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ABSTRACT 

There is a dogma in molecular biology that biological functions 

of pep tides are determined by their structure ("function" code), coded 

in their primary structure ("structure" code). 

This work describes a new approach that attempts to elucidate 

these relationships by peptide topology design based on intriguing 

conformational properties of pipecolic acid based amino acids - like 

1,2,3,4 tetrahydroisoquinoline (Tic). 

Opioid peptides, owing to the heterogeneity of opioid receptors, 

display a wide variety of physiological actions. The mu opioid recep-

, I 

tor selective octapeptide I (0-Tic-Cys-Tyr-0-Trp-Orn-Thr-Pen-Thr-NH2) 

is a model compound for topographical modifications induced by sequen-

tial substitutions by Tic residue. Thus, the closely related peptides 

I and II (Gly-0-Tic-Cys-Tyr-0-Trp-Orn-Thr-pJn-Thr-NH2, obtained by 

coupling Gly residue to I) have contrasting affinities for the mu 

opioid receptor (ICSO- 1.2 and 278 nM, respectively). Conformational 

analysis of I and II by means of 10 and 20 IH NMR spectroscopy allowed 

to determine dramatic differences in the side chain orientation of 0-

Tic in both peptides and to propose features of the bioactive con-

formation. The extended conformation of I (due to g(-) side chain COl1-

formation of O-Tic) is well recognized by the mu receptor in contrast 

to the folded conformation of II (due to a g(+) side chain confor-

mation of O-Tic l , that places the aromatic ring on the opposite side 

..... --.~---.---.--.. --------------------------. 



14 
of the molecule), which is not. 

Peptide III (D-Phe-Cys-Tic-D-Trp-Orn-Thr-P~n-Thr-NH2)' featuring 

replacement of Tyr3 by Tic3 , binds very weakly to the mu opioid recep

tor, due to rotation of the Tic aromatic side chain to the opposite 

side of the molecule (Tic side chain is in a g(+) conformation again). 

As these substitutions conserve the conformation of the backbone, 

constrained cyclic amino acids (picolic acid derivatives) can modify 

the topography of the peptide in a predictable manner, and (in con

junction with biological data) disclose structural elements of bio

active conformations. 

The mechanism of pipecolic acid side chain rotamer selection, 

will be discussed in the context of design principles. 

-------------- -----_. 



Chapter 1 

INTRODUCTION 

Somatostatin: Structure and Biological Functions. 

15 

The cyclic tetradecapeptide somatostatin, H-Ala-Gly-Cys-Lys~ 

Asn-Phe-Phe-Trp-Lys-Thr-Phe-Thr-Ser-Cys-OH (SS-14), is a regulatory 

hormone that is distributed throughout the central nervous system, 

gastrointestinal tract and pancreas. Studies of its ability to inhibit 

growth hormone, glucagon, insulin and gastrin release have shmvo that 

a fragment of the native hormone, including the essential pharmaco

phore Phe-Trp-Lys-Thr, carries the full binding and transduction 

message of somatostatin (Veber et al., 1981; Veber and Holly, 1984). 

Further work has indicated that substitution of D-Trp for L-Trp in

creases the potency of the hormone. Veber and co-workers have develo

ped a class of cyclic somatostatin-related hexapeptides, among which 

c(N-Me-Ala-Tyr-D-Trp-Lys-Val-Phe) is a potent inhibitor of growth 

hormone, insuline and glucagon release. The cyclic octapeptide D-Phe

Cys-Phe-D-Trp-Lys-Thr-Cys-Thr(ol), SMS-201995, synthesized by Bauer at 

al. (1982) is also an exceptionally potent inhibitor of growth hormone 

release. 

In addition to its well-established role as a regulatory 

hormone (Vale et al., 1977), somatostatin has also been observed to 

have some neurotransmitter-like properties. These would include 

localization in presynaptic terminals (Eppelbaum ,1977), effects of 

spontaneous neuronal discharge following microionophoretic application 

--------------------.-----------------------------------------------
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(Renaud et al., 1975) and behavioral effects after CNS administration 

(Kastin ct al., 1978). Somatostatin also appears to bind weakly to CNS 

opioid receptors. High concentrations of somatostatin inhibit binding 

of naloxone and DADLE ([D-Ala, D-Leu ]enkephalin) to rat brain homoge

nates and, in addition, it can give rise to an in vivo analgesic 

response in mice (Terrenius, 1976; Rezek et al., 1981). Moreover, 

SMS-20l995 also binds moderately well to opioid receptors (Maurer et 

al., 1982). There exist at least three different opioid receptor 

systems generally referred to as mu, delta, and kappa (Chang et al., 

1979; Lord et al., 1977; Martin et al., 1976), and subtypes of these 

major receptor systems have also been postulated (Figure 1). 

Utilizing various structural considerations in conjunction with con

formational constraints (Hruby, 1982; Hruby, 1981; Meraldi et al., 

1977), structure of truncated somatostatin analogues of the cyclic 

octapeptide type has been modified to enhance its affinity for the mu 

opioid receptor, while at the same time decreasing its affinity for 

delta opioid and somatostatin receptors, with which native hormone 

interacts with high affinity, in the process of converting a hormone 

agonist into a neurotransmitter antagonist. Structure-activity studies 

(Pelton et al., 1985a; Pelton et al., 1986; Pelton et al., 1985b) 

allowed this laboratory to modify structures related to SMS 201-995 to 

yield a potent mu opioid receptor antagonist D-Phe-Cys-Tyr-D-Trp

Arg-Thr-P~n-Thr-NH2 (designated CTAP, 3). A summary of structural 

changes and their effects on peptide affinity to mu, delta opioid, and 

somatostatin receptor is shown in Table 1. 

-------------------"","---------



Table 1. Structure-receptor selectivity relationships in the 
somatostatin cyclic octapeptide series (Pelton et 
al., 1985a; Pelton et al., 1986; Pelton et al., 1985b). 
Starting structure D-Phel-Gys-Phe-D-Trp-Lys-Thr-Gys
Thr8 -OH is converted to D-Phe1-Gys-Tyr-D-Trp-Arg-Thr
~n-Thr8_NH2' 3 GTAP. 

