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The effects of substituting (25',3S)-p-methylphenylalanine (S-PMeF) or (2S,3R)$-methylphen- 
ylalanine (R-PMeF) for the Phe7 andor  Phe8 residues of the tachykinin substance P (SP, 
RPKPQQFFGLM-NH2) upon the ability of SP to stimulate contraction of the rabbit iris smooth 
muscle were investigated. The eight PMeF-containing SP analogs (four monosubstituted 
analogs, four disubstituted analogs) 1-8 were synthesized and found to be agonists of SP in 
the smooth muscle contraction assay, having E C ~ O  values ranging from 0.15 to 10.0 nM. Three 
analogs are significantly more active than SP [8R-(PMeF)SP (4), 7S,8S-(@MeF)2SP (5), and 
7R,8S-(PMeF)2SP (S)l, three analogs are approximately equipotent with SP [7S-(PMeF)SP (l), 
7R@MeF)SP (2), and 7S,8R-(PMeF)zSP @)I, and two analogs are significantly less active than 
SP [8S-(PMeF)SP (3) and 7R,8R-(PMeFhSP (7)l. The effects of the PMeF substitutions upon 
the activity of SP are not additive and cannot be explained using simple conformational models 
which focus only on the side chain conformations of the PMeF residues. It is postulated that 
the PMeF residues induce minor distortions in the peptide backbone with resultant consequences 
upon peptide-receptor binding which are not dictated solely by the side chain conformations. 
This idea is consistent with lH-NMR data for the monosubstituted analogs 1-4, which imply 
that the PMeF substitutions cause slight distortions in the peptide backbone and that the BMeF 
side chains are assuming trans or gauche(-) conformations. 

Substance P (SP), a ubiquitous mammalian neu- 
ropeptide having the structure RPKPQQFFGLM-NH2, 
has been found to have many physiological activities 
among which are the ability to lower blood pressure,l 
to stimulate smooth muscle contraction2 and cytokine 
r e l e a ~ e , ~  and to promote cell g r o ~ t h . ~ , ~  It is a member 
of a family of peptides (tachykinins) which have a 
common carboxy terminal sequence (...FXGLM-NHz, 
where X is a hydrophobic amino acid). The three known 
mammalian tachykinins (SP, neurokinin A, and neu- 
rokinin B) each utilize individual receptors-NK1, NK2, 
and NK3, respectively-for their physiological activities. 
Although each of the tachykinins will bind t o  each of 
the three receptors, the ability of each to activate its 
own receptor occurs at a significantly lower concentra- 
tion than that found for the stimulation of the other 
receptom6 

Because of the apparent role which SP plays in 
physiological processes relevant to various pathological 
conditions, an important goal for eventual chemothera- 
pies which target the SP receptor, via SP antagonists 
or agonists, is t o  understand the structural require- 
ments for SP's biological activity. Assays of various SP 
analogs have indicated that the six amino acids at the 
carboxy terminal end of the molecule are required for 
most of SP's binding to its receptor and that the two 
phenylalanine residues at positions 7 and 8 are par- 
ticularly important for this intera~tion.~ The impor- 

t Texas Tech University Health Sciences Center. 
t Texas Biotechnology Corp. 
8 Texas Tech University, Texas Tech University Health Sciences 

@Abstract published in Advance ACS Abstracts, June 1, 1995. 
Center, and Texas Tech University Institute for Biotechnology. 

tance of Phe' and Phes to the activity of SP has been 
recently reemphasized by Josien et al., who reported the 
activities of various SP analogs which contained con- 
formationally restricted phenylalanine residues.8 Their 
results led them to propose that the active conformation 
of SP, with respect to its interactions with the NK1 
receptor, is a backbone whose Lys3-Phe8 core has 
adopted a helical secondary structure (as indicated by 
earlier NMR studiesg) whose Phe7 side chain favors the 
t conformation (21 = 180"; see Figure 1 for the structural 
definitions of these terms) and whose Phe8 side chain 
favors either the g- (21 = -60") or t conformation 
(Figure 1). 

