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ABSTRACT 

Substance P (SP) is an neuropeptide with the amino acid 

sequence Arg-Pro-Lys-Gln-Gln-Phe-Phe-Gly-Leu-Met-NH2 and is 

believed to be involved in a variety of physiological responses. The 

purpose of this research was to study the key features necessary for 

substance P (SP) to interact with and activate its receptor. The two 

phenylalanines present at positions 7 and 8 have the most drastic 

effect on SP's ability to activate its receptor when substituted with 

nonaromatic amino acids. Conformationally constrained peptide 

analogs of phenylalanine, mainly P-methylphenylalanine, were used 

to probe the steric elements necessary for receptor activation and to 

further understand how substance P interacts with its receptor. A 

methodical series of substituted substance P analogs were 

synthesized and a variety of techniques ranging from classical 

pharmacology to molecular biology were used to try to unlock the 

necessary features that are required by the phenylalanines at 

positions 7 and 8 to successfully activate the receptor and stimulate 

intracellular pathways. This study discovered that different cell 

types do not have the same structure activity relationship to these 

SP analogs. This leads to the conclusion that the G-proteins in these 

different cell types may influence the conformation of the receptor 

and cause the different structure activity relationships between cell 

types. 
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CHAPTER I 

INTRODUCTION 

Substance P has been the focus of a vast amount of scientific 

study over the last few decades. Although the specific function of 

Substance P has not been elucidated, it has been proven to be a 

neurotransmitter and has been implicated in a variety of phys

iological functions including: smooth muscle contraction, vaso

dilation, induction of histamine release, stimulation of DNA 

synthesis, cell migration, and vessel extravasation. Even though 

the amino acid sequence for substance P is known, the receptor to 

which it binds has only recently been cloned, and the basic 

mechanism for substance P receptor activation has been known 

for several years, so much of Substance P's mechanism of action 

remains a mystery. 

Many scientists have tried to study the interaction of sub

stance P with its receptor. Almost all of their approaches relied 

on substituting various naturally occurring amino acids or non-

natural amino acids for those in the sequence of substance P and 

then examining how well such analogs of substance P bound to the 

receptor, or how well it activated the receptor. Some information 

has been gained from these studies, particularly the information 

about the importance of the phenylalanines at positions 7 and 8 in 

substance P. The major downfall of most of these studies has 

been the way substance P has been modified. Most substance P 

analogs contain drastic modifications in the chemical content of 

substance P. With such drastic chemical modifications to sub-
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stance P, which may in turn drastically affect the conformation of 

substance P, it has been difficult to gain a better understanding of 

how substance P interacts with its receptor. 

By substituting either enantiomer of a p-methyl 

phenylalanine for the naturally occurring phenylalanines at 

positions 7 and 8, substance P analogs with very subtle changes in 

the chemical and conformational nature have been made. These 

subtly different SP analogs have been used in a variety of 

different assays to study more closely how substance P interacts 

with its receptor and how one neurotransmitter binding to one 

receptor may be responsible for such a broad spectrum of phys

iological effects. This dissertation will also show that what was 

initially thought to be a simple pathway of peptide binding to a 

receptor and activation, is much more complex and may have 

many subtle nuances that may be species and cell type specific. 



CHAPTER II 

BACKGROUND ON SUBSTANCE P 

Discovery of substance P 

Substance P (SP) was first detected in extracts from equine 

brain and intestine (von Euler and Gaddum, 1931), and was found 

to induce transient hypotension and to facilitate muscle con

traction in the intestine when injected intravenously into anes

thetized rabbits. The sequence of SP remained elusive until 

Leeman and coworkers discovered a peptide that stimulated 

salivary secretion when injected into anesthetized rats while 

attempting to isolate corticotropin-releasing factor (Chang and 

Leeman, 1970). This peptide was referred to as sialogen until its 

physical and chemical characteristics were compared to those of 

SP and found to be identical to SP. Further purification led to the 

sequence of SP, reported in 1971 by Chang, Leeman and Niall: 

Arg-Pro-Lys-Pro-Gln-Gln-Phe-Phe-Gly-Leu-Met-NH2. 

SP belongs to a family of peptides known as tachykinins. 

There have been five mammalian tachykinins identified thus far: 

SP, neurokinin A (NKA), neurokinin B (NKB), neuropeptide K 

(NPK), and neuropeptide y (NPy). Tachykinins have a common 

carboxy-terminal sequence Phe-X-Gly-Leu-Met-NH2, where X is 

an aliphatic or aromatic amino acid. Table 1 gives the sequences 

for the mammalian tachykinins. 
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Molecular biology of substance P 

The nucleic acid sequences for SP, NKA, NPK, and NPy are 

encoded on a single gene (Nawa et al., 1983, 1984; Krause et al., 

1987), while the gene encoding NKB lies in a separate location 

(Kotani et al., 1986). The gene containing the SP sequence is 

approximately 8 kilobases in length and contains 7 exons (Carter 

and Krause, 1990). The transcribed SP encoding gene undergoes 

alternative splicing to produce three distinct preprotachykinin 

(PPT) mRNA's that are designated as a-, P- and y-PPT mRNA 

(Carter and Krause, 1990). A fourth PPT mRNA, 6, has been iden

tified in rats (Harmar et al., 1990). Even though all PPT mRNA's 

contain the SP sequence, the mRNAs are subject to differential 

exon usage. Interestingly, differences in the splicing patterns 

seem to be tissue specific (Krause et al., 1987,1989). In the adult 

rat, y-PPT mRNA is the most abundant of the three PPT mRNA's. 

However, in bovine, different PPT mRNA's are more prevalent in 

different tissues. The exact mechanism for determining 

differential mRNA splicing is unknown, but the formation of 

secondary structures in the RNA may be important (Carter and 

Krause, 1990; Krause et al., 1993). These PPT mRNAs, once 

translated, undergo post-translational processing to form the 

desired tachykinins. 

SP physiological effects 

Extensive research has been conducted on the physiological 

effects of tachykinins and, more specifically, SP. Tables 2 and 3 



Table 2. Some of the effects substance P produces in the body. 

Neurotransmitter 
Effects 

Excite amacrine 
cells 
Depolarize 
motoneurons 

Depolarize 
inferior 
mesenteric 
ganglion cells 

Decrease inward 
K"*" cnorrent 

Inhibit Ca2+ 

activated K"*" 
current 
Activate Ca^^ 
current 

Activate Na"*" 
current 

Increase Ca-^''" 

activated K"̂  
current 
Increase [Ca'̂ ''"Ii 

Induce iris 
sphincter muscle 
contraction 

Induce smooth 
muscle contraction 

Species 

rabbit 

newborn rats 

cats 
guinea pig 

rabbit 

cholinergic neurons 
from basal forebrain 
in newbown rat 
guinea pig small 
intestine 
guinea pig caecum 

rabbit colon 
rat dorsal horn 
neurons 
toad stomach 
rat pancreatic acinar 
cells 
guinea pig inferior 
mesenteric gangUa 
rat dorsal horn 
neurons 

rat parotid acinar 
cells 
rat dorsal horn 
neurons 
guinea pig ilial 
smooth muscle 
rabbit 

human 
bovine, pig 
guinea pig gall 
blader, ileum 
rabbit pulmonary 
artery 
rat portal vein 
rabbit mesenteric vein 

Refenceces 

Zalutsky and MiUer, 1990 

Konishi and Otskuka, 1985; 
Otsuka and Korushi, 1976 

Kmjevi, 1977 
Dun and Karczmar, 1979; 

Konishi et al., 1979; 
Konishi et al., 1980; Krier 
and Szurszewski, 1982 

Zalutsky and Miller, 1990 
Stanfield et al., 1985 
Hanaru and Bumstock, 1985 

Katayama and North, 
1978; Katayama et al., 1979 

Akasu and Tokimasa, 1989 

Mayer et al., 1990 
Murase et al., 1989 
Sims et al., 1988 
Womack et al., 1985 

Minota et al., 1981; Reiser et 
al., 1982 

Murase et al., 1989 

Arkle et al., 1989; Merritt and 
Rink, 1987 

Womack et al., 1988 
Matthijs et al., 1990 

Leander et al., 1981; Ueda et 
al., 1981; Ueda et al., 1986 

Anderson et al., 1990 
Tachado et al., 1991 
Holzer and Lembeck, 1980; 

Huidobro-Toro et al., 1982; 
D'Orleans-Juste et al., 1986 

Mastrangelo et al., 1987 
Couture et al., 1979b 



Table 3. More of the effects substance P produces in the body. 

Secretory Effects 

Increase secretion of 
pepsinogen 
Stimulate insulin and 
glucagon secretion 
Decrease insulin and 
glucagon secretion 
Release opioid peptides 
Induce histamine release 

Induce interlukin-6 
secretion 
Induce protein leakage into 
aqueous humor 
Stimulate release of 
lysosomal enzyme and 
superoxide aruon 
Stimulate release of 
cytokines 
Cell Grow^th 
Growth promoting effect 

Stimulate lymphocyte 
proliferation 

Vascular Effects 
Induce vasodilation 

Increase in intraocular 
pressure 

Stimulate plasma 
extravasation 
Induces platelet and 
leukocyte aggregation 
Induce breakdown of blood-
aqueous-barrier 

Species 

gastric chief cells in the dog 

dog 

rat pancreas 

rat 
human mast cells 

U-373 MG human astrocytoma 
cells 
rabbit 

guinea pig macrophages 

human monocytes 
mouse macrophages 

smooth muscle cells 
human skin fibroblasts 
human blood T-lymphocytes 
rabbit ocular epithelial cells 

human and murine 
lymphocytes 

dog coronary vessels 
human coronary artery 
rabbit aorta 
guinea pig carotid artery 
rabbit eye 

rabbit eye 

guinea pig esophagus and 
gallblader 
rabbit postcapillary venules 

rabbit eye 

References 

Vigna et al., 1989 

Chiba et al., 1985; 
Hermansen, 1980 
Chiba et al., 1985 

Cridland and Henry, 1988 
Church et al., 1989; Lowman 
et al., 1988; Barnes et al., 1986 
Gitter et al., 1994 

Bevan and Szolcsanyi, 1990 

Hartimg and Toyka, 1983; 
Hartung et al., 1986 

Lotz et al., 1988 
Kimball et al., 1988 

Payan et al., 1983; Nilsson et 
al., 1985; Payan, 1985; 
Nilsson et al., 1986 
Payan et al., 1984 
Reid et al., 1993 
Stanisz et al., 1986; 
Scicchitano et a l , 1988; 
Payan et al., 1983 

Losay et a l , 1977; Maxwell, 
1968; 
Grossman et al., 1988 
Beny and Brunet, 1988 
Zhang et al., 1994 
Hakason et al., 1985 
Anders, 1991; Bill et al., 1979; 
Butler and Hammond, 1980; 
Stjems(±iantz and 
Stjemschantz, 1981 
Lundberg et al., 1984 

Ohien et al., 1989 

Anders, 1991; Hakason et al.. 
1985 



give a brief listing of some of the effects that SP induces or 

modulates. A more complete description can be found in the 

recent review by Otsuka and Yoshioka (1993). The following 

sections give a synopses of some of the activities that SP facilitates 

in the body. 

Vasoactive effects 

The systemic hypotensive effect of SP was one of its 

defining characteristics and has been shown to result from 

peripheral vasodilation (Pernow, 1983). When endothelial cells 

are subjected to physiological changes such as hypoxia or shear 

stress, SP is released from these cells (Linnick and Moskowitz, 

1989; Beny, 1990; Milner et al., 1989; Ravelic et al., 1990). Nitric 

oxide (NO) has been shown to mediate the SP-induced relaxation 

of porcine coronary arterioles (Kuo et al., 1991). Jin et al. (1993) 

demonstrated that SP induces vasoactive intestinal peptide (VIP) 

release and NO production. Results obtained by Sharma and Davis 

(1994) suggest that in porcine coronary artery endothelial cells, 

SP induces a rise in intracellular Ca2+ which activates an inter

mediate-conductance Ca2+ activated K+ channel which produces 

hyperpolarization. This produces a sustained Ca2+ entry which is 

necessary for endothelium-derived nitric oxide production. SP 

has also been shown to have profound effects on vasomotion, 

where a regular, fluctuating flow pattern in skeletal muscles was 

seen after i.v. injections (Burcher et al., 1977). In addition, SP 

causes aggregation of leukocytes and platelets (Ohlen et al., 1987). 

The effect of SP on vasodilation, vasomotion and on leukocytes 
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and platelets indicates a complex role for this peptide in response 

to tissue trauma. 

SP causes a process called neurogenic inflammation, the va

sodilation and plasma extravasation that occurs following the 

release of SP from capsaicin-sensitive nerves (White and Helme, 

1985). This process was shown to be mediated by the NKl 

receptor (the SP receptor) by direct measurement of protein 

release from blood vessels (Andrews and Helme, 1987). SP, 

released by proinflammatory stimuli, causes plasma protein 

extravasation by increasing endothelial permeability, indicating a 

potential role for SP in the inflammatory process. The SP anta

gonist CP-96,345 was shown to block Evans blue dye leakage, a 

measure of plasma protein extravasation, induced by SP and 

releasers of endogenous SP (Lembeck et al., 1992). This result in

dicates that SP controls endothelial permeability by binding at the 

NKl receptor. Recently SP was also found to cause altered vascu

lar permeability in diabetic rats (Mathison and Davison, 1993). 

