affinity, showing the 

helix plays an important part in receptor binding. 108 In 2007, Sun et al. identified 3 

residues that, when mutated, decreased binding to the full length receptor, but these same 

mutations did not affect binding to the isolated NT extracellular domain of the receptor. 95 
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These residues, Y10, R14, and K21, are close to the receptor transmembrane helices at 

the extracellular surface of the membrane where additional favorable binding interactions 

are made. 95 These findings indicate the side chains of amino acids contained in the 

helical address segment participate in important interactions with the surface exposed 

transmembrane portions of this receptor.  

1.11 Conserved PACAP Residues Across Species 

The importance of the 10 NT amino acids of the peptide is demonstrated by the 

extent to which they are conserved within different peptide ligands of the Secretin GPCR 

family, including PACAP, peptide histidine methionineamide (PHM), PHM-related 

peptide, VIP, exendin, glucagon, GRF, GLP-1, GLP-2, secretin and GIP. 109 These 

peptide sequences have been examined across animal species, ranging from tunicates to 

humans. 109 In the vast majority of 134 sequences of Secretin family peptides examined, 

positions 6, 7, and 10 were identical, or at least homologous for the non-identical 

residues, having hydrophobic amino acids in positions 6 and 10, and residues with short 

polar side chains at position 7. 109 The NT 5 amino acids in these peptides are known to 

be necessary for activity, but amino acids in positions 6-10 help serve to ‘N-cap’ the α-

helix that follows. N-capping provides hydrogen bonding and hydrophobic interactions 

that can stabilize the helix N-terminus to help prevent the helix from unwinding.109 

1.12  Diversity of Receptor Signaling 

The cell signaling resulting from GPCR activation by PACAP varies widely 

depending on the cell type and receptor splice variant, leading to the characterization of 
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PACAP as being a pleiotropic peptide. 14 PACAP exerts its action by activating PAC1, 

VPAC1 and VPAC2 receptors, the latter two receptors also having activity toward VIP. 

These intracellular signaling events are due to the heterotrimeric G-protein coupled to the 

cytoplasmic face of the receptor. Upon activation, the transmembrane helical portions of 

the receptor undergo a conformational shift resulting in dissociation of the Gα from the 

βγ subunits of the heterotrimeric G-protein.  

The activity of the Gα subunit may be to activate (Gαs) or inhibit (Gαi) adenylyl 

cyclase, or activate phospholipase C (PLC; Gαq). The Gβγ subunits may also activate 

second messenger systems within the cell like the phosphatidylinositol 3-kinase (PI3K). 

20 PAC1R activation increases calcium mobilization through the L-type calcium 

channels. 110 The signaling cascade resulting from receptor activation by PACAP is 

widely varied depending on the cell type and receptor splice variant. Both PACAP and 

VIP activate VPAC1 and VPAC2 receptors, but only PACAP will activate the PAC1 

receptor at similar concentrations; VIP is three orders of magnitude less active at the 

PAC1R. Additionally, there are at least 15 PAC1R splice variants affecting the 3rd 

intracellular loop, 2nd and 4th transmembrane helices, or different portions of the 

extracellular domain, 110,111 along with four variants for VPAC2 and one for VPAC1, 

extending the diversity of signaling events.111 
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Figure 1.8:  Complementary NGF and PACAP signaling pathways.  

PACAP (single black arrow) and NGF (single gray arrow) dependent signaling pathways 
in PC12 cells result in neurite-like process outgrowth, cell differentiation and 
antiproliferation. Adapted from 112,113 
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1.13  Intracellular Signaling Cascades 

PACAP activation of the PAC1R has been investigated extensively using PC12 

cells, a pheochromocytoma cell line derived from adrenal tumor tissue. This cell type 

expresses the PAC1R which, when activated, induces PC12 cell differentiation, produces 

neurite-like process outgrowth and exerts antiproliferative effects to reduce the number of 

cells. 112-118 In the PC12 cells, PAC1R activation results in Gαs signaling within the cell, 

increasing cAMP and activation of the PKA and ERK pathways, as well as Gαq signaling 

to activate the PLC pathway. 113 PACAP regulation of gene expression is complex, and 

based on the differentiation state of the cell, opposite outcomes result when different 

protein partners interact, and result in either promoting or inhibiting apoptosis. 113 

 Nerve growth factor (NGF) is a potent activator of the tyrosine receptor kinase A 

(TrkA) pathways within the PC12 cells, and signals differentiation and neurite-like 

process outgrowth similar to that seen with PACAP activation (Figure 1.8). The NGF 

pathways for PC12 cell transformation are complimentary to those of PAC1R activation, 

which induces PC12 cell differentiation within 6 hours and fully transforming them after 

48 hours. 113	   It has also been demonstrated that PACAP related neuritogenesis and 

neuroprotective activities seen in the PC12 cell model is mediated through mobilization 

of Ca2+ and the ERK1/2 MAP kinases steming from the activation of the NF-κB 

signaling pathway.118 
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Figure 1.9: Proposed mechanism for neuroprotection induced by PAC1R activation in 
the presence of neuronal cell ischemia.  

PKA, AC and/or AP1 may participate in the direct regulation of the MAPK pathway to 
increase ERK phosphorylation and decrease phosphorylation of p38 and JNK. IL-6 
expression modulates phosphorylation of STAT3. In addition to these, modification of the 
AKT signaling pathway by PACAP regulates Bcl-2 protein expression resulting in decreased 
release of cytochrome C and AIF, and inhibition of the caspase cascade. Adapted from 12.	  
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Figure 1.10: PAC1R, VPAC1R and VPAC2R signaling pathways.  

All three receptors couple with Gαs resulting in cAMP production, and Gαq to increase Ca2+, but 
only VPAC1R & VPAC2R couple to Gαi. PLD pathways are activated by ARF for the VPAC1 
and 2 receptors and by PKC for PAC1R. Adapted from 111. 
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The signaling cascades that result in the cytoprotective effect of PACAP to reduce 

injury in vitro after ischemia/reperfusion in cultured cardiomyocytes119 and 

neuroprotective effects of PACAP after ischemic neuronal injury in the rat model for 

four-vessel occlusion, transient middle cerebral artery occlusion (tMCAO), permanent 

middle cerebral artery occlusion (pMCAO), and cardiac arrest total ischemia, and also in 

the PACAP KO mouse model for pMCAO, and the IL-6 KO mouse model for tMCAO113 

have been investigated. Protective effects are secondary to PAC1R activation by PACAP 

to stimulate release of IL-6, as well as MAPK and Akt regulation of the Bcl-2 family, 

reducing apoptosis by decreasing cytochrome C release, decreasing apoptosis inducing 

factor (AIF) release, and inhibiting the initiation of the caspase cascade (Figure 

1.9).113,120 

 PAC1R, VPAC1R and VPAC2R all couple to the Gαs subunit that is associated 

with adenylate cyclase (AC) activation, with the result of increased intracellular cAMP. 

Additionally, all three receptors increase intracellular calcium ([Ca2+]i) and modulate 

phospholipase D (PLD) activity. 111 VPAC1R and VPAC2R couple to Gαi and Gαq 

pathways to increase [Ca2+]i, but PAC1R increases in [Ca2+]i are secondary to only the 

Gαq coupled pathway (Figure 1.10).111 
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1.14  PAC1R Internalization 

It has been demonstrated that both PACAP27 and PACAP38 cross the BBB, even 

if the exact mechanism has not been determined. 121 Interaction of PACAP peptides with 

cell membranes and the 2D diffusion to the receptor site have been established but the 

fate of the PACAP/receptor complex is being investigated as well. May et al., using the 

primary sympathetic neuron model used for PACAP neurotropic studies, probed the 

signaling mechanisms interacting to promote neuronal cell growth and survival after 

withdrawal of NGF. 120 Their results indicate that clathrin coated vesicles form and 

internalize the PACAP/PAC1R complex for endosomal mediated signaling for cell 

survival. 120 The cyclic AMP response element binding protein (CREB) transcription 

factors have been shown to be important for survival of neurons before and after birth. 

PACAP promotes CREB activation directly through PKA signaling and indirectly by 

potentiating synaptic strength and neuron excitability thereby modulating ion channel 

properties.122 

1.15  Effects of PACAP Receptor Activation 

The wide diversity of effects produced by PACAP activation of the PAC1, 

VPAC1 and VPAC2 GPCRs is in part due to the wide distribution of these receptors 

throughout the body, not only in the peripheral and central nervous systems but also 

throughout cardiovascular, respiratory, hepatic and renal tissue, as well as the 

gastrointestinal tract and the gonads. For example, receptors with equal affinity to 

PACAP and VIP were found in lung and liver tissue, but receptors responding only to 

PACAP were found in the adrenal gland and epididymis.123 
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 Caridovascular effects of Secretin family peptides are well established. 77-81 VIP, 

named based on its hemodynamic effects, acts as a vasodilator in many vascular beds, 

including cerebral, pulmonary, coronary, the systemic vessels, and causes a reflex 

tachycardia after i.v. injection, but also has a direct chronotropic effect on the atrial tissue 

of the heart. 124 In test animals, when the peptides were given intravenously at doses of 1 

nmol/kg (PACAP) and 0.31 nmol/kg (VIP), mean arterial pressures dropped. This affect 

was accompanied by tachycardia, 125 though the origin of the increased rate is different 

for VIP versus PACAP. Receptors that bind both PACAP27 and VIP have been found in 

the superior mesenteric arteries of the rat and coronary arteries of cattle. 125 PACAP38 

and 27 also cause vasodilation after parenteral administration. In the anesthetized adult 

rat, administration of VIP, PACAP38 or PACAP27 as an i.v. bolus dose causes a rapid, 

transient, dose-dependent drop in blood pressure. 125 In binding studies using membranes 

prepared from blood vessels, PACAP38 was equivalent to VIP, but PACAP27 was about 

one third as potent as the other two, requiring 0.98 ± 0.12 nmol/kg compared to 

0.38±0.05 nmol/kg for PACAP38 and 0.31±0.04 nmol/kg for VIP. 125 In sheep, i.v. 

infusion of PACAP38 (0.008-1.0 nmol/min) and VIP (0.07-1.8 nmol/min) produced dose 

dependent drops in blood pressure and increases in heart rate.124 

The increased cardiac output secondary to the positive inotropic effect seen with 

PACAP administration has been studied in neonatal rat cardiomyocytes. 80 PACAP 

increases cAMP in cardiomyocytes to a greater extent than VIP. In nonmyocytes, 

PACAP and VIP increase cAMP equally. 80 RT-PCR showed PAC1R mRNA increases in 

cardiac myocytes but VPAC2 mRNA predominance in nonmyocytes. Release of a 28 

amino acid peptide that promotes sodium diuresis and lowers blood pressure, atrial 
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natriuretic peptide (ANP), increased after PACAP but not VIP. Both protein and DNA 

synthesis were inhibited by PACAP in nonmyocytes, resulting in cardioprotection against 

hypertrophy and fibrosis.80 

In atrial tissue, PACAP38 decreases heart rate through cholinergic activation. 

This negative chronotropic effect can be blocked by administering the anticholinergic 

alkaloid atropine which blocks acetylcholine at its receptor 77,78,126 or can be prevented by 

pre-incubating the cells with the PACAP antagonist PACAP6-38. 77 The increased heart 

rate resulting from parasympathetic blockade was not suppressed when the non-selective 

β1/β2 adrenergic blocking agent propranolol was administered. 78 In isolated blood-

perfused dog heart preparations a biphasic response was noted, first increasing then 

decreasing atrial heart rate and contractility, with only a positive inotropic effect seen in 

isolated left ventricular tissue. 79 PACAP27 activates the intracardiac parasympathetic 

nerves resulting in a decrease in atrial inotropy and chronotropy without negatively 

affecting the ventricles. Positive inotropic and chronotropic effects are mediated through 

the PAC1R.79 

PACAP has beneficial effects outside the CNS. PAC1R splice variants signal 

through cAMP and calcium mobilization to fine-tune the cellular response to stress. 127 In 

the stress response throughout the sympathetic nervous system, PAC1R stimulation 

activates PKA, PKC, PLC, and PLD, triggering several downstream actions. 127 Under 

stressful conditions, PACAP released in the CNS regulates the balance between the 

peripheral sympathetic and parasympathetic responses in order to maintain 

homeostasis.128 
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Secretin family peptides have been used for local effect after topical (inhaled) 

application within the respiratory tract, systemic adsorption not being needed for a 

beneficial effect. A VIP derivative with sustained action has been used via nasal 

administration to alleviate acute airway inflammation. 129 The pulmonary delivery of 

inhaled PACAP38 has demonstrated safety and efficacy in healthy adult males at doses 

of up to 480 mcg without increasing plasma levels or affecting systemic hemodynamics. 

83 Inhaled PACAP38 produces bronchodilation, pulmonary vasodilation and anti-

inflammatory properties in the treatment of pulmonary disease. 83,130  

The anti-inflammatory effect extends beyond the respiratory system. Allergic 

dermatitis, including contact dermatitis, atopic dermatitis and contact hypersensitivity, is 

mediated by a number of neuropeptides including PACAP. 131 PACAP modulates 

immune function by regulating production of both pro- and anti-inflammatory mediators 

associated with autoimmune disorders, and is being considered in the treatment of 

chronic inflammatory and autoimmune illnesses like multiple sclerosis, Crohn’s disease, 

rheumatoid arthritis and septic shock. 132  

 PACAP also has effects throughout the urinary tract, protecting against 

ischemia/reperfusion injury, 133,134 urinary tract toxic drugs (cisplatin, 135-137 and 

cyclosporine-A137,138), myeloma kidney injury, 137,139,140 and diabetic nephropathy. 

137,139,140 PACAP27 effects in the kidney include increased renal vasodilation and 

decreased tubular necrosis after renal ischemia. 137  
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1.16  Peptides as GPCR Agonists and Antagonists 

Small organic molecules have traditionally been the foundation of drug discovery. 

Exploration of chemical space based on a particular molecular scaffold can result in an 

extensive library of potentially useful compounds that can be evaluated for activity using 

high-throughput screening. These molecular scaffolds are often fused ring systems 

containing heteroatoms with sites that can be functionalized. The relatively small size and 

constrained nature of these structures can play a beneficial role in bioavailability and the 

kinetics/energetics of receptor binding and interaction. The generalized properties often 

used to predict oral bioavailability or membrane permeability of lead compounds include 

a molecular weight under 500 Daltons, an octanol/water coefficient (Log P) of ≤ 5, 5 or 

fewer hydrogen bond donors and 10 or fewer hydrogen bond acceptors. 141 Based on 

these criteria, peptides are not expected to be good candidates for orally active or 

membrane permeable drugs. It is important to recognize that these guidelines do not 

apply to natural products because other mechanisms are involved in drug absorption and 

transport.52 

Fundamental challenges with any peptide pharmaceutical agent relates to 

pharmacokinetics, pharmacodynamics and bioavailability.  Using endogenous peptides as 

a template for drug discovery, synthetic modifications at points that do not significantly 

alter peptide function can improve peptide bioavailability, 142-147 as well as stability to 

enzymatic degradation. 70,147 Concentrations in the low or sub-nanomolar range are often 

sufficient for receptor activation, 18,70,108 requiring only a very small amount of peptide to  
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Site Chemical 
Environment Action Result 

Stomach 

HCl 

Denature protein 
Activation of pepsinogen to pepsin 
Kills some microorganisms and 
inactivates some enzymes in food 

Disruption of 2º and 3º 
protein structure 
exposing 1º structure 
to pepsin 

Pepsin 
(Endopeptidase) 

Peptide chain cleaved at internal 
aromatic (Y, F, W) and acidic (D, 
E) amino acids at the carbonyl 

Fragmentation of 
protein or peptide into 
smaller pieces 

Small 
Intestine 

Trypsin 
(Endopeptidase) 

Peptide chain cleaved at internal 
basic (K, R) at the carbonyl 

Chymotrypsin 
(Endopeptidase) 

Peptide chain cleaved at internal 
aromatic amino acids (Y, F, W) at 
the carbonyl 

Elastase 
(Endopeptidase) 

Peptide chain cleaved at internal 
small amino acids (G, A, S) at the 
carbonyl 

Cell 
membrane 

& 
interstitial 

fluid 

Carboxypeptidase 
(Exopeptidase) 

Cleavage of carboxy terminal 
amino acid(s) 

Carboxy terminal 
amino acids are 
cleaved from the 
peptide 

Aminopeptidase 
(Exopeptidase) 

Cleavage of amino terminal amino 
acid(s) 

Amino terminal amino 
acids are cleaved from 
the peptide 

 

Table 1.4:  Fate of peptide and protein molecules passing through the GI tract. 148  
 

Peptides that enter the body through the alimentary tract encounter a series of digestive enzymes 
during transit through the gastrointestinal system. Proteins and peptides are broken down by 
endopeptidases into smaller fragments that are absorbed. Peptides and peptide fragments come 
into contact with membrane bound and free exopeptidases that cleave the terminal amino acids 
from the peptide chains.  
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Route of administration Insulin GnRH analogue Peptides in general 

Oral 0.05% 1% < 2% 

Nasal 30% 2-3% < 3% 

Subcutaneous or 
Intramuscular injection 80% 65% 20-100% 

  
Table 1.5: Percent of intact polypeptide reaching the systemic circulation based on route of 
administration.147,148  
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reach systemic circulation and cross biological membranes to reach the site of action.71,147 

Oral administration of peptides is problematic since the gastrointestinal (GI) tract 

treats the peptide drug as it would any amino acid based substrate, digesting it into 

fragments (Table 1.4).  The different pH and enzymatic environments encountered by the 

peptide as it travels through the alimentary tract result in small peptide fragments 

reaching the absorptive surfaces of the intestines where they cross from the intestinal 

lumen into the blood stream. The epithelial cells of the intestines contain proteolytic 

enzymes, further degrading the protein fragments being absorbed into the portal blood 

system. Blood rich with absorbed substances is carried through the portal system where 

the substituents undergo the “first-pass effect” through the liver, exposing the peptide 

fragments and any remaining intact peptide to the extensive metabolic machinery of the 

hepatic system. As a consequence, very little orally administered peptide reaches the 

systemic circulation147-149 (Table 1.5) when compared to non-enteral routes of 

administration. 