We now report a systematic study of SP analogs in 
which a methyl group has been introduced onto the P 
carbon of one or both Phe residues ( i .e . ,  P-methyl- 
phenylalanine (PMeF) substitutions for Phe7 and/or 
Phe9 in a stereodefined manner. Such apparently 
minor structural alterations of the side chains result 
in significant variations in the biological activity of the 
resulting SP analogs. The trends observed for the 
effects of these PMeF substitutions on the biological 
activity cannot be explained on the basis of side chain 
conformations alone, and it is postulated that the PMeF 
residues induce distortions in the peptide backbone with 
resultant consequences upon peptide-receptor binding. 

The eight PMeF-containing substance P analogs 1-8, 
where either the R-PMeF or S-PMeF diastereomer 
(having the R or S absolute configuration at the /3 
carbon, respectively) of the L-P-methylphenylalanine 
residues is employed, were synthesized and evaluated 
in a smooth muscle contraction assay using the rabbit 
iris sphincter. This tissue was chosen because it is 
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Figure 1. Newman projections, from Cp to C,, for the three 
staggered conformations of phenylalanine. Hs refers to the /3 
hydrogen which, upon replacement with a methyl group, gives 
(2S,3S)+-methylphenylalanine, and HR refers to the /? hydro- 
gen which, upon replacement with a methyl group, gives 
(2S,3R)-P-methylphenylalanine. 

known to contain only the NK1 and NK3 receptorslO and 
because evidence exists for SP only utilizing the NK1 
receptor in it.ll Furthermore, SP appears to act on the 
rabbit iris sphincter directly, without the involvement 
of nerve-mediated release of secondary myotropic sub- 
stances, which could complicate the interpretation of the 
results.12 

1: R-P-K-P-Q-Q-[SPMeF]-F-G-L-M-NH, 
(7S-(PMeF)SP 

2: R-P-K-P-Q-Q-[RPMeFI-F-G-L-M-NH, 
(7R-(PMeF)SP 

3: R-P-K-P-Q-Q-F-[SPMeF]-G-L-M-NH, 
(8S-(PMeF)SP 

4: R-P-K-P-Q-Q-F-[RPMeF]-G-L-M-NH, 
(ER-(PMeF)SP 

5: R-P-K-P-Q-Q-[SpMeF]-(SPMeF1-G-L-M-NH2 
(7S,BS-(PMeF),SP 

6: R-P-K-P-Q-Q-[RPMeF]-[SPMeF]-G-L-M-NH, 
(7R,8S-(BMeF),SP 

7: R-P-K-P-Q-Q-[RPMeF]-[RPMeF]-G-L-M-NH2 
(7R,8R-(PMeF)2SP 

8: R-P-K-P-Q-Q-[SPMeFJ-[RPMeF]-G-L-M-NH, 
(7S,ER-(PMeF),SP 

SPMeF RPMeF 

The 2S,3S and 2S,3R isomers of P-methylphenylala- 
nine were prepared according to the procedure of 
Dharanipragada et aZ.,13 protected as the N-Fmoc 
derivatives, and then used in the solid phase syntheses 
of peptides 1-8. Each synthetic peptide was purified 
by HPLC before use, and its identity was confirmed by 
high-resolution FAB mass spectrometry. The smooth 
muscle contraction assays were measured using iris 
sphincter muscle strips disected from New Zealand 
white rabbits, bathed in pH 7.4 Ringer's solution 
(containing indomethacin, thiophorphan, phosphorami- 
don, captopril, leupeptin, and chymostatin) at 37 "C, and 
connected to a Grass force-displacement transducer. 
Dose-response curves (from 2 x to 7 x lo-' M) 
were determined for SP and for each of the SP analogs 
1-8, and a minimum of four measurements were made 
for each peptide. The dose-response curves (Figure 2) 

100 - 
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c - SP - 7S( l )  - SS(3) - 7S,8S (5) 

X - 8R (4) - 7R,8S (6) 
----b 7R,8R (7) - 7S,8R (8) 
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Figure 2. Dose-response curves for SP and the PMeF- 
containing SP analogs 1-8. See text for experimental details. 