Secretory effects 

SP may help regulate the release of anterior pituitary hor

mones. SP applied intracerebroventricularly in rat inhibits the 

release of growth hormone (Arisawa et al., 1989; Chihara et al., 

1978), but increases levels of plasma prolactin (Eckstein et al., 

1980). Intrathecally applied SP in rats stimulated the release of 

epinephrine and norepinephrine (Hassessian et al., 1990; Yashpal, 

et al. 1985). It has also been suggested that SP interacts in the 

release of opioid peptides into the circulatory system (Cridland 



and Henry, 1988). In addition, SP has been shown to increase 

parotid gland secretion through an inositol trisphosphate (IP3)-

mediated mechanism, where its effects were measured by the 

release of labelled protein (Dreux et al., 1987). 

Measuring amylase release from dispersed acinar cells has 

also shown that SP stimulates pancreatic secretion (Gardner and 

Jackson, 1977). In the gastrointestinal tract, SP induces secretion 

of pepsinogen in dogs (Vigna et al., 1989) and inhibition of gastric 

acid section (Yokotani and Fujiwara, 1985). Contradictory infor

mation on insulin and glucagon secretion stems from the fact that 

SP stimulates the release of these two substances in dogs (Kaneto 

et al., 1978), but has an inhibitory effect on these substances in 

the rat (Chiba et al., 1985). SP induces histamine release by 

human mast cells (Church et al., 1989) and causes eosinophil 

cationic protein release by human eosinophils (Iwamoto et al., 

1993). 

Mitogenic effects 

A new and intriguing development is the discovery that 

regulatory peptides can also act as mitogens for cells in culture. A 

direct growth-promoting effect of SP and substance K (NKA) has 

been reported in smooth muscle cells and human skin fibroblasts 

(Payan et al., 1983; Nilsson et al., 1985, 1986; Payan, 1985; Ziche 

et al., 1990a). SP also enhances the proliferation of human blood 

T-lymphocytes by specific receptors for this peptide (Payan et al., 

1984). SP was also reported to stimulate release of PGE2 and pro

liferation in rheumatoid synoviocytes (Lotz et al., 1987) and to 

10 



stimulate neovascularization (Ziche et al., 1990b). Recently, Reid 

et al. (1990, 1993) showed that SP at picomolar levels is mitogenic 

for ocular epithelial cells. These findings are in accord with other 

evidence which indirectly suggests that tachykinins released by 

sensory nerves in the skin, joints, and other peripheral tissues 

may function as mediators of local inflammatory and wound 

healing responses (Lotz et al., 1987; Zachary et al., 1987). It is 

also interesting to note that SP will stimulate mitogenesis of 

embryonic rat aorta cells, but fails to induce significant contrac

tion of these cells, whereas SP induced contraction of cultured 

adult rat vascular smooth muscle cells, but failed to stimulate mi

togenesis (Mitsuhashi and Payan, 1987). Thus, the differentiation 

state of the cell modulates the mode of action of SP. 

SP may interact in the immune system by partaking in the 

regulation of lymphocytes. Concentrations in the nanomolar range 

are capable of stimulating human (Payan et al., 1983) and mouse 

(Stanisz et al., 1986) lymphocyte proliferation. SP has been 

proposed to be involved in the regulation of glial cell response to 

injury in the central nervous system (Matthews et al., 1987). 

Muscle contraction 

SP has the ability to induce contractions in smooth muscle 

cells from many different tissues. Muscle strips from guinea pig 

renal pelvis (Maggi et al., 1992), rat and guinea pig bladder 

(Maggi, 1991; Maggi et al., 1987, 1991; Shinkai and Takayanagi, 

1990), rabbit pulmonary artery (D'Orleans-Juste et al., 1986), rat 

portal vein (Mastrangelo et al., 1987), and most parts of the gas-

11 



trointestinal tract (Bartho and Holzer, 1985; Daniel et al., 1989) 

are just some of the tissues that contract in response to SP doses. 

Capsaicin-sensitive primary afferents induce contraction through 

a direct action on smooth muscle by SP and an indirect action 

through chotinergic enteric neurons (Bartho et al., 1982; Bjorkroth, 

1983; Chahl, 1982). 

Modulation of acetylcholine action 

SP modulates the following effects of acetylcholine on 

adrenal chromaffin cells: (1) inhibition of acetylcholine-induced 

membrane conductance changes (Clapham and Neher, 1984) and 

calcium fluxes (Boksa, 1985); (2) inhibition of acetylcholine-

induced catecholamine release (Role et al., 1981); and (3) protec

tion against desensitization of acetylcholine-induced catecho

lamine release (Boksa and Livett, 1984). In addition, SP has been 

shown to modulate cholinergic regulation of the nicotinic acetyl

choline receptor of PC 12 cells (Boyd and Leeman, 1987). 

Substance P as a neurotransmitter 

For a compound to be considered a neurotransmitter, three 

criteria must be satisfied. A neurotransmitter must: (1) be located 

in the proper pre-synaptic structures; (2) be released when 

appropriately stimulated; and (3) induce the postsynaptic effect or 

effects in the amounts released. In 1953, Lembeck proposed that 

SP might be a neurotransmitter. At that time, SP was known to 

be a vasodilator and able to contract smooth muscle, and several 

groups had shown that this physiological activity was demon-

12 



strated to be much higher in dorsal root tissues rather than in 

ventral root tissues (Amin et al., 1954; Hellauer, 1953; Kopera and 

Lazarini, 1953; Lembeck, 1953; Pernow, 1953). SP was later 

proven to have an excitatory effect on spinal neurons when an 

extract from bovine dorsal root tissue was shown to have an ex

citatory effect on frog spinal motoneurons. When this extract was 

compared with synthetic SP, the chemical and pharmacological 

tests proved them to be the same material (Otsuka et al., 1972; 

Takahashi et al., 1974). 

Evidence to solidify the hypothesis of SP as a neurotrans

mitter comes from several areas of research. Radioimmunoassay 

and bioassay concluded that SP levels are approximately 20 times 

higher in the dorsal horn than in the ventral root (Takahashi et al., 

1974). Electron microscopy has determined that SP is associated 

with large granular vesicles located in primary afferent terminals 

(De Biasi and Rustioni, 1988; Ribeiro-Da-Silva et al., 1989). In 

addition, immunohistochemistry of rat lumbar dorsal root ganglia 

revealed that primary afferent C-fibers contain the highest 

amount of SP immunoreactivity (McCarthy and Lawson, 1989). 

Stimulation of C-afferent fibers induced an increased release of SP 

from rat spinal cord (Gamse et al., 1979; Theriault et al., 1979; 

Yaksh et al., 1980). In addition, application of SP produces a dose-

dependent depolarization of motoneurons in the spinal cord of 

newborn rats (Konishi and Otsuka, 1974; Otsuka and Konishi, 

1976). 

13 



The importance of residues 6-11 

Early studies of fragments of SP showed that most of the bio

logical activity is in the C-terminal 6-11 portion of the molecule 

(Yajima et al., 1973; Bury and Mashford, 1976). While more 

recent studies by Cascieri et al. (1992) and Geraghty and Burcher 

(1993) have shown similar results, there are differences in the 

data depending upon how they are obtained. With rat brain pre

parations, the IC50 value for SP is 9.1 nM, the 4-11 fragment is 

515 nM, and the 5-11 fragment is 832 nM (Geraghty and Burcher, 

1993). This is in contrast to the data obtained with cloned rat NKl 

receptors expressed in CHO cells (which normally have no tachy

kinin receptors) (Cascieri et al., 1992), where the IC50S are 1.6 nM 

for SP, 1.8 for the 4-11 fragment and 13 nM for the 6-11 

fragment where the Gin in the 6 position is in the pyroglutamate 

form (this is the cyclic structure that can spontaneously form from 

glutamine when it is in the amino terminal position of a peptide). 

Thus, either the NKl receptor in rat brain is different from the 

one expressed in CHO cells or the tissue causes the receptor to 

behave differently. 

Muscle contraction studies on guinea pig ileum showed that 

the EC50 for the 6-11 fragment is 6.6 nM (Poulos et al., 1987) and 

the IC50 for binding to the NKl receptor is greater than 1000 for 

the 7-11 fragment (Cascieri et al., 1992). Thus, it would appear 

that the last 6 amino acids must remain intact for binding and ac

tivation of the SP receptor. Also, the ratios for binding to the NKl 

receptor versus the NK3 receptor (IC50 NK3/IC50 NKl) vary from 

11,200 for the intact SP to 26 for fragment 6-11 and 1 for 
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fragment 7-11 (Cascieri et al., 1992). Thus, the first five amino 

acids play more of a role in receptor specificity than in receptor 

activation. 

The carboxyamide cap 

Replacing the Met^ amide with an equally neutral methyl 

ester group causes an eight fold increase in the EC50 for guinea pig 

ileum (GPI) contraction, while the free acid causes an increase of 

3,900 (Escher et al., 1982). Steric bulk, however, is not as much a 

problem since N-methylamide, hydrazide and N-dimethlyhy-

drazide substitutions only result in only a 17, 15.8 and 25.1 fold 

increase in the EC50 (GPI). 

If the Metll is replaced by a norleucine (Nle) residue, only a 

1.2 fold increase in the EC50 value (GPI) is seen, and the methyl 

ester and free acid are only 28 and 38 times larger respectively 

for stimulating GPI contraction (Escher et al., 1982). Thus, in the 

presence of Nle, the charge of the carboxy terminus does not 

appear to interfere with receptor binding and activation. This is 

tissue/species dependent, for in other studies (Lavielle et al., 

1988) measuring IC50 for rat brain (RB) binding, found that the 

substitution of Nle for Met^l resulted in a 4,200 fold increase in 

the IC50 value, and substitution of the Nle free acid for the Met^ l 

amide caused a greater than 10,000-fold increase in the IC50 

value. 
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A "turn" in the backbone of SP may be 
important to SP's activity 

Replacement of Gly9 by a more conformationally restricted 

proline or N-methylglycine residue results in only a stight de

crease in agonist activity (Lavielle et al., 1988). Also, forming a 

cyclic molecule by forming disulfide bridges (Cys^ to Cys^) results 

in an increase in agonist activity (Ploux et al., 1987). This data is 

consistent with that obtained from NMR studies of SP in methanol 

where from nuclear Overhauser effect (NOE) studies it is felt that 

the Gly-Leu-Met-NH2 is folded towards both glutamines (Lavielle 

et al., 1988). However, when a cyclic molecule is formed from a 

disulfide bridge between Cys^ to Cys^, a large decrease in agonist 

activity is seen. Thus, a turn in the N-terminal or C-terminal 

region of the SP molecule can ocur, but not in the region of 

residues 6 to 9. 

The two aromatic amino acid residues at positions 
7 and 8 of SP are crucial for activity 

The two phenylalanine residues of SP are both critical for 

activity, for replacement of any of the first five amino acids by D-

amino acids has little effect on SPs binding ability, while replace

ment of residues 6, 7 or 8 has a major effect on binding (Wang et 

al., 1993). Also, as seen in the alanine replacement studies of 

Couture et al. (1979b), the largest change in SP activity was the 

replacement of Phe7 with alanine, and the third largest change 

was when Phe8 was replaced by alanine. 

An appreciable amount of work has been done by the labs 

of Gerard Chassaing and Solange Lavielle to try to determine the 3 
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dimensional structure of SP and the binding pocket for SP present 

in the NKl receptor. These two labs have collaborated in making 

numerous side-chain conformationally restricted phenylalanines 

and have incoporated them into the 7 and 8 position in SP (Josien 

et al., 1994). Binding assays and the guinea pig ilium contraction 

assay were used to test the efficacy of these large, conformation-

ally constrained molecules. They concluded that the binding site 

for position 7 in SP is not wide and can accomodate only one aro

matic ring, and that the preferred conformation for this ring is 

trans. This study also concluded that the binding site for position 

8 of SP is large enough to accept two aromatic rings, one of which 

is preferred in the trans conformation while the other is preferred 

in the gauche(-) position. A final conclusion of this study was that 

these conformationally constrained side chains do not influence 

the conformation of the peptide backbone. 

This last conclusion is controversial since the study did not 

include NMR studies of these compounds to prove that the peptide 

backbone remains unchanged. Another perceivable problem with 

the results from this study is the presence of inconsistencies. All 

of the SP analogs studied were only monosubstituted compounds, 

and not all of the conformationally restrained compounds were 

tested in both the 7th and 8th positions. Even though a tremen

dous amount of work went into this study, it lacked the thorough 

and logical research plan necessary for gaining solid information 

on the stucture of SP and the nature of the binding pocket in the 

NKl receptor. 
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What is known from these types of structural studies is that 

the substitution of the phenylalanines at positions 7 and 8 can 

either enhance or reduce the activity of SP. The addition of large, 

multiple phenyl rings to the phenylalanines do affect the activity 

of SP. What is not known however, is what small, conformation-

ally restrictive analogs of phenylalanine will do to the activity of 

SP. This thesis focuses on the effect of small changes on the 

nature of SP and how these changes will affect SP's interaction 

with the SP receptor. However, to understand what could be hap

pening with SP and its receptor, more background information on 

the NKl receptor and its intracellular workings must be 

considered. 