  Parenteral administration of peptides circumvents the GI degradation and gut 

lumen absorption into the portal circulation, avoiding the first pass effect altogether. 

Intravenous (i.v.) and intracerebroventricular (i.c.v.) administration bypass the need for 

absorption into the bloodstream from the administration site after i.v. injection, or 

crossing the BBB to reach the brain after i.c.v. injection. Along with intramuscular (i.m.), 

intraperitoneal (i.p.), and subcutaneous (s.c.) injection routes, there are many other, non-

parenteral administration routes (sublingual, buccal, intranasal, and intrapulmonary) that 

also avoid first pass through the liver since the blood flow through these sites does not 
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initially drain into the portal system. 147 However, any substrate that must cross a 

membrane, enter the bloodstream and get to the site of action will encounter both soluble 

exo- and endopeptidases found in the extracellular (interstitial) fluid and peptidases 

associated with membranes.  

The membrane associated enzyme dipeptidyl peptidase-IV (DPP-IV) is the reason 

the incretins GLP-1 and GIP, both Secretin family peptides involved in glucose 

metabolism, have a circulating t½ of only a few minutes. Orally active DPP-IV 

antagonists (e.g. sitagliptin) block DPP-IV activity and prolong the t½ which allows 

subcutaneously administered incretins to normalize serum glucose levels after a meal. 150 

Instead of adding a drug to antagonize a specific enzyme, another approach is to alter the 

chemical structure of the peptide itself, to both decrease the effect of enzymes on 

exogenously administered peptide and improve permeability of the peptide across 

membranes, resulting in improved pharmacokinetic and pharmacodynamic properties of 

peptide pharmaceuticals. 149 

1.17  Improving Peptide Stability 

Since most peptidases are specific for the naturally occurring L-form of amino 

acids, one strategy to improve stability to enzyme exposure is to synthesize peptide 

analogs using the D-amino acid at sites of enzyme attack. D-serine in the place of L-

serine is commonly used in peptide synthesis, especially at position 2 of the NT where 

DPP-IV cleaves the N-terminal 2 amino acids. 147 Cleaving the NT amino acids forms the 

receptor antagonist in the case of several Secretin family peptides, 151-154 including 

PACAP. 70,155 Acetylation of the NT amino acid has also been successfully employed to 
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inhibit DPP-IV activity. 70 Bourgault et al. demonstrated that using these NT 

modifications increased t½ after peptide exposure to DPP-IV from 23 ± 6 and 39 ± 4 

minutes for the respective PACAP38 and PACAP27, to more than 240 minutes for both 

peptides using either the NT acetylation or the L- to D-Ser substitution in the 2 position 

for amino acids (Table 1.6).70 

  



	  

 

63	  

 

 

  

Peptides DPP-IV 
t½ (min) 

Binding 
IC50±SEMa 

(nM) 

Ca2+ 
mobilization 

assay 
EC50(nM)±SEMb 
(%PACAP38)c 

PC12 cell proliferation assay 
EC50(nM)±SEMb 
(%PACAP38)c 

PACAP38 23±6 7.7±1.4 6.5±0.8 (100) 0.79±0.22 (100) 

Acetyl-PACAP38 >240 5.6±1.5 4.4±1.4 (94.9) 0.83±0.31 (97.7) 

[D-Ser2]PACAP38 >240 9.7±2.5 4.1±1.4 (93.4) 0.96±0.27 (90.7) 

PACAP27 39±4 9.6±2.4 5.6±0.9 (105.4) 0.56±0.05 (99.2) 

Acetyl-PACAP27 >240 9.6±1.5 0.7±1.3 (99.3) 0.74±0.20 (95.5) 

[D-Ser2]PACAP27 >240 10.2±2.1 8.4±1.4 (103.0) 0.81±0.27 (89.4) 

aConcentration for 50% binding inhibition  bConcentration for 50% maximum effect  cPercent 
efficacy compared to maximum value of PACAP38. Adapted from70. 

 

Table 1.6: Stability to DPP-IV and activity of PACAP and NT modified analogs.  

Acetylating the NT residue or replacing the serine in the 2nd position with D-serine blocks 
DPP-IV activity without negatively affecting binding. Activity measured by calcium 
mobilization and PC12 cell proliferation demonstrates these alterations of the NT amino 
acids do not negatively affect peptide activity.  
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1.18  Blood Brain Barrier/Neurovascular Unit 

In the late 19th century, the German physician/scientist Paul Ehrlich conducted 

experiments investigating the ability of injected methylene blue dye to differentially stain 

tissues and cells.  156 His findings that tissues within the central nervous system did not 

become stained after i.v. injection of dye eventually led to the understanding that the CNS 

was a separate compartment, isolated from the peripheral vasculature at a site referred to 

as the blood brain barrier (BBB). The BBB is intended to protect the brain, allowing 

beneficial substances across while regulating ion composition within the CNS and 

limiting the solutes that may enter the brain. 156-159 The difficulty of delivering most 

peptides and other therapeutic agents across the BBB to the brain interstitium is an 

obstacle that must be addressed and overcome for peripherally administered, centrally 

active compounds. Factors that affect uptake include molecule size, biostability, 

sequestration or compartmentalization, efflux rates, P-glycoprotein (P-gp) efflux 

transporter affinity. 160 Extent of cationization affects adsorptive mediated endocytosis. 

161,162 Peptide glycosylation exploits adsorptive mediated endocytosis to increase 

distribution into the CNS146 to improve BBB transport, 144 increase stability and decrease 

clearance, 143 and increase potency.163 

The anatomical site of the BBB is at the level of endothelial cells that form the 

walls of the capillaries perfusing the brain. 158 Even though characterized as a barrier, this 

structure provides a very large interface for selective perfusion between the peripheral 

blood and brain, between 150 and 200 cm2 g-1 of tissue. 158 Any peripherally circulating 

centrally active compound must cross the BBB in order to reach the site of action. Solutes 
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that do cross the BBB are in close proximity to brain cells once through, having a 

diffusion distance of no more than 25-40 microns, equilibrating throughout the brain 

almost instantaneously. 159 The walls of the capillaries supplying blood to the brain are 

very thin, no more than 500 nm thick with tight junctions (TJs) at the margins of the 

endothelial cells. 158  

Tight junctions between the capillary endothelial cells, lacking fenestrations, 

curtail the intercellular and paracellular diffusion of substrate across the cells from either 

direction, blood to brain or brain to blood. 157 Many proteins are involved in the TJs to 

limit this diffusion include junctional adhesion molecule-1, occludin, claudins, zonula 

occludens, and cingulin. 158 Capillaries of the BBB have very few fenestrations compared 

to peripheral capillaries, and little pinocytotic activity.  157 Vesicles being transported 

from the capillary lumen to the abluminal surface must be trafficked away from the 

lysosomal compartment to avoid degradation of endosomal content before reaching the 

brain side of the capillary.157 

The abluminal surface of the endothelial cells is covered with a basement 

membrane and encircled with pericytes, while end-foot processes of astrocytes maintain 

contact with the pericytes and endothelial cells of the capillaries. 156,158 Astrocytes 

regulate capillary development and are involved in the development and health of 

neurons. 156 Microglia are immune responsive cells of myeloid origin that punctuate the 

interstitial space. 164 Microglia activation causes release of cytokines, neurotrophic 

factors, kinases, reactive oxygen species and enzymes, any of which can induce further 

inflammatory responses.164,165 
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Figure 1.11: The neurovascular unit (NVU). 

Defined as the functional unit of the brain, the NVU is comprised of the endothelial cells lining 
the capillaries, pericytes, astrocytes, microglia and neurons. The margins of the endothelial cells 
are sealed by tight junctions (TJs), which limit the solutes that can pass from blood to brain and 
brain to blood.156 
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This assembly of cells and anatomical structures works together to form the 

functional unit of the brain called the neurovascular unit (NVU) 156 (Figure 1.11). 

Disrupting the function of any part of the NVU can lead to neurological pathology. 

Targeting any part of the NVU for pharmacological treatment requires that the 

administered agent cross the BBB to reach the site of action. The endothelial cell barrier 

of the capillaries limits paracellular or intercellular diffusion. This barrier, along with the 

limits of solute transport mechanisms (simple diffusion, carrier mediated and receptor 

mediated transport), various efflux transporters (ATP Binding Cassette transporters like 

P-glycoprotein and multidrug resistance-associated proteins), and metabolic barriers 

(membrane-associated and circulating enzymes) greatly limit the types of exogenously 

introduced compounds that reach the parenchyma of the brain.156-158 

1.19  Blood Cerebrospinal Fluid Barrier/Choroid Plexus 

Another anatomical structure where there is communication between the 

bloodstream and CNS is at the level of the choroid plexus, making up the blood 

cerebrospinal fluid barrier (BCSFB). Unlike the capillary system that connects the 

cerebrospinal fluid (CSF) with arterial blood, the choroid plexus allows communication 

between the CSF and the venous blood supply. The epithelial-like ependymal cells lining 

the brain ventricles produce CSF. 159 The total CSF volume, which is 100 to 150 mL in 

the adult human, turns over 4 to 5 times daily, flowing through the lateral, 3rd and 4th 

ventricles and draining via the subarachnoid space back into the venous vasculature.159 

The cells of the choroid plexus are joined to each other at the apical side of the 

membrane by TJs, but unlike those in the endothelium of the BBB, this membrane is  
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Figure 1.12:  BBB penetration via adsorptive mediated transcytosis.  
 
The positively charged peptide in the CNS capillary blood (1) associates with the negatively 
charged luminal surface of the endothelial cell membrane, inducing membrane invagination and 
vesicle formation. The vesicle (2) enters the intracellular space. Those vesicles reaching the 
abluminal surface of the endothelial cell compartment reintegrate (3) with the membrane and 
release the peptide into the parenchyma of the CNS. 161 
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slightly more permeable to solute molecules. 157 Fenestrations are present in the TJs of the 

choroid plexus, allowing molecules to move more freely through intercellular spaces. 157 

Even though solutes move more freely across the choroid plexus, the rapid turnover of 

CSF makes drug entry into the brain by this route inefficient. Reasons for this 

inefficiency include a) the rapid CSF turnover rate limits the time molecules have to 

diffuse through the volume of CSF, b) the relatively large distance (up to 50 mm) the 

drug must cross to reach the brain surface, and c) the very high and potentially toxic dose 

of the compound that needs to be administered to reach adequate CSF concentrations for 

diffusion to reach the brain tissue, even if injected directly i.c.v. 159 In addition, the 

surface area of the BCSFB is a tiny fraction of the surface area of the BBB, that of the 

BBB being approximately 5,000 times larger.166 

1.20  Peptide Transport Across the BBB 

Increased permeability across the BBB can be seen in pathological conditions if 

inflammation of the capillary endothelial cells is present, 158,167 allowing drug therapy to 

be used during the acute stages of an inflammatory process. 167 Infusion of hyperosmotic 

solutions or treatment with bradykinin and its analogs can chemically disrupt the BBB, 

transiently increasing permeability. 157 The temporary loss of barrier integrity caused by 

these measures allows water-soluble drugs and solutes to cross the endothelial barrier by 

paracellular diffusion. 157 Liposomes, nanoparticles, polymeric micelles, and dendrimers 

are pharmaceutical based delivery systems that have demonstrated the ability to cross the 

BBB in cell culture systems and are being investigated as carriers for pharmaceuticals. 157 

Direct injection into the intrathecal space or into one of the brain ventricles mechanically  
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Peptide Peptide Sequence 

PACAP38 HSDGI FTDSY SRYRK QMAVK KYLAA VLGKR YKQRV KNK 

PACAP27 HSDGI FTDSY SRYRK QMAVK KYLAA VL   

VIP HSDAV FTDNY TRYRK QMAVK KYLNS ILN   

 
Table 1.7: PACAP38, 27, and VIP at pH 7.4.  

Positively charged residues are in BOLD, negatively charged residues in addition to bold are 
underlined. The overall charge on PACAP38 is +10, with six of those being in the CT segment. 
PACAP27 and VIP both have an overall charge of +4. 
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bypasses the BBB, but this does not insure delivery of the drug to the brain parenchyma 

for those reasons already mentioned. 159,166 Additionally, this highly invasive injection 

into the brain causes trauma at the injection site, resulting in the potential for 

inflammation and infection. The less invasive pharmacological approach alters the 

peptide to exploit the cellular machinery that is already in place to cross the BBB. 158,166 

Passive diffusion, carrier-mediated transport (active or inactive), and vesicular transport 

all play parts in solute molecules crossing the BBB. 

Passive diffusion is primarily limited to small lipid soluble molecules. These 

solutes are neutral or uncharged, have limited hydrogen-bonding ability and have a 

molecular mass of less than 500 g/mol. 157 Using these criteria peptides fail as drugs, 

based on molecular mass alone for peptides of only 4 or 5 amino acids. Diffusion per se 

is unlikely to be a viable way for improving peptide transport into the brain even though 

some researchers have characterized transport of PACAP27 from blood into the brain as 

being by non-saturable diffusion. 121 It is likely that simple diffusion is not responsible for 

PACAP27 penetration of the BBB. In 1993, Banks et al. identified one of the membrane 

transporter proteins, peptide transport system-6 (PTS-6), as being the saturable 

transporter responsible for carrying PACAP38 into the brain. 121 

 Carrier proteins mediate active transport across the BBB for nutrients like glucose 

and amino acids, as well as for monocarboxylic acids (salicylic acid and HMG-CoA 

reductase inhibitors), nucleosides, and some peptides (vasopressin and endothelial growth 

factor). 157 Coupling a molecule to a polar substance like glucose results in increased 

penetration of the BBB, as is seen with a number of opioid peptides.  93,143-145,168 While 
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this strategy works, it does not appear to be due to transport by the GLUT1 glucose 

transporter in the case of opioid glycopeptides. 143 Other, as yet undefined mechanisms 

are involved with transport of glycopeptides across the capillary endothelial membrane. 

Vesicular transport accounts for delivery of a number of substrates across the 

endothelial membrane using either receptor-mediated or adsorptive-mediated 

transcytosis. 158 In each case, the substrate associates with either the membrane-bound 

receptor or directly with the membrane. Clustering of the associated components forms a 

caveolus resulting in an endocytic vesicle that pinches off and travels to the abluminal 

side of the capillary where exocytosis releases the substrate into the brain parenchyma. 158 

In adsorptive-mediated transcytosis, cationic compounds associate with the negatively 

charged lipid-phosphate headgroups of the cell membrane lipid-bilayer (Figure 1.12). 157 

Several secretin family peptides have an excess of positive charges at physiologic pH, 

four each for PACAP27 and VIP, and ten for PACAP38 (Table 1.7). The overall positive 

charges on these peptides are likely to induce an interaction with the endothelial 

membrane leading to invagination, vesicle formation and transport across the BBB by 

adsorptive-mediated transcytosis.161 

Once the vesicle is through the endothelial membrane and reintegrates with the 

abluminal surface, the transported compound is released into, and diffuses through, the 

extracellular fluid of the brain parenchyma. Having the water-soluble glucose moiety, 

peptides that are glycosylated will solubilize relatively easily. Peptides in an aqueous 

environment exist primarily in the random coil configuration, 93 but the helical 

amphipathic propensity of the address portion of the peptide allows it to readily form a 
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helix when in contact with a membrane. It is hypothesized that as the glycosylated 

peptide integrates with the membrane and forms a helix, the sugar portion acts to 

modulate the residence time on the membrane surface as well as its ‘on’ and ‘off’ rates. If 

the helical glycopeptide encounters a receptor, the helix binds with the ECD and activates 

the receptor. The peptide may then dissociate from the receptor and membrane, 

augmented by the solubilizing property of the attached sugar, travel some distance 

through the aqueous extracellular fluid (ECF), then re-associate with another part of the 

membrane where the glycosylated peptide may activate another receptor. If a receptor is 

not encountered during its time associated with the membrane, the sugar helps to lift the 

helix out of the membrane by solubilizing it in the ECF to re-associate with another part 

of the membrane which extends the range of membrane that is sampled and increases the 

likelihood that the glycopeptide will come into contact with and activate a receptor. This 

‘membrane hopping’ 94 may result in activation of multiple receptors by a single 

glycopeptide molecule, amplifying the effect of the receptor activation or may simply 

increase the chance of receptor activation through extending the area sampled by the 

glycopeptide. 
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1.21  Central Hypothesis: Glycosylated PACAP as a Neuroprotective Agent 

Increases in neurodegenerative disorders in an aging population, as well as the 

consequences of stroke, chronic and traumatic brain injury have a substantial impact on 

both health care costs and on quality of life for patients and caregivers alike. Slowing the 

rate of neurological decline and salvaging neurons can improve quality of life for 

everyone involved. 