Table 1. Smooth Muscle Contraction Activity of Substance P 
and j3-Methylphenylalanine-Containing Substance P Analogs 
1-8 (Rabbit iris sphincter, 37 "C) 

peptide EC50 (nM) Hill coefficient 
SP 0.61 f 0.031 1.1 f 0.055 
7S-(PMeF)SP (1) 0.54 f 0.016 1.5 f 0.056 
7R-(PMeF)SP (2) 0.59 f 0.024 1.4 f 0.071 
8S-UMeF)SP (3) 5.76 f 0.29 1.1 f 0.057 
8R-(PMeF)SP (4) 0.13 f 0.003 1.8 f 0.075 

1.2 f 0.17 7S,8S-(PMeF)zSP (5) 0.18 f 0.024 
7R,SS-(PMeF)zSP (6) 0.28 f 0.013 1.4 f 0.080 
7R,8R-(j3MeF)2SP (7) 10.0 f 0.43 1.8 f 0.13 
7S$R-(PMeF)zSP (8) 0.58 f 0.049 1.1 f 0.088 

were fit by means of a nonlinear regression analysis 
program and yielded the EC50 values and Hill coef- 
ficients listed in Table 1. 

These results indicate that all of the PMeF-substitut- 
ed SP analogs are SP agonists, that the presence of 
either R- or S-P-methyl groups on one or both of the 
phenylalanine residues of SP results in varying activi- 
ties in this assay, and, unexpectedly, that the functional 
consequences of having either stereoisomer of PMeF (R 
versus S) in a single position (monosubstituted analogs) 
are not additive (cf, data for the disubstituted analogs). 
The muscle contraction responses induced by the PMeF- 
containing SP analogs ranged from EC50 values of 0.13 
to 10 nM. Three of the analogs are significantly more 
active than SP [8R-(PMeF)SP (4), 7S,8S-(PMeF)2SP (51, 
and 7R,8S-(PMeF)&P (6)l, three analogs are approxi- 
mately equipotent with SP [7S-(PMeF)SP (11, 7R- 
(PMeF)SP (2), and 7S,8R-@MeF)2SP (S)] ,  and two 
analogs are significantly less active than SP [8S-@MeF)- 
SP (3) and 7R,8R-(pMeF)2SP (711. 

The use of PMeF residues to probe the conformational 
aspects of peptide activity has been applied to several 
important biologically active peptides, including angio- 
tensin 11,14 enkephalin,15 and somatostatin.16 Such 
studies have indicated that PMeF residues in a peptide 
affect biological activity in a measurable manner. NMR 
studies of a PMeF-containing cholecystokinin peptide 
subunit implied that the PMeF residues affect the 
backbone conformation of a peptide only locally, at the 
amino acid residues adjacent to the PMeF residue.17 
Simple modeling studies of each diastereomer of the 
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Table 2. Selected 'H-NMR Chemical Shifts for SP and Peptides 1-4" 

structure 5,6-Q-a 5,6-Q-P 7-F-a 7-F-P 8-F-a 8-F;O 9-G-a 

SP 4.15b 1.85-2.1W 4.48 2.91 4.50 3.19 3.93,3.83C 
7S4BMeF)SP (1) 4.29. 4.53 1.85-2.03 4.51 2.87 4.55 2.67, 3.32 3.97, 3.77 

( J M  = 11.9 Hz) 

( J d  = 9.6 Hz) 
2.84, 3.18 3.83,3.71 7R-(PMeF)SP (2) 4.20, 4.41 2.10-2.15 4.39 3.19 4.40 

8S-(PMeF)SP (3) 4.49 2.45-2.60 4.32 2.85, 2.57 4.49 3.25 3.92, 3.88 

8R-(PMeF)SP (4) 4.39 2.48-2.60 4.56 3.1, 2.95 4.53 3.33 3.81, 3.76 
(548 = 9.5 Hz) 

( J d  = 8.1 Hz) 
a NMR chemical shifts in ppm relative to the signal for methanol. Overlapping signals. The dash between the numbers indicates a 

chemical shift range where overlapping signals made discrete assignments impossible, and a comma between two values indicates that 
those signals were distinguishable. 