NKl antagonists and SP's mode of action 

Peptide antagonists of the NKl receptor 

During the past two decades, synthetic efforts have resulted 

in the discovery of numerous agonists of the SP receptor. In com

paring these different agonists a note of caution is needed when 

looking at IC50 values (concentration necessary to inhibit half the 

maximum binding of labeled SP) versus EC50 values (concentration 

necessary to produce half the maximum physiological effect). An 

IC50 value only indicates how well the compound in question 

binds to the SP receptor. This value is sometimes taken to indi

cate its ability to stimulate the SP receptor, however some analogs 

of SP have antagonist activity, as well as agonist activity, and 

some only have partial agonist activity. For the same receptor the 

EC50 value can be lower than the IC50 value, because of the spare 
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receptor theory which states that not all receptors need to be 

activated in order to produce a maximal effect associated with the 

receptor. Thus, an EC50 value is required to compare the ability of 

a molecule to mimic the action of SP. 

Early studies showed that the substitution of D-amino acids 

into SP caused it to have antagonist activity (Leban et al., 1979; 

Yamaguchi et al., 1979). This led to a series of compounds that 

used D-tryptophan to achieve better antagonist activity (Mizrahi 

et al., 1982; Caranikas et al., 1982a,b; Folkers et al., 1982, 1983; 

Bjorkroth et al., 1982; Horig and Schultheiss, 1984; Escher et al., 

1984). Escher et al. (1984) showed that a naphthalalanine residue 

could be substituted for the tryptophan residue with little change 

in antagonist activity. 

The problem with the above antagonists are that the best 

only bind about 1/100 as well as SP to the SP receptor as SP. In 

addition, as seen from the work of Escher et al. (1984), these 

analogs show a lack of receptor specificity, for the analogs which 

have the best pA2 values work equally well against NKA on its 

NK2 receptor. The use of D-amino acids appears to remove re

ceptor specificity. Thus, the modified peptide antagonists have 

limited usefulness for studies where they are used to study the 

role of the SP receptor in a physiological setting. 

To obtain inhibition at a lower concentration, and thus 

potentially increasing specificity, studies were carried out where 

D-Phe(Cl2) [3,4-dichloro-D-phenylalanine] was used to replace Gln^ 

of the antagonist Spantide ([D-Argl,D-Trp7>9,Leull]SP; Folkers et al., 

1986). This compound showed improved binding. Further studies 
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(Ljungqvist et al., 1989) found that the introduction of Asn^ in 

place of Gln^ gave rise to a considerable and unpredicted increase 

in potency. These researchers felt that this was probably due to 

an increase in the precision of the conformation and of the 

antagonist-receptor binding. The resulting analog [D-Arg^D-

Phe(Cl2)5,Asn6,D-Trp7,9,Nlell]SP had a pA2 value of 7.7. It was 

felt that if antagonists of SP were to be used therapeutically, it 

was essential they have little or no histamine-releasing activity 

and do not produce neurotoxic effects (Post and Paulson, 1986). 

On the basis that both D-Argl and Lys^ of spantide may contribute 

to its histamine-releasing activity and neurotoxic effects, these 

residues were replaced with D-Lys(Nic)l [N^-nicotinoyllysine] and 

Pal(3)3 [3-(3-pyridyl)alanine]. The resulting compound, called 

spantide II, [D-Lys(Nic)l,Pal(3)3,D-Phe(Cl2)5,Asn6,D-Trp7,9,Nlell]SP, 

was shown to have no side effects, with a pA2 of 8.1 (Folkers et 

al., 1990). 

Using an SP binding assay with guinea pig lung membranes, 

a novel cyclicpeptide SP antagonist was discovered from the 

products of catalytic hydrogenation of a fermentation product 

isolated from Streptomyces violaceoniger (Morimoto et al., 1992). 

This compound, FK224, was found to have pA2 values of 6.88 on 

SP-induced contraction of guinea pig ileum and 7.51 on NKA-

induced contraction of rat vas deferens. At the same time, this 

laboratory reported the finding of a tripeptide containing aromatic 

ring structures (FK888) which exerts NKl receptor antagonism 

with a pA2 value of 9.3 in the guinea pig ileum assay (Fujii et al., 
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1992). This was followed by the finding that FK888 will inhibit 

the selective NKl receptor agonist [Sar9,Met(02)ll]SP competively 

with a pKg value of 7.1 using a rabbit iris sphincter assay (Wang 

et al., 1994). There was no satisfactory explanation for the dis

crepancy between the two values found in the two different 

tissues except for the species differences. 

More recentiy, two novel cyclic heptapeptides (WIN 66306 

and WIN 68577) were isolated from an Aspergillus flavipes cul

ture, originally isolated from soil, and were shown to be com

petitive antagonists to SP with affinity constants (Kj) of 8 mM 

(Barrow et al., 1994). A derivative of one of the isolates (WIN 

66306*) was found to be more competitive with a Kj of 0.12 mM. 

The structures of FK224, FK888, WIN66306 and WIN68577 are 

shown in Figure 1. 

Nonpeptide antagonists of the NKl receptor 

As seen above, the selectivity of most of the peptide antago

nists for the NKl receptor is poor. Additionally, they lack good 

bioavailability and CNS penetration. The peptide antagonists also 

possess poor pharmacokinetic properties and limited in vivo 

activities. Recently, however, chemical screening studies using 

SP-specific assays, particularly those based on the displacement of 

radiolabeled SP from cell membrane preparations, have led to the 

discovery of several structurally unique nonpeptidic SP antago

nists (Garret et al., 1991; Snider et al., 1991; VenepaUi et al., 

1992; Hirschmann et al., 1992). Common characteristics of these 

recently disclosed SP antagonists include their high hydrocarbon 
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Figure 1. Structures of some of the peptide NKl antagonists. 
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content, the presentation of two or more phenyl rings emanating 

from a cyclic framework, and the presence of one or more basic 

nitrogen atoms on the cyclic framework. 

The potent non-peptide NKl antagonist CP-96,345 (Figure 2) 

reported by Snider et al. (1991) was found to have the abiUty to 

inhibit SP binding to NKl receptors with a Kj of 0.6 nM, while 

displaying insignificant affinity for NK2 and NK3 sites. The (2R,3R) 

enantiomer of CP-96,345 (CP-96,344) was shown to have no sig

nificant effect on the SP-induced smooth muscle relaxations up to 

a concentration of 500 nM (Lowe et al., 1993). Thus the binding 

of CP-96,345 is enantioselective. This antagonist has been used to 

help address the many ambiguities concerning receptor location 

and biological function which arise from the limited selectivity of 

the tachykinins and their peptidic analogs (McLean et al., 1991). 

However, as with all non-peptide tachykinin antagonists, CP-

96,345 shows different binding properties with NKl receptors 

from different species (Gitter et al., 1991), some differing by a 

factor of up to 100 fold higher (Beresford et al., 1991). By using 

chimeras of rat and human NKl receptors, the difference in bind

ing for CP-96,345 between these two species was used to define 

the binding site of the antagonist (Sachais et al., 1993). This study 

demonstrated that a single amino acid mutation at residue 290 

was responsible for a 20-fold increase in the affinity for CP96,345 

between rat and human NK-1 receptors. An additional limitation 

is the finding that both CP-96,345 and CP-96,344 block 

carrageenin-induced paw licking in the rat with equal efficacy 

(Nagahisa et al., 1992). A possible reason for this observation is 
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the recent report that both CP-96,345 and CP-96,344 will bind to 

calcium channels (Schmidt et al., 1992). 

A second potent non-peptide NKl antagonist was reported 

in 1991 (Garret et al.). This compound, RP 67580 (Figure 2), 

belongs to the chemical family of perhydroisoindolones. Structure-

activity relationship studies have shown that the affinities of 

perhydroisoindolones for NKl receptors are very sensitive to 

slight structural changes. RP 67580 was chosen for its pharma

cologic properties of effectively inhibiting neurogenic inflamma

tion and nociception. RP 67580 was also found to show species 

differences (Garret et al., 1993). It showed greater affinity for rat 

NKl receptors than for human or guinea-pig NKl sites. In 

contrast to CP-96,345, however, it was found not to have notable 

effects on other receptor sites or ion channels. Other studies 

found that the behavioral effects of CP-96,345 and RP 67580 in 

vivo are not caused by a common antagonist effect at the NKl 

receptor (Saria et al., 1993). 

Septide, CP-96,345 and RP 67580 were used to probe the 

nature of the NKl receptor. In a study that looked at different 

tissues and different species it was found that there are inter- and 

intra-species variations in the pharmacological profile of the NKl 

receptor labelled by [^HJSP (Fardin et al., 1993). The intra-species 

variations revealed by the agonist septide suggested either the 

existence of NKl receptor subtypes that septide may recognize 

with different affinities, or the existence of a second, as yet 

unknown, SP receptor. It was also observed that CP-96,345 and 

RP 67580 always showed opposite variations, which suggested 
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that the sites within the NKl receptor to which these compounds 

bind, if not identical, may overlap (Fardin et al., 1993). 
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CHAPTER m 

THE SUBSTANCE P G-PROTEIN COUPLED RECEPTOR 

Structure and Function 

The gene for a rat SP receptor was recently cloned and the 

primary sequence of 407 amino acids was determined (Yokota et 

al., 1989, Hershey and Krause, 1990). The deduced amino acid 

structure possesses seven putative membrane-spanning domains 

and shows sequence similarity to the members of the GTP-pro-

tein-coupled receptors (Nakanishi, 1991). To date, one sequence 

for each of the three three different neurokinin receptors (NKl, 

NKA, NKB) have been cloned from human, rat, guinea pig, mouse, 

and cow DNA. (Figure 3 shows the structure of the human SP re

ceptor.) Their structures and properties are discussed in a recent 

review (Krause et al., 1994). Studies on the three different 

tachykinin receptors stably expressed by DNA transfection into 

Chinese hamster ovary cells and examined for their ability to 

stimulate IP3 and cAMP formation showed that there were no 

apparent differences in the species, the kinetics, or the extent of 

the signal transduction (Nakanishi et al., 1993). This study also 

demonstrated that the tachykinin receptors have the potential to 

couple directly to both phospholipase C and adenylate cyclase and 

exhibit the appropriate rank order of potency for the three 

different tachykinins (SP> NKA> NKB) for stimulation of the NKl 

receptor (Figure 3). Mochizuki-Oda et al. (1993, 1994) also 

showed that SP induces Ca2+ entry through activation of cation 

channels, as well as Ca2+ mobiUzation, and suggested that IP3 may 

27 



O H 

u 

2 
3 

e 
3 

SZ 

3 
O 
3 
c« 

(U 

O 
O H 

o 

3 

28 



regulate both the SP-induced Ca2+ mobilization and entry into 

cells. Biochemical and autoradiographic studies of tachykinin 

binding sites have been used to determine the distribution of 

tachykinin receptors in the CNS and peripheral tissues (Beaujouan 

et al., 1986; Mantyh et al., 1989). The distribution of the mRNA's 

of the receptors was also studied (Hershey et al., 1991). NKl re

ceptors were found in both the CNS and the peripheral tissues, 

while NK2 (NKA) receptors were present mainly in peripheral tis

sues and NK3 (NKB) receptors present in high amounts in the CNS 

and in lesser amounts in the gastrointestinal tract (Shigemoto et 

al., 1990; Mantyh et al., 1989; Hershey and Krause, 1990). 

A high level of sequence similarity exists within the trans

membrane domains of the three subtypes of neurokinin receptors, 

while the extracellular and cytoplasmic loops are more divergent 

(Takanashi et al., 1992; Huang et al., 1992). Thus, it has been 

postulated that the common C-terminal half of the neurokinin 

peptides may interact with the conserved transmembrane domain 

of the receptors, while the unique N-terminal half of the peptides 

may recognize the more divergent extracellular domains. This 

postulation has led to the message-address hypothesis for the 

peptide-receptor interactions, which proposes that the conserved 

C-terminal half of the NK peptides functions as a message which 

can be recognized by all three receptor subtypes, whereas the 

divergent N-terminal half of the peptides acts as an address to 

determine receptor subtype selectivity (Schwyzer, 1987; Buck et 

al., 1988; Munekata, 1991). However, data obtained from 

chimeras formed between the NKl receptor and extracellular loop 
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sequences from the NK2 and NK3 receptors, while consistent with 

the notion that the extracellular loops contribute to the peptide 

binding, were not consistent with the simple notion that the 

divergent residues of the extracellular domains of the NKl recep

tor interact directly with the divergent residues of the three 

peptides (they did not affect the rank order of potency of SP, NKA, 

and NKB as agonists)(Fong et al., 1993). In addition, studies of 

chimeric mutants between the human and rat NKl receptors sug

gest that the local helical packing of transmembrane hetices 

determines the species selectivity of non-peptide antagonists 

without affecting peptide binding (Fong et al., 1992). The use of a 

photolabeled phenylalanine analog in position 8 was used to show 

that SP crosslinked with Metl74 in the second extracellular loop 

in the NKl receptor (Gerault, 1996). These studies do not yield 

much information about how SP binds to its receptor since ago

nists with consistent structural differences were not used, and the 

experiments utilized tachykinin external loops from other 

tachykinin receptor subtypes with which SP is known to bind 

poorly. In other studies Blount and Krause (1993) found that at

taching the NK2 cytoplasmic carboxy 1 tail to the NKl receptor 

decreased the Kd for SP binding two fold, caused little change in 

IP3 production but stimulated cAMP production three fold. Also, 

a sUght deletion in the NKl tail had littie effect. 