1.22  Rationale and Approach  

1.22.1  PAC1R Homology Model and Selection of PACAP Glycosylation Site 

Many endogenous neuropeptides have demonstrated neuroprotective effects, 

among them PACAP. Due to the pharmacokinetics and pharmacodynamics of 

exogenously administered peptide compounds, potential usefulness is limited. Synthesis 

of analogs containing glycosylated amino acids is intended to address these stability and 

distribution matters. 

More information about the structure of PACAP active receptors is being 

generated, but as yet there are no full length receptor models based on either NMR or 

crystal structures, and the actual mode of PACAP binding to its receptors is ambiguous. 

169 Using available crystal and NMR structure data from the literature, a homology model 

of the full PAC1 receptor is constructed. This homology model along with the peptide 

bound ECD portion of the receptor described in the literature is used to help guide the 

glycosylation site for the glycopeptide agonists and antagonists to be synthesized.  
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The ECD of the receptor is intimately involved in peptide binding and receptor 

activation. This domain has both crystal and NMR derived structural information. Two 

homology models of the PAC1R were constructed with the molecular modeling program 

MOE® 55 using residue replacement based on the PDB files of both the Rhodopsin 

family mu-opioid receptor (MOR, PDB 4DKL) 89 and the Secretin family CRF1R 

receptor (PDB 4K5Y). 60 Structure minimization was performed to relieve steric clashes. 

The PAC1R ECD based on the antagonist bound NMR derived solution structure was 

joined to the TM homology model to simulate the full length receptor. 

 PACAP27 placement into the receptor groove based on the ECD bound peptide 

described by Inooka et al. 98 and Sun et al. 95 at the interface of the ECD and TM domains 

allowed us to determine that replacement of leucine with Ser-glycoside in the 27 position 

of PACAP27 should not stericly interfere with binding. 

1.22.2  Manual and Automated Synthesis of PACAP and Glycosylated Analogs 

Solid phase peptide synthesis (SPPS) of PACAP and other Secretin family 

peptides is documented in the literature, but synthesis of glycopeptide analogs of PACAP 

is not. The PACAP sequence contains two Asp-Xxx sequences that predispose the 

peptide chain to aspartimide formation under the conditions used in glycopeptide 

synthesis. The addition of the protected glyco-amino acid in the synthesis sequence 

necessitates exposing the peptide to hydrazine in order to remove the protecting acetyl 

groups from the sugars. We found that hydrazine treatment of the glycopeptide 

significantly increased side product formation resulting in very low yields and difficult 

purification. These synthetic roadblocks were mitigated somewhat by using a weaker 
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Fmoc deblocking base, and adding the weak acid HOBt to the amino acid activating 

solution. At one of the difficult sequences, using the dipeptide Asp(OtBu)-(Dmb)-Gly-

OH eliminates aspartimide formation at that site. Other synthetic modifications were 

employed with varying results. 

1.22.3  In vitro screening for PAC1R Activation Using the PC12 Cell Model 

The PAC1 receptors are expressed the PC12 cell line, a well-established in vitro 

model for PAC1R activation and a valuable tool as an initial screen for 

peptide/glycopeptide activity. PC12 cells treated with PACAP and analogs demonstrated 

PAC1R activation by producing outgrowths of neurite-like processes, had increases in 

cell body volumes, and decrease in cell numbers. This preliminary screen shows promise 

for these glycosylated PACAP analogs since they retain activity at the PAC1R. 

1.22.4  In Vivo Measurement of Glycosylated PACAP Crossing the BBB 

In order for exogenously administered PACAP to have beneficial effects in the 

brain, it needs to cross the BBB. It has been established that both PACAP27 and 

PACAP38 cross the BBB by some type of diffusion mechanism (PACAP27) or active 

transport (PACAP38). 170 The glycosylated form of PACAP27, after intraperitoneal (i.p.) 

administration in the mouse crossed into the CSF and was detected through a 

microdialysis technique that sampled the CSF. Mass spectrometry shows that the intact 

glucosylated PACAP analog was present in the collected CSF. 
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CHAPTER 2 

MOLECULAR MODELING IN GLYCOSYLATED PACAP ANALOG DESIGN 

2.1  ECD Structures of Secretin Family Receptors 

In an attempt to better understand the binding motif of each of the three PACAP 

active receptors, the available crystal and NMR solution structure information was used 

to make models of the N-terminal extracellular domains (ECDs) of Secretin family 

receptors. Crystal structure coordinates are available for the ECDs of several Secretin 

superfamily receptors (Figure 2.2), including gastric inhibitory peptide receptor (GIPR, 

PDB 2QKH), 171 parathyroid hormone 1 receptor (PTH1R, PDB 3H3G), 172 glucagon-like 

peptide 1 receptor (GLP1R, PDB 3IOL), 105 corticotropin releasing factor receptors 1 and 

2 (CRFR1 and CRFR2, PDBs 3EHS171 and 3N95, 173 respectively), calcitonin receptor-

like receptor (CRLR, PDB 3AQF), 174 human growth hormone releasing hormone 

receptor (HGHR-HR PDB 2XDG), 175 and now, the crystal structure for the PAC1R short 

splice variant prepared as a maltose binding protein (MBP) fusion protein has recently 

been published (PDB 3N94).176 

2.2  PACAP Residues Important for Receptor Binding  

Until recently the only available PAC1R structure information was the NMR 

solution structure of the antagonist PACAP6-38 bound to the PAC1R-short ECD (PDB 

2JOD, Figures 2.1-2.4) comprised of residues 17-122. 95 An earlier conformation of a 

shortened version of the agonist, PACAP1-21 (PDB 1GEA), 98 bound to the full length  
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Figure 2.1: (Top) NMR determined structures of PAC1R bound PACAP1-21 (PDB 1GEA)  98 
and (Middle) the extracellular domain of the PAC1R with PACAP6-38 (PDB 2JOD). 94 
(Bottom) Hydrophobic pocket formed in receptor bound PACAP21 by I5, F6 and Y10 
(green). 98 Prepared using 55. 
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Figure 2.3: Superposition of the backbone structures (left) of the VPAC2R ECD (PDB2X57, 
105 magenta) and the PAC1R ECD (PDB 2JOD, 94 green) and (right) the nine structures from 
Figure 2.2. Prepared using 55. 

PDB:  2QKH170 3H3G171 3IOL104 3N95172                
Receptor: GIPR PTH1R GLP1R CRFR2 

 
 
PDB: 3AQF173 2XDG174 3N94175 2X57105 2JOD94 
Receptor: CRLR HGHR-HR PAC1R VPAC2R PAC1R 
 
 
Figure 2.2: Backbone representations of the ECDs of several Secretin family receptors. 
All are from crystal structures except 2JOD.94 RMSD 2.995 Å. Prepared using 55. 
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Figure 2.4: ECD of the PAC1Rs (gray mesh) with PACAP6-38 (helix marked Phe6-
Lys38, PDB 2JOD) 95 and GLP1(10-35) (helix marked Gly10-Gly35, from PDB 3IOL) 105 
merged with the homology model of the transmembrane portion (magenta mesh) of the 
PAC1R based on residue replacement in the mu opioid receptor (PDB 4DKL). 89  
 
TM helix colors: 1- red, 2 - green, 3 - blue, 4 - yellow, 5 - magenta, 6 - gold, 7 - aqua. Y10, 
R14 and K21 residues are necessary for binding to the full length PAC1R, but not to the 
isolated ECD. 95 ECD position above the TM domain is based on the orientation shown by 
Sun et al.	  where TM helix 1 (red) is placed on the left and interactions of Y10, R15 and K21 
with EC loop 1 between TM helices 2-green and 3-blue (connecting loop missing in this 
image), is said to be important for receptor binding and activation. 95 Prepared using 55.	  

ß GLP10-35 

PACAP6-38 à 
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PAC1R was determined using 2-D transfer nuclear Overhauser enhancement (TRNOE). 

98 This receptor bound peptide demonstrates amphipathic character, and when bound, 

forms a β-coil with residues D3, G4, I5, F6 and T7 that is unique to PACAP in the 

PAC1R. No other bound Secretin family peptides have been found to adopt this NT 

conformation. 98 A hydrophobic pocket is formed with residues I5, F6 and Y10 (Figure 

2.1, top and bottom) that is able to accommodate the aromatic side chain of Tyr, Phe, or 

His, or a bulky aliphatic side chain. 98 Formation of this pocket is not seen in the aqueous 

or micelle environment; there is a completely different arrangement of side-chains on 

residues 5, 6, and 10 when receptor bound compared to micelle bound. 98 The G4 residue 

of PACAP is necessary for stability of the type II’ β-turn, and is required to maintain the 

hydrophobic cluster. 98 The weak binding of VIP to the PAC1R may be because VIP has 

Ala in the 4 position instead of Gly, so VIP is unable to stabilize the β-turn and maintain 

the hydrophobic cluster that forms in the bound peptide. 98  

The NMR solution structure of PACAP6-38 bound to the PAC1Rs ECD (Figure 

1.5) shows the antagonist bound to a groove on an edge of the PAC1R N-Ted. On the 

full-length receptor, this groove sits at the interface between the transmembrane (TM) 

and EC domains, enabling the bound peptide to interact with both EC and TM domains of 

the receptor (Figure 2.4). Mutation of any of three key PACAP amino acids (Y10, R14, 

K21) resulted in decreased binding to the full-length receptor but did not diminish 

binding affinity for the ECD. 95 The VPAC2R ECD structure (PDB 2X57) 106,176 is very 

similar to the PAC1R receptor106,176  (Figure 2.3, left). The superposition of nine ECD 

structures (Figure 2.3, right) demonstrates the similarities in the resulting backbone  
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Figure 2.5: Ligand interaction diagram between the CT 11 residues of PACAP6-38 
with the ECD of the PAC1Rs (2JOD). 95 
 
The ligand interaction diagram of the CT portion (G K R Y K Q R V K N K; G28 is in the 
lower left corner, R38 is in the center top of the image) of PACAP38 shows a number of 
beneficial interactions between the peptide and the N-terminal extracellular domain of the 
PAC1R receptor. Prepared using MOE® and the NMR derived structure of the PACAP6-27 
antagonist bound to the extracellular domain of the PAC1Rs (PDB 2JOD). 95 Several ionic 
bonds between Asp and Glu receptor residues and Lys and Arg side-chains of the bound 
peptide can be seen. Prepared using 55. 
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structures of the different Secretin family receptor ECDs (Figure 2.2). The disulfide 

linkages in each ECD are conserved, as well as Asp59, Trp64, Pro78, Gly101, and 

Trp102. The so-called ‘sandwich fold’ is maintained across the receptors of the family, 

even if the sequences in the area of the fold are less conserved. 176 The PAC1R ECD has a 

number of aspartic acid and glutamic acid residues; PACAP has several lysines and 

arginines. The 11 residues making up the CT section of PACAP38 include six positively 

charged residues. The ligand interaction diagram (Figure 2.5) of the CT section of the 

peptide shows salt bridge and hydrogen bond interactions between the ligand and the 

ECD of the receptor. 

2.3  PACAP ECD binding orientation 

A homology model of the ECD of the VPAC2 receptor has been constructed 

based on the mouse CRF2 extracellular domain to model peptide binding based on results 

obtained in a photoaffinity experiment. 65 Photoaffinity labels were placed at positions 6, 

22 and 24 of VIP. The results support the docking of VIP in the same receptor groove, 

with similar orientation, as CRF and other Secretin family receptor ECD interactions. The 

helical portion (6-28) binds to the ECD while residues 1-5 interact with the receptor core 

to activate the receptor. 65 The exception to this binding motif is with PACAP and the 

PAC1R in which PACAP binds to the receptor parallel to the membrane rather than at an 

oblique or perpendicular orientation (Figures 2.4 & 2.6). 
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Figure 2.6: Superposed N-terminal extracellular domains of four Secretin Family 
GPCRs. 
 
Viewed from the top, the surface (gray) of the ECDs of PAC1R, CRFR, GIPR, and GLP1R 
superposed with ribbon representations of PACAP6-38 (red), astressin (yellow), exenedin-4 
(9-39) (blue), and GIP(1-42) (magenta). Note the binding orientation of PACAP6-38 is 
different when compared to the others97 (Image is from Runge et al. 97). 
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2.4  Maxadilan- a PAC1R selective agonist  

It has been suggested that the orientation of PACAP binding in the PAC1R, based 

on the NMR solution structure provided by Sun et al. is incorrect since this orientation is 

not the same as seen with all the other Secretin family peptide binding motifs (Figures 

2.4 and 2.6). 176,177 One argument to support the Sun et al. NMR derived orientation is 

that PACAP binds differently with the PAC1R when compared to the way it binds in the 

VPAC1 and VPAC2 receptors, especially in view of the similarities between VIP and 

PACAP and the much lower binding affinity of VIP to the PAC1R. 

Consider the selective PAC1R agonist maxadilan. If the interaction of maxadilan 

with the PAC1R is in the horizontal orientation, the way PACAP6-38 binds to the ECD 

in the PDB structure 2JOD, then this may be what allows maxadilan to be selective for 

the PAC1R. Maxadilan is a naturally occurring peptide isolated from the salivary gland 

of the sand fly, Lutzomyia longipalpis, and has an IC50 for [125I]PACAP27 binding at the 

PAC1R of 3.98 nM, compared to 4.90 and 20.51 nM for PACAP38 and PACAP27, 

respectively. 178 Inspection of the maxadilan structure reveals a 61 residue CT amidated 

peptide with the	  putative message portion of maxadilan being located in the mid region of 

the peptide. 179 A vertical orientation of maxadilan in the receptor ECD, as seen with 

other Secretin family peptides bound to the ECD, would interfere with and probably 

preclude maxadilan binding to the PAC1 receptor.  

 Maxadilan may be an allosteric activator of the PAC1R, interacting with the 

receptor at a site distant from where the endogenous peptide binds. But if maxadilan  
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                         10                            20                     30                      40                      50                          60  

Maxadilan CDATCQFRKA IDDCQKQQHH SNVLQTSVQT  TATFTSMDTS QLPGNSVFKE CMKQKKKEFK A 

PACAP38   HSDGIFT  DSYSRYRKQM AVKKYLAAVL GKRYKQRVKN K 

Maxadilan CDATCQFRKA IDDCQKQQHH SNVLQTSVQT  TATFTSMDTS QLPGNSVFKE CMKQKKKEFK  A 

PACAP38   HS  DGIFTDSYSR YRKQMAVKKY LAAVLGKRYK  QRVKNK 

Maxadilan CDATCQFRKA IDDCQKQQHH  SNVLQTSVQT  TATFTSMDTS QLPGNSVFKE CMKQKKKEFK A 

PACAP38   H SDGIFTDSYS  RYRKQ-MAVK KYLAA-VLGK RYKQRVKNK  

 

Table 2.1: Three alternate sequence alignments of maxadilan 163 with PACAP38.  
 
Disulfide bonds in maxadilan are between residues C1 & C5 and C14 & C51. 
Homologous/analogous residues of each sequence-aligned pair are in bold face. PACAP38 in the 
bottom alignment has 2 single-residue gaps to improve alignment possibilities between 
PACAP38 and maxadilan. 
 