PMeF monomer predict that the S-PMeF (the 2S,3S 
stereoisomer) residue will tend to favor the gauche(-) 
(g-) conformation and that the R-PMeF residue will tend 
to favor the trans (t) conformation;18 however, NMR 
studies suggest that these preferences are not always 
followed in PMeF-containing peptides.17 

The effects which PMeF substitutions have upon the 
activity of SP cannot be explained using simple confor- 
mational models. For example, if we were to  assume 
that SP's peptide backbone conformation is not altered 
by the introduction of a PMeF residue and that the 
PMeF residue adopts the predicted side chain conforma- 
tions (S isomer favors g-, R isomer favors t), then we 
would expect to observe consistent biological effects 
associated with a PMeF substitution which correspond 
to  the predicted side chain conformation of the given 
PMeF substituent and at least some degree of additivity 
in these effects in the bis-PMeF-substituted SP analogs. 
Neither is the case. On the basis of Josien et aZ.'s 
predictions concerning the biologically active side chain 
conformations for Phe7 and Phe8 in substance P ( i e . ,  
Phe7 in t conformation, Phe8 in either t or g- conforma- 
tion),8 we would predict that there would be no signifi- 
cant differences between the activities of the 8R- and 
8S;OMeF-containing SP analogs and that those 7-PMeF- 
containing analogs which favor the t conformation at 
position 7-the 7R-PMeF-containing analogs-would be 
more active than the other analogs. In contrast to these 
predictions, (1) BR-(PMeF)SP (4) and 85'4PMeF)SP (3) 
are, respectively, the most active and one of the least 
active of the eight analogs, (2) 7R-(PMeF)SP (2) and 7S- 
(PMeF)SP (1) have activities similar to each other and 
to SP, and (3) 7R,BR-(PMeF)2SP (7) is the least active 
analog, despite its bearing a 7R-PMeF residue. Fur- 
thermore, our results with the disubstituted analogs do 
not indicate that the effects of PMeF residues upon 
activity are additive: (1) even though an BR-PMeF 
monosubstitution (4) enhances activity nearly 5-fold 
(relative to SP) and a 7R-PMeF monosubstitution (2) 
does not change the activity, a combination of the two 
[7R,BR-(PMeF)zSP, 71 results in a 16-fold reduction in 
activity and (2) 75',8S-(PMeF)zSP (5) is significantly 
more active than SP, even though 8S-(PMeF)SP (3) is 
much less active than SP and 7S-(PMeF)SP (1) has 
activity approximately equal to that of SP. 

A preliminary 300 MHz 1-D lH-NMR survey of the 
four monosubstituted PMeF-containing SP analogs 1-4 
in CD30D (a solvent which mimics the cell membrane- 
like environment in which SP interacts with its recep- 
torg) indicates that these analogs assume a gross 
structure similar to that of SP (Le., a peak-for-peak 
comparison of the spectra of 1-4 with the spectrum of 

SP indicates an overall similarity). However, slight 
changes in the signals for protons as far as three 
residues removed from the site of the PMeF substitution 
were observed (Table 2). &Methyl substitution at either 
Phe7 or Phe8 resulted in a change in the chemical shifts 
of the a and /? protons on both Gln5 and Gln6, as well 
as a change in the chemical shifts of both a protons on 
Gly9, and these changes were accompanied by changes 
in the shifts of the protons located on the Phe7 and Phe8 
residues. The observed H,-Hp proton-proton coupling 
constants for the PMeF residues in peptides 1-4 are 
observed to be 8-12 Hz, suggesting an anti relationship 
between these two protons, in accordance with the t or 
g- side chain conformations predicted from the reported 
conformational analysis of P-methylphenylalanine.ls 
(The alternative eclipsed side chain conformations 
predicted by these coupling constants according to the 
Karplus equation are deemed to be less likely on the 
basis of their inherent steric strains.) 