The Mammalian G-Proteins 

The G-proteins associated with seven-transmembrane 

receptors, which includes the NKl receptor, all exist as hetero-
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trimers that arise from the combination of a, p, and y subunits. It 

is the a subunit which contains a binding site for GTP, stimulates 

second messenger signals and is the subunit associated with the 

GTPase activity. The p and y subunits were previously thought to 

only participate in membrane localization, but are now believed to 

participate in activation and inhibition in second messenger path

ways as well (Boekhoff et al., 1994, Chiba et al., 1993). The basic 

mechanism of activation and second messenger production is ex

emplified in Figure 4. When SP binds to the NKl/G-protein com

plex, a conformational change occurs in the G-protein which 

increases the dissociation rate of GDP. GTP replaces the GDP in the 

a subunit, which causes the G-protein to dissociate from the 

SP/NKl receptor complex. The a subunit dissociates from the py 

dimer where each may interact with its own effectors. Since the a 

subunit has GTPase activity intrinsically associated with it, the 

GTP is slowly hydrolyzed to GDP. Interaction with effectors 

increases the rate of GTP hydrolysis (Berstein, et al., 1992) Once 

the GTP has been hydrolyzed to GDP, the alpha subunit reasso-

ciates with the Py dimer and is ready to associate with another 

receptor and start the cycle over again. 

Potential receptor. G-protein. effector interactions 

Originally it was believed that one seven transmembrane 

receptor could only interact with one G-protein. However, this 

view has been modified through work with the a2 receptor, which 

can interact with up to four different G-proteins in the same cell 
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Figure 4. Biochemical pathway for G-protein and second 
messenger activation. 
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(Conklin et al., 1993, Eason et al., 1992, Federman et al., 1992, 

Wong et al., 1991, 1992). It has also been shown that more than 

one G-protein can stimulate the same second messenger system as 

well as one G-protein can stimulate more than one second mes

senger system, such as the beta adrenergic receptor (pAR) stimu

lating both adenylyl cyclase and Ca2+ channels through Gsa 

(Birnbaumer et al., 1990). This previous work initiates some of 

the groundwork for forming the hypothesis that the NKl receptor 

can interact with different G-proteins. Figure 5 shows the poten

tial scenarios that can occur once substance P activates its 

receptor. 

G-Proteins affect receptor conformation 

Differential binding of SP to the NKl receptor in the presence and 

absence of active G-proteins has been characterized (Macdonald 

and Boyd, 1989). These researchers have shown that in the 

absence of G-proteins, The NKl receptor has a low affinity for SP. 

When active G-proteins are added to this assay, the NKl receptor 

undergoes a conformational change to increase the affinity that 

the receptor has for SP. With this proof of a G-protein affecting 

NKl receptor conformation, it is therefore possible to hypothesize 

that different G-proteins may be able to change the receptor 

conformation in slightly different ways. The slightiy different 

conformations of the p methyl substituted SP's may be able to 

detect these subtle differences in receptor conformation and bind 

preferentially to one receptor/G-protein complex over another. 
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receptor activation. 
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This scenario may explain the different structure activity 

relationships seen for SP analogs. 

Evidence for substance P receptor subtypes 

The older literature on this subject should be read with the 

understanding that prior to approximately 1984-85 the term SP 

receptor subtypes was used to mean the receptors for the three 

different mammalinan tachykinins, now called NKl, NK2, and NK3. 

The term as it is now used in the literature signifies the potential 

for the SP receptor (NKl) to exist in multiple types. Covalent 

labeling with a radioactive photoaffinity analog of SP yielded two 

proteins with Mr = values of 53,000 and 46,000 from rat sub

maxillary gland (Boyd et al., 1991). Biochemical characterization 

of the proteins led to the interpretation that the difference in the 

two forms of the SP receptor is due to differences in the length of 

their carboxy termini (Kage et al., 1993). Other data impUcating 

NKl receptor subtypes comes from pharmacologic studies. The 

first data to show a different rank order of potency for different 

SP receptor agonists used different species (rat versus guinea pig) 

for their comparison, and since it is now known that there are 16 

amino acid sequence differences between these species, the data 

is difficult to interpret (Lew et al., 1988; Tousignant et al., 1991). 

However, in studies using the same species, Fardin and Garret 

(1991) showed a different rank order of potency for guinea pig 

brain (SP>SPOMe>Septide) versus guinea pig ileum (SP>Septide 

>SPOMe). Petitet et al. (1992) also used guinea pig ileum to show 

that SPOMe, Septide, [Apa9-iO]SP, and [Pro9 îO]SP all had low 
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affinity for the 3H[Pro9] SP specific NKl binding site (-250 nM), 

but were effective in stimulating contraction (~2 nM). 

These results were taken to suggest that these analogs were 

exerting their high contracting activity in the guinea pig ileum by 

acting on a new subtype of the NKl receptor. Fardin et al. (1993) 

later studied whether NKl receptor subtypes exist by further 

characterizing the NKl receptor, which was labelled by tritiated 

SP. This technique was used to measure the NKl affinity of the 

non-peptide SP antagonists RP 67580 and CP-96,345 as well as SP 

and septide in different tissues from the same species (rat and 

guinea-pig). They did not see the same variation in binding as the 

different antagonists were tested on different tissues within the 

same species. These results were taken to reveal either the exis

tence of NKl receptor subtypes or another receptor, as yet uni

dentified, which is present in different proportions in different 

tissues. 

Studies with the NKl specific antagonist CP-96,345, where 

binding data is compared with physiological data, provide another 

type of evidence which supports different NKl sites. Gitter et al. 

(1991) reported that for rabbit brain CP-96,345 showed an IC50 

for inhibition of SP binding of 0.54 nM, while Wang and Hakanson 

(1993) reported a value of 7000 nM for the inhibition of rabbit 

iris smooth muscle contraction. Thus, within the same species 

there appears to be two different SP binding sites that are not 

inhibited in the same way by a specific NKl antagonist. These 

results could bear on the results of Tachado et al. (1991) in which 

iris sphincter muscle of different species showed totally different 
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responses to SP. Similar studies with the NKl antagonist FK224 

showed that inhibition of SP binding to rat duodenum gave an 

IC50 of 1.6 mM, while the IC50 for rat vas deferens contraction is 

37 mM (Morimoto et al., 1992). The comparison of CP-96,345 and 

RP 67580 (Fardin et al., 1993) in rat and guinea pig showed simi

lar intra-species differences consistent with NKl subtypes. 

A different kind of evidence which still points to different 

classes of NKl receptors is the binding studies of Geraghty and 

Burcher (1993) using rat cerebral cortex. In these studies, the 

mean saturation curve for [^HJSP binding was biphasic, and 

Scatchard transformation of saturation data yielded distinctly 

curvilinear plots, suggesting that binding was occurring to more 

than one population of sites. Along these same lines, Hauser et al. 

(1993) found two high-affinity SP binding sites in bovine retina. 

Not only does this imply more than one SP receptor, but a whole 

new class of receptors since their dissociation constant values 

were in the picomolar range (Kdl = 1 pM; Kd2 = 114 pM). They 

also found that these values would vary depending upon the 

concentration of the labelled SP used to develop the binding 

curve. 

The possibility that the SP receptor subtypes could result 

from different G-protein complexes is consistent with the findings 

that G-proteins can regulate SP binding to its receptor 

(Macdonald and Boyd, 1989). They found that addition of G-

proteins purified from bovine brain could restore high-affinity 

binding of SP to rat submaxillary membranes that had been 

treated with an alkaline buffer to remove their G-proteins. The 
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addition of GppNHp to the preparation will reverse the effect of 

adding the G-proteins to the SP receptors (Luber-Narod et al., 

1990). Other more recent evidence in support of this theory is 

found in the results of Nakanishi et al. (1993) and Nakajima et al. 

(1992), where they stably expressed the three tachykinin recep

tors by DNA transfection into Chinese hamster ovary cells and 

examined detailed intracellular transduction mechanisms of each 

of the receptors. The three receptors commonly showed a marked 

stimulation of IPl, IP2, and IP3 formation in response to tachyk

inin interaction. The dose-response analysis indicated a complete 

agreement between the ability of each receptor to stimulate IP3 

formation and the peptide binding specificity of the respective 

receptor. The three receptors also showed similar and rapid 

increase in cyclic AMP formation in agreement with the ligand 

selectivity of each receptor However, the stimulation of cyclic 

AMP formation was less efficient in all three receptors and 

required about one-order of magnitude higher concentrations of 

the peptides than that required for the IP3 formation (Nakajima 

et al., 1992). Nakanishi et al. (1993) proposed that this difference 

may represent multiple receptors of the same receptor family. 

This difference could also represent the same receptor coupled to 

different G-proteins. 
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CHAPTER IV 

THE USE OF OCULAR TISSUES 

Ocular distribution of SP 

SP is ubiquitous in all ocular tissues, but levels of SP 

immunoreactivity vary among different species. Elbadri et al. 

(1991) compared SP immunoreactivity levels in cornea, iris/cil

iary body, retinal and choroid/sclera tissues in the cow, sheep, 

rabbit, and rat (Table 4). SP levels were found to be highest in 

the retina of cow and rat, whereas in rabbit and sheep, the 

iris/cilliary body contained the highest degree of SP 

immunoreactivity. 

In cat and rabbit retina, the majority of SP-containing cells 

are located in the gangtion cell layer (Brecha et al., 1982, 1987; 

Vaney et al., 1989). Brecha et al. (1987) used retrograde labeling 

from the superior colliculus and optic nerve section to determine 

that the SP immunoreactive cells in the rabbit retina are ganglion 

cells. Vaney et al (1989), however, determined that the SP 

immunoreactivity in cats stems from displaced amacrine cells. 

Immunocytochemistry performed in rats, frogs, lizards, and chicks 

demonstrated that SP immunoreactivity is prevalent in the 

amacrine cells of the inner nuclear layer, neurons of the ganglion 

cell layer, and two distinct layers of processes in the inner 

plexiform layer (Fukuda et al., 1981; Osborne, 1984). These 

discrepancies in the localization of SP immunoreactivity in the 

retina may be due to species differences, but the reason for this 

variability, if it exists, is not known. 
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Osborne (1984) has presented evidence to implicate SP as a 

potential neurotransmitter in the bovine retina. He showed that 

SP binds to retinal membrane preparations with a Kd value of 0.32 

nM, suggesting the presence of substance P receptors, and while 

the retina would not take up exogenous SP, it would release 

endogenous SP when external K+ concentrations are inceased. In 

more recent studies, Zalutsky and Miller (1990) showed that SP at 

concentrations less than 1 [iM excited 78% of rabbit ganglion cells 

and depolarized some amacrine cells. However, tachykinin 

antagonists and SP desensitization did not alter characteristics of 

receptive field properties. Also, studies conducted by Otori et al. 

(1993) determined that SP levels in the suprachiasmatic nucleus 

(SCN) are unaffected by changes in lighting conditions or ocular 

enucleation. They concluded that SP levels in the SCN come from 

an area other than the retina. 

Immunoreactivity studies have also determined that the 

iris, cornea, and ciliary body of several species contain SP (Gibbins 

and Morris, 1987; Miller et al., 1981; Shimizu et al., 1982; Stone et 

al., 1982; Tervo et al., 1982; Tornqvist et al., 1982). SP 

immunoreactive (SPI) fibers enter the cornea from two levels, one 

from the middle layer of the sclera and the other from the 

episclera. From the sclera a thick SPI fiber trunk, extending to the 

central part, subdivides into smaller SPI fiber bundles and 

approaches the epithelium. The SP immunoreactive fiber bundles 

from the episclera are smaller than those from the sclera. 

However, both fiber bundles form a dense network in the 

uppermost part of the stroma (Sasaoka et al.,1984). After 
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denervation of the trigeminal nerve, a complete disappearance of 

all SPI axons in the iris occurs (Unger et al., 1981). Blood vessels 

in the anterior uvea are often surrounded by SP fibers (Tornqvist 

et al., 1982). The SP level in the cornea of the adult mouse is 

reduced 40% by a similar procedure (Keen et al., 1982), and 

neonatal capsaicin treatment results in an 80% reduction of the SP 

level in the cornea (Keen et al., 1982). Surgical denervation of the 

trigeminal nerve decreases the level of SP in these areas (Butler 

et al., 1980; Keen et al., 1982; Miller et al., 1981; Tervo et al., 

1982). This information serves as the basis for believing that the 

SP levels in the anterior segment of the eye arises from the 

trigeminal nerve. Murphy (1994) reported high concentrations (3 

nM) of SP in tears of dogs. 

The degradation, rather than the release, of SP was recently 

examined by Igic (1993) in rabbit and dog aqueous humor. He 

concluded that SP is inactivated by a serine protease in the 

aqueous humor. A possible serine protease for this function is 

deamidase, which deamidates SP, as well as other tachykinins 

(Jackman et al., 1990). The extensive research on the presence of 

SP in the eye and the multiple physiological effects of this 

neurotransmitter make ocular tissue a suitable model for the 

analysis of SP's interaction with its receptor and pathways 

involved in SP receptor activation. 