Modification Position Affinity to receptor type 
p opioid 5 opioid somatostatin 

GOOH/GONH 2 G-terminal t83 t4 t2.3 

Gys/Pen 7 tS .1-2 

Tyr/Phe 3 t3 t2 

Arg,Orn/Lys 5 .1-20 

17 

---------------------------------
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MU RECEPTORS - OAGO. MORPHICEPTIN 

1. ANALGESIA -- BRAIN 

2. ADDICTION -- BRAIN - SEVERE 

3. GUT MOTILITY -- INHIBITS TRANSIT VIA BRAIN RECEPTOR 

4. RESPIRATION -- DEPRESSES 

5. SCHIZOPHRENIA -- EITHER EXCESS OR DEFICIENCY 

6. HORMONE RELEASE -- PROLACTIN (t},. ACTH (~), GNRH (~) 

7. CARDIAC FUNCTION -- DECREASES 

DELTA RECEPTORS - DpOPE. DPIPE 

1. ANALGESIA -- SPINAL CORD, BRAIH? 

2. ADDICTION -- MILD OR NONE 

3. GUT MOTILITY -- No EFFECT 

4. CARDIAC FUNCTION -- LITTLE EFFECT 

KAPPA RECEPTORS - DYNORPHINI-9 

1. ANALGESIA -- SPINAL CORD, BRAIH 

2. ADDICTION - SEVERE 

3. HORMONE RELEASE -- AVP (H), OT (n 

Figure I. 

OPIOID PEPTIDES & RECEPTORS - POSSIBLE PHYSIOLOGICAL ROLES 



NUCLEOTIDE SEQUENCE 

1 genetic code 

AMINO ACID SEQUENCE 

1 structure code 

PROTEIN STRUCTURE 

1 function code 

PROTEIN FUNCTION 

Figure 2. Hierarchy of information transfer in the biologi
cal system 

19 
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Concepts of Conformational Constraints 

One of the central questions of a molecular biology of pepti

des and proteins is the relation of their primary (amino acid sequen

ce) to their secondary and consequently tertiary structure (Fisure 2). 

A description of a globular protein's 3D structure has been 

proposed to include the classification of globular proteins based on 

predominant type of secondary structure. Protein secondary structure 

refers to regular arrangement of the polypeptide chain backbone, IVhich 

are stabilized by hydrogen bonds or other intramolecular attractive 

forces. Traditionally, secondary structure classification has been 

restricted to four major categories, i.e. a-helix, ~-sheet, ~-turns 

and random coil. However with improvements in protein structure reso

lution other secondary structures (e.g. ~ turns, loops) have been 

found (Figure 3). For a peptide or protein chemist, the major question 

is what are the mechanisms of protein folding, and correspondingly, 

how can one utilize peptide/protein folding mechanisms to design a 

molecule with a predetermined three dimensional conformation giving 

access to macromolecules with tailor-made chemical, biological or 

catalytic properties. 

Mutter (1985) pioneered the "Template Assembled Synthetic 

Protein Design" approach in which amphiphilic peptides with a potent

ial for secondary structure formation are attached to a multifunctio

nal template molecule which enhances the spatial accommodation of the 

peptide blocks to a well defined tertiary structure (Figure 4). 
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CD spectroscopy is used to prove that these peptides adopt well

developed secondary structures when assembled on a multifunctional 

template. On the other hand, the single peptide (not attached to the 

peptide matrix) in the blank experiment of identical sequence and 

chain length shows a disordered conformation. Consequently, the onset 

of stable secondary structures of these amphiphilic peptides after 

linkage to the template can only be rationalized by the formation of a 

tertiary structure. 

Due to the inherent flexibility of most small peptide hormones 

and neurotransmitters, structure activity studies rarely provide 

insights into the "bioactive conformation" (or reciprocally the re

ceptor topology) of peptide hormones and neurotransmitters (the host

guest problem). In addition most peptide neurotransmitters interact 

with several different receptors. For example, the opioid receptors, 

the subject of this work, exist as at least three different classes, 

~, 6, and ~. Specific ligands for each class are needed to determine 

the biological functions of the different receptors. As a consequence 

of these and other problems, attempts to rationally design potent and 

receptor selective peptide ligands have been difficult, and the lack 

of highly selective ligands have obstructed efforts to understand the 

physiological roles of the mUltiple receptor systems found for most 

peptide hormones and neurotransmitters. 

Another concept of conformational restrictions, via pseudo

isosteric cyclization, has been introduced (Hruby, 1982), which can be 

used in conjunction with local constraints imposed by sterically 

constrained amino acids and peptido-mimetics (Feigel, 1986; Kemp and 
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Figure 3. Some common secondary structures found in peptides 
and proteins (top). 
Dihedral angles and theoretically observable NOE 
cross - relaxations in PII' turns (bottom). 
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Figure 4. Concept of template-assembled synthetic proteins. 
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C~rter, 1987; Sato and Nagai, 1986; Figure 5, Figure 6, respectively) 

to ~id in the rational design of peptide analogues for specific rece

ptors. For the latter purpose amino acids such as a,p-dehydro- (Nitz 

et al., 1986), N-methyl- (Vitoux et al., 1986), cyclopropyl- (Mapelli 

et al., 1985), a,a-dialkyl (Prasad and Balaram, 1984), and P,P-di

alkyl- (Meraldi et al., 1977) amino acids have been used with con

siderable success. 

Stabilization of an a-helix or 3l0-helix can be obtained with 

a-aminoisobutyric acid (Aib)- characterized by its restricted confor

mational space due to two a-methyl groups (Bonora et al., 1984). 

Quite interestingly, a,a-di-n-propylglycine (Dpg) residues occur in 

the region of fully extended conformation, thus tending to disrupt the 

a-helical structure. 

Stability of p-turns in peptides and proteins may be greatly 

enhanced by a proline residue. Gierasch et al. (1981) has found 

(Figure 7) that in a p-turn consisting of four residues (i to i+3) the 

sequence Pro-Gly or Pro-D-Y leads to type lIP turns (trans Pro residue 

in the i+l position), the sequence Pro-D-Y leads to type IP turn (cis 

Pro residue in the i+l position), and the sequence Gly-Pro-Val or 

D-X-Pro-Y leads to type II'P turns (cis Pro in i+2 position). 

Yet another approach to peptide/protein design, is being at

tempted in this work. Unlike the already mentioned methods (vide 

supra) of secondary and tertiary structure stabilization that directly 

affect peptide/protein backbone conformation the approach presented 

here, called "Topographic Design on a Stable Conformational Template", 

alters the 3D architecture of a model octapeptide (derivative of 
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Structure of 8.8-dimethyl-BTD 
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Figure 5. Structures of some p-turn peptido-mimetics. 

25 

-----------



26 

4-alkylamino-3-cyano-6-azabicyclo[3.2.1]oct-3-ene 

Figure 6. A ~-turn template propospd by K~mp and Carter (1987). 

- --.--.-------
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somatostatin) without apparent modification of backbone conformation. 

Phenylalanine and tryptophan derivatives of pipecolic acid (1,2,3,4-

tetrahydroisoquinoline and 1,2,3,4-tetrahydro- p-carboline carboxylic 

acid, Figure 8 and Figure 9, respectively) were found to possess a 

very distinct and well defined side chain conformation, strictly 

dependent on their position in the peptidic chain. These unusual amino 

acids (guests) while replacing phenylalanine or tryptophan in "native" 

peptides were not found to alter backbone conformation of the host. 