Our studies, the first to use P-methylphenylalanine 
as a conformational probe in a tachykinin,lg indicate 
that such a subtle alteration of the substance P struc- 
ture as the introduction of a single methyl group onto 
the side chain of a phenylalanine residue results in 
profound changes in the biological activity, suggesting 
that a PMeF residue will change the preferred confor- 
mation of SP toward either a more or less active 
conformation. Our observations suggest that PMeF 
substitutions in SP affect the peptide backbone suf- 
ficiently to alter the biological activity of SP in a manner 
which may be unrelated to the side chain conformation. 
It is possible that such backbone alterations, which 
might occur in reponse to steric repulsions between the 
branched side chains of the PMeF residues and other 
groups in the peptide, result in projections of the PMeF 
side chain phenyl groups into orientations, relative t o  
the overall shape of the SP molecule, which correspond 
to the active or inactive conformations inferred by Josien 
et aZ.'s findings,8 regardless of the particular XI angle 
favored by the PMeF residues [as indicated, for example, 
by the observed NMR coupling constants for the a and 
P protons of the PMeF residues in 1-4 (Table 2) 
discussed above]. This scenario would particularly 
explain the observation that the disubstituted analogs 
5-8 showed activities which could not be predicted on 
the basis of the activities of the monosubstituted analogs 
1-4: the presence of the two branched side chains in 
the disubstituted analogs would result in steric repul- 
sions and resultant backbone distortions, which would 
be different from those caused by one branched side 
chain. In some cases (according to  this scenario), these 
distortions are compensatory, allowing the disubstituted 
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Table 3. Analytical Data for the P-Methylphenylalanine-Containing Substance P Analogs 1-8Q 
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HPLC HRMS amino acid content (mol %) 
structure t ~ ( m i n )  mlz  ( M +  1) Arg Pro Lss Glx Phe SBMeF RBMeF Glv Leu Met 0thel.b - 

7S-UMeF)SP (1) 17.32 1361.7459 9.od 18.P 8.4d 17.2e 9.0d 9.3d 0.d 10.Od 9 . 9  8Bd NI%g 
7R-iPMeF)SP (2) 17.05 1361.7474c 9.5d 18.2e 9.od 17.W 9.2d 0 . 8  7Ad 9.gd 9.7d 8.6d 0.2% Serf 
8S-(PMeF)SP (3) 17.00 1361.7456c 8.2d 17.6e 7 . 9  16.7e 9.4d 9.5d 0 . g  10.ld 10.Od 8.1d 0.6% Serf 

0.3% Asxf 
0.4% Thrf 
0.3% Valf 
0.3% Alaf 

8R-(PMeF)SP (4) 17.00 1361.747W 10.4d 1 8 3  6.6d 18.5e 9.5d NDfS 8.1d 10.8d 9.6d 8.1d 
7S,8S-(PMeF)2SP (5) 17.87 1375.766gh 9.1d 18.2e 9.1d 18.2e NDfg 18.2e 1.9 9.ld 9.1d 9.1d NI)rg 
7R,8S-(PMeF)2SP (6) 17.42 1375.7625h 10.3d 18.2e 10.Od 19.5e NDfg 6.6d 6.8d 10.4d 9.5d 8.7d O.l%Tyrf 
7R,8R-(PMeF)zSP (7) 17.38 1375.7617* 10.Od 17.2e 9.2d 18.4e NI%g 1.3f 16.6e 9.gd 8.7d 8.6d NDfg 
7S,8R-(PMeF)zSP (8 )  17.30 1375.7637h 11.3d 19.3e lo.@ 15& NDfA 6.8d 6.4d 11.4d 9 . 9  9.2d NDfg 