If maxadilan binds to the PAC1R at the same binding site as PACAP, the large NT sequence of 
the maxadilan would preclude it from a perpendicular orientation when binding with the ECD of 
the PAC1R, but association with the binding groove parallel to the membrane, as described for 
PACAP6-38 95,179 would avoid steric clashing. 
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 1 11                           21  23ê43                     50 60  

Maxa Antag C  DATCQFRKAI DDCQKQQHHS NVPGNSVFKE CMKQKKKEFK A 

PACAP6-38                        FT DSYSRYRKQM AVKKYLAAVL GKRYKQRVKN K 

Maxa Antag C  DATCQFRKAI DDCQKQQHHS NVPGNSVFKE CMKQKKKEFK  A 

PACAP6-38            FTDSYSR YRKQMAVKKY  LAAVLGKRYK  QRVKNK 

Maxa Antag C  DATCQFRKAI DDCQKQQHHS NVPGNSVFKE CMKQKKKEFK A 

PACAP6-38           FTDSY SRYRKQMAVK KYLAA-VLGK RYKQRVKNK  

 
Table 2.2: Three alternate sequence alignments of maxadilan antagonist (Maxa Antag, 
residues 24 to 42 are removed at ê) with the PAC1R antagonist PACAP6-38.  
 
Disulfide bonds remain between C1 & C5 and C14 & C51 after the deletion. 
Homologous/analogous residues of each sequence-aligned pair are in bold face. PACAP6-38 
in the bottom alignment contains a single-residue gap to improve alignment possibilities 
with the maxadilan antagonist.179 
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does bind the same groove as the native peptide, positioning the peptide parallel to the 

membrane as described by Sun et al. 95 would extend the residues of the NT portion of 

maxadilan beyond the binding groove, allowing beneficial interactions at the surface of 

the transmembrane and extracellular portion of the receptor, with sterics preventing 

maxadilan from binding in the vertical orientation and activating the other PACAP active 

receptors, VPAC1/2R which demonstrate vertical VIP binding.65 

 Nokihara et al. prepared a number of analogs of maxadilan to investigate the 

active portion of the peptide, finding that deletion of residues 24 through 42 of maxadilan 

but still maintaining the two disulfide bridges (C1-C5 and C14-51), resulted in a low 

affinity antagonist, requiring 100 nM of the maxadilan antagonist to decrease cAMP 

formation secondary to 1 nM PACAP27 treatment of PAC1R in rat brain membrane 

preparations.179 

 PACAP and maxadilan have very little sequence similarity. Three different 

maxadilan and PACAP38 peptide alignments show the homology/identity common to the 

two peptide chains (Table 2.1). In each paired example there are several homologous 

residues in the CT portion of the maxadilan that could be responsible for PAC1R binding, 

but the extensive length of the NT portion of maxadilan would preclude a verticle binding 

orientation that is seen in Figure 2.6 of the ribbon representations of astressin (yellow), 

exenedin-4 (9-39) (blue), and GIP (1-42) (magenta) in the superposed ECDs of PAC1R, 

CRFR, GIPR, and GLP1R. 97 PACAP6-38 (Figure 2.6, red) is in a binding groove along 

the edge of the ECD, almost perpendicular to the other peptides, though the C-terminus 

of the PACAP appears to curl up and follow the groove occupied by the other peptides. 
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The full PAC1R with the TM helices imbedded in the membrane would not be able to 

accommodate the large NT portion of maxadilan if it were placed perpendicularly, but if 

the peptide binds in a parallel manner, steric conflicts with the membrane would be 

avoided. This may help explain the selectivity of maxadilan for the PAC1R and not the 

VPAC1 or VPAC2 receptors, which have been shown to bind ligands in the vertical 

position.65 

 Maxadilan is converted from an agonist to antagonist by deletion of 19 residues in 

the middle of the peptide, which suggests the key residues for activation are either 

missing or shifted with the deletion of residues 24 through 42. 178 In all of the three 

proposed alignments between the maxadilan antagonist (Maxa Antag, Table 2.2) and 

PACAP6-38, there are three homologous positively charged lysines or arginines in the 

CT that could maintain binding affinity for the PAC1R, even if that affinity is reduced. 

 Since maxadilan and its truncated analog act as a PAC1R agonist and antagonist, 

respectively, and if it binds at the same site as PACAP in the PAC1R, then it is possible 

that PACAP may have different binding orientations in the PAC1R compared to the 

VPAC1 and VPAC2 receptor binding orientation. Structural studies of VIP binding in the 

ECD of the VPAC receptor 65 indicates that the binding motif is not the same as PACAP 

in the PAC1R ECD, 95 and the VIP binding orientation is aligned with several other 

ligands of the Secretin family of peptide ligands. While the scenario of PACAP binding 

similar receptors in very different orientations seems unlikely, the different binding 

modes may explain why PACAP can activate PAC1R as well as both VIP receptors, but 

VIP activates PACAP receptors very weakly. The heterogeneous binding mode of 
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PACAP27 in the PAC1R has been demonstrated through photoaffinity labeling studies, 

162 and supports the NMR solution structure binding orientation of PACAP6-38 to the 

PAC1R ECD described by Sun et al.95,180 

2.5 PAC1R Homology Models 

To resolve the discrepancy between the orientations of PACAP binding to the 

PAC1Rs as described by Sun et al. and the other Secretin family peptides with their 

respective ECDs, additional structural information is needed. Ideally, this would be the 

crystal structure of the full-length receptor with the bound agonist peptide. Since this 

information is not available we must make peptide analog design judgments based on 

models of the PAC1R ECD and homology models of the TM domains of the receptor. To 

this end, two homology models of the PAC1Rs were constructed using two different 

templates. One homology model of the transmembrane portion of the PAC1 receptor was 

constructed based on the Rhodopsin family mu-opioid receptor (MOR, PDB 4DKL) and 

one using the crystal structure of the corticotropin releasing factor-1 receptor 

transmembrane domain (CRF1R, PDB 4K5Y) that was recently published.60 

 Each homology model of the transmembrane domain portion of the PAC1R was 

prepared as follows. The PDB of the published structure on which the homology model 

will be constructed (donor structure) was loaded into the modeling program (MOE®, 

Chemical Computing Group, Montreal55) and the sequence of the desired receptor was  
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PAC1R % identity to 
MOR  22.3 IDENTITY:  Identical residues between the PAC1R 

and MOR transmembrane domain portion of the 
receptor are in dark pink. Residues of the PAC1R are 
colored light pink. 

MOR % identity to 
PAC1R 22.8  

 

 
PAC1R % similarity 

to MOR  38.5 SIMILARITY:  Identical residues between the 
PAC1R and MOR are in dark blue. Non-identical 
homologous residues are colored lighter blue. 
Dissimilar residues are colored pink. 

MOR % similarity to 
PAC1R 39.3  

 

 
Figure 2.7:  Sequence identity (top) and similarity (bottom) between the Rhodopsin family 
receptor MOR (PDB 4DKL) and the Secretin family receptor PAC1R181.  
 
The residues making up the ECD of the PAC1R are not included here, only the transmembrane 
residues. The red bars above the residues represent α-helical secondary structures.  
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PAC1R % identity to 
CRF1R  33.5 IDENTITY: Identical residues between the 

CRF1R and PAC1R transmembrane domain 
portion of the receptor are in dark pink. Residues 
of the PAC1R are colored light pink. 

CRF1R % identity to 
PAC1R 33.6  

 

 
 

PAC1R % similarity to 
CRF1R  51.1 SIMILARITY:  Identical residues between the 

CRF1R and PAC1R are in dark blue. Non-
identical homologous residues are colored lighter 
blue. Dissimilar residues are colored pink. 

CRF1R % similarity to 
PAC1R 51.2  

 

 
 

Figure 2.8:  Sequence identity (top) and similarity (bottom) between the TM domains of 
the Secretin family receptors CRF1R (PDB 4K5Y) and PAC1R181. 
 
The residues making up the ECDs of each receptor are not included here, only the 
transmembrane residues. The red bars above the residues represent α-helical secondary 
structures. Prepared using 55. 
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entered into the sequence editor. Both the donor structure sequence and desired receptor 

sequence are visible in the sequence editor, but only the donor structure is displayed. In 

each case, the sequences were aligned to show % identity and % similarity (Figures 2.7 

and 2.8). Not surprisingly, the Secretin family CRF1R had better identity/similarity to the 

PAC1R sequence, 33.6%/51.2% when compared to MOR and the PAC1R, 22.8%/39.3%. 

 Residues of the donor structure were mutated to match the amino acid sequence 

of the PAC1R. The resulting mutated structures were minimized to relieve any steric 

clashing/interference after substitution of the replacement amino acids. Gaps or breaks in 

the PAC1R sequence were constructed, minimized and inserted into the gaps. The 

resulting homology models are crude representations of the TM domain portion of the 

PAC1R and represent the primary and secondary structures of the receptor, but they can 

serve as a base on which the ECD may be attached (Figure 1.6, for example) and perhaps 

shed some light on residues at the membrane/ECD interface that may contribute to 

receptor binding and activation. The quality of information that can be derived from 

models will improve as more complete structural information becomes available for full-

length Secretin family receptors bound with peptide agonists. 

2.6  Discussion 

To quote the renowned 20th century statistician George E. P. Box, ‘all models are 

wrong, some models are useful.’ 182 It is with this in mind that construction of a 

homology model of the transmembrane domain of the PAC1R was undertaken. The goal 

was to build a base on which the NMR and crystal structure derived ECDs could be 

attached to form the full-length receptor to help better visualize the interaction of the 
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Figure 2.9: The PAC1R full length homology model with bound PACAP27S-Glucoside 
 
The ribbon structure of the full length PAC1R homology model based on the transmembrane 
domain of the CRF1R crystal structure (PDB 4K5Y) 60,95,98 combined with the NMR solution 
structure model of the PAC1Rs ECD (PDB 2JOD).94 The bound glycopeptide orientation is 
aligned with residues 1-7 of the NMR derived PACAP1-21 active conformation (PDB 1GEA)97  
and residues 8-27 of the ECD bound PACAP6-38 antagonist from PDB 2JOD.94 PACAP27S-
Glucoside is colored green with glucose being gray. The dark gray ribbon structure represents the 
PAC1R ECD.  TM helices are color coded from 1 through 7 as red, green, blue, yellow, magenta, 
gold, and aqua respectively. Prepared using 55. 
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ECD bound ligand with the transmembrane portion of the receptor. It is not yet known if, 

after binding to the ECD, the message portion of the peptide ligand inserts into a receptor 

pocket to activate the receptor 60,183 or if the initial binding step of the peptide to the ECD 

exposes a ‘hidden agonist’ that interacts with the residues of the receptor’s EC loops. 

67,151 The overall utility of preparing a full-length receptor homology model of the 

PAC1R is modest, but joining the ECD with the transmembrane homology model portion 

of the receptor does allow for better visualization of side chain interactions or clashes that 

may occur between the receptor and ligand, especially as more structural information 

between the peptide bound to the ECD and its interaction with the TM domain of the 

receptor becomes available and can be incorporated into the model. 

With the limited structural information for the conformation of the active peptide 

ligand PACAP1-21 bound to the receptor reported by Inooka et al., 98 we recognize that 

placing the glycosylated serine residue distal to the message, closer to the NT of the 

peptide, will minimize any effect that a bulky glycosylated residue may have on the 

portion of the ligand sequence that interacts with the receptor. Furthermore, replacing the 

Leu27 of PACAP27 with the CT-amidated glycoserine residue should not interfere 

(Figure 2.9) with ECD-helix interaction between the receptor and the helical portion of 

the glycosylated peptide ligand for the two-step binding model described for Secretin 

family peptides. Based on the available crystal structures of the ECDs and 

transmembrane domains of Secretin family receptors and the homology models 

constructed using these data, a series of C-terminally glycosylated PACAP agonists and 

antagonists were synthesized.  
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CHAPTER 3 

SYNTHESIS OF GLYCOSYLATED PACAP AGONIST AND ANTAGONIST 

ANALOGS 

3.1  Rationale for Glycosylation of Endogenous Peptides 

The addition of a glucose moiety to the peptide has multiple functions; to enhance 

CNS penetration, to modulate the time the peptide spends on the membrane and the time 

spent bound to the receptor, and to extend the area of membrane sampled to improve the 

likelihood of encountering a receptor. Additionally, glycosylating the peptide may disrupt 

enzymatic degradation. Neutral endopeptidase (NEP) is an enzyme that is unable to 

cleave PACAP38, but acts on PACAP27 to generate PACAP25 and PACAP22, 71 both of 

which have greatly reduced receptor affinity but still fully activate the receptor when 

binding does occur. Glycosylation of the CT amino acid, through sterics, should hinder 

enzyme access to the cleavage points on the peptide, prolonging the biological t½ of the 

glycopeptide and extending the prospect of receptor activation. 

3.2  Residues Prone to Oxidation in the PACAP Sequence 

Synthesis of larger and more complex peptides is becoming commonplace with 

the development of automated peptide synthesizers and optimization of synthetic 

protocols. Even with technological and synthetic advances, there are amino acids and 

specific sequences that pose a significant synthetic challenge when present in a peptide. 

Difficult amino acids include easily oxidizable tryptophan, cysteine and methionine. In  
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Figure 3.1: The base catalyzed Fmoc deprotection step is responsible for 
deprotonation of the α-amino nitrogen, especially when Gly, Asn, Ser, Thr or Val 
follows the aspartic acid.  
 
The ester linkage of the OtBu protected aspartic acid side chain is sensitive to 
nucleophilic attack once the nitrogen is deprotonated.187 
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Figure 3.2: Aspartimide formation when R is Gly, Asn, Ser, Thr or Val.  
 
Aspartimide forms when the electrons of the preceding nitrogen attack the carbonyl of the 
t-butyl protected aspartic acid side-chain during the Fmoc deprotection step. 
Pyrrolidinedione ring opening on either side of the nitrogen creates an unwanted branching 
point.187 
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Figure 3.3:  Sites and general mechanisms of aspartimide formation during PACAP 
synthesis and cleavage from resin.  
 
Each base treatment after Asp(OtBu) addition has the potential to react with the hydrogen on the 
Asp +1 nitrogen. Nucleophilic attack by this nitrogen on the carbonyl carbon of the protected 
aspartic acid side-chain displaces the t-butoxy leaving group and forms the aspartimide cyclic 
intermediate. Aspartimide ring opening occurs secondary to a reaction with water or other 
nucleophilic species in solution, exposing an unprotected carboxylic acid moiety and likely 
altering the peptide backbone and inserting a branching point.   
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the case of PACAP methionine is present in the peptide. It has been shown that 

substituting the methionine with leucine or norleucine does not adversely affect the 

receptor binding or activity of the peptide, so the problem of oxidation may be entirely 

avoided through amino acid substitution. 184-186  

3.3 Amino Acid Sequences Prone to Aspartimide Formation 

Sequences that contain aspartate followed by glycine (Gly, G), asparagine (Asn, 

N), serine (Ser, S), threonine (Thr, T) or valine (Val, V) are prone to aspartimide 

formation during the Fmoc deprotection step of synthesis (Figure 3.1). 187 In 1970 

Marglin and Merrifield commented on this troublesome sequence encountered with 

secretin synthesis using both the fragment approach as well as the stepwise approach, 

secretin having the same Asp3-Gly4 sequence that is found in PACAP. 188 In the 

synthesis of PACAP, the base used to catalyze the desired cleavage of the Fmoc group 

can also deprotonate the nitrogen of the amino acid attached to the aspartate carboxy 

terminus, prompting a nucleophilic attack at the carbonyl of the aspartic acid protected 

side chain by the nitrogen (Figure 3.2).  

 The undesired cyclic intermediate that is formed, upon ring opening, disrupts the 

intended peptide chain elongation (Figure 3.3). When the ring opens the unprotected 

carboxylic acid side chain is exposed. Depending on which side of the pyrrolidinedione 

nitrogen the ring opens, the amino acid backbone can remain intact or it can be extended 

by one carbon, with the carboxylic acid side chain containing one fewer carbons. Ring 

opening can result in more formation of the ω-peptide than the α-peptide. 187 

Additionally, since carboxylic acid groups from both the ω-peptide and α-peptide may be 
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exposed on the growing peptide, activation of the carboxylic acid for subsequent amino 

acid additions results in undesired side chain couplings and formation of multiple 

branched side products.  

Even small amounts of aspartimide formation can devastate the yield of the 

peptide. Aspartimide formation occurs with each deprotection step performed after the 

aspartic acid addition to the chain, thus previously unaffected Asp-Xxx linkages are at 

risk for aspartimide formation, potentiating the formation of incorrect peptides. 187 

Removal of the protecting groups from the side-chains and cleaving the peptide from the 

resin requires using a TFA cleavage cocktail. Prolonged acid exposure can also promote 

aspartimide formation. 187,189 The extent of cleavage over time should be monitored to 

maximize recovery of the cleaved peptide while minimizing the acid catalyzed 

aspartimide formation. With glycopeptide synthesis, the hydroxyl groups on the sugar 

moiety are acetylated for protection during peptide chain elongation. Hydrazine cleavage 

is used to remove the acetate groups before the glycopeptide is cleaved from the resin. 

Hydrazine treatment also promotes aspartimide formation, 187 especially since treatment 

with hydrazine takes several hours for complete deacetylation to occur. 