Detailed description of the IH NMR experiments that allowed 

me to determine the topography of these peptide analogues and their 

correspondence to observed affinity to p and 8 opioid receptors is the 

subject of this work. 

Existing Models of g and 8 Opiate Receptor Ligands. 

Numerous investigations to elucidate the bioactive conforma 

tion of opioid agents, mostly enkephalins, have been undertaken. A 

commonly used theoretical approach was to match topologies of rigid 

opiates (morphine-like) with conformationally flexible opioid pepti

des, in an effort to establish possible bioactive conformations of the 

latter. This often resulted in conformations characterized by unaccep

tably (to be pharmacologically relevant) high energies (Loew and Burt, 

1978; Isogai et al., 1977). Solution conformation investigation on 

flexible linear opioid peptides (Schiller et al., 1977; Fournie-Zalus

ki et al., 1977) usually provide "average" conformations, with often 

little apparent relevance to the bioactive one . 

. _----------------_._._-----
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Figure 7. Turn stabilization by a proline residue by Gierasch 
et a1., (1981). 
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Figure 8. Possible side chain conformations of D-Ictrahydroiso
quinoline. 
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. Figure 9. Structure of 1.2.3.4-tetrahydro-~-carboline . 

. _ .. _._ .. _------------------------
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The inherent flexibility of most endogenous peptides makes it 

very difficult, if not impossible, to obtain any reliable information 

about their bioactive conformation by theoretical calculations (a 

large number of energeticall v similar conformational families is 

usually found; Loew et 01., 1986) or by physicochemical methods with 

relatively slow time scales (e.g. NMR, CD). This factor has caused a 

significant number of contradictory claims regarding the bioactive 

conformation of opioid ligands in general as well as mu or delta 

opioid receptor selective ligands. Some of these will be briefly 

discussed below, and then compared with results obtained in these 

studies. 

Early structure-activity relationship studies revealed cer

tain distinct structural differences between mu and delta ligands. The 

hypothesis that a mu receptor prefers a compact (folded) conformation 

of an endogenous enkephalin, and a delta opioid receptor requires an 

extended form of the neurotransmitter, has been suggested based on 

X-ray studies (Camerman et al., 1983). 

DiMaio et al. (1986) described the use of a "Bimolecular 

Energy Refinement" of the semi-rigid alkaloid 7a-(lR)-1-methyl-l

hydroxy-3-phenylpropyl]-6,10-endo-ethanetetrahydrooripavine (PEO) and 

a mu opiate selective cyclic peptide H-Tyr-cyclo(D-NO-Orn-Gly-Phe-Le~, 

on which IH NMR studies had previously been reported by Kessler et al. 

(1983). A systematic search of low energy conformers with significant 

spatial overlap for both compounds afforded several sets of conformers 

in which the distance between the aromatic groups of the peptide has 

been estimated to be between 8.3 and 10.6 A. 
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Empirical energy calculations by Doi et al. (1987) suggested 

that the two primary forms of MetS- and LeuS-enkephalins, found by 

X-ray diffraction methods (the type I'fi turn and the dimeric antipa

rallel extended structure), could be superimposed without significant 

energy expense. Thus, the apparent flexibility of these linear pepti

des allow them to attain both conformational states, claimed to be 

bioactive for the mu and delta opioid receptors, respectively. ~lile 

the correctness of this claim can be disputed, these computations may 

confirm that a low interconversion energy is a factor causing the 

experimentally observed, low receptor selectivity of these endogenous 

peptidic ligands. 

Wilkes and Schiller (1987) have reported the results of a 

molecular mechanics aided search of low energy conformers of a mu 

selective agonist H-Tyr-c(D-Orn-Phe-Asp)-NH2. Four major conformatio 

nal classes have been found, generally characterized by aromatic ring 

stacking. Different results were obtained by Loew et al. (1986) and 

Goiin et al. (1977). In both cases empirical energy calculations for a 

family of active and inactive analogues of mu opioid receptor selec

tive morphiceptin (Tyr-Pro-Phe-Pro-NH2) yielded low energy classes of 

conformation, with separations of the aromatic groups ranging from 6 

to 12 A (Gorin et al., 1977). 

IH NOE difference experiments carried on by Gupta et al. 

(1986) suggested a spatial proximity between aromatic rings (less than 

3.S A), though these results were not confirmed (Motta et al., 1987). 

Fluorescence energy transfer experiments for potent [Trpl, MetS]-enke

phalin indicated average distances between the aromatic rings of about 

...... ------.. -----



lO.O±l.l A (Schiller et al., 1977). This brief review underlines a 

number of controversies existing with regard to proposed bioactive 

conformations of opioid ligands. 
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There seem to exist two strategies to overcome the flexibility 

problem inherent for endogenous peptides. One of them involves TNOE 

(Transf~rred NOE) conformational investigations on receptor bound 

peptides (thus rigidized by a receptor matrix). Due to fast exchange 

between a free and a bound form, the free conformation "remembers" 

structural parameters of the bound form, which can then be investiga

ted by standard NOE techniques (Clore and Gronenborn, 1982). Glasel 

and Borer (1986) have studied conformations of nalorphine and levor

phanol bound to their binding sites in two anti-opiate antibodies. A 

significant conformational heterogeneity of free and bound forms 

suggested that even for relatively rigid molecules, the bioactive 

conformation may be different from the statistical one observed in the 

free state. 

Another method which provides insight into the guest structure 

involves imposing conformational restrictions on the peptide (Hruby, 

1982) via either isosteric side chain to side chain cyclization, or 

restriction of rotational mobility of amino acid side chains. Both 

these methodologies were successfully utilized at different stages of 

mu opioid selective peptide development, to be presented in this work. 

Conformational restriction is not a necessary structural feature of 

the molecule to exhibit high potency and selectivity. The main ad

vantage seems to be in a limitation of the number of attainable 



conformations, a factor that renders results of physicochemical 

investigations much more reliable. 
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Chapter 2 

EXPERIHENTAL AND THEORETICAL METHODS IN THE SYNTHESIS AND 

CONFORMATIONAL ANALYSIS OF SOMATOSTATIN ANALOGUES. 

Theoretical Aspects of 2D NMR. 