See the Experimental Section for conditions used for analyses. Other amino acids which were detected in the HPLC trace of the 
PTC amino acid mixtures obtained from the sample. CS~HIOIN~BOI~S calcd: 1361.7516. Calcd: 9.1%. e Calcd: 18.2%. f Calcd: 0.0%. 
g ND = none detected. C65H103N18013S calcd: 1375.7672. 

peptide to bind to  and activate the NK1 receptor as well 
as or better than SP (e.g., the (PMeF)zSP analogs 5 and 
6), and in other cases they are not (e.g., analog 7) .  
Ongoing research is aimed at elucidating such subtle, 
yet profound, effects of @-methylphenylalanine residues 
upon the structure and activity of substance P. 

Experimental Section 
Syntheses of the Fmoc-Protected (2S,3S)-/3-Methyl- 

phenylalanine and (2!3,3R)+-Methylphenylalanine Mono- 
mers. (2S,3S)-P-Methylphenylalanine and (2S,3R)$-meth- 
ylphenylalanine were synthesized using the method of Dha- 
ranipragada et a1.13 The N-fluorenylmethoxycarbonyl (Fmoc)- 
protected derivatives of each amino acid were prepared 
using the following representative procedure: (2S,3S)-j3- 
Methylphenylalanine (203 mg, 0.94 mmol) was stirred in 9% 
aqueous sodium carbonate (3.4 mL) at 0 "C, and N-[9- 
fluorenylmethoxycarbonyl)oxylsuccininide (266 mg, 0.788 
mmol) in dioxane (2 mL) was added. After stirring at room 
temperature for 1 h, water (20 mL) was added, and the 
solution was extracted with ether (3 x 10 mL). The aqueous 
phase was then acidified with 10% HC1 and extracted with 
ethyl acetate (3 x 10 mL). The ethyl acetate extracts were 
dried over MgS04, filtered, and concentrated to give the 
crude (-90%) product, which could be further purified by 
flash chromatography on silica gel using ethanolkhloro- 
form (5:95) as the eluent to give 194 mg (60%) of pure 
N-Fmoc-(2S,3S)-/3-methylphenylalanine: 'H NMR (CDC13) 6 
1.38 (d, J = 7.0 Hz, 3 H), 3.44 (dd, J = 6.8, 5.6 Hz, 1 H), 4.19 
(t, J = 6.8 Hz, 1 H), 4.29-4.51 (m, 2 HI, 4.62 (dd, J = 8.9, 5.0 
Hz, 1 H), 5.0 (d, J = 9.0 Hz, 1 HI, 7.11-7.46 (m, 9 H), 7.46- 
7.60 (m, 2 H), 7.76 (d, J = 9.0 Hz, 2 H); 13C NMR (CDC13) 6 
17.80, 41.75, 47.09, 58.94, 66.90, 119.92, 124.95, 127.03, 
127.37, 127.68, 128.62, 140.24,141.27,143.59, 156.30, 176.43; 
IR (neat film) 3650-3130,3130-2840,2341,1710,1514 cm-l; 
[ a ] ~  +4.8" (c = 0.003 g/mL, CH2C12); HRMS m / z  401.1631 
(calcd for C25H23N04 [M+], 401.1627). 

This procedure was followed using (2S,3R)-P-methylphen- 
ylalanine to yield N-Fmoc-(2S,3R)-/?-methylphenylalanine in 
71% yield: 'H NMR (CDC13) 6 1.40 (d, J = 6.4 Hz, 3 H), 3.34 
(t, J = 8.4 Hz, 1 H), 4.11-4.50 (m, 3 H), 4.62 (dd, J = 8.4, 5.2 
Hz, 1 H), 5.39 (d, J = 8.8 Hz, 1 H), 7.11-7.48 (m, 9 H), 7.48- 
7.52 (m, 2 H), 7.18-7.32 (m, 2 HI; 13C NMR (CDC13) 6 16.17, 
42.09, 47.13, 59.14, 67.11, 120.00, 125.03, 127.10, 127.29, 
127.74,128.52,140.89,141.30,143.72,155.89,175.84; IR (neat 
film) 3636-2813,2359,1714,1515 cm-l; [ a l ~  +3.5" (c = 0.026 
g/mL, CH2C12); HRMS m l z  401.1628 (calcd for C25H23N04 
[M+l, 401.1627). 