Ocular smooth muscle contraction 

The large distribution of SP immunoreactivity in the rabbit 

and sheep iris/ciliary body gives support to the hypothesis that 
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the physiological role for SP in the eye is to control pupillary 

diameter (Mochizuki et al., 1981; Gamse et al., 1981). The iris 

sphincter muscle is subject to dose-dependent contraction by SP 

in several species including rabbit, bovine, and pig (Tachado et al., 

1991). Application of tachykinin antagonists reduces the miotic 

response in these systems (Holmdahl et al., 1981; Mandahl and 

Bill, 1984; Oksala et al., 1989). Wang and Hakanson (1992), and 

more recently Kunitomo et al. (1993), have shown that the 

electrically evoked tachykinin-mediated contractile response of 

the isolated rabbit iris sphincter muscle involves only the SP 

(NKl) receptor. However, Unger and Tighe (1984) reported 

species differences in the effects of SP on the contractile response 

of the iris sphincter, and Tachado et al. (1991) discovered that 

while the rabbit, bovine and pig iris sphincter respond to 

administered SP by contracting, dog, cat, and human iris sphincter 

muscles do not. However, Anderson et al. (1990) contradicts this 

finding by presenting data that demonstrates that human iris 

sphincter muscle is subject to SP-induced muscle contraction in 

the eye cup model with an EC50 value of 93 nM and that not all 

eyes tested positive. Tachado (1991) further exemplified these 

species differences by measuring cAMP formation and IP3 

accumulation in these species. The bovine, rabbit, and pig, which 

were subject to SP-induced muscle contraction, demonstrated a 

significant increase in IP3 accumulation, but no increase in cAMP 

formation in the presence of 1 |iM SP. Consequently, the dog, cat, 

and human, which were insensitive to contraction by SP, showed 

no increase in IP3 accumulation, but a significant increase in 

43 



cAMP formation. This inter-species variability may suggest that 

the functional role of SP may be species-dependent. 

Other iris smooth muscle studies with non-peptide SP 

antagonists, found that pretreatment with the NKl antagonist CP-

96,345 produced a right shift in the dose-response curve, with an 

IC50 of approximately 4 |j,M (Wang and Hakanson, 1993). While 

several different laboratories have used different antagonists to 

implicate the NKl receptor in the SP-stimulated contraction of 

rabbit iris smooth muscle (Wang and Hakanson (1993) used CP-

96,345; Kunitomo et al. (1993) used spantide and L668169; Hall et 

al. (1993) used GR82334), the pA2 (or IC50) values were quite 

high compared with those found for other tissues. Since the IC50 

value reported for CP-96,345 binding to rabbit brain is 0.54 nM 

(Gitter et al., 1991), compared to the value for the rabbit iris 

sphincter of 4 |iM, this data also appears consistent with the 

presence of a different NKl receptor subtypes for smooth muscle 

contraction. 

Varying data has been reported on the effect of calcitonin 

gene-related peptide (CGRP) in conjunction with SP upon the 

induction of miosis (Muramatsu et al., 1987). Anders (1991) 

summarized the synergistic effects of several neuropeptides with 

SP. He concluded that miosis is due to SP, but not CGRP. Contrary 

to this information, Andersson and Almegard (1993) exhibited 

that CGRP fragment 8-37 and fragment 32-37 were functional at 

inducing a dose-dependent iris sphincter muscle contraction in 

rabbits. Immunohistochemical analysis of mouse trigeminal 

ganglia which express SP indicated that they also express CGRP 
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(Margolis et al., 1992). Not all neurons that expressed CGRP 

contained SP, but the SP-containing neurons also contained 

detectable CGRP. It is unknown whether CGRP assists in 

facilitating the functional role of SP in the eye or if CGRP elicits a 

response of its own that is not mediated by SP. However, the fact 

that CGRP is found in all of the nerves that contain SP and that 

CGRP is quite synergistic with SP for cell growth stimulation (Reid 

et al., 1990, 1993) would seem to suggest that although CGRP may 

function alone, it probably also functions in association with SP. 
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CHAPTER V 

EXPERIMENTAL 

Unless otherwise stated, all chemicals were of the highest 

purity available and purchased from Sigma Chemical Co., St. Louis, 

MO. 

Synthesis of SP analogs 

Introduction 

The use of conformationally restrained amino acids has 

become a popular method for studying the physiologically 

relevant properties of peptides and small biomolecules. 

Incorporation of conformationally restrained amino acids into 

biologically active peptides is a concept brought forth by research 

showing that the side chains of amino acids are responsible for 

identifying the binding site in a receptor which leads to receptor 

activation and that the peptide backbone serves as a structural 

support to assist in positioning the amino acids (Olsen et al., 1990; 

Kazmirski et al., 1991; Nicolaou et al., 1991). Using confor

mationally constrained unnatural amino acids in a peptide can 

create a bias towards an energetically favorable torsional angle Xi 

about the Ca-Cp bond in that amino acid residue. The ener

getically favored side chain conformations of the modified amino 

acids can then serve as probes to reveal which appropriate side 

chain conformation is necessary to achieve optimal receptor 

activation. 
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In the case of SP, the phenylalanines at positions 7 and 8 

have been shown to be critical for SP's activity (Cutoure et al., 

1979b; Wang et al., 1993). It would seem reasonable to use 

conformationally constrained amino acid analogs of phenylalanine 

to examine what characteristics of SP's phenylalanines were 

necessary for its activity. The somewhat unconstrained free 

rotation of the aromatic side chain of phenylalanine makes 

predictions of the proper conformation required for binding to the 

receptor difficult. One of the most subtle changes that can be 

made to phenylalanine is to replace either of the hydrogens on the 

prochiral p carbon in phenylalanine with a methyl group that 

creates steric hindrance concerning the phenyl ring, producing a 

conformationally constrained amino acid. By replacing either of 

the p hydrogens of L-phenylalanine with a methyl group, two 

different conformationally constrained amino acids are created: 

the (2S,3R)-P-methylphenylalanine (1) and the (2S,3S)-p-

methylphenylalanine (2). 

H NH3 ,^N H NH3 . ^ ^ 
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(2S,3R)- P-methylphenylalanine (2S,3S)-P-methylphenylalanine 

trans gauche^-) 

Figure 6. First row: Newman projections of the structural 
examples of t rans, gauche(-) and gauchef-i-) 
conformations. Hg refers to the pro-S beta hydrogen 
and HR refers tothe pro-R beta hydrogen. Second row: 
The energetically favored conformations of P-
methy Ipheny lalanine. 
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Based on computer modeling (Hruby et al., 1989) and ^H 

NMR data (Birney et al., 1994), the (2S,3R)-p-methylphenylalanine 

prefers the trans isomer over the gauche(-) or gauche(-i-) 

conformation. These studies have also shown that (2S,3S)-P-

methylphenylalanine is more stable in the gajuche(-) 

conformation. Figure 6 gives structural examples of the trans, 

gauche(-), and gauche(+) conformations and the preferred 

conformations of the (2S,3R)-p-methylphenylalanine and (2S,3S)-

p-methylphenylalanine. These two conformationally constrained 

analogs of phenylalanine have been used previously to study the 

bioactive conformation of enkephalins (Hruby et al., 1991) and 

somatostatin (Huang et al., 1992). We employed the use of these 

phenylalanine analogs to probe the nature of the interaction of SP 

with its receptor. 

Procedure 

(2S,3R)-P-Methylphenylalanine and (2S,3S)-P-

methylphenylalanine were synthesized in the laboratory of R.D. 

Walkup, Department of Chemistry and Biochemistry, Texas Tech 

University using the method previously described by Dhara-

nipragada, et al., (1992), and protected as N-Fmoc derivatives. 

The p-methylphenylalanine was incorporated into SP by solid 

phase synthesis on a Protein Technologies, Inc. Symphony peptide 

synthesizer at Texas Biotechnology Corporation, Houston, Texas. 

Each synthetic SP analog was purified by HPLC and its composition 

was verified by FAB mass spectrometry and amino acid analysis. 
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Additional SP analogs were synthesized and tested using N-

Fmoc derivatives of l,2,3,4-tetrahydroisoquinoline-3-carboxylic 

(Tic) acid (3) and p-phenylphenylalanine (PP) (4) which were 

purchased from Novabiochem (Calbiochem-Novabiochem, LaJolla) 

and incorporated into SP by Texas Biotechnology Corporation, 

Houston, Texas, by solid phase synthesis in a peptide synthesizer 

as described above. Stock solutions of each analog and SP were 

made by dissolving 1.0 mg of peptide into 1 ml of sterile 

deionized water and stored at -20 ^c until use. The eight different 

P-methylphenylalanine containing SP compounds as well as the 

Tic and p-phenylphenylalanine containing SP analogs are listed 

with their abbreviations in Table 5. 

-O2C 

0,0 

. = ^ N 

Rabbit iris smooth muscle contraction 

Introduction 

Stimulation of smooth muscle contraction was one of the first 

ways that SP was identified by von Euler and Gaddum in 1931 

50 



Table 5. Amino acid sequences of the SP analogs used to study 
the interaction of SP with its receptor. 

Analog 

7S 

7R 

8S 

8R 

7S8S 

7S8R 

7R8R 

7R8S 

7TIC 

STIC 

7,STIC 

7PP 

8PP 

Sequence 

R-P-K-P-Q-Q-[SpMeF]-F-G-L-M-NH, 

R-P-K-P-Q-Q-[RpMeF]-F-G-L-M-NH2 

R-P-K-P-Q-Q-F-[SpMeF]-G-L-M-NH2 

R-P-K-P-Q-Q-F-[RpMeF]-G-L-M-NH2 

R-P-K-P-Q-Q-[SpMeF]-[SpMeF]-G-L-M-NH2 

R-P-K-P-Q-Q-[SpMeF]-[RpMeF]-G-L-M-NH2 

R-P-K-P-Q-Q-[RpMeF]-[RpMeF]-G-L-M-NH2 

R-P-K-P-Q-Q-[RpMeF]-[SpMeF]-G-L-M-NH2 

R-P-K-P-Q-Q-[Tic]-F-G-L-M-NH2 

R-P-K-P-Q-Q-F-[Tic]-G-L-M-NH2 

R-P-K-P-Q-Q-[Tic]-[Tic]-G-L-M-NH2 

R-P-K-P-Q-Q-[p-phenF]-F-G-L-M-NH2 

R-P-K-P-Q-Q-F-[p-phenF]-G-L-M-NH. 
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and this assay remains today as the primary process currently 

used in classical pharmacological techniques to study SP and other 

tachykinins. Previous studies with rabbit iris smooth muscle 

contraction have shown that the rabbit iris contains the NKl and 

NK3 receptors and lacks the NK2 receptor (Wang and Hakanson, 

1993). Since SP does induce muscle contraction through the NK2 

and NK3 receptors, although with lower affinities than the NKl 

receptor, it was suitable to use a muscle preparation that was 

lacking at least one of the other tachykinin receptors. 

Furthermore, since this research was performed in a lab 

supported by the Department of Ophthalmology and Visual 

Sciences, it was deemed appropriate to use ocular tissues in the 

research conducted, muscle contraction to first analyze the 

efficacy of the SP analogs. Additionally, the absence of one of the 

other tachykinin receptors aided in clarifying that SP and other SP 

analogs act through the NKl receptor. Antagonists such as 

CP96,345, FK224 and RP67580, block the abitity of SP and SP 

analogs to activate rabbit iris smooth muscle contraction though 

the NKl receptor and give further evidence that the structure 

activity relationship determined for the SP analogs are acting on 

the NKl receptor. 

Procedure 

New Zealand White rabbits were sacrificed by an i.v. overdose 

of sodium pentobarbital. The eyes were then enucleated and the 

iris/ciliary body was isolated. The iris sphincter muscle was then 

isolated and the tissue bisected, producing two iris sphincter 
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muscle preparations per eye. The muscle strips were connected to 

a Grass force-displacement transducer with an initial load of 100 

mg placed on the muscle. The tissue was then allowed to 

equilibrate for 60 minutes. Contractions were recorded by a Grass 

7 Physiograph. Tissues were bathed at 37 °C in a 50 ml modified 

Ringer's solution (90 mM NaCl, 3.6 mM KCl, 20 mM HEPES (sodium 

salt), 0.6 mM MgCh 7.5 mM Na2S04, 1.4 mM Ca-gluconate, 20 mM 

NaHC03, 0.6 mM MgS04, 0.6 mM K2HPO4 and 26 mM glucose). 

The Ringer's solution was gassed with 95% air/5% CO2 (pH 7.4). 