3.4 Sequences in PACAP Prone to Aspartimide Formation  

In the PACAP peptide there are two Asp-Xxx sequences where this undesired 

reaction can occur (HSDGI FTDSY SRYRK QMAVK KYLAA VL) and, even though 

these sequences are near the NT of the peptide so relatively few Fmoc deprotection 
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PACAP7-‐27	  	  	  	  	  :	  	  TDSY	  	  SRYRK	  	  QMAVK	  	  KYLAA	  	  VL	   	   PACAP27:	   HSDGI	   	   FTDSY	   	   SRYRK	   	   QMAVK	   	   KYLAA	   	   VL	  
	  

	   	  
	  
	  
7-‐S27-‐GlcAc4	  :	  	  TDSY	  	  SRYRK	  	  QMAVK	  	  KYLAA	  	  VS-‐GlcAc4	   S27-‐Glc	  	  	  	  :	  HSDGI	   	   FTDSY	   	   SRYRK	   	   QMAVK	   	   KYLAA	   	   VS-‐Glc	  
	  

	   	   	  
	  
	  
7-‐S27-‐LacAc7	  :	  	  TDSY	  	  SRYRK	  	  QMAVK	  	  KYLAA	  	  VS-‐LacAc7	   S27-‐Lac	  	  	  :	  HSDGI	   	   FTDSY	   	   SRYRK	   	   QMAVK	   	   KYLAA	   	   VS-‐Lac	  
	  

	   	   	   	  
	  
 
Figure 3.4: Affect of aspartimide formation on purity as measured by HPLC 
 
Left:  HPLC tracings of PACAP7-27 of  
(top) native sequence, (middle) S27-GlcAc4, (bottom) S27-LacAc7  
 
Right: HPLC tracings of crude PACAP27 peptide of  
(top) native sequence, (middle) S27-Glc, (bottom) S27-Lac.  
 
Tracings on the left are of crude peptide cleaved from the resin using a TFA based cleavage 
cocktail but the acetate groups (glycopeptides, middle and bottom) remain on the sugar. The last 
six amino acids have yet to be added. 

The tracings on the right are of the crude peptide/glycopeptide resulting from the 
hydrazine:methanol treatment for deacetylation of the glycopeptides (middle and bottom) 
followed by both the glycosylated and non-glycosylated peptides being cleaved from the resin 
using a TFA based cleavage cocktail. All amino acids have been added to complete the 
peptide/glycopeptide agonists.	  
  



	  

 

103	  

CT10 amino acids AVKKYLAAV-S(Glc) 78% @ 12.8 minutes 

 
CT19 amino acids SYSRYRKQMAVKKYLAAV-S(Glc) 60% @ 10.8 minutes 

 
CT21 amino acids TDSYSRYRKQMAVKKYLAAV-S(Glc) 56% @ 11.1 minutes 

 
CT25 amino acids DGIFTDSYSRYRKQMAVKKYLAAV-S(Glc) 33% @ 11.8 minutes  

 
PACAP27SGlc_crude	  

	  
Figure 3.5: Glucosylated PACAP: a series of HPLC spectra of the peptide at different stages 
during the synthesis. 
 
Evidence of accelerated side product formation after addition of Asp in positions 3 and 8 
followed by Gly4 and Ser9, especially after removal of the acetyl groups from the sugar using 
hydrazine.  
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steps take place after aspartic acid addition, side product formation is significant and 

makes synthesis of peptides containing this sequence extremely challenging.  The first 

difficult amino acid combination occurs with addition of Asp8 to Ser9. This is followed 

several residues later with the addition of Asp3 to Gly4. HPLC of the growing peptide 

chain before addition of the six last amino acids is fairly clean (Figure 3.4, left). HPLC 

after subsequent addition of Phe6, Ile5, Gly4, and Asp3 still shows a prominent but less 

dominant major product peak by HPLC (Figure 3.5). The most susceptible site for 

aspartimide formation is made at the point where Asp3 is added to Gly3. Even with only 

three more deprotection steps following aspartic acid addition, significant side product 

formation occurs (Figure 3.4, right) and the product peak is difficult to identify on the 

HPLC of the crude product.  

3.5  Conditions That Promote Aspartimide Formation 

Aspartimide formation is also caused by treatment with hydrazine, strong acids, 

and strong bases, including piperidine. 187 The removal of acetyl groups from protected 

sugars presents yet another opportunity for aspartimide formation during the synthesis of 

glycopeptides, the deacetylation of the protected sugar is accomplished using a 4:1 

solution of hydrazine monohydrate with methanol. Furthermore, cleavage of the crude 

peptide and glycopeptides from the resin, as well as the side chain protecting groups, is 

accomplished with a cleavage cocktail containing 90% TFA. Prolonged exposure to this 

strong acid in order to cleave peptide from the resin can also catalyze additional  
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Figure 3.7: The α-amino Dmb protected glycine-aspartic acid dipeptide completely 
eliminates aspartimide formation at this site. 

  

	  
 

 
Figure 3.6: Bases commonly used in peptide synthesis. 
 
 TMP = Trimethylpyridine, DBU = 1,8-diazabicyclo[5.4.0]undec-7-ene                                                      
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aspartimide formation. It is noted that once the ester-protecting group is removed from 

the aspartic acid side chain, aspartimide is less likely to form since there is no longer a 

good leaving group that may be displaced. 

3.6 Minimizing Aspartimide Formation 

Strategies to minimize the formation of aspartimide have been developed. 190,191 A 

2% solution of diazabicycloundecene (DBU) with 2% piperidine in DMF is an extremely 

efficient combination for Fmoc removal, but this mixture promotes aspartimide formation 

due to the base strength of the DBU (pKa ~12) (Figure 3.6). A 20% solution of 

piperidine (pKa - 11.2) in DMF is commonly used for removing Fmoc, but piperidine 

itself in a 20% concentration is associated with aspartimide formation. It is also relatively 

expensive and is becoming more difficult to obtain due to restrictions and regulations in 

obtaining controlled substance precursor chemicals. 190  

 An alternative to these deblocking methods is to use a combination of a milder 

base along with a 0.1M concentration of HOBt in DMF. 190,191 Piperazine (pKa = 9.8) as a 

5% solution with 0.1 M HOBt in DMF is a sufficiently strong base to promote Fmoc 

removal and has been shown to minimize aspartimide formation. 190 The addition of the 

HOBt (pKa = 4.60) acts as a weak acid and likely interferes with the deprotonation of the 

amide nitrogen of the Asp +1 amino acid in the growing peptide chain, mitigating its 

interaction with the aspartic acid side-chain carbonyl group. 
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Figure 3.8:  Proposed synthetic scheme for dimethoxybenzyl (Dmb) protection of the amino 
group of glycine after glycine coupling to the peptide chain attached to the resin. 
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Making these adjustments in the synthetic scheme improved yield so that the 

desired peptide could be produced, but overall yield is still very low with very messy and 

overlapping peaks on HPLC for the crude product. One way to completely eliminate the 

aspartimide formation for the Asp-Gly sequence is to use the (N)-2,4-dimethoxybenzyl 

(Dmb) protected glycine. The bulky substituent added to the α-nitrogen of the glycine 

completely blocks aspartimide formation. The Fmoc-Asp(OtBu)-(Dmb)Gly-OH 

protected dipeptide (Figure 3.7) is available from several sources at considerable 

expense, or may be synthesized. 

3.7 Addition of the Dmb Protecting Group 

Another approach would be to add the Dmb protecting group to the amino-

terminus of the glycine on the growing peptide chain after removing the Fmoc. This may 

be accomplished by forming the Schiff base between the glycine α-amino group and 2,4-

dimethoxybenzaldehyde then reducing the Schiff base to yield the Dmb protected glycine 

(Figure 3.8). The Fmoc-Asp(OtBu)-OH can be added to the now secondary α-amino 

group of glycine. Double coupling of the Asp should be performed to maximize the yield 

on the hindered nitrogen of Gly. Addition of subsequent amino acids can proceed without 

fear of additional aspartimide formation. This strategy will be especially useful when 

synthesizing glycopeptides since the use of hydrazine in deacetylation of the protected 

sugars promotes aspartimide formation during the peptide’s extended exposure to 

hydrazine, as seen when comparing the left and right panels of especially the 

glycosylated peptides in Figure 3.4. The Dmb protection of the α-amino group of glycine  
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Figure 3.9: Preparation of Dmb-Gly-Ala on MBHA Rink amide resin.  

After loading Ala onto the resin and addition of Gly, Fmoc was removed with 2% DBU/2% 
Piperidine in DMF. A solution of 0.6 M Dmb in TMOF was added, tumbled overnight, then 
washed with anhydrous THF.  A mixture of NaCNBH3:MeOH:HOAc in THF was used to reduce 
the Schiff base. 
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Figure 3.10: 13C-NMR Showing Schiff Base formation, then Cleavage of Protecting Group 
 
Three stages during the DMB protection of the N-terminus of Gly-Ala attached to MBHA Rink 
amide resin. 
Top: Two carbon peaks for signals originating from a Dmb moiety on the linker of the resin at 
approximately 99.2 and 104.4 ppm before addition of the Schiff base (structure- below, left). 
Middle: The same signals seen in the top spectrum but with two additional carbon peaks for the 
Dmb moiety added in the form of a Schiff base on the NT amine function of the Gly-Ala 
dipeptide, showing up at 98 and 105.8 ppm (structure- below, right). 
Bottom: After reduction with NaCNBH3/HOAc, the signals for the Dmb protecting group (98 
and 105.8 ppm) are missing indicating the Dmb group was removed under these conditions. 
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should eliminate aspartimide formation at a D-G sequence in the peptide chain. 

An experiment was carried out to assess the feasibility and efficiency of 

accomplishing Dmb protection of the amino group on the growing, resin-bound peptide. 

The dipeptide Gly-Ala was built onto MBHA rink amide resin. Dmb was added to the 

Gly amino group as the Schiff base, followed by reduction to the secondary amine using 

sodium cyanoborohydride (NaCNBH3) (Figure 3.9). After Schiff base addition the resin 

was split, with the reduction step being performed on one part of the split resin. For each 

of the three stages, (1) the Fmoc deprotected dipeptide, (2) the Schiff base, and (3) the 

reduced peptide, approximately 50 mg of resin was suspended in CDCl3 and subjected to 

13C NMR. The goal was to find evidence of successful Schiff base addition and 

subsequent reduction.  

 Results indicated the presence of the Dmb group at the Schiff base stage (Figure 

3.10), 13C NMR showing 4 peaks in the 100-110 ppm range for the carbons in positions 3 

and 5 of the aromatic ring of the Dmb (98 and 105.8 ppm) and the carbons in positions 3 

and 5 of the aromatic ring of the Dmb on the linker attached to the resin (99.2 and 104.4 

ppm). As expected, the initial dipeptide resin, before the Dmb group was added, showed 

only two peaks in this range for signals generated by the resin. Regrettably, after the 

reduction step the carbon NMR showed only the two peaks indicating the Dmb group of 

the resin, the additional two peaks to indicate the carbons in positions 3 and 5 of the Dmb 

group attached at the amino terminus were missing. The Dmb protecting group is acid 

labile and normally removed during cleavage from the resin using 90% TFA, but based 
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on our results, this protecting group is acid sensitive enough at this position to be 

removed using the relatively low concentration of acetic acid found in the reduction step.	  

Other reduction methods using a milder reducing agent not requiring acid may 

prove to be more successful. Sodium borohydride (NaBH4) in methanol (MeOH) has 

been used, 192 but MeOH shrinks resin and can hinder access to reaction sites on the 

peptide, especially when long peptide chains are synthesized. Borane pyridine or borane 

tetrahydrofuran (THF) are alternative reducing agents that are reasonable to try. 193  Used 

as the solvent, THF should not shrink the resin as much as MeOH. 

3.8  Design Considerations 

 The stated goals for glycosylation of PACAP analogs, both agonist and 

antagonist, include 1) to improve stability to circulating and membrane bound exo- and 

endopeptidases in order to prolong circulating and biological half-life of endogenously 

administered peptide, 2) to increase transport into the brain across the capillary 

endothelium of the blood brain barrier, 3) to facilitate membrane hopping, that is, the 

ability of the peptide to spend time on the membrane, dissociate from the membrane, then 

travel some distance before reintegrating with the membrane and 4) to minimize 

perturbation of receptor binding to maintain in part, total or improve receptor activity at 

the PAC1, VPAC1 and/or VPAC2 receptors. Many PACAP analogs have been 

synthesized over the years in an attempt to accomplish these goals. Carboxy-terminal 

truncation of PACAP has provided important information concerning receptor binding  
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PACAP 
fragment 

Binding 
(IC50±SEM) nM 

Calcium mobilization 

(IC50±SEM) nM Efficacy (%) 

PACAP27 6.7±1.2 5.2±1.0 100±2 

(1-23) 32±8 51±7 96±2 

(1-22) 740±135 960±154 89±4 

(1-21) >1,000 >1,000 N/A 

 
 
 
Table 3.1:  Binding and activity of PACAP27 and truncated analogs. 
 
There is some loss of binding affinity when PACAP27 is truncated to PACAP23, but PAC1R 
activation is maintained as measured by calcium mobilization. Loss of both binding and activity 
is seen with removing two additional residues making PACAP21. Adapted from 108.  
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Peptide Sequence 

PACAP27 HSDGI FTDSY SRYRK QMAVK KYLAA VL 

PACAP27S-Glc HSDGI FTDSY SRYRK QMAVK KYLAA VS-Glc 

PACAP27S-Lac HSDGI FTDSY SRYRK QMAVK KYLAA VS-Lac 

RLRR-PACAP27 HSDGI FTDSY SRYRR QLAVR RYLAA VL 

RLRR-PACAP27S-Glc HSDGI FTDSY SRYRR QLAVR RYLAA VS-Glc 

RLRR-PACAP27S-Lac HSDGI FTDSY SRYRR QLAVR RYLAA VS-Lac 

PACAP6-27  FTDSY SRYRK QMAVK KYLAA VL 

PACAP6-27S-Glc  FTDSY SRYRK QMAVK KYLAA VS-Glc 

PACAP6-27S-Lac  FTDSY SRYRK QMAVK KYLAA VS-Lac 

RLRR-PACAP6-27  FTDSY SRYRR QLAVR RYLAA VL 

RLRR-PACAP6-27S-Glc  FTDSY SRYRR QLAVR RYLAA VS-Glc 

RLRR-PACAP6-27S-Lac  FTDSY SRYRR QLAVR RYLAA VS-Lac 

 
Table 3.2:  PACAP with agonist and antagonist analogs.  

Native PACAP27 based agonist (first six) and PACAP6-27 based antagonist (last six) were 
modified initially by replacing leucine in position 27 with glucosylated serine and lactosylated 
serine. RLRR peptides have lysine substituted with arginine in positions 15, 20 and 21, and 
methionine substituted with leucine in position 17. S-Glc and S-Lac analogs have had the Leu27 
residue replaced with glucosylated serine and lactosylated serine, respectively. 
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affinity and activation, and peptide stability. 108 It has also been demonstrated that 

substitution of the dextrorotatory form of the amino acid in the 2nd amino acid position or 

amino terminal acylation improves stability of the peptide to N-terminal enzymatic 

degradation (Table 1.6).70 

 There are limits to how short the analogs based on PACAP can be without losing 

receptor binding and activity (Table 3.1). The truncation experiments performed by 

Bourgault et al. indicate that shortening the peptide to fewer than 23 amino acids 

drastically reduces receptor binding. 108 For those truncated analogs that do bind with the 

receptor, even with reduced binding affinity they maintain about 90% or greater receptor 

activation efficiency. There is a drastic binding and activity drop when the peptide is 

shortened to fewer than the NT 22 amino acids, yielding a peptide with an IC50 binding 

affinity of greater than 1000 nM and no measurable activity. 70 These results reinforce the 

observation that the helical address portion of the peptide is crucial for both receptor 

binding and activation, and that simply maintaining the 5 amino acids that make up the 

NT message is not sufficient for activating the receptor. This may also help to explain 

why there are no small organic molecule agonists or antagonists developed that 

effectively bind PAC1, VPAC1 or VPAC2 receptors and resulting in receptor activity, 

though small organic allosteric receptor antagonists have been identified since restricting 

conformational rearrangement of the receptor can prevent the receptor from assuming the 

active conformation. This may be accomplished by altering receptor movement at 

locations distant from the site of peptide binding as demonstrated by the crystal structure 

for the antagonist bound CRF1R receptor that was recently published.60 
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3.9  Improving Peptide Stability 

To address peptide stability in the presence of proteolytic enzymes, it was found 

that substituting Arg for Lys in positions 15, 20, and 21 in both PACAP27185 and 

PACAP38184 resulted in active peptides with prolonged serum stability and activity. 