Introduction to chemical shift correlated spectroscopy. 
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A standard 2D experiment consists of four basic elements: 

Preparation, evolution, mixing, and detection periods. During the 

preparation period a nonequilibrium state of the system is created by 

applying a suitable train of pulses (either selective or nonselecti

ve). During the evolution time tl (any modulation that takes place in 

this period is carried over to further periods of evolution) the 

system evolves to a suitably tailored (via pulse sequence) Hamilton

ian. In the third period of mixing (not applicable for shift correla

ted spectroscopy), suitable pulses are employed that affect coherence 

transfer, or monitor cross-relaxation or chemical exchange (NOE). Ip 

the fourth period (usually no pulses applied) acquisition of the final 

response of the spin system is carried out, so that a time domain 

signal matrix S(tl,t2) is obtained, then converted to a frequency 

domain matrix S(wI,w2). Assuming single phase detection: 

[lJ 

which after 2D FT with phase correction yields 

.. ------------.-- ------ --------------------------------------
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[Ta2/(1+(Ta2(Wl-Wa»2)] [Tb2/(1+(Tb2(W2-Wb»2)] 

Equation [2] describes a peak located at coordinates (wa,wb). A peak 

of this kind at position (wl,w2)=(wa ,wb) indicates connectivity 

between the two spins resonating at frequencies wa and Wh. In more 

complicated case (wl,w2)=(wa+wx ,wm) if spin Om" is connected to both 

spins "a" and Db" . 

For a system of weakly coupled two spin systems (spin 1/2), the spin

Hamiltonian during free precession is (throughout this work 1=5-1/2 , 

denotes an operator): 

[ 3] Hs(±x) HI(±Y) 

(p,q +x, -x, +y, -y) 

These equations are valid for heteronuclear systems, for homonuclear 

system (to be used in this work) there are two cases: 

i) non-selective pulses 

H±PI+S = -(±1hBl(lp+~p» 

ii) pulses selective for I or S spin only. 

P-x,y 

To define a multiple pulse NMR experiment it is necessary to specify 

which Hamiltonian is valid for each moment during the experiment. 

------------------------------ -------
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Thus, a heterocorrelated spectroscopy experiment is described by the 

following pulse train (associated Hamiltonians are indicated): 

lio liO 

1-----------1----------1---------1---------1 

t 1 p t 2 p 

Homocorrelated spectroscopy would be described by a train of Hamil-

tonians, generated by a pulse sequence 90 0-tl-900-t2 : 

lio liO 

1----------1----------1----------1----------1 

Q(O) Q( 1) Q(2) Q(3 ) Q(4) 

To describe the state of the spin system at any moment during an 

experiment one needs to know the spin-density operator Q. This opera-

tor will be used to calculate the ensemble averaged expectation value 

<P> of a spin property: 

[4] <P> = trace(P.o) '\'. '\'. <0· I PI 0 . ><0· 10 I o· > L.1L.J 1 - J J - 1 

For a two-spin system the set of basis functions can be chosen as 01 

QQ, 02 = Q~, 03 = ~Q, 04 = ~~. Similarly, operators for a two spin 

system are formed from the one spin operator by taking products of g, 

-------------------------------------------
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lx, I y ' I y ' E, ~x' ~y' ~z operators. This gives sixteen operators Qk, 

with matrix elements defined as: 

The density operator for our two-spin system is a linear combination 

of Qk. Since operators Qk are orthonormal it can easily be shown that 

[ 6] 

Thus Q is an element of a 16-dimensional space and the projections of 

Q on the axes Qk are directly proportional to <Ok>, Ivhich are detected 

during time t2. 

The basic equation describing the time development of the density 

operator a during any NMR experiment is: 

[ 7] (-i/n)[Ha-aH]=(-i/h)H'a , where H' is a superopera-

tor. 

For the time independent Hamiltonian: 

[ 8] 

Q(t) exp(-iH't/h)Q(O)=Q(O)+(-it/h)[H,Q(O)]+(it/h)2/2 [H, [H,Q(O)J]+ ... 

Assuming that H Lphp' where all the hp are mutually commuting 



Since terms bp are directly proportional to Qk operators one can 

rewrite equation 9 as 
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Multiplication of both sides of this equation with Ql and calculation 

of a trace gives: 

Equation [11] allows one to evaluate <Ol(t» which is detected during 

the NMR experiment. To accomplish that task 256 possible terms [12] 

need to be evaluated (Banwell and Primas, 1963) 

[12] exp(iOQ'p)Qj 

Equation [12] mai be simplified as follows: 

Equation [13] allows for convenient evaluation of equation [11]; thus 

it is possible to describe the development of <Ol(t» at every moment 

during the NMR experiment. 

Illustration of the above derived formalism of a multi-pulse 

experiment for Correlated Spectroscopy requires thermodynamic equilib

rium conditions for a homonuclear system : 



Q(O) (.!V4)+f3<Iz+~z) , where f3 rBO/4kT 

At the end of the time interval (tp ) following a 90· rotation 

[15) exp(iOI'x)exp(iO~'x)Q(O) 

Combination of [13,14,15) gives (substituting 7T/2 as 0) 

During the evolution period one needs to consider three rotations: a 

free precession caused by J-modulation (two spin system), as well as 

free precessions of spins I and S around the static longitudinal field 

(setting J=27rJ): 

[ 16) 

for spin I (an analogous equation can be written for a spin S). 

Application of equation [13) allows one to write eq. [16) in an 

analytical form: 

[17) cos(Jtl/2) (lyCOswltl+lxsinwltl)

sin(Jtl/2)(2Ix~zcoswltl-2IY~Zsinwltl) 
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Combination of result [17] and an analogous one obtained for spin S 

gives a total density matrix at the evolution time period. It is 

important to note, without necessity to simplify further eq. [17] by 

means of eq. [13], that multiplication of both cos terms in eq. [17] 

gives a term related to the average value of the I spin operator: 

[18] 

which rearranged gives [19] 

[19] 

Thus, a doublet at wI is expected (the same holds for ws' since 

application of a nonselective pulse allows permutation of the re

sults). To consider development of the density matrix during the 

second nonselective 90 0 pulse, one may use the formalism developed by 

van de Ven and Hilbers (1983). Considering only those terms coming 

from the ly operator (for simplicity)-eq [17] -and utilizing eq [13] 

(equivalent to the approach of van de Ven and Hilbers) one can trace 

what happens with the lx, ly, lx~z, ly~z operators: 

[20a] ly- -- - -- -lz 

term is carried over from eq. [17] 

[20b] lx~z------ lx~y 

-------------------------------------------------



42 

[20c] Ix------ Ix 

the sin(wltl)cos(Jtl/2) term is carried over from the first evolution 

period eq. [17] 

[20d] Iy~z------ -I~y 

term is carried over from the first 

evolution period, eq. [17] 

Thus, by the second pulse a single quantum coherence (6mI = ±l, 6mS= 

=0) IySZ is transferred into a single quantum coherence with 6mI = 0, 

6mS = ±l (IZSy). This step of coherence transfer via weakly coupled 

systems contains the essence of a COSY experiment. 