To suppress the endogenous production of prostaglandins which 

have been shown to contract the iris sphincter muscle, the 

incubating solutions contained indomethacin at a concentration of 

10 uM. To block potential proteolytic effects the following 

proteolysis inhibitors were added: 1 ^M thiorphan, 1 |LtM phos-

phoramidon, 1 |xM captopril, 3 |ig/mL leupeptin, and 3 |ig/mL 

chymostatin. To evaluate the viability of each muscle preparation, 

maximum contraction was determined by a 10"^ M dose of car-

bamyl choline (carbachol) at the beginning and end of each 

experiment. Following the initial carbachol dose, tissues were 

washed by three exchanges of Ringer's solutions. Previous studies 

have shown that this is sufficient to remove carbachol from these 

solutions and to return the resting tension to normal values. Each 

peptide was then evaluated for its ability to induce sphincter 

muscle contraction, and dose-response curves (from 2x10-11 to 

7x10"^ M) were determined. A minimum of four determinations 

were performed for each experimental condition. The dose 
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response curves were fit by means of a nonlinear regression 

analysis program (Sigma Plot®, Jandel Scientific). The following 

equation was used to analyze the data: R = 100[A]H / ([A]^ -i- EC50), 

where R is the percent maximal response, A is the agonist dose, 

EC50 is the agonist concentration producing a half-maximal 

response, and H is the Hill coefficient. 

Results 

Dose response serves of monosubstituted and disubstituted SP 

analogs are shown in Figures 7 and 8. The actual EC50 values for 

the p-methylphenylalanine containing SP analogs as well as the 

other SP analogs tested are given in Table 6. As can be seen from 

the dose response curves, all P-methylphenylalanine containing 

compounds are agonists. Upon first glance at the structure-

activity relationship for the monosubstituted SP analogs, it would 

appear that there is greater flexiblility in the binding site around 

the phenylalanine at positions 7 since the substitution of p-

methylphenylalanine does not effect the ability of these analogs to 

induce a smooth muscle contraction. It would also seem likely 

that the binding pocket in the NKl receptor around the 

phenylalanine at position 8 favors the conformation that the 8S SP 

analog adopts and has littie room for flexibility since the 8S SP 

analog is roughly 50 times less active than the 8R analog. The 

information obtained from these four monostubstituted SP analogs 

alone dispels some of the predictions made by Josien et al., 1994, 
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Figure 7. Monosubstituted p-methylphenylalanine containing 
analogs of substance P. All data points were n > 4. 
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Figure 8. Disubstituted p-methylphenylalanine containing analogs 
of substance P. All data points were n > 4. 
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Table 6. EC50 values for rabbit iris smooth muscle contraction of 
substance P and substance P analogs. 

PEPTIDE EC^n (nM) 

8R 

7S8S 

7R8S 

7S 

7S8R 

7R 

SP 

8S 

7R8R 

7PP 

8PP 

7TIC 

STIC 

7,8TIC 

0.13 

0.18 

0.28 

0.54 

0.58 

0.59 

0.61 

5.76 

10.00 

6727 

4.32 

3911 

168. 

53.24 

ERROR (nM) 

0.00 

0.02 

0.01 

0.02 

0.05 

0.02 

0.03 

0.29 

0.43 

952 

0.74 

184. 

29 

10.9 
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in which the biological conformation of the phenylalanine at 

position 8 prefers either the trans or gauche(-) conformation. 

Based on Josien et al., prediction, the 8S and 8R SP analogs would 

not show any differences in activity. However, this is not what is 

seen experimentally. 

Based on the information taken from the monosubstituted SP 

analogs, one might predict that the combination of 8R and 7R 

would give rise to a disubstituted SP that would have an 

exceptional abitity to induce a smooth muscle contraction and that 

the combination of 8S with an analog at position 7 would result in 

a very poor muscle contraction inducing compound. In reality, the 

exact opposite is true. The 7R8R SP analog had the poorest 

efficacy of the P-methylphenylalanine containing compounds, 

whereas the 7S8R compound was equipotent with SP. From this 

data we concluded that the effects of the p-methylphenylalanine 

substitutions were not additive. Evidence from 300MHz 1-D ^H-

NMR data suggests that the addition of p-methylphenylalanine to 

SP maintains the overall general features as normal SP, but there 

are slight differences in the signals for a and p protons within 

three amino acids of the substitution. 

All of this information taken together gives evidence towards 

the concept that the addition of these p-methyIphenylalanines to 

SP causes subtle conformational changes in SP which either make 

it more or less favorable for binding to the NKl receptor. The 

information also suggests that the addition of phenylalanine 

analogs affects the peptide backbone due to steric interactions 
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that occur between the substituted phenylalanines and other 

groups in SP. This explanation would support the data obtained 

from the disubstituted SP analogs which contradict previous 

modeling studies and assumptions that might be made from the 

monosubstituted SP analogs. If the steric bulk of two 

phenylalanine analogs next to each other produce backbone 

distortions that may not exist in monosubstituted SP analogs, the 

distortions may orient the side chains necessary for receptor 

activation in a more favorable position. This backbone distortion 

would explain the poor efficacy seen with the 8S SP analog, but 

the excellent efficacy produced from 7S8S. 

Another observation made with this assay is the structure-

activity relationship of the Tic and the p-phenylphenylalanine SP 

analogs. We can suggest the the binding site for position 7, while 

it may have more rotational freedom about the p-carbon, does not 

have a great deal of longitudinal space available for an additional 

phenyl ring in the p-phenylphenylalanine SP analog. In contrast, 

the NKl binding site for the 8 position may have a large capacity 

to accommodate the increase in bulk produced by the p-

phenylphenylalanine in position 8, but it cannot accomodate the 

steric restraints imposed by the addition of a methyl group at the 

p carbon of phenylalanine. Other researchers have tried to probe 

the receptor binding pockets for positions 7 and 8 in SP. One 

method used monoclonal anitbodies raised against SP and then 

tested the ability of SP analogs to bind to the antibody (Dery et al., 

1996). The researchers concluded that the binding pockets for 

positions 7 and 8 in the antibody were deep and large and could 
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accomodate a wide range of sizes of side chains. However, the 

authors conceeded that they did not believe that this type of 

topography was present in the actual NKl receptor. 

In order to prove that the muscle contraction is working 

primarily through NKl receptors, the use of NKl antagonists were 

used to diminish or aboUsh SP induced muscle contraction. Rabbit 

iris tissues were prepared as stated above except that the NKl 

antagonist was added to the modified Ringer's solution bathing the 

rabbit iris tissue ten minutes before any addition of any SP or SP 

analog. As can be seen from Figure 9, the addtion of 2 nM and 20 

nM CP 96,345 progressively diminished the ability of SP to induce 

a contraction in the rabbit iris. The same effect can be seen in 

Figure 10 with the use of 60 nM and 600 nM RP67580 blocking 

the NKl receptor and the increase of SP needed to displace the 

antagonist and cause a muscle contraction as well as in Figure 11 

showing the effect of CP96345 on 8S's ability to induce a muscle 

contraction of rabbit iris. 

Inositol 1.4.5-trisphosphate detection in rabbit iris 

Introduction 

Another method to determine the activity of SP and the SP 

analogs is to measure the amount of intracellular events that 

occur after SP has bound to the receptor. Since the NKl receptor 

is a G-protein coupled receptor, effectors that are activated by G-

proteins can be monitored and serve as a reporter of how 
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muscle contraction in the presence of the NKl 
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effective SP or the SP analog is at binding to and activating the 

receptor. Inositol 1,4,5-trisphosphate (IP3) is a product of 

effectors being turned on after G-proteins have been activated as 

a result of receptor activation. IP3 is produced when a phos

phodiesterase enzyme, which is activated by the active form of 

the G-protein, stimulates the hydrolysis of phosphatidylinositol 

4,5-bisphosphate and produces inositol 1,4,5-trisphosphate and 

diacylglycerol as products. IP3 has been shown to be produced as 

a result of SP's activation of NKl receptors in several systems, as 

was discussed in Chapter II and is relatively easy to detect in cells 

and tissue preparations. 

The method used to detect IP3 production is based on a 

radiolabeled displacement assay. Cells or tissues that have had SP 

exposed to them for a brief period of time are disrupted to release 

the IP3 that has been produced in response to the antagonist. 

This cell extract is then applied to bovine adrenal gland micro

somes and radiolabeled IP3. The bovine adrenal glands contain a 

high density of IP3 receptors and the radioactive IP3 binds to 

these receptors. When the cell extract is added to the adrenal 

gland microsomes, the IP3 from the cell extract will displace the 

radiolabeled IP3 in a dose-dependent manor. The greater amount 

of IP3 that is present in the cell extract, the greater the dis

placement of radiolabeled IP3. The extra radiolabeled IP3 is 

washed away, so that the radiolabeled IP3 still bound to the 

receptors present in the adrenal glands will remain and can be 

counted in a scintillation counter. Therefore, the more IP3 

produced from SP or an SP analog, the lesser the amount of 
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radiolabeled IP3 that will still be bound to the adrenal gland 

microsomes. A standard curve is made with IP3 purchased from 

Sigma and the amount of IP3 produced from a certain dose of SP 

or SP analog is determined. 

Procedure 

Bovine adrenocortical microsome preparation. Approx

imately 25 frozen bovine adrenal glands (EXCEL, Plainview, TX) 

were thawed in cold water and each gland was cleaned of excess 

fat and connective tissue. The glands were bisected laterally and 

the medulla removed with a sharp razor blade. The dissected 

adrenal glands were placed in 2X volumes of ice-cold 

homogenization buffer (20 mM NaHCOs, 1 mM dithiothreitol (DTT 

pH=7.5). The dissected glands were chopped in a blender until a 

homogeneous appearance was reached. The mixture was then 

filtered through a 0.8 cm wire mesh. The filtrate was then 

homogenized using a Potter-Elvehjem homogenizer. The 

homogenate was centrifuged at 5000g for 15 minutes at 4 °C. The 

supernatant was removed and centrifuged at 35,000g for 20 

minutes at 4 °C. The pellet was obtained and resuspended in 

homogenization buffer and centrifuged at 35,000g for 20 minutes 

at 4 °C. The pellet was isolated and resuspended in 

homogenization buffer at 15 mg protein/ml. The microsomal 

preparation was stored in 2 ml aUquots at -80 °C. 

Displacement Assav for Detecting Inositol 1,4,5-

Trisphosphate. All assay points were performed in dupUcate. All 
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reagents were kept on ice during the assay. The following were 

combined in a 1.5 microcentrifuge tube: 25 \i\ of incubation buffer 

(100 mM Tris-HCl pH=9, 4 mM EDTA, 4 mM EGTA, 4 mg/ml bovine 

serum albumin), 25 îl of [^H] inositol 1,4,5-trisphosphate (NEN, 

Boston) that was diluted 1:60 with distilled water, 25 |xl of sample 

to be tested, and 25 |j.l of adrenal microsome preparation. Each 

sample was vortexed and placed on ice for twenty minutes. The 

samples were then centrifuged at 12,000g for 5 minutes at 4 °C. 

The supernatant was removed and the pellet resuspended in 1 ml 

of Scintisafe scintillation fluid (Fisher Scientific, Pittsburgh). 

Radioactivity was measured by detecting counts per minute (cpm) 

on a Wallac scintillation counter. 

A standard curve ranging from 15-250 nM was made with 

nonspecific binding measured in the presence of 10 ^M IP3. The 

standard curve was plotted as %B/Bo with BQ representing the 

maximum amount of radioactive IP3 bound without additional 

nonradioactive IP3 minus nonspecific binding (NSB), and B 

represents the radioactive IP3 bound to the microsomes at a given 

concentration nunus NSB. Values for each sample were 

determined from the standard curve. 

Male and female New Zealand white rabbits ranging from 

1.5-2.5 kg were sacrificed with an overdose of sodium 

pentobarbitol and the eyes enucleated. Each iris was dissected 

from the eye and cut into a minimum of 4 pieces. Each piece was 

placed in a 1.5 polypropylene microcentrifuge tube (Fisher 

Scientific, Pittsburgh) with 225 ^1 of modified Ringer's solution (90 
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mM NaCl, 7.5 mM KCl, 20 mM HEPES, 0.6 mM MgCl2, 7.5 mM 

Na2S04, 1.4 mM calcium gluconate, 20 mM NaHCOs, 0.6 mM 

MgS04, 0.6 mM K2HPO4, 26 mM glucose, 5 ^M indomethacin and 

10 mM LiCl, pH=7.4). The 1.5 ml microcentrifuge tubes containing 

the tissues were incubated at 37 °C for 15 minutes. The 

microcentrifuge tubes were removed from the incubator and 25 

t̂L of lOX binding buffer (lOX cone, of SP or SP analog, 2mg/ml 

bovine serum albumin, 500 ^tg/ml bacitracin, 50 |ig/ml leupeptin, 

10 |iM captopril in Modified Ringer's Solution) was added to each 

microcentrifuge tube, vortexed briefly to mix and exposed for 100 

seconds. The reaction was stopped by the addition of 50 p,l of ice 

cold 20% perchloric acid. The microcentrifuge tubes were then 

frozen at -80 °C until further use. 

The microcentrifuge tubes containing tissue were removed 

from -80 °C and thawed. While keeping each sample ice cold, the 

contents of the microcentrifuge tube was sonicated to break up 

the tissue. The microcentrifuge tubes were centrifuged at 12,000g 

for 5 minutes to remove homogenized tissue particles. The 

supernatant containing the inositol 1,4,5-trisphosphate (IP3) was 

pipetted into new 1.5 ml polypropylene microcentrifuge tubes. 