These amino acid substitutions do not alter the secondary structure formed by the peptide, 

so receptor binding is not disrupted. 184 Substituting Met17 with Leu avoids oxidation of 

the sulfur residue to the sulfoxide or sulfone. 184,185 It is assumed that the larger, more 

basic Arg in place of Lys resists activity of the enzyme responsible for cleaving this site, 

but maintains interactions with important residues of the full length PAC1R described by 

Sun et al. in which amino acid mutations of PACAP showed full binding to the isolated 

EC domain of the PAC1R, but decreased binding to the full length PAC1R when Ala was 

substituted for Tyr10, Arg14, or Glu for Lys21. 95 With these restrictions in mind, a series 

of glycosylated PACAP analog agonists and antagonists were synthesized (Table 3.2) 

and evaluated for activity. 

3.10  Synthesis of Peptides and Glycopeptides 

3.10.1  Serine Glycoside Synthesis 

Glycosylation of serine was accomplished using a modified version of the 

published procedure 194 optimized for our purposes, starting with the Fmoc protected 

serine free acid. Glucose peracetate and lactose peracetate were both used to prepare 

glycosylated serine, using 1.2 Eq of the protected sugar per Eq of Fmoc-Ser-OH. The 

Lewis acid catalyst indium bromide (InBr3, 0.2 Eq) was added to the 300 mM solution 
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(based on Fmoc-Ser-OH) in chloroform (CHCl3) or carbon tetrachloride (CCl4) and 

refluxed at 80ºC. Thin layer chromatography (TLC) and HPLC were used to monitor 

reaction progress.  Once the reaction was complete, the solvent was removed in vacuo 

and the resulting glass is dissolved in ethyl acetate (EtOAc). This organic solution was 

washed once with water to remove the InBr3, then washed with a saturated solution of 

sodium bicarbonate (NaHCO3) followed by a water extraction of crude product. The 

wash/extraction steps were repeated three times total, pooling each wash or extraction 

with the previous ones. The NaHCO3 washes and water extractions were checked by 

TLC, confirming the presence of product in the water wash fraction and no product in the 

bicarbonate fraction. The organic layer showed product by TLC, but repeating the 

NaHCO3/H2O steps did not show significant amounts of product in the water layer when 

checked by TLC. Recrystallization using EtOAc and hexanes purified the product, 

resulting in a 25% yield of > 96% purity by HPLC and confirming the structure using 1H 

NMR. 

Since PACAP is a C-terminally amidated peptide, the glycosylated Fmoc-Ser-OH 

was coupled to MBHA Rink Amide Resin (0.83 mMol/g original capacity) using less 

than 1Eq to provide a low resin load (0.2-0.3 mMol/g resin). The low loading of amino 

acid on the resin is necessary with longer/larger peptides to minimize sequestration of 

growing peptide chains within the resin matrix which could result in amino acid 

deletions, poor coupling efficiency, and leading to undesired side products and poor 

yield. 



	  

 

118	  

3.10.2  Amino Acid Resin Loading  

For each gram of MBHA Rink Amide Resin (200 mesh, 0.83 mMol/gram), 0.4 

mMol of amino acid was used. Using a fritted syringe as the reaction vessel, the resin was 

swelled in dichloromethane (CH2Cl2) X 2 for 2 minutes each, then washed with 

dimethylformamide (DMF) X 5 for 2 minutes each. To remove the Fmoc, a solution of 

2% DBU/2% piperidine in DMF was added, enough to float the resin, and mixed for 5 

minutes. The solution was expelled and more deblocking solution added. After 10 more 

minutes of mixing, the deblocking solution was expelled and the resin was washed X 5 

with DMF and then X 1 with N-methylpyrrolidinone (NMP).  

 To prepare and activate the amino acid, 0.4 mMol of amino acid and 0.4 mMol 

hydroxybenzotriazole monohydrate (HOBt·H2O) were dissolved in sufficient NMP to 

produce a 250 mM solution. After 5 to 10 minutes, 0.8 mMol diisopropylcarbodiimide 

(DIC) was added to the amino acid solution and allowed to mix for 5 to 10 minutes, then 

added to the resin. This mixture was tumbled for 10 minutes, followed by microwaving at 

10% power for 10 minutes, stopping and shaking the syringe every 2 minutes to mix. The 

mixture was tumbled post-microwave for an additional 10 minutes before the solution 

was expelled and the resin washed with NMP X 1, then DMF X 5, each for 2 minutes. 

 After the amino acid was verified to be between 0.2 and 0.3 mEq/gram resin, the 

unreacted free amine sites on the resin were capped using a 2 M solution of acetic 

anhydride (Ac2O) in CH2Cl2 with 6 Eq diisopropylethylamine (iPr2EtN) per mMol 

equivalent of resin used. 5 mL of this mixture per gram of resin was added and mixed for  
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Figure 3.11: Resin loading with the glycosylated amino acid to 0.2-0.3 mMol/gram resin 
 
Top- MBHA Rink Amide Resin is used for CT amidated peptides, yielding the CT amide after 
acid cleavage of the peptide from the resin. 
 
Bottom- General scheme for coupling amino acid to the resin. The Fmoc group is removed with 
2% DBU/2% piperidine before the activated amino acid or glycosylated amino acid is added to 
the reaction vessel. 
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20 minutes, followed by microwave heating at 10% power for 10 minutes. The solution 

was expelled and the resin was first washed with 5% iPr2EtN in CH2Cl2 X 1, followed by 

DMF X 5 for 2 minutes each. Final resin loading was confirmed based on UV/Vis 

detection of Fmoc cleaved from a loaded resin sample. 195 Resins were washed with 

CH2Cl2 X 3, dried in vacuo and stored at -20ºC until needed. 

3.10.3  Glycopeptide Synthesis  

The PACAP glycopeptides were synthesized using a combination of automated 

and manual synthesis incorporating conventional Fmoc solid phase peptide synthesis 

(Figure 3.13) 70,185,186,196,197 and making some adjustments to minimize aspartimide 

formation and maximize yield. 190,198-200 Side chain protected Fmoc amino acids used in 

synthesis include Fmoc-His(Trt)-OH, Fmoc-Ser(tBu)-OH, Fmoc-Asp(OtBu)-OH, Fmoc-

Arg(Pbf)-OH, Fmoc-Lys(Boc)-OH, Fmoc-Thr(tBu)-OH, Fmoc-Tyr(tBu)-OH, Fmoc-

Gln(Trt)-OH (Figure 3.12), and in some cases, the dipeptide Fmoc-Asp(OtBu)-

(Dmb)Gly-OH (Figure 3.7). Using the Prelude Peptide Synthesizer (Protein 

Technologies Incorporated), the sequence making up PACAP7-26 was coupled onto the 

resin loaded with the 27th residue, either Leu for native PACAP27 or glycosylated serine 

for the analogs.  

The dry resin in each Prelude reaction vial (RV) was swelled with CH2Cl2 twice 

followed by DMF washes X 7. The Fmoc deblocking solution used for PACAP8-26 was 

2% DBU/2% Piperidine in DMF (4 minutes, repeated for 8 minutes) followed by DMF 

washes X 7. Each amino acid was added in a concentration of 250 mM, followed by  
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Figure 3.12: Side chain protected Fmoc-amino acids used in synthesis of PACAP 
glycopeptides 
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Figure 3.13:  Schematic of PACAP glycopeptide analog synthesis using a combination of 
automated and manual techniques	  

Reaction scheme starting with either Fmoc-Ser(Glc-Ac4) or Fmoc-Ser(Lac-Ac7) loaded on the 
MBHA Rink Amide resin at a low-load capacity of 0.2 to 0.3 mMol/gram. 
  

Resin loaded with 
0.2-0.3 mmol of glycosylated serine

 per gram of resin.

1) 2% DBU/2% piperidine in DMF
2) Fmoc-AminoAcid-OH/HATU/TMP
                                Repeat until Thr7 is added

Fmoc-T-D-S-Y-S-R-Y-R-X-Q-Z-A-V-X-X-Y-L-A-A-V-S(Glc-Ac4)-NH-Rink-

Fmoc-I-F-T-D-S-Y-S-R-Y-R-X-Q-Z-A-V-X-X-Y-L-A-A-V-S(Glc-Ac4)-NH-Rink-

Fmoc-D-G-I-F-T-D-S-Y-S-R-Y-R-X-Q-Z-A-V-X-X-Y-L-A-A-V-S(Glc-Ac4)-NH-Rink-

Fmoc-H-S-D-G-I-F-T-D-S-Y-S-R-Y-R-X-Q-Z-A-V-X-X-Y-L-A-A-V-S(Glc-Ac4)-NH-Rink-

3) 5% piperazine/0.1M HOBt in DMF                                      3a) 5% piperazine/0.1M HOBt in DMF
4) Fmoc-AminoAcid-OH/HATU/TMP                    -OR-         4a) Fmoc-AminoAcid-OH/HATU/TMP
Go to step 9 after adding the remaining residues                       Continue adding F, then I

Switch to manual synthesis
5a) 5% piperazine/0.1M HOBt in DMF
6a) Fmoc-Asp(OtBu)-(Dmb)Gly-OH/HOBt/DIC in NMP

7a) 5% piperazine/0.1M HOBt in DMF
8a) Fmoc-AminoAcid-OH/HOBt/DIC in NMP
Add remaining residues manually

Prelude Automated Synthesis                                                      Partial Manual Synthesis

H-S-D-G-I-F-T-D-S-Y-S-R-Y-R-X-Q-Z-A-V-X-X-Y-L-A-A-V-S(Glc)-NH-Rink-

9) H2NNH2 H2O:MeOH (4:1)

10) TFA/DCM/H2O/TESH/anisole

H-S-D-G-I-F-T-D-S-Y-S-R-Y-R-X-Q-Z-A-V-X-X-Y-L-A-A-V-S(Glc)-NH2

Where X is Lys (native PACAP) or Arg (analog) and Z is Met (native PACAP) or Leu (analog)
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addition of 2-(7-Aza-1-H-benzotriazol-1-yl)-1,1,3,3-tetramethylaminium 

hexafluorophosphate (HATU) 0.375M then 3M trimethylpyridine (TMP), each in 

quantities to give a final ratio of amino acid 1: activator 1: base 4. Argon bubbling mixed 

the coupling reaction for 35 minutes, followed by draining and DMF washes X 7. This 

series of steps was repeated starting with Fmoc deblocking until the final amino acid of 

this series, Thr7, was added. The remaining residues were added using either a 

combination of an automated/manual program on the synthesizer or a completely manual 

technique with the resin loaded into fritted syringes. 

In both cases, the Fmoc deblocking solution was changed to 5% piperazine with 

0.1 M HOBt to minimize aspartimide formation during the addition of the remaining 

amino acids. For automated synthesis, the remaining residues were added using the same 

series of steps as for residues 7-26. For non-glycosylated peptides, the final step was 

removing the NT Fmoc group using the piperazine/HOBt solution followed by washing 

with DMF. The glycosylated peptides do not need this step since the NT-Fmoc group will 

be removed during acetyl group removal with H2NNH2·H2O/MeOH. After the last step, 

the resins are washed with CH2Cl2 X 3 dried under argon flow for 20 minutes. 

The final six amino acids may also be added manually after transferring the resin 

to a fritted syringe. The series of reaction steps mirrors those used to load the resin, that 

is, Fmoc deblocking using 5% piperazine/0.1M HOBt, for 5 then 10 minutes, washing 

with DMF X 5, washing with NMP X 1, adding the HOBt/DIC activated amino acid in 

NMP solution, mixing 10 minutes, microwaving at 10% power for 10 minutes, mixing 

for an additional 10 minutes before expelling the solution and washing with NMP X 1, 
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then DMF X 5. A final Fmoc deblocking cycle and DMF washes is used for non-

glycosylated peptides before resin cleavage. 

If the dipeptide Fmoc-Asp(OtBu)-(Dmb)Gly-OH is used for addition of the Asp-

Gly combination, the dipeptide is added after deprotection of the growing peptide using 

1.2 Eq based on the starting resin loaded capacity. The same ratios of HOBt/DIC 

activators, as done previously, are used based on the dipeptide (1 Eq for HOBt and 2 Eq 

for DIC), and the coupling solvent remains NMP. All of the steps following remain the 

same as for previous residue additions. 

3.10.4  Acetate Removal from Protected Sugars 

After the last residue of the peptide is added but before cleaving from the resin, 

the acetyl groups were removed from the sugar moieties using a solution of 80% 

hydrazine hydrate and 20% methanol (H2NNH2·H2O/MeOH). This same solution will 

remove the NT Fmoc group from the final residue added during synthesis, which avoids 

an additional deblocking step for glycosylated peptides reducing the number of steps that 

can induce aspartimide formation. The resin was treated with 1 mL per 100 mg resin 

(based on initial mass) for 1 hour with gentle mixing. The solution was expelled and resin 

recharged with the H2NNH2·H2O/MeOH solution and gently mixed for an additional 3 

hours. The solution was expelled and the resin washed for 2 minutes each with methanol 

X 5, DMF X 5, then CH2Cl2 X 3. The resin was dried in vacuo before proceeding with 

the step of cleaving the peptide from the resin. 
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3.10.5  Glycopeptide Cleavage from the Resin 

A cleavage cocktail containing trifluoroacetic acid (TFA), CH2Cl2, H2O, with the 

radical scavengers triethylsilane (Et3SiH) and anisole (9:1:0.2:0.3:0.05), was used to 

simultaneously remove both the amino acid side-chain protecting groups and cleave the 

glycopeptide from the resin. The resin was treated with 1 mL cleavage cocktail per 100 

mg resin (based on initial mass) and tumbled for 1 to 2 hours. It was found that treatment 

for 30 minutes was not sufficient to remove all side-chain protecting groups, but since 

prolonged exposure to strong acid promotes aspartimide formation, allowing the cleavage 

to continue for more time than necessary was to be avoided. The cleavage solution was 

collected and the volume reduced under argon to about ¼ the original volume. Addition 

of ice-cold diethyl ether (Et2O) precipitated the crude peptide, which was centrifuged to 

isolate the peptide pellet. The pellet was washed with ice cold Et2O for 3 total washes. 

Crude peptide was dissolved in water, frozen and lyophilized prior to purification by 

reverse phase high performance liquid chromatography (RP-HPLC). 

3.11  Glycopeptide Purification 

Reverse phase high performance liquid chromatography (RP-HPLC) was used to 

purify the crude glycopeptide. The system included the Varian ProStar autosampler, 

model 430, solvent delivery model 210, and PDA detector model 330. Initial purification 

of the crude was carried out using a semi-preparative (250 X 21.2 mm) Phenomenex 

Jupiter 15µ C-18 column employing an acetonitrile-water gradient containing 0.1% TFA. 

Purity of the collected product was confirmed using a Dikma Technologies Inspire 5µ 

C18 analytical RP-HPLC (250 X 04.6 mm) and mass spectrometry. 
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3.12  Methods and Materials 

            For synthesis and purification of peptides and glycopeptides, amino acids, 

coupling reagents, and Rink amide resin were purchased from Advanced ChemTech 

(Louisville, KY, USA), and used without further purification. Fine chemicals and organic 

solvents were obtained from Sigma-Aldrich unless otherwise noted. The 

fluorenylmethoxycarbonyl (Fmoc) protected serine glycosides were synthesized as 

described in Serine Glycoside Synthesis, Section 3.10.1. Glycopeptides were 

synthesized manually using standard Fmoc chemistry on Rink amide resin. The side-

chain protecting groups on amino acids were chosen to be orthogonal to coupling and 

Fmoc deprotection conditions, and acid-labile for concurrent deprotection at the end of 

the synthesis. The side-chain protected amino acids used in these syntheses are listed in 

Figure 3.12. Amide couplings performed manually were performed using DIC/HOBt, or 

on the automated synthesizer using HATU/TMP as previously described under 

Glycopeptide Synthesis, Section 3.10.3. 

3.12  Discussion 

The process of synthesizing and purifying PACAP and its glycosylated analogs 

proved to be a challenging undertaking. The published procedures for PACAP and VIP 

synthesis mentioned little about aspartimide formation, but one did mention using a 6% 

piperazine solution to remove the Fmoc protecting group to avoid the potential of 

aspartimide formation. 
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 During the synthesis of these peptides, 10 mg samples of resin were removed at 

intervals, the peptide cleaved from the resin and the resulting solution checked by 

analytical HPLC. The prominent peak on HPLC was considered to be the product peak. 

As the peptide chain grew in length from 10 to 19 to 21 to 25 and finally 27 residues, the 

resulting HPLC peaks from the cleaved crude samples were compared (Figures 3.14 and 

3.15, also Figure 3.5). In each case through the 21st amino acid addition there was one 

major peak for each sample that represented the peptide or glycopeptide. After addition 

of aspartic acid, the prominence of the major peak diminished greatly and side product 

peaks increased, especially for the glycosylated peptides. Reaction conditions necessary 

to eliminate the Fmoc group from the amino terminus, to remove acetyl groups from the 

sugars and to cleave the peptide from the resin all promote aspartimide formation. The 

reaction modifications employed to minimize aspartimide were somewhat successful but 

the crude peptide after deprotection and resin removal still exhibited significant side-

product formation making purification of the peptide or glycopeptide a challenge.  