The time dependence of the coherence in the last period t2 (where they 

still evolve under the influence of static magnetic field as well as 

spins of the coupled partner) will be described with van de Ven and 

Hilbers formalism for only those coherences that will be detected as 

My magnetization. 

[2la] 

the sin(wltl)cos(Jtl/2) term is carried over from eq. [20c] 

the sin(wltl)sin(Jtl/2) term is carried over from eq. [20d] 

~ ~ -~~~--~~---~~-~--------~---------------
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The above considerations are valid not only for spin I, but also for 

spin S. Application of nonselective pulses in the pulse scheme allows 

one simple permutation of the spins to obtain an analogous solution 

for spin S. Thus, My magnetization can be detected: 

[22) «Iy>+<Sy»=cos(Jtl/2)cos(Jt2/2) [sin(wI t l)sin(wlt2)+ 

sin(wStl)sin(wSt2»)+ 

sin(Jtl/2)sin(Jt2/2) [sin(wI t l)sin(wSt2)+ 

sin(wStl)sin(wI t 2») 

Equation (22) may be worked up to describe J-splitting; considering 

spin I and expanding two first terms of eq. (22) one obtains respecti

vely: 

(23) (1/4) [sin(wI+J/2)tl+sin(wI-J/2)tl) [sin(wl+J/2)t2+sin(w I-J/2)t2) 

(24) (1/4) [cos(wl-J/2)tl-cos(wl+J/2)tl) [cos(wS-J/2)t2-cos(w S+J/2)t2) 

Equations (23) and (24) describe the FlD detected during time t2 that 

undergoes FT yielding a square with sides of length J, of four peaks 

situated around coordinates (wl,w2)=(wl,wI)-diagonal peaks (from eq. 

[23), and four peaks centered around (wl,wS)-off diagonal peaks. 

These equations also show that there is a 90 0 phase-twist between the 

time-domain cross- and diagonal-peaks. This means that if the spectrum 

is phased to produce absorption lineshapes for the cross-peaks, the 

diagonal peaks will have dispersion lineshapes. The cross-peaks 
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originate, as it has already been mentioned, from the term 2IySZ which 

is result of a J modulation during time tl' 

Phase sensitive spectroscopy. 

A short account of the principles of phase sensitive spect

roscopy will be presented here, as most COSy as well as NOESY (to be 

discussed in the next paragraph) experiments can be carried on in that 

mode. The advantage of using phase sensitive spectroscopy for COSy is 

related to the possibility of extracting coupling constants directly 

from the 2D spectrum. It has in practical form been realized by 

Kessler et al. (1985) in his DISCO technique. For a two spin system 

the total FID is described by equation [25]: 

Two dimensional Fourier transformation of the free induction decay 

results in a product of respective ID decay functions. Thus: 

[26] S(WI,W2)=[A(WI)+iD(WI)] [A(w2)+iD(w2)]= 

=(AIA2- DI D2) +i(AID2+A2Dl) 

A and D represent well known Lorentzian lineshapes in the absorption 

and dispersion mode, respectively. It is clear therefore that the real 

part of the spectrum is not simply a purely positive product of ab

sorption lineshapes in both dimensions, but the sum of a doubly ab-
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sorptive and doubly dispersive term. The cross sections through the 

center of the peak are therefore simple Lorentzian absorption line

shapes, but as slices are taken further and further from the center 

the dispersive contributions grow (Figure 10). The "phase-twist" in a 

real phase modulated signal is a source of relatively low resolution 

of 2D spectra. 

The presence of long dispersion tails makes it difficult to 

identify cross-peaks which lie in the vicinity of the diagonal. 

Furthermore, since they have alternating signs, the cross-peak multi

plet components tend to cancel when incompletely resolved. 

A solution of this problem has been proposed by Marion and 

Wuthrich (1983). By appropriate phase cycling of the pulses and the 

receiver it is possible in the phase sensitive experiment to construct 

two complementary pulses that will give the same modulation frequen

cies but with the opposite signs. Thus, addition of F_(t) ~ exp(-iwt) 

and F+(t) ~ exp(iwt) results in a cos(wt) function, which gives rise 

to pure absorption lineshapes. 

Cross relaxation and chemical exchange. 

For the previously discussed case of Correlation Spectroscopy 

J-connectivities could be made manifest for different spin-systems. It 

also is possible to detect cross-relaxation or chemical exchange by 

means of a 2D NMR experiment. Solomon (1955) showed that longitudinal 

relaxation of two interacting spins I and S can be described by the 

rate-equations: 



Figure 10. The normal line shape resulting from the 2D FT of a 
phase modulated signal (right) is a combination of 
a double absorption (left) and double dispersion 
(middle). combination of a double aosorpclon (left) and 

Figure 11. Definition of transition probllbiJ i tics i 11 double 
quantum NMR Spectroscopy. 

--- .--- .. --------~ 
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[25] 

[26] 

where 

d<IZ>/dt = -AI«IZ>-IO) - ~SI«SZ>-SO) 

d<SZ>/dt 

[27] AI = wO+2wIl+W2 
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Quantities wO. Wilt WSI and w2 are transition probabilities per unit 

time between the eigenstates ImI.mS> (Figure 11). 

The dipolar interaction between I and S is modulated by 

isotropic motion of the molecule: 

[28] wIl = 1.5qJ(wI) 

w2 = 6qJ(wI+wS) 

where J(w)=T c /(1+w2Tc
2 ) 

q is a quantity proportional to (rIS)-6 

Thus detection of cross-relaxation rates may provide information about 

inter-nuclear distances. Employing double resonance methods. the 

longitudinal magnetization of one spin is perturbed and the effect of 

its relaxation is detected. A technique called NOESY (Nuclear Overha

user Effect) is the practical solution to a problem of cross-relaxa

tion in a multispin systems. This technique utilizes the following 

pulse sequence: 900-tl-900-Tmix-900-t2. The first pulse creates 

transverse magnetization. During the evolution time tl each spin 

precesses with its characteristic Larmor frequency in the transverse 

plane. This process is described by similar density matrix evolution 

as for the initial phase of a COSY experiment. The second pulse 

converts transverse magnetization back to longitudinal magnetization. 

The amplitude of this longitudinal magnetization will be perturbed 
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differently by each spin system, depending on its Larmor precession 

frequency as well as on systematically varied tl. During the mixing 

time cross-relaxation will be effective, depending on molecular 

motions (molecular tumbling as well as internal motions), and distan

ces between relaxing spins. During this phenomenon a part of the 

intensity of one spin system is transferred to intensity of the other 

system. This magnetization (as well as all others) is then converteQ 

back to transverse magnetization by the third pulse and detected as an 

FlO. 

Experimental Methods In the Synthesis of Somatostatin Analogues. 