The pellet containing the tissue particles was resuspended in 1 ml 

of water and protein determined by the Bradford method. The 

supernatant containing the IP3 was neutraUzed by the addition of 

1.5 M KOH containing 60 mM HEPES and 1% Universal Indicator 

solution (Acros, Pittsburgh). NeutraHzation of the supernatant 

resulted in the production of the insoluble potassium perchlorate 
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as a precipitate and neutrality indicated by a yellow-green 

supernatant color. The samples were centrifuged at 12,000g for 5 

minutes to pellet the insoluble potassium perchlorate. The 

displacement binding assay was performed and the concentration 

of IP3 determined to be present in the sample was converted into 

pmoles IP3 produced/mg protein. 

To determine the optimal time for incubation with SP or SP 

analog, a time study was conducted. The procedure was the same 

as described above, but varying amounts of incubation with SP 

were used. Figure 12 shows a graph of the amount of IP3 

produced in the presence of 10 nM SP. From the graph, 100 sec

onds was determined to be a reasonable period of incubation to 

obtain optimal IP3 levels, because time of 100 seconds was on the 

plateau of maximum IP3 production, and stopping the incubation 

within a few seconds of this time point would not make an 

appreciable difference in the amount of IP3 levels produced. 

Several determinations were perfomed with the NK3 

antagonist SRI42801 to show that SP was not acting through the 

NK3 receptor, the only other tachykinin receptor besides other 

than NKl present in the iris. The procedure was the same as 

described above except that the antagonist was added to the 

tissue 5 minutes before the addition of the peptide. 

Results 

Table 7 gives the EC50 values obtained for substance P and 

the substance P analogs tested. The structure activity relationship 

for the rabbit iris IP3 production follows the same genral trends 
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as seen in the rabbit iris smooth muscle contraction. When 

looking at the monosubstituted substance P analogs, position 8 

analogs display a dramatic preference for the 8R analog over the 

8S analog by a factor of over 100. This is consistent with the 

rabbit iris muscle contraction assay which displays a position 8 

preference for the aromatic ring to be in the trans orientation (the 

orientation preferred by the (2S3R) P-methylphenylalanine). In 

the 7 position, the activity of 7R and 7S varies somewhat from the 

data obtained with the rabbit iris smooth muscle contraction. 

While the EC50 values obtained for 7R and 7S are still somewhat 

similar to the value obtained for substance P, the 7S analog is 

preferred sUghtiy over the 7R analog. The 7 position has a 

favored gauche(-) conformation, which was not seen in the rabbit 

iris smooth muscle contraction. 

The disubstituted substance P analogs continue the trend 

with the smooth muscle contraction assay by showing that the 

effects of the modified phenylalanines are not additive. An 

anomoly did appear with the 7S8R analog when an EC50 value of 

0.02 nM was determined. This value was reproducible and the 

value does not compare with the EC50 of 0.58 nM obtained in the 

smooth muscle contraction assay. It does give continued evidence 

for the idea that the substituted phenylalanines contribute 

towards modification of the peptide backbone and can rearrange 

the residues in a way that would produce a better agonist than 

each one of the monosubstituted substance P analogs. A possible 

explanation for the different EC50's obtained from the two 

different assays. If the NKl receptor was coupled to two different 
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Table 7. EC50 values obtained from SP and the SP analogs in the 
rabbit iris IP3 production assay. 

PEPTIDE 

8R 

7S8S 

7R8S 

7S 

7S8R 

7R 

SP 

8S 

7R8R 

7PP 

8PP 

7TIC 

STIC 

7,STIC 

K s n (nM^ 

0.40 

0.54 

0.22 

0.55 

0.02 

2.64 

1.02 

58.60 

4.99 

>5000 

1.46 

>5000 

84.4 

38.0 

ERROR (nM) 

0.26 

0.09 

0.10 

0.31 

0.01 

0.94 

0.31 

27. 

2.40 

0.56 

18.2 

6.5 
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G-proteins that stimulate IP3 production, one of the G-proteins 

may play bigger role in smooth muscle contraction. When 

measuring IP3 production inside the cell, we do not know if we 

are measuring the IP3 produced by the NKl/G-protein complex 

that stimulates the IP3 for smooth muscle contraction or a 

combination of NKl/G-proteins that produce IP3 for a variety of 

physiological responses. 

As supporting evidence that the SP was not acting through 

the NK3 receptor, 50 nM SR142801 was added to SP and several 

SP analogs in this assay. As seen by Figure 13, 50 nM SR142801 

diminishes the response induced by senktide, a selective NK3 

antagonist. When the EC50 values of SP, 7R8R, 8S, and 7S8R were 

added to rabbit iris tissues in the presence of 50 nM SR142801, no 

change was observed in the amount of IP3 produced in the 

absence of the NK3 antagonist. 

Inositol 1.4.5 trisphosphate detection in rat iris 

Procedure 

Rat iris was used as a tissue in the IP3 detection assay as 

another means of examining the activity of the SP analogs in the 

same species type. Data on IP3 production was examined in CHO 

cells containing the rat NKl receptor as well as ligand binding data 

with the CHO containing the rat NKl receptor was available. We 

wanted to see if the IP3 data obtained from the CHO tranfected 

cells would correlate with rat NKl receptors found naturally in rat 

tissue. Using the iris tissue from the rat would remain consistent 

with assays performed on rabbit iris tissues. 
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Adult albino rats were sacrificed by asphixiation and the 

eyes enucleated. Each iris was dissected from the eye and placed 

in its own 1.5 ml polypropylene microcentrifuge tube with 225 jil 

of modified Ringer's solution. The tissues were incubated at 37 °C 

for 15 minutes. Twenty-five |LtL of lOX Binding Buffer (lOX cone, 

of SP or SP analog, 2mg/ml bovine serum albumin, 500 |ig/ml 

bacitracin, 50 \ig/m\ luepeptin, 10 îM captopril in Modified 

Ringer's Solution) was added to each microcentrifuge tube and 

exposed for 100 seconds. Reaction was stopped by adding of 50 |LI1 

of ice cold 20% perchloric acid. Tissues were frozen at -80 °C. 

Microcentrifuge tubes containing tissue were removed from 

-80 °C and thawed. Each tissue was sonicated to break up tissue. 

The microcentrifuge tubes were centrifuged at 12,000g for 5 

minutes to remove homogenized tissue. The supernatant 

containing the produced inositol 1,4,5-trishphosphate was pi

petted into a new 1.5 ml microcentrifuge tube. The pellet 

containing the tissue was resuspended in 1ml of water and 

protein determined by the Bradford method. The supernatant 

containing the IP3 was neutralized by the addition of 1.5 M KOH 

with 60 mM HEPES and a minimal amount of Universal Indicator. 

Neutralization of the supernatant resulted in the production of the 

insoluble potassium perchlorate and neutrality indicated by a 

yellow-green color by the Universal Indicator. The samples were 

centrifuged at 12,000g for 5 minutes to pellet the potassium 

perchlorate. The displacement binding assay was performed and 

the concentration of IP3 determined to be present in the sample is 

converted into picomoles IP3 produced/mg protein. 
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Results 

EC50 values obtained from the rat iris IP3 production assay 

are shown in Table 8. When examining the EC50 values of the 

monosubstituted substance P analogs, the same genereral trend 

established by the assays performed on the rabbit iris smooth 

muscle is observed. With position 8, the 8R analog possesses a 

much lower EC50 value than the 8S. This continues the evidence 

to suggest that the aromatic ring in position 8 prefers the trans 

conformation. With regards to the phenylalanine at position 7, the 

7R and 7S both have values close to SP, but the 7S analog 

possesses a slightly lower EC50 value than the 7R value. This is 

the same trend that is seen in the rabbit iris smooth muscle IP3 

detection assay. The preferred orientation for the position 7 

aromatic rings continues to be the gauche(-) conformation. 

When examining the values obtained for the disubstituted 

analogs, the EC50 values do not follow the same structure activity 

relationship as seen with the rabbit iris smooth muscle assays. 

The difference in activities between the rabbit and rat could be 

due to the differences in the primary sequences of the NKl 

receptor between the two species. This species specific affinity of 

the ligand for the receptor is seen in many NKl antagonists as 

discussed in Chapter II. In addition to the differences in amino 

acid composition, other factors may be affecting the structure of 

the receptor. One of the most obvious things that can affect 

protein conformation is the contact with other proteins. Since the 

NKl receptor is coupled to G-proteins, it is plausible that the NKl 
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Table 8. EC50 values obtained for the rat iris IP3 detection assay. 
Each data point n >3. 

PEPTIDE 

8R 

7S8S 

7R8S 

7S 

7S8R 

7R 

SP 

8S 

7R8R 

B::^ n (nM^ 

1.16 

5.88 

2.41 

1.93 

1.62 

2.64 

1.37 

61.97 

5.93 

ERROR (nM) 

0.32 

0.09 

0.10 

0.31 

0.01 

0.94 

0.31 

27 

2.40 
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receptor has slightly different conformations depending on which 

G-protein is making contact with the receptor. 

Inositol 1.4.5-trisphosphate detection in transfected CHO cells 

Introduction 

In order to study the NKl receptor in a system without 

worry from other competing receptors (NK2 and NK3), stable 

expression of the NKl receptor in a cell line that lack endogenous 

tachykinin receptors was used. Chinese hamster ovary (CHO) cells 

have been used repeated over the last decade for the expression 

of cloned genes from other species. This undifferentiated cell line 

is used because of its ease in transfection and it is grown with 

little effort under laboratory conditions. CHO cells meet the 

criteria of lacking tachykinin receptors of their own and were 

stably transfected with the rat NKl cDNA and were a generous gift 

of James E. Krause at the Department of Anatomy and Neuro

biology, Washington University School Of Medicine. This cell line 

was achieved by ligating the rat NKl receptor cDNA into the pM^ 

expression vector which contains the neomycin resistance gene for 

selection of stably transfected cells. Cells were transfected by 

using a calcium phophate transfection procedure and grown in the 

presence of Geneticin (neomycin). Colonies were screened by 

radioactive ligand binding and found to contain the NKl receptor 

by ligand binding of radiolabeled SP. These cells have been 

reported to contain approximately 228,000 receptor sites per cell 

(Takeda et al., 1992). 
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Procedure 

CHO cells stably transfected with rat NK-1 receptor were 

grown in 75 cm^ flasks (Falcon, New Jersey) in MEM alpha 

modification media containing 2 mM glutamate and 800 ^tg/ml 

geneticin at 37 °C and 5% CO2. Cells were removed from flasks 

with trypsin in 2 mM EDTA and plated in 12-well plates at 

300,000 cells/well. After 24 hours, or when wells were near 

confluency, the media was removed from the wells and washed 3 

times with Modified Ringer's Solution at 37 °C. Each well was 

covered in 450 ^1 of Modified Ringer's Solution containing 10 mM 

LiCl and incubated at 37 °C for 15 minutes. The plates were 

removed from the incubator and placed on a shaking water bath 

at 37 °C with 40 rotations per minute. Fifty ^1 of the lOX binding 

buffer was placed in the well for 30 seconds. To stop the 

experiment, 200 fxl of ice cold 20% perchloric acid was added to 

the well. Plates were then frozen at -80 °C until further use. 

Plates were thawed and the wells were neutralized using 1.5 

M KOH, 60 mM HEPES and 1% Universal Indicator. After neu-

traliztion, the samples is transferred to 1.5 ml microctrifuge tubes 

and centrifuged at 12,000g for 5 minutes to remove the insoluble 

potassium perchlorate formed during neutralization. The dis

placement assay was perfomed and the concentration of IP3 

determined is converted into picomoles IP3 produced per million 

cells. 

Optimization of the incubation time of the CHO cells with SP 

or SP analogs was performed. Incubation times ranged from 0 

seconds to 5 minutes in order to determine the exposure time 
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required to produce the largest accumulation of IP3. As can be 

seen from Figure 14, 30 seconds produced the most accumulation 

of IP3. This is in agreement with data pubUshed in Takeda et al. 

(1992), which finds that maximal IP3 production occurs rapidly 

and transiently. 

Results 

Table 9 gives the EC50 values obtained from the IP3 

detection assay in tansfected CHO cells. A completely different 

structure activity relationship is seen with the CHO cells than any 

of the detection assays seen previously. We would expect the 

structure activity relationship to be very similar if not identical to 

the rat iris IP3 detection assay since both assays are using the rat 

NKl receptor to activate the G-proteins which stimualte IP3 

production. In regards to the CHO cell IP3 activation, it would 

appear that the NKl receptor position 8 binding site prefers the 

trans conformation. This is completely opposite of what is seen 

with the other assays performed thus far. The position 7 binding 

site does not appear to have a specific preference for either the 7R 

or 7S SP analog, which is similar to the rabbit iris smooth muscle 

contraction assay, but the ECso's for the 7R and 7S analogs are 

approximately 20- and 10-fold lower than the activity for SP. The 

use of the transfected CHO cells was supposed to solidify the 

hypothesis set forth by the other assays used. The data from the 

CHO cells only added to the confusion of receptor activation. A 

recent paper analyzing SP's position 7 binding site in the human 

NKl receptor gives contradicting data to the conclusions made 
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Table 9. EC50 values obtained from SP and SP analogs in the IP3 
detection assay in CHO cells. 