 There was significant methionine oxidation not only in the crude PACAP based 

peptides containing methionine (Figure 3.16), but also in the purified lyophilized 

PACAP analogs (Figure 3.19), after being stored for several months at either room 

temperature or stored in the freezer at -20ºC (Figure 3.20). The oxidation product was 

confirmed using MS by showing an increase in mass of 16. It is possible to reduce this 

methionine sulfoxide oxidation product by dissolving the peptide in TFA to a final 

concentration of 2.0 mM and treating with ethyl methyl sulfide (20 Eq) and ammonium 

iodide (20 Eq), stirring briskly and monitoring the reduction by HPLC. 197 Avoiding the 

problem of oxidation altogether is preferable to incorporating more reaction steps, but 
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being able to recover oxidized native sequence based PACAP and PACAP glycopeptide 

analogs is an alternative to discarding the oxidized peptide. 

 Neither the peptide nor glycopeptide PACAP based analogs in which the 

methionine was substituted with leucine showed signs of degradation products after 

several months of storage at room temperature (Figure 3.21). If the glycopeptides with 

an aliphatic amino acid substituted for methionine retain the ability to bind to and activate 

the PAC1R, then it makes sense to avoid the methionine sulfoxide oxidation side product 

through methionine replacement in future syntheses.   

 Figure 3.16 summarizes the results of the substitutions made in the native 

PACAP27 peptide and both the glucosylated and lactosylated analogs. It is apparent by 

the panel on the left that using the Dmb-substituted dipeptide for incorporation of the D3-

S4 fragment significantly diminishes side product formation caused by aspartimide 

formation, but side products are still obvious. In the panel on the right that shows the 

peptide/glycopeptides containing leucine in place of methionine, the crude 

peptide/glycopeptide HPLC shows a single prominent product peak. It is clear that using 

these building block substitutions, along with the piperizine/HOBt combination for Fmoc 

deblocking, greatly improves the quality of the crude product formed and will make 

glycopeptide purification more efficient resulting in an increased recovery of purified 

glycopeptide.  

Small quantities of the desired products were isolated and characterized through 

MS. Quantities were also sufficient for preliminary screens of the peptides/glycopeptides 

for PAC1R activation and BBB penetration. Refining the synthetic process and scaling 
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up the synthesis will provide enough crude product for more efficient purification using 

preparative HPLC. Complete characterization of the glycopeptide analogs can then be 

undertaken with 1D and 2D NMR techniques to classify the secondary structure of the 

glycopeptide analogs in an aqueous and membrane mimic environment. The expectation 

is that in an aqueous milieu the glycopeptide will assume the random coil configuration 

and in the membrane mimic using SDS, an α-helical structure as reported for PACAP.86 
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CT10 amino acids AVKKYLAAV-Leu 81% @ 13.2 minutes 

 
CT19 amino acids SRYRKQMAVKKYLAAV-Leu 65% @ 11.0 minutes 

 
CT21 amino acids DSYSRYRKQMAVKKYLAAV-Leu 62% @ 11.2 minutes 

 
CT25 amino acids DGIFTDSYSRYRKQMAVKKYLAAV-Leu 44% @ 11.9 minutes 

 
P27_crude 

 
Figure 3.14: PACAP27: a series of HPLC spectra of the peptide at different stages during 
the synthesis. 
 
Evidence of side product formation after addition of Asp in positions 7 and 3 when it is followed 
by Ser8 and Gly4, especially after the peptide is cleaved from the resin (bottom panel).  
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CT10 amino acids AVKKYLAAV-S(Lac) 75% @ 13.1minutes 

 
CT19 amino acids SRYRKQMAVKKYLAAV-S(Lac) 45% @ 11.2 minutes 

 
CT21 amino acids DSYSRYRKQMAVKKYLAAV-S(Lac) 44% @ 11.5 minutes 

 
CT25 amino acids DGIFTDSYSRYRKQMAVKKYLAAV-S(Lac) 28% @ 12.1 minutes 

 
P27SLac_crude 

 
Figure 3.15: Lactosylated PACAP: a series of HPLC spectra of the peptide at different 
stages during the synthesis. 
 
Evidence of side product formation after addition of Asp in positions 7 and 3 when it is followed 
by Ser8 and Gly 4, especially after using hydrazine:methanol (bottom panel) for the removal of 
the acetyl groups from the lactose peracetate and cleavage from the resin. 
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P27      30%, 30%, 15% 

 

 
RLRR_P27      78% 

  

 
P27S-Glc     16%, 15%, 24% 

 
RLRR_P27S-Glc      67% 

 

  

 
P27S-Lac      13%, 14%, 30% 

 
RLRR_P27S-Lac      75% 

 

  

 	  
Figure 3.16: Crude PACAP peptide (top) and glycopeptide (middle and bottom) analogs 
after synthesis using the Fmoc-Asp(OtBu)-(Dmb)Gly-OH dipeptide. 
 	  
PACAP27 (P27) and its analogs synthesized using the Dmb protected dipeptide to minimize 
aspartimide formation.  
 
Left: PACAP peptide with only the 27th amino acid changed (P27S-Glc and P27S-Lac) to the 
glycoserine residue for the middle and bottom peptides. Percentages listed are for the major peaks 
in each spectrum. 
 
Right: PACAP analogs with K15R, M17L, K20R, and K21R substitutions, along with the 27th 
amino acid changed (RLRR_P27S-Glc and RLRR_P27S-Lac) to the glycoserine residue for the 
middle and bottom peptides. Percentages listed are for the major peak in each spectrum. 
 	  
Substitution of methionine with leucine significantly reduces side product formation, likely the 
sulfoxide and perhaps the sulfone oxidation side-products seen on the left.  Using the Fmoc-
Asp(OtBu)-(Dmb)Gly-OH has significantly diminished side product formation in all PACAP 
analogs when compared to earlier synthetic trials (see Figures 3.14 & 3.15, also Figures 3.19 & 
3.20). 
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Peptide Mass 
Calculated 

Mass Determined 
# = ESI          * = MALDI 

Agonists 

PACAP27 3146.65 1574.3 
(+2) # 

1049.89140 
(+3) # 

787.67057 
(+4) # 

PACAP27S-Glc 3281.64 3282.446 
 (+1) * 

1641.803 
(+2) # 

1095.4 
(+3) # 

PACAP27S-Lac 3443.70 3444.264 
 (+1) *   

RLRR-PACAP27 3211.71 804.1839 
(+3) # 

1071.9087 
(+2) #  

RLRR-PACAP27S-Glc 3347.71 1675.3  
(+2)   

RLRR-PACAP27S-Lac 3509.77    

Antagonists 

PACAP6-27 2636.43 1319.72277 
(+2) # 

880.15030 
(+3) # 

660.36442 
(+4) # 

PACAP6-27S-Glc 2772.43 1387.5 
(+2) # 

922.00996 
(+3) # 

694.36451 
(+4) # 

PACAP6-27S-Lac 2934.48 2935.4878 
(+1) *   

RLRR-PACAP6-27 2702.49 976.1924** 
(+3) # 

732.3960** 
(+4) # 

586.1187** 
(+5) # 

RLRR-PACAP6-27S-
Glc 2838.49 1420.6 

(+2) # 
710.88036 

(+4) #  

RLRR-PACAP6-27S-
Lac 3000.54 751.39329 

(+4) # 
601.31592 

(+5) #  

 
Table 3.3: PACAP peptide and glycopeptide analogs with their corresponding mass 
determinations. 
 
PACAP agonists and antagonists with lysine replaced with arginine (K15R, K20R, K21R) and methionine 
replaced with leucine (M17L) in addition to the modifications made to the 27th amino acid for glycosylation 
(L27S-Glc and L27S-Lac).  ** Mass is for the peptide with the NT-Fmoc group attached, 2925.48. 
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PACAP27	  

	  

	  
PACAP27S-‐Glc	  

	  

	  
PACAP27S-‐Lac	  

	  

	  
PACAP6-‐27	  

	  

	  
PACAP6-‐27S-‐Glc	  

	  

	  
PACAP6-‐27S-‐Lac	  

	  
Figure 3.17: Structures of PACAP peptide/glycopeptide agonists and antagonists 
 
PACAP glycopeptide agonist and antagonist modifications are made to the 27th amino acid 
(L27S-Glc and L27S-Lac). PACAP27 and the antagonist PACAP6-27 retain the native sequence.  
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RLRR-‐PACAP27	  

	  
RLRR-‐PACAP27S-‐Glc	  

	  
RLRR-‐PACAP27S-‐Lac	  

	  
RLRR-‐PACAP6-‐27	  

	  
RLRR-‐PACAP6-‐27S-‐Glc	  

	  
RLRR-‐PACAP6-‐27S-‐Lac	  

	  
Figure 3.18: Structures of PACAP peptide/glycopeptide agonists and antagonists with 
amino acid substitutions 

 

PACAP agonists and antagonists with lysine replaced with arginine (K15R, K20R, K21R) and 
methionine replaced with leucine (M17L) in addition to the modifications made to the 27th amino 
acid for glycosylation (L27S-Glc and L27S-Lac).	  
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PACAP6-27 antagonist     95.5% 

 
 
PACAP6-27S-glucoside antagonist   95.8% 

 
 
PACAP6-27S-lactoside     98.8% 

 
 

Figure 3.19: Purity check of newly synthesized PACAP peptide/glycopeptide agonists and 
antagonists. 
 
On 8/12/13 a purity check of the newly synthesized PACAP peptide and glycopeptide antagonist 
analogs shows a greater than 95% purity for each. Samples were stored at ambient room 
temperature, approximately 23ºC, with an additional PACAP6-27 sample stored at -20ºC. The 
compounds in which lysine was replaced with arginine and methionine replaced with leucine are 
not shown here, but were stored at ambient room temperature also. 
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PACAP6-27     42.1% oxidized, 55.7% peptide (-20º C) 

 
 
PACAP6-27      37% oxidized, 56.9% peptide  

 
 
PACAP6-27S-Glc    22.0% oxidized, 70.5% glycopeptide 

 
 
PACAP6-27S-Lac    25.1% oxidized, 66.7% glycopeptide 

 
 
Figure 3.20: Stability of peptides/glycopeptides at room temperature and at -20ºC. 
 
Seven months after synthesis, significant methionine oxidation (confirmed by MS) is seen in the 
glycopeptide analogs in which methionine was not substituted with leucine. The samples were 
stored at ambient room temperature, approximately 23ºC, with an additional sample of PACAP6-
27 being stored at -20ºC. Even the PACAP6-27 stored at sub-zero temperatures shows greater 
than 40% methionine sulfoxide formation. 
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RLRR-PACAP6-27      99.33% 

 
 
RLRR-PACAP6-27S-Glc    97.3% 

 
 
RLRR-PACAP6-27S-Lac    94.0% 

 
 
Figure 3.21: Stability of M17L peptides/glycopeptides stored at room temperature. 
 
Seven months after synthesis, a purity check of the peptide and glycopeptide analogs in which 
lysine has been replaced with arginine and methionine replaced with leucine shows a 94% or 
greater purity for each. Samples were stored at ambient room temperature, approximately 23ºC. 
RLRR-PACAP6-27 still has the NT-Fmoc group attached.   
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CHAPTER 4 

IN VITRO SCREENING FOR PAC1R ACTIVATION USING PC12 CELLS 

4.1 The PC12 Cell Model for PAC1R Activation 

Activation of PAC1R, VPAC1R and VPAC2R result in a wide variety of effects 

throughout the body, both peripherally and centrally.  14,72,73 The neuroprotective effects 

are associated with each of these receptors, but especially with the PAC1R activation. 

PAC1 receptors are found extensively in the CNS; peripherally they are highly expressed 

in the adrenal medulla. The rat pheochromocytoma (PC12) cell line is used as a model for 

PAC1R activation based on treated cells undergoing differentiation resulting in increased 

cell-body volume, extension of neurite-like cell processes, along with an antiproliferative 

action to decrease cell numbers. 112,113,116,201 This cell type also responds in a similar 

manner to nerve growth factor (NGF) through the tyrosine receptor kinase A (TrkA) 

receptor, the pathways for the two receptors being complementary (Figure 1.8), working 

through different transduction pathways to act synergistically to promote neurite-like 

process outgrowth. 113 

 As an initial screening tool for the PACAP glycopeptide analogs, PC12 cells were 

used for assessing the ability of the analogs to initiate a morphological change. The Cells 

were cultured in RPMI containing 5% heat inactivated fetal bovine serum and 10% horse 

serum with 100 units/mL penicillin and 100 microgram/mL streptomycin added.  
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 PC12 cells were plated on Poly-D-Lysine coated 6-well tissue culture plates at a 

density of 150,000 cells per well in 2 mL media. After 48 hours in a 37ºC 5% CO2 

atmosphere, media exchange was performed and plates were dosed, using the peptide 

diluent (water) for the control samples. PACAP27, PACAP27S-glucoside, and 

PACAP27S-lactoside were used in this initial screen for PAC1R activation. Four groups 

of cells were used; one control group (diluent treated) and three treatment groups, each 

treatment group was exposed to 100 nM concentrations of PACAP27, PACAP27S-

glucoside, or PACAP27S-lactoside. All groups were run in triplicate. 

Cells were treated daily for 5 days, then viewed at 400X magnification (Nikon 

Eclipse TE2000-U). Cell images of each treatment group were captured and compared to 

the control cells to screen for differentiation and cell body volume increases. Cells having 

neurite-like process outgrowth were noted and photographed. The neurite-like outgrowth 

was positive if its length was at least two times the width of the cell body.  

Cell number and cell body volume were also noted to evaluate antiproliferative 

and differentiation effects, both indications of PAC1R activation in PC12 cells. The cell 

body size of the control cells remained relatively constant, without showing signs of 

increased cell volume when compared to the treated cells. Since there was limited cell 

adherence to the culture dishes and significant cell number loss upon media exchange, 

cell counts were not performed during this initial screen. With adherent cells, in order to 

quantify the antiproliferative action of the PACAP analogs the cells may be detached 

using AccutaseTM (Innovative Cell Technologies, Inc.) and cell size and number can be 

measured using the Beckman Z2 Coulter Counter, with the lower and upper cell size 
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limits set to 10 and 17 micrometers respectively, and the results expressed as % 

compared to control. 70 

4.2 Neurite-like Process Outgrowth 

This initial screen yielded promising results. The control cells grew in clumps and 

did not exhibit detectible process extension or differentiation (Figure 4.1, top left). 

Neurite-like process outgrowth and cell body volume expansion was evident in the cells 

treated daily for 5 days with 100 nM PACAP27 (top right), PACAP27S-glucoside 

(bottom left) and PACAP27S-lactoside (bottom right) (Figure 4.1). 

4.3 Discussion 

PC12 cells are non-adherent cells, necessitating the use of either poly-lysine or 

collagen coated culture dishes in order for the cells to attach to the surface of the plate. In 

spite of using the poly-D-Lysine coated plates, the majority of the cells remained 

suspended. This complicates the determination of cell number since during the media 

exchange many of the cells were removed with the spent media. There were cells that 

remained in the culture dish, some of them having attached to the dish and some free-

floating in the remaining media. These remaining cells could be visually evaluated for 

morphological changes at the end of the treatment period, but meaningful cell 

quantification could not be made. 
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Figure 4.1: PC12 cells morphology after 5 days treatment with vehicle (control) or 100 nM 
test peptide.  
  
Top left: diluent only, top right: PACAP27, bottom left: PACAP27S-glucoside, bottom right: 
PACAP27S-lactoside. The cell body volumes in all PACAP/PACAP analog treated cells show 
increases. Process outgrowths on all peptide treated cells are greater than 2 X the cell body width. 
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 The positive outcome of this first screening is encouraging but these PC12 cell 

studies must be repeated in order to better measure the effect of the PACAP glycopeptide 

analogs on PAC1R activation. Culture media and conditions for PC12 cell growth and 

maintenance have been compared 70,108,117,118,202 (Table 4.1) to identify variations in 

culture conditions in an attempt to determine why the procedure we used resulted in cells 

that did not attach to the culture dishes. The conditions used by other research groups, 

listed in Table 4.1, do not deviate significantly from the procedure used in this 

experiment. Many of the published procedures use DMEM with or without HEPES 

and/or glutamine added. RPMI 1640, the same media used in our experiments has also 

been used. RPMI 1640 contains HEPES buffer 2.5% and 2 mM of L-glutamine added, 

culture media constituents that are added to supplement the DMEM.   