Methods of peptide bond formation. 

To date there exist over fifty methods of peptide bond forma

tion. Some of relevance to this work will be discussed below. 

The carbodiimide method was introduced by Sheehan and Hess 

(1955), with dicyclohexylcarbodiimide (DCC) and diisopropylcarbodi

imide (DIC) currently being the most popular versions. A reaction 

scheme representing the basic chemistry of peptide synthesis is 

presented in Figure 12. The first stage of this reaction is an addi

tion of the carboxyl group to the diimide and formation of an O-acyl 

lactim (derivative of an isourea); that is followed by transformation 

to a peptide derivative and N,N'-dicyclohexylurea (path A) or to the 

symmetric anhydride and N,N'-dicyclohexylurea (path B). The anhydride 

then undergoes aminolysis, with formation of peptide derivative and 



,--------- R-COOII + R'-N=C~N-R' 
o 
1/ 

R'-NH-C-NH-R' j 

+ NII,-R" 
(A) [ 

/.0] 0 R' ° R-C( II I II 
R'-NH-C/O "(D) R-C-N-C-NII-R' 

~N-Rf N-ACYLUREA 
R-CO-NII-R" 

R-CO-NIl-R" 
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+ 
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Figure 12. Mechanisms of peptide bond formation. 
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regeneration of 1M of acyl derivative (path C). An undesired side 

reaction is formation of the acylurea derivatives (path D) as a result 

of O-acylation transformation. The carbodiimide method is generally 

the fastest coupling method, though substantial racemization has been 

detected in several investigations. Thus, Weygand et al. (1968) found 

12.5% n-Phe after a fragment coupling of Z-Leu-Phe-OH and Val-O-But in 

THF (20°C). Generally, use of the DCC method requires removal of the 

urea byproduct (DCU) by using an ethanol cycle in SPPS (solid phase 

peptide synthesis). This can be avoided by use of some of new genera

tion diimides: DIC (DIU is soluble in DCM) and N-ethyl-N'-(-dimethyl

aminopropyl)carbodiimide are used mostly in solution methods of 

peptide synthesis, due to formation of a water soluble urea. 

The active ester method allows us to suppress racemization, 

though a drawback may be its prolonged reaction time. Active esters 

are usually obtained by methods utilizing DCC or mixed anhydrides. At 

present, the most popular method involves use of HOBt (N-hydroxybenzo

triazole) and HOSu (N-hydroxysuccinimide). 

In 1965 two very interesting methods of peptide coupling were 

introduced. They utilize esters of N-hydroxypiperidine (Beaumont et 

al., 1965) and 8-hydroxyquinoline (Jakubke, 1965). Aminolysis of these 

esters is very fast and goes with activation of the carboxyl group and 

simultaneous extraction of the proton from the amino group of the 

nucleophile component of the reaction (Figure 13). 

The azide method of peptide bond formation was introduced by 

Curtius (1902), and still remains a very attractive technique (racemi

zation free) in solution PS. It is depicted in Figure 14. 
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Figure 13. Peptide bond formation via 8-hydroxyquinoline active 
esters. 

R-CO-NH-NIJ, + II~O; ~ 

-- R-C. _ + l'm,-r. . /21" 1 
'\::;-N"",NI ---

Figure 14. Principles of a racemization frec- method of peptide 
bond formation. 
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Figure 15. Attachment of the first amino acid to the resin. 
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Figure 22. Reduction scheme for conversion of amides into 
aldehydes, according to Fehrentz and Castro (1983). 
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Protecting groups in peptide synthesis (orthogonal protection). 

Table 2 lists all the protecting groups utilized in this 

work, with emphasis on their stability under different reaction condi

tions, as well as methods of their removal. 

Polymeric support in a solid phase peptide synthesis. 

Cross-linked polystyrene containing 1% of DVB (divinylbenze

ne) remains the most convenient solid phase in peptide synthesis. 

Functional groups are introduced into this polymer by chloromethyla

tion, usually with methyl chloromethyl ether or formaldehyde and 

hydrochloric acid. The schemes for coupling of the first amino acid to 

such functionalized resin are presented in Figure 15. Amino acids 

which contain easily alkylated functional groups cause difficulty i~ 

the esterification reaction, due to the presence of active chlorome

thyl groups on the resin (path A). Such amino acids are histidine, 

cysteine and methionine. All these problems can be avoided by using a 

hydroxymethyl resin for attachment of the first amino acid (path B). 

The first Boc-amino acid may thus be added by means of DCC-mediated 

esterification. DMAP is a catalyst added to accelerate the reaction, 

though its excess may cause partial racemization of the amino acid. 

Unfortunately, the ester linking the peptide to the resin is slightly 

labile to the TFA used for deprotection (about 1% loss on each cycle). 

This loss may be of serious consequences in the synthesis of long 

sequences. Increased stability of this bond may be obtained by sub

stitution of the resin with electron withdrawing groups. 

-----------------_. ------ ... --. 
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Table 2. Protecting groups utilized in this work, their chemical 
stability and condition of removal. 

Functional group 

1. a-amino 

2. 6-amino (Orn) 

3. €-amino (Lys) 

4. NG-amino (Arg) 

5. ~-hydroxyl (Thr, 
Ser) 

6. phenolic (Tyr) 

7. Sulfhydryl 
(Cys, Pen) 

Protecting group 

t-butoxycarbonyl 
stable:H2/Pd, Na/NH3 
cleaved: TFA, HCl 

benzyloxycarbonyl 
stable: TFA (slow) 
cleaved: HF, Na/NH3 

2-chlorobenzyloxycarbonyl 
stable: TFA 
cleaved: HF, Na/NH3 

4-toluenesulfonyl (Tos) 
stable:TFA, HC1, HF (low 

HF procedure) 
cleaved:Na/NH3, HF (high 

HF procedure) 

benzyl (O-Bzl) 
stable:TFA, HCl 
cleaved: HF, Na/NH3, 

H2/Pd, HBr/TFA 

2,6-dichlorobenzyl 
stable: TFA 
cleaved:HF 

4-methylbenzyl (S-4-MeBzl) 
stable:TFA 
cleaved: HF, Na/NH3 

Reference 

Merrifield, 1964 
Voelter, 1980 

Bergman and 
Zervas, 1932 

Erickson and 
Merrifield, 1976 
Rudinger, 1973 
Steward and Young, 

1984 

Erickson and Merri
field, 1973 

--------------------.----._-----
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The Pam (p-acetamide) resin introduced by Mitchell et al. (1978) 

increases the stability of the peptide-resin link by a factor of 100 

over that of the classical system. The two alternative schemes for 

Boc-Aminoacyl-Pam resin synthesis are shown in Figure 16. 