PEPTIDE ECsoinMI ERROR (nM) 

8R 

7S8S 

7R8S 

7S 

7S8R 

7R 

SP 

8S 

7R8R 

7PP 

8PP 

7TIC 

STIC 

7,8TIC 

11.57 

20.38 

15.51 

14.69 

3.72 

23.89 

1.64 

1.78 

155. 

1653. 

4.26 

>5000 

>5000 

>5000 

1.90 

3.88 

2.37 

3.49 

0.10 

7.27 

0.59 

0.37 

44. 

276. 

2.73 
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thus far. Josien et al. (1996) made conformationally and con-

figurationally constrained phenylalanine analogs and incorporated 

them into position 7 of SP. Binding assays and IP3 detections 

assays were performed with CHO cells transfected with human 

NKl receptor. They concluded that the data obtained from the 

binding assay indicated a preference for phenylalanine analogs in 

the trans conformation. This conclusion is not completely 

warranted since the analog that gives the best binding and IP3 

values was not found in the trans conformation by NMR data and 

computer modeling. In addition, the researchers chose to ignore 

the IP3 assays which gave much more ambiguous results than the 

binding assay. Binding IP3 assay data with the 7R and 7S SP 

analogs in CHO cells transfected with the NKl receptor showed a 

binding preference for the 7S analog (gauche(-)) conformation, 

and an IP3 assay preference for the 7R analog (trans 

conformation)(James Krause, personal communication, 1995). 

Since the transfected CHO cells contain only the NKl 

tachykinin receptor, SP and the SP analogs can act only through 

the NKl receptor. Untransfected CHO cells do not elicit a response 

when SP is added to them (James Krause, personal communication, 

1995). The ligands (SP and the SP analogs) and the receptor that 

was activated used in the rat iris IP3 assay and the transfected 

CHO cell IP3 assay are supposed to the same. The explanation for 

the differences in the structure activity relationships between 

these two systems could be due to the components of the system 

that were different: the intracellular components (G-proteins) 

that are associated with the receptors. Even though the SP 
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analogs and the receptors are the same, one system uses the 

cellular components of rat iris tissue cells while the other assay is 

using the cellular components of Chinese hamster ovary cells. It 

can be suggested from the structure activity relationships of the 

rat iris IP3 assay and the CHO IP3 assay that the G-proteins may 

effect the receptor conformation enough to produce a different 

structure activity relationship for the two rat NKl receptor 

containing systems. 

Labeling of G-Proteins Activated by SP 

Introduction 

The experiment used to show that SP and SP analogs 

activate more than one G-protein and that the SP analogs 

preferentially bind to one receptor/G-protein complex over 

another used the hydrolysis resistant, photoaffinity GTP analog 

p3-(4-azidoanilido)-Pl-guanosine 5'-triphosphate (AAGTP) (5). 

O 

0 0 0 _ 
II II II / = \ © 

0-P-O-P-O-P-N-^ ^N=N=N0 

% % % 

OH 

5 
The GTP analog was synthesized by the method of Pfeuffer 

(Pfeuffer, 1977), and was a generous gift of Mark M. Rasenick, 

University of Chicago. When AAGTP has been added with SP to 

cells that have been permeablized with a saponin solution, the 

AAGTP is able to enter the cells and bind to the alpha subunit of 
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the G-protein that has been activated by SP. Since AAGTP is 

nonhydrolyzable, it remains associated with the G-protein and is 

then covalently attached to the activated G-protein by exposure to 

short wave UV tight (265nm-275nm). The G-proteins could then 

be separated using SDS-PAGE and the activated alpha subunits 

identified by the y 32p label on the AAGTP by exposing the 

separated proteins to a phosphorimage screen. The a subunits of 

the G-proteins activated as well as the degree of activation can be 

quantitated due to the increasing amount of radioactivity 

associated with the a subunit. 

Procedure 

CHO cells stably transfected with the rat NKl receptor were 

seeded in 25 cm^ tissue culture flasks (Corning, Corning N.Y.) at 2 

X 106 cells per flask in 5 ml of MEM alpha supplement medium 

containing 10% bovine calf serum (Hyclone, Utah), 2 mM 

glutamate and 1% penicilUn-streptomycin (Cellgro, Virginia). Cells 

were grown at 37 °C in 5% CO2 for 24 to 48 hours to reach near 

confluency. The medium was removed and washed with 5 ml 

aliquots of media that was bovine calf serum free 3 times and 

replaced with 5 ml bovine calf serum free medium and incubated 

at 37 °C in 5% CO2 for 24 hours. 

The flasks were then removed from the incubator the top 

half of the flask removed with a flathead screwdriver and washed 

3 times with 5 ml aUquots of 37 °C Locke's solution (154 mM NaCl, 

2.6 mM KCl, 2.15 mM K2HPO4, 0.85 mM KH2PO4, 10 mM glucose, 2 
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mM CaCl2, 5 mM MgCh). One ml of saponin solution (140 mM 

potassium glutamate pH=6.8, 2 mM ATP, 100 ug/ml saponin) was 

added to each flask for 180 seconds, then 5 ml of KG buffer (140 

mM potassium glutamate, pH=6.8) was added to each flask. The 

flasks were washed 2 more times with additional 5 ml aliquots of 

KG buffer. 

The flasks were then taken to the dark room where 200 |nl 

of binding solution (Hanks balanced salt solution, 500 uM ATP, 0.1 

HM y- 32p AAGTP, 50 nM GDP, SP analog to be tested, 5 ^tg/ml 

leupeptin, 5 nM captopril) was added to the flask and incubated 

30 seconds at 37 ^c. The flask was placed on ice and exposed to 

short wave UV tight for 3.5 minutes at a distance of 4 cm. The UV 

tight was removed and 700 t̂l of ice cold stopping solution (2 mM 

HEPES pH=7.4, 5 mM MgC12, 4 mM DTT) was added to the flask. 

The flask was then placed on dry ice until frozen. Flasks were 

placed in -80 °C. 

Flasks were thawed and cells removed with a Fisherbrand 

disposable cell scraper (Fisher Scientific, Pittsburgh). Contents of 

each flask was transferred to a 1.5 ml polypropylene 

microcentrifuge tube (Fisher Scientific, Pittsburgh). 

Microcentrifuge tubes were vortexed on maximum speed for 30 

seconds and sonicated at low power for 5 seconds. The 

microcentrifuge tubes were then centrifuged 15 seconds at 

12,000g to remove debris. Supernatants were transferred to 

Beckman TLA-100.4 tubes and centrifuged in a Beckman TLA-100 

centrifuge (Beckman, California) for 30 minutes at 100,00 rpm at 
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4 °C. Pellets were resuspended in sample buffer (0.391 g 

NaH2P04, 1.02 g Na2HP04, 1 g SDS, 1 ml p-mercaptoethanol, 0.015 

g bromophenol blue, 36 g urea dissolved in water to a volume of 

100 ml). 

Resuspended pellets were then heated to 95 °C for 60 sec

ond and 15 |xl samples loaded onto a 10% SDS-polyacrylamide/ 4 

M urea gel. The gel was run at 70 volts for approximately 90 

minutes in gel buffer (1.89 mM NaH2P04, 4,8 mM Na2HP04, 2.3 

mM SDS). The gel was removed from the glass plates, the dye 

front marked with a sharp blade and placed into 300 ml of 

staining reagent (2.5% Briltiant Blue, 40% methanol, 7% glacial 

acetic acid) for a minimum of two hours. The gel was then 

transfered to a container of fixative solution (40% methanol, 7% 

glacial acetic acid) for 16 to 24 hours. The gel was then dried 

under vacuum at 80 °C for 100 minutes in a slab gel dryer (Hoefer 

Scientific Instruments, San Francisco). The dried gel was then 

exposed to a phosphor screen (Molecular Dynamics, California) for 

a minumum of 12 hours before scanning and analyzed with a 

Phosphorlmager (Molecular Dynamics, California). Intensity of 

each band seen on the gel was quantitized using ImageQuant 

(Molecular Dynamics, California). 

Results 

Figure 15 shows the SDS-polyacrylamide gel of the activated 

G-protein a subunits from the EC50 concentrations of SP and the 

SP analogs determined from the CHO cells transfected with the rat 

NKl receptor. Two bands appear in the 40 kDa range, which is the 
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molecular weight range most commonly associated with G-protein 

a subunits. If the G-protein/receptor complexes all have identical 

conformations, all of the SP analogs would have the same amount 

of a subunit labeling as SP. Analysis of the intensity of each band 

is shown in Figures 16-19. The pattern of a subunit G-protein 

labeling is not the same as the SP analogs and is not identical with 

the EC50 concentration of SP. This evidence would indicate that SP 

and the SP analogs were able to differentiate between the 

different receptor/G-protein complexes. This difference could be 

due the slightly different conformation of the receptor that is 

obtained from the different G-proteins associated with the 

receptor . 

87 



Figure 15. SDS-polyacrylamide gel of labeled G-proteins. From 
left to right: control, SP, 7R, 7S, 8R, 8S, 7R8S, 7S8R, 
7R8R, 7S8S. 
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CHAPTER VI 

DISCUSSION AND FUTURE DIRECTIONS 

The results from the experiments in Chapter V begin to 

paint a portrait of how SP interacts with its receptor and the 

intracellular events that occur in the cell that affect SP's ability to 

bind to the receptor. This research project, which started as a 

search for the appropriate structural features of SP necessary to 

activate its receptor, turned into a much more complex quest for 

answers to questions that were not foreseeable at the beginning of 

the project. As a first approximation, the results indicate that the 

cell type, and the G-proteins inside the cell, assist in determining 

the affinity the SP or a SP analog will have for its receptor. Log 

vs. log plots support this idea by showing an excellent correlation 

coefficient of 0.991 between the EC50 values of the rabbit iris 

smooth muscle contraction and the EC50 values of the rabbit iris 

IP3 assay (Figure 20). This correlation is not surprising since IP3 

has been implicated as a possible second messenger system that 

leads to muscle contraction. A correlation coefficient of 0.968 is 

also seen between the EC50 values of the rabbit iris IP3 assay and 

the rat iris IP3 assay (Figure 21). Although the species is not the 

same, the tissue type is consistent. Even though the correlation 

between the two iris IP3 assays is not perfect, the data points on 

the plot are much more evenly distributed along the correlation 

line than the graph comparing the rat iris IP3 EC50 values and the 

CHO cells transfected with rat NKl receptor IP3 EC50 values 
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(Figure 22) which has a correlation coefficient of 0.716. If cell 

type did not matter, the correlation coefficient in Figure 22 would 

be nearer to one, indicating a perfect correlation, than a 

comparison with a different species. The main difference between 

the two systems containing rat NKl receptor is the intracellular 

components. The intracellular component that has the most direct 

interaction with the receptor is the G-protein complex. Even 

though the specific G-proteins that are activated are not 

identified, it is possible to see from the radiolabeled G-protein 

assay that there are different levels of G-protein activation among 

the different SP analogs. This data helps support the hypothesis 

that the G-proteins have affected the receptor conformation giving 

rise to preferential binding of SP or SP analogs to one receptor/G-

protein complex over another. 

As further evidence that cell type plays an important role in 

the ability of SP and SP analogs to bind to and activate its 

receptor, binding data and IP3 assays used on CHO cells 

transfected with the rat NKl receptor and CHO cells with the 

human NKl receptor was compared. Figure 23 displays the 

correlation between the IC50 values for human NKl transfected 

CHO cells and rat NKl transfected CHO cells (data obtained from 

James Krause). Even though the receptors are from different 

species with 22 amino acid differences, the two systems contain 

very similar binding affinities for SP and the SP analogs as 

indicated by the correlation coefficient of 0.939. Figure 24 

compares the EC50 values obtained from IP3 assays performed on 
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the two CHO cells tines transfected with the rat and human NKl 

receptors. A correlation coefficient of 0.997 is obtained when 

comparing the values obtained from the p-methylphenylalanine 

analogs, indicating that cell type is a major factor in determining 

receptor conformation. However, the correlation decreases 

dramatically to 0.470 when the other analogs are included in the 

comparison. 

The concept of different G-proteins effecting receptor 

conformation differently is novel, but research on receptor/G-

protein interactions is still in its infancy. Until 1995, there were 

no known molecular points of contact between seven 

transmembrane receptors and G-proteins (Liu et al., 1995). The 

last year and a half has produced research that has started to look 

into the molecular interactions between receptors and G-proteins. 

Most G-protein research up to this point has focused on G-

protein/effector interactions and has not focused on 

protein/protein contacts between the receptor and G-protein 

subunits. Even though new tight is being shed on the interactions 

between receptors and G-proteins, an overwhelming majority of 

the research is limited to the adrenergic receptors, and virtually 

nothing on the NKl receptor's interaction with G-proteins. 

The data obtained from this project is simply the beginning 

of a line of research that may bring a much deeper understanding 

of how the ligand/receptor/G-protein system actually works. The 

use of conformationally constrained analogs of SP, which is a 

relatively large and flexible ligand for a receptor, has been able to 
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detect the subtle changes that may occur with the receptor 

coupling to different G-proteins in the cell. Work still remains to 

be done on what G-proteins are coupled to the receptor in all of 

these tissue types as well as further research into the "fine 

tuning" of the conformation of SP necessary to bind to these 

different receptor/G-protein complexes. 
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