 Additionally, this in vitro experiment should be repeated with equipment 

refinements. Siliconized microcentrifuge tubes for peptide dilution and short-term storage 

and siliconized sterile pipet tips for delivering the diluted glycopeptide should be used 

when working with peptides. The concentrations being used in these experiments are so 

dilute that adsorption of the peptides to the plastic of the microfuge tube and pipet tip 

during dilution and transfer could significantly alter the final concentration delivered to 

the cells. Siliconized tubes and pipet tips were not used in the initial screen. This likely 

resulted in the concentrations of peptide/glycopeptide in the cell cultures being lower 

than intended. A more robust response from the cells might be seen if the desired 

concentration of peptide/glycopeptide is delivered to the cells.  

 



	  

 

144	  

  

Media FBS horse 
serum HEPES L-Gln Pen/Strep CO2 coating reference 

DMEM 7% 7% 2.5% 2 mM 100u/100µg 10% poly-Lys a70  

DMEM 5% 5%    5% collagen 
type IV b117 

RPMI 1640 5% 10% (included) (included)  5%  c118 

DMEM 5% 10%   100u/100µg 5%  d201 

RPMI 1640 5% 10% (included) (included) 100u/100µg 5% poly-Lys e 

         
DMEM = Dulbecco’s modified Eagle’s media, RPM I= Roswell Park Memorial Institute, FBS = 
fetal bovine serum (heat inactivated), HEPES = 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic 
acid,  L-Gln = L-glutamine, Pen/Strep = penicillin/streptomycin, coating = coating on the culture 
dishes,  references 70,117,118,201: e- this experiment 

 

Table 4.1: Cell maintenance and culture conditions used for PC12 cell culture.  

Listed are the conditions used for performing cell culture experiments using PC12 cells by 
different groups. There are only minor differences among the published experiments. 
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 PC12 cells grown using poly-lysine coated cell culture dishes should adhere to the 

surface of the dish, allowing for media exchange to occur without removing significant 

numbers of cells. Once growth conditions are optimized to promote attachment, cell 

proliferation and differentiation after treatment with the test glycopeptides compared to 

controls can be more accurately quantified. At the end of the treatment phase after the 

treatment groups have been evaluated for differentiation and process outgrowths, the cells 

should be detached from the culture dishes and counted by using either the 

hemocytometer, if being counted manually, or the Beckman Z2 Coulter Counter for 

automated counting as described earlier. 

 As a proof of principle, this trial demonstrated that PC12 cells treated with 

PACAP and glycosylated PACAP analogs promoted morphologic changes that are 

consistent with activation of the PAC1R. Further experiments with modifications to limit 

peptide adsorption to dilution vessels and transfer pipets to ensure delivery of proper 

peptide concentration, and optimizing growth conditions to promote cell adherence to the 

culture plates will allow for quantification of the effects seen in control and treatment 

groups. 
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Chapter 5 

MICRODIALYSIS TO ASSESS BBB PENETRATION OF PACAP 

GLYCOPEPTIDE ANALOGS 

5.1 Background 

Microdialysis has demonstrated its usefulness as an improved method for 

detecting and measuring the concentrations of compounds in the brain after parenteral 

administration. 203-205 Techniques like in situ brain perfusion require that test animals be 

euthanized and the brain tissue extensively processed before analysis to determine drug 

concentrations. In situ brain perfusion studies are often used in combination with 

capillary depletion techniques in order to differentiate between the amount of drug that 

crosses the BBB into the CNS versus the amount of drug that is sequestered in the 

cerebral vascular vessels.  

In vivo determinations of CNS drug concentrations and CNS drug delivery rates 

are possible using the microdialysis sampling technique. 203 When the compounds being 

evaluated are peptides, the degree of difficulty to accurately characterize the quantities 

increases because the concentration of the desired peptide is usually very low (<100 pM), 

the sample is degraded rapidly by circulating and membrane bound enzymes, and 

background interference is high. 

 With microdialysis, a stereotaxicly placed probe is implanted in regions of interest 

in the brain and secured to the skull. Basal samples are collected prior to drug  
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Figure 5.1: Initial standardization of retention times for LC/MS determination of peptide 
and glycopeptide concentrations in CSF. (Nick Laude, Heine Research Group) 
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administration. Post administration samples are collected and immediately evaluated or 

stored in a manner that does not affect analyte concentrations. This method has been used 

to successfully characterize CNS concentrations of an opioid peptide after parenteral 

administration. 145 Similarly, it has been determined that a glycosylated PACAP analog 

has been detected in the brain, intact, following i.p. administration of 10 mg/kg (~3 

µmol/kg) in a mouse (unpublished data. 206) Peptide analysis by LC-MS2 offers a 

sensitive method that can be used to quantify peptides from in vivo samples. 

 A microdiasylate collected from the striatum of a mouse brain containing the 

glycopeptide PACAP27S-Glc (HSDGIFTDSYSRYRKQMAVKKYLAAVS(O-β-Glc)-

NH2, MW 3281.65) following i.p. administration (10 mg/Kg) to a 20 g mouse was 

subjected to LC/MS separation as a proof-of-principle.  Selected molecular ions (M+2) 

were fragmented using MS/MS (Figure 5.2) to identify the material recovered from the 

mouse brain.  The concentration was easily sufficient for detection and identification. 206 

5.2 Microdialysis and Sample Handling 

 Polyarylethersulphone (PAES) membranes with 20 kDa cutoffs were used for in 

vivo analysis of peripherally administered PACAP analogues.  Artificial cerebral spinal 

fluid (aCSF) was used for microdialysis perfusion (145 mM NaCl, 2.68 mM KCl, 1.10 

mM MgSO4, 1.22 mM CaCl2, 0.50 mM NaH2PO4, and 1.55 mM Na2HPO4, adjusted to 

pH = 7.4 using NaOH) and filtered through 0.02 µm pore filters.  Perfusion rates have 

been shown to affect temporal resolution as well as the absolute and relative recovery of 

peptides in microdialysis fractions, so perfusion rates between 0.5 and 1.5 µL/min were  
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Figure 5.2: MS/MS from Microdialysis of PACAP27 Glycopeptides in vivo  

Collision induced fragmentation of the 2+ ion at 1642.7 m/z from mouse brain dialysate carried 
out using MS/MS.  This spectrum shows a clear pattern from the N-terminus in which 
fragmentation occurs at the aspartic acid residues resulting y2+ ions.  The glycosylated y19

2+ and 
y24

2+ at 1206.0 and 1472.7 m/z respectively, are the predominant ions in the spectrum (NH3 loss 
omitted for clarity).  Glucoside cleavage gave 1560.9 m/z, matching the calculated mass for 
PACAP1-27 with a C-terminal amide.  Loss of the glucoside along with peptide backbone cleavage 
resulted in y19

2+ and y24
2+ ions at 1124.9 and 1391.6 m/z.  206 
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Figure 5.3: MS/MS from PACAP27S-lactoside 

Collision induced fragmentation of the 2+ ion at 1722.7 m/z carried out using MS/MS.  This 
spectrum shows a clear pattern from the N-terminus in which fragmentation occurs at the aspartic 
acid residues resulting y2+ ions.  The glycosylated y19

2+ and y24
2+ at 1287.1 and 1553.7 m/z 

respectively, are the predominant ions in the spectrum (NH3 loss omitted for clarity). Loss of the 
lactoside along with peptide backbone cleavage resulted in y24

2+ ions at 1391.5 m/z. 206 

 

 

- HSD
-GIFTD

- Lac
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used for subsequent LC-MS2 analysis.  The relative and absolute recovery of 

microdialysis probes was quantified in vitro prior to in vivo quantification by analyzing 

recovery from standard solutions as a function of flow rate.  Sample volumes for LC-MS2 

analysis typically require between 5 and 20 µL; however here ~25 µL fractions were 

collected for preliminary analysis. 206 

5.3  Materials and Methods 

 Male mice (C57BL/6J, 20 – 25 g; Charles River Laboratories, Wilmington, MA) 

were anesthetized with 25% w/w urethane in saline solution (0.7 mL per 100 g mouse 

weight) and mounted in a stereotaxic frame (Kopf Instruments, Tujunga, CA).  A 

microdialysis probes with a 2 mm membrane and 0.3 mm diameter active membranes 

were implanted using the stereotaxic apparatus.  Holes were be drilled above the dorso 

lateral striatum (AP +1.1, ML + 1.25 DV −5.0 from bregma) to allow the placement of 

probes.  The inlet tubing was connected using a 250 µL gas-tight syringe filled with aCSF 

driven by a microliter syringe pump (Harvard, Holliston, MA) at a perfusion rate of 0.500 

µL/min.  Dialysate samples were collected for 45 minutes and ~10.0 mg/kg of a cocktail 

containing three synthesized PACAP peptides were injected i.p. 206 

 Even when frozen the signals observed for peptides from stored dialysate samples 

significantly decreased with 2-5 hours of storage as a result of a combination of peptidase 

activity and sample adsorption by the storage container.  To circumvent this problem 

acetic acid was added to samples and the samples were stored at -80°C, reducing 

degradation or sample loss and allowing samples to be stored for up to 5 days without 

significant sample loss.  In order to minimize sample adsorption or contamination by 
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plasticizer the fractions were collected in siliconized plastic microcentrifuge tubes.  

Similarly, siliconized pipette tips were used when transferring samples and solutions that 

come into contact with samples. 206 

5.4  LC-MS2 Analysis   

 Due to the high concentrations of ions, the CSF samples required desalting and 

cleanup using C18 “zip tips” and standard procedures prior to LC-MS analysis.  This 

clean-up was performed off-line; clean-up using “zip tips” typically causes up to 40% 

sample loss. 206 

 Quantification using double-stage tandem mass spectrometry was used because it 

offered a high degree of specificity in the selection of a particular neuropeptide and at the 

same time reducing background signals, the combination giving much lower limits of 

detection.  The native PACAP and synthetic PACAP glycosides fragmentation pathways 

were studied with quantification based on the most abundant ions in the MS2 spectra.  

The instrument was programmed to scan for the parent ions and then fragment them 

using optimized collision energies for each peptide.  206 External calibration standards 

(standard peptide mixture) with concentrations of 10 pM – 1 fM (Figure 5.1) were used 

in the calibration of the mass spectrometer. The lower detection limit of approximately 10 

pM was achieved for PACAP using this method. 206 
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5.5 Results 

 In a proof of principal experiment, collision induced fragmentation of the 2+ ion 

at 1642.7 m/z for PACAP27S-Glucoside was obtained from mouse brain dialysate carried 

out using MS/MS (Figure 5.2), confirming that the glycosylated peptide crossed the BBB 

intact.  The LC/MS spectrum produced by the collected dialysate after i.p. injection of 10 

mg/Kg in a mouse shows a clear pattern from the N-terminus in which fragmentation 

occurs at the aspartic acid residues resulting y2+ ions.  The glycosylated y19
2+ and y24

2+ at 

1206.0 and 1472.7 m/z respectively, are the predominant ions in the spectrum; the NH3 

loss was omitted for clarity.  Cleavage of the glucose yielded 1560.9 m/z, matching the 

calculated mass for PACAP27 with a C-terminal amide.  Loss of the glucoside along with 

cleavage of the peptide backbone resulted in y19
2+ and y24

2+ ions at 1124.9 and 1391.6 

m/z. 206 

 Development of the analytical protocol for LC/MS evaluation of the 

microdialysate necessitates separation and detection of very low concentrations of the 

peptides and glycopeptides. Figure 5.1 shows the standardization thus far of retention 

times for LC/MS determination of peptide and glycopeptide concentrations in CSF for 

PACAP27, PACAP6-27, and PACAP27S-Lactoside. 206 Figure 5.3 shows the 

fragmentation pattern of the collision induced fragmentation using MS/MS of the 

PACAP27S-Lactoside standard, showing the 2+ ion at 1722.7 m/z.  Similar to the results 

from the in vivo PACAP27S-Glucoside sample (Figure 5.2), this spectrum shows a clear 

pattern from the N-terminus in which fragmentation occurs at the aspartic acid residues 

resulting y2+ ions.  The glycosylated y19
2+ and y24

2+ at 1287.1 and 1553.7 m/z 
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respectively, are the predominant ions in the spectrum. The NH3 loss has again been 

omitted for clarity. Loss of the lactoside along with peptide backbone cleavage resulted in 

y24
2+ ions at 1391.5 m/z. 206 

 Intraperitoneal glycopeptide administration indicates the glycopeptide was 

injected into some volume of extracellular fluid in the peritoneal cavity and had to be 

absorbed through a membrane to enter the blood stream. The glycopeptide then circulated 

throughout the body until reaching the brain where it passed through another, more 

restrictive membrane (the BBB) in order to enter the brain. For the glycopeptide to reach 

the CSF, it had to withstand degradation by both soluble as well as membrane bound 

ecto- and endopeptidases. Evidence that one of the glycosylated PACAP analogs crosses 

the BBB into the parenchyma of the brain such that it could be detected intact using this 

newly developed LC/MS technique demonstrates that glycosylation of PACAP, at 

minimum, does not block CNS penetration. In addition, glycosylation may block 

enzymatic degradation to some extent. Further microdialysis studies will determine if 

glycosylation enhances BBB penetration. 
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CHAPTER 6 

FUTURE DIRECTIONS 

6.1 Additional PC12 Studies 

The initial in vitro screen for PAC1R activation using PC12 cells demonstrates 

that the simplest glycosylated PACAP analogs, PACAP27S-glucoside and PACAP27S-

lactoside, activate the PAC1 receptor and promote neurite-like process outgrowth. For 

those active glycopeptides at the 100 nM concentration, performing a decreasing 

dose/response screen will offer some information about relative potency.   The series of 

PACAP glycopeptide analogs that have been synthesized can be screened using PC12 

cells to identify others that promote differentiation and process outgrowth. As mentioned, 

additional experiments to quantify the effect are needed.  

 Inhibition experiments using the synthesized PACAP6-27 antagonist based 

analogs to block PAC1R activation can also be performed using the PC12 cells. Once it is 

established that the glycopeptide analogs of PACAP reproducibly activate the PAC1R of 

the PC12 cells, the PACAP based glycopeptide antagonists may be introduced to assess 

their ability to block PC12 cell differentiation.  

6.2 Improved Synthetic Methods 

We have seen that incorporating the Dmb protected dipeptide for the Asp-Gly 

sequence in the PACAP analogs greatly improves the quality of the crude compound. 

Protecting the α-amino group of the glycine on the growing resin should be possible 
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using Schiff base formation, then reduction to the secondary amine. Addition of the 

aspartic acid group to the secondary amine will be more hindered and difficult, but using 

a double coupling at that site should improve coupling efficiency.  

The alternative to on-resin addition of the Dmb protecting group is the synthesis of 

the dipeptide by initially linking the bromoacetic acid to a chlorotrityl resin which will 

yield the free carboxylic acid when cleaved from the resin. Addition of 

dimethoxybenzylamine will displace the bromo group and yield the Dmb-protected α-

amino glycine 207 again using double coupling of the Fmoc-Asp(OtBu)-OH to the 

secondary amine to improve coupling efficiency. 

6.3 Therapeutic Potential for PACAP Antagonists 

While activation of the PAC1R is associated with neurodevelopment and 

neuroprotection, activation of the PAC1 receptor is also associated with nociceptive pain, 

208,209 migraine headaches, 210-213 and depending on the timing of PAC1R activation, 

either promoting or slowing the progression of diseases like ALS. 17,28  

Migraine sufferers make up 12-16% of the general population. 211,213 PACAP38 

induced migraine attack is thought to be associated with PAC1R activation. In one 

double-blind, crossover study, migraine-like attack was experienced by 73% of patients 

receiving PACAP38 i.v. infusion of 10 pmol/Kg/min for 20 minutes when compared to 

18% when VIP was infused at 8 pmol/Kg/min for 20 minutes. 210 The headache induced 

by VIP was characterized as mild of short duration usually subsiding after 2 hours; the 

PACAP induced migraine-like headaches are delayed in onset and longer in duration 
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making it likely that it is the PAC1R and not the VPAC1 or VPAC2 receptors that are 

responsible for the headache. 210,212 Glycopeptide PACAP antagonists may have a role in 

controlling pain associated with migraine headaches. Collaborations are underway 

between the Polt Research Group with other groups studying migraine pain.  

There may also be a role for PACAP glycopeptide agonists and/or antagonists in the 

treatment of ALS. 20,28 It has been shown that constitutive PACAP activation of the 

PAC1R may provide a neuroprotective action to central visceromotor neurons by way of 

an autocrine pathway, but also that PACAP may promote microglial activation that may 

drive ALS progression. 28 In light of this, both PACAP glycopeptide agonists and 

antagonists may have a role in slowing the progression, reversing or treating those with 

the diagnosis of ALS depending on the stage of the disease.28 

A great deal of research has been done on PACAP and the receptors activated by this 

peptide, but much more remains to be elucidated. The glycopeptide agonist and 

antagonist analogs of PACAP can offer additional tools to investigate and evaluate the 

effects of this peptide. 
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