Polyamide resins have solvating properties similar to those of a 

peptide chain. Thus, it was suggested by Atherton et al. (1978) that a 

single solvent might effectively solvate both the peptide and the 

carrier matrix, avoiding peptide chain collapse upon itself, which 

sometimes occurs for the Merrifield-type resin as a result of in

compatibility between the natures of the growing peptide chain and the 

polystyrene resin. Three alternative methods of p-MBHA resin synthesis 

are presented in Figure 17. Path A has been employed in this work. 

Coupling schemes. 

A coupling scheme for a standard synthesis of pep tides 

(analogues 1-22 and 25) is presented on Figure 18. A coupling problem 

quite commonly found in some of the syntheses appeared after the 

deprotection of Boc-Pen-(S-4-MeBzl)-AA-resin. In several cases the 

result of the ninhydrin test (even after repeated deprotection and 

neutralization) was negative. While the reasons for this synthetic 

problem are not known (they may be related to already discussed chain 

collapse for some sequences), it was found that initial swelling of 

the resin with TFA and consequent neutralization (steps 1 and 2, 

Figure 18) afforded trouble-free synthesis with yields of the final 

product about 30-50% higher than if step 1 was omitted in the coupling 

scheme. 

---- -.---------_ .. ---- ---------- .. _-----•... _-------
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ROO 0 
I" -IQ\ II \I Boc-NH-CH-C-O-CH, ~-CH, -C-O-CH, -C-C. H, 
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Figure 16. Two strategies of Pam resin synthesis by Merrifield 
(1978). 
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n-Buli:TMEOA 

1. Q-CH=NSi(C H,), 

1. HCONH 
2 4 

HC0
2
H 2.HCI 

2.HCI 

Figure 17. Two methodologies of p-MBHA resin synthesis; Path A 
(used in this work) by Orlowski et al., (1976), and 
Path B (Bryan, 1986). 



Figure 18. Coupling scheme used for stepwise elongation of peptide 
chain, synthesis of peptides 1-22 and 25. 
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Description solvent/reagent repet. time (min) 

l. Swell the pMBHA 
resin in TFA 

2. Neutralize 

3. Wash 

4. Free amino group 
monitoring 

5. Coupling 

6. Coupling anal. 

7. Wash 

8. Acetylation of the 
free amino group 
(if free amino group) 

9. Wash 

10. Deprotection 

11. Wash 

12. Neutralize 

13. Wash 

14. Free amino group 
analysis 

15. Go to step 5 and 
cycle. 

50% TFA, 2% anisole 
in DCM 

10% DIEA in DCM 

DCM 

ninhydrin test 

active ester or 
summ. anhydride 
of amino acid 

ninh. test 

1 

3 

4 

1 

DCM 3 

AcIm, 10 fold excess 1 

DCM 3 

50% TFA, 2% anisole 1 
in DCM. If D-Trp, Tyr 1 
20% Me2S, 10% dithio
ethane added. 

DCM 

10% DIEA in DCM 

DCM 

Ninhydrin or chlora
nil tests 

4 

3 

3 

20 

2 

1 

30 

1 

20 

1 

2 
20 

1 

2 

1 
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In the case of reductive alkylation (analogues 23, 24, 26, and 

27) the only change in the coupling scheme (Figure 18) would involve 

step 5. 

Ninhydrin-aided detection of the free amino group is based on 

oxidative deamination of amino acids (Figure 19). 

General scheme of peptide synthesis and purification. 

This scheme (Figure 20) is intended to be a guide, with 

numerous references to methodologies already mentioned in the text 

(e.g. Figure 18, Table 2), and others (related to peptide work-up, 

cyclization, purification, analysis, etc.) which will be discussed in 

the text to follow. 

Experimental Section 

General methods. 

Syntheses of CTP (1), CTAP (2), and CTOP (3) were accom

plished as previously reported (Pelton et al., 1985a; Pelton et al., 

1986). Peptides 4-29 were also prepared (with the exception of 

dipeptide 28) by solid phase synthetic techniques (Upson and Hruby, 

1976; Stewart and Young, 1984), using Vega (Tucson, Az) Model 250 and 

1000 peptide synthesizers. Amino acids were either purchased from 

----------------------_ .. ----_ ..• --
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Figure 20. Scheme of synthesis and purification techniques applied for 
analogues 1-27, example of peptide 2. 

Benzhydrylamine resin 

j 
chain elongation 

1. BocAA/ DIG/ HOBt 
2. reductive alkylation 23, 24, 26, 27 

Z O-Bzl O-Bzl 
I I I 

D-Phe-G¥s-Tyr-D-Trp-Orn-Thr-Pen-Thr-pMBHA 
~ O-(2,6-G12-Bzl) S 
4-MeBzl 4-MeBzl 

j cleavage and deprotection 
liquid HF/ anisole 

D-Phe-yys-Tyr-D-Trp-Orn-Thr-fen-Thr-NH2 
SH HS 

1 
cyclization 
K3 Fe (GN)6 

D-Phe-~ys-Tyr-D-Trp-orn-Thr-~en-Thr-NH2 

1 
purification 
1. gel filtration G-1S 
2. RP HPLG 

pure peptide 2 ----~ amino acid analysis 
----~ homogeneity tests 

(TLG, NMR, RP HPLe) 
----~ in vitro, in vivo 

assays 
----~ conformational analy 

sis (NMR, molecular 
modeling, energy 
minimization). 
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Bachem (Torrance, Ca) or were prepared by literature methods (Stewart 

and Young, 1984). Carboxamide peptides were synthesized using a p

methylbenzhydrylamine (pMBHA) resin which was prepared by literature 

methods (Orlowski et al., 1976); resin substitution was 1.0 mM/g. A 

1.5 M excess of preformed symmetrical anhydrides or a 3M excess of 

hydroxybenzotriazole active esters was used for coupling reactions, 

which were monitored by ninhydrin (Kaiser et al., 1970) or chloranil 

tests (Christensen, 1979). Purity of the final peptide was assessed by 

TLC in four different solvents, HPLC, FAB-MS, amino acid analysis and 

lH NMR (Table 3). Capillary melting points were determined on a 

Thomas-Hoover apparatus and are uncorrected. Purity for each amino 

acid was established by the ninhydrin test, lH NMR, optical rotation 

(sodium D line, Rudolph Research Auto-Pol III polarimeter), and TLC. 

Purification of peptides was accomplished by a combination of gel 

filtration, partition chromatography and reversed phase high 

performance liquid chromatography. For most cases gel filtration 

(G-15) followed by RP HPLC were sufficient to obtain a peptide of high 

purity (>95%). Respective chromatograms for peptides 1 and 23 are 

shown on Figure 21. Gel filtrations were performed on a Sephadex G-15 

(Pharmacia Fine Chemicals, Piscataway,NJ) column (2.65 x 75cm) 

applying a 5% solution of acetic acid isocratically, connected with a 

Buchler Monostatic Pump (20-30 ml/hr, over 20 hrs), Buchler 

Fracto-Scan (254 nm) and Buchler Automatic Fraction Collector. 