Syntheses of Peptides 1-8. The eight substance P 
analogs bearing each of the P-methylphenylalanine residues 
in positions 7 and/or 8 were synthesized from the Fmoc- 
protected amino acids. The side chain-protecting groups for 
the trifunctional residues Argl and Lys3 were the Pmc and Boc 
groups, respectively. The peptides were prepared by solid 
phase synthesis on a Rink resin using HBTU chemistry 

procedure using a Protein Technologies, Inc. Symphony 
peptide synthesizer. The peptides were cleaved from the resin 
with a TFA cocktail (4% thioanisol, 4% thiophenol, and 4% 
EDT) for 1.5 h at room temperature and then purified using 
preparative HPLC (CIS, 300 A, 21.4 mm x 25 cm, 5 pm 
spherical packing at a flow rate of 10 mumin),  with UV 
detection (214 nm). Two HPLC mobile phases, solutions A (5% 
deionized water in acetonitrile containing 0.1% TFA) and B 
(5% acetonitrile in deionized water containing 0.15% TFA), 
were used in a programmed gradient of 5-70% A over 60 min. 
The purity and identity of each peptide was ascertained by 
analytical HPLC (C18, 300 A, 4.6 mm x 25 cm, 5 pm spherical 
packing at a flow rate of 1 mumin, same mobile phase as for 
the preparative runs), amino acid analyses (6 N HC1 hydroly- 
sis, PTC derivatization, triplicate HPLC analysis, identifica- 
tion, and quantitation by comparison with known standards), 
and fast atom bombardment (FAJ3) mass spectrometry 
(Table 3). 

Smooth Muscle Contraction Assay. New Zealand white 
rabbits were sacrificed by an iv overdose of sodium pentobar- 
bital. The eyes were then enucleated, and the iridciliary body 
was isolated. The iris sphincter muscle was then isolated and 
the tissue bisected, producing two iris sphincter muscle 
preparations. 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 min. 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 KC1,20 mM 
HEPES (sodium salt), 0.6 mM MgCl, 7.5 mM Na2S04, 1.4 mM 
Ca-gluconate, 20 mM NaHC03, 0.6 mM MgS04, 0.6 mM Kz- 
HP04, and 26 mM glucose]. The Ringer's solution was gassed 
with 95% air/5% C02 (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 1 pg/mL. To 
block potential proteolytic effects, the following proteolysis 
inhibitors were added, 1 pM thiorphan, 1 pM phosphoramidon, 
1 pM captopril, 3 pg/mL leupeptin, and 3 pglmL chymostatin. 
To evaluate the viability of each muscle preparation, maximum 
contraction was determined by a M dose of carbachol a t  
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 
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 2 x t o  7 x 
lo-' M) were determined. A minimum of four determina- 
tions was performed for each experimental condition. The 
dose-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- 
[AF/([AF + EC50), where R is the percent maximal response, 
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[AI is the agonist dose, EC50 is the agonist concentration 
producing a half-maximal response, and H is the Hill coef- 
ficient. 

'H-NMR Measurements of Peptides 1-4. lH-NMR data 
for the four monosubstituted PMeF-substituted SP analogs 
were obtained using a Brucker AF-300 spectrometer (300 
MHz). Samples were prepared by dissolving 4 mg of the 
peptide in 0.5 mL of CD30D, giving a 3 mM solution. Proton 
assignments were made by analogy to  published assignments 
for SPgb and from the COSY spectra (data not shown). Selected 
'H-NMR chemical shifts are indicated in Table 2. 
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