Preparative RP-HPLC was performed on a Perkin-Elmer Series 3B Liquid 

chromatograph equipped with an LC-75 Spectrophotometric Detector and 
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Ta~le 3. Analytical Characteri2ation of the Somatostatin Analogues 
Synthesi2ed in This ~ork by HPlC. TlC and FAB MS. 

Thin-layer Chrom~tographya 
HPlCh FAIl-'1S 

Pept ide I 
Rf Values 

II III IV K' values (11+ll)obs (I1+ H1ca 1 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

21. 

22. 

23. 

24. 

25. 

26. 
27. 

1'8. 

0.47 0.72 0.79 0.75 0.0 775 

0.45 0.67 0.80 0.75 0.4 775 

0.63 0.79 0.84 0.81 1.1 949 

0.36 0.60 0.77 0.72 0.7 '176 

0.45 0.68 0.77 0.74 UI 10BII 

0.44 0.69 0.77 0.74 3.5 1075 

0.47 0.58 0.78 0.75 4.8 111 Ii 

0.43 0.69 0.77 0.73 3.5 1077 

0.3B 0.68 0.74 0.71 3.2 1131 

0.45 0.65 0.77 0.73 7.9 1115 

0.37 0.64 0.76 0.73 1.5 9BB 

0.50 0.74 0.78 0.75 3.0 '161 

0.36 0.68 0.72 0.73 2.9 976 

0.39 0.65 0.76 0.72 2.7 1090 

0.37 0.66 0.71 0.67 1.8 10B9 

0.63 0.70 0.79 0.75 6.4 10116 

0.44 0.66 0.77 0.74 3.2 1062 

0.43 0.67 0.17 0.74 4.1 1075 
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an LCI-100 Laboratory Computing Integrator, or on a Spectra-Physics 

Liquid Chromatograph equipped with a Spectra-Physics SP 8800 ternary 

pump, SP 8500 dynamic mixer, Spectroflow 757 Absorbance Detector and 

SP4270 Integrator. Fractions were monitored at 280 nm or 254 nm (if no 

Tyr residue was present). A Vydac C18 semi-preparative (10 mm, 10 

mmx25 em) column was used with either isocratic or linear gradient 

elution in a mobile phase of varying concentrations of acetonitrile in 

aqueous TFA (0.10%). Amino acid analyses were obtained as described by 

Spackman et al. (1958) on a Beckman Instruments Model l20C or Beckman 

7300 amino acid analyzer, after acid hydrolysis in sealed tubes with 4 

M methanesulfonic acid for 24 hrs. D-Trp, Cys, and Pen undergo 

oxidation under these conditions and are not detected. FAB-MS and NMR 

served for composition confirmation for these as well as other amino 

acids. In all cases when reporting the amino acid composition of a 

peptide, a value in a bracket refers to the theoretical number of 

residues of a given type in a molecule. 

Reduced ring size peptides. 

i i 
D-Tyr-Cys-Phe-Asn-Pen-Thr-NH2, 4. 

N-Q-Boc-Thr(O-Bzl) was coupled to 0.5 mM of pMBHA resin using the 

active ester method, followed by deprotection using 50% TFA in 

dichloromethane (DCM) (2% anisole added) for 2 and 20 min. Stepwise 

coupling and deprotection of NQ-Boc-Cys(S-4-MeBzl), NQ-Boc-Asn, NQ-

Boc-Phe, NQ-Boc-Cys(S-4-MeBzl) and NQ-Boc-D-Tyr(O-2,6-C12-Bzl) was 

then accomplished by standard methods of solid phase synthesis. For 

NQ-Boc-Asn coupling an active ester derivative was chosen to avoid 

nitrile formation. After coupling of the last amino acid, the NQ-Boc 

------- ---- ---------
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protecting group was removed, the amino group neutralized with 

diisopropylethylamine and the resulting D-Tyr(O-2,6-C12-Bzl)-Cys(S-4-

MeBzl)-Phe-Asn-Pen(S-4-MeBzl)-Thr(O-Bzl)-resin was dried in vacuo. 

Cleavage of all side protecting groups as well as peptide from the 

resin was achieved with liquid HF (approx. 15 ml) with addition of 1 

ml anisole, at O°C. The product was washed with ethyl ether (3x20 ml), 

extracted with 10% aqueous HOAc (3x20 ml) followed by glacial HOAc 

(2x20 min); both fractions were lyophilized separately. Next the 

linear peptide was cyclized by dissolving in 1.5 1 of water (pH 

adjusted with aqueous ammonia to 8.5), oxidized with 0.01 N K3Fe(CN)6 

until the yellow color persisted for 1 hr. After the reaction was 

terminated, the pH was adjusted to 4.5 with AcOH, excess ferro- and 

ferricyanides were removed by 15 ml of Amberlite IRA-4s (mesh 15-60, 

Cl-form), the mixture was stirred for 1 hr., filtered, and the 

solution concentrated in vacuo and lyophilized. Gel filtration on 100 

x 2.5 cm Sephadex G-ls with 5% (v/v) aqueous HOAc was generally 

applied. Final purification was achieved by RP-HPLC using a gradient 

of acetonitrile and 0.1% TFA. the total yield of 4 was 12%. Amino acid 

analysis: Asn 0.95 (1.0), Thr 0.98 (1.0), D-Tyr 0.98 (1.0), Phe 1.03 

(1.0). The structure was also confirmed by lH NMR assignments. 

Integration: D-Tyr(Ar, 4 H, 1.0), Cys(a) 0.97 H (1.00), Pen (a) 0.98 

H, (1.0). The TLC, analytical HPLC and FAB-MS data are given in Table 

3. 

D-Phe-Cys-Tyr-Asn-P~n-Thr-NH2' 5. 
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The protected peptide resin of 5 was prepared by sequential coupling 

of Na -Boc-Pen(S-4-MeBzl), Na-Boc-Asn, Na-Boc-Tyr(O-2,6-C12-Bzl), Na _ 

Boc-Cys(S-4-MeBzl), and Na-D-Phe to Thr(O-Bzl)-FMBHA, resulting in D

Phe-Cys(S-4-MeBzl)-Tyr(O-2,6-C12-Bzl)-Asn-Pen(S-4-MeBzl)-Thr(O-Bzl)

resin. The workup was identical to that described for 4. The yield was 

13%. Amino acids analysis; D-Phe 0.98 (1.0), Tyr 0.97 (1.0), Asn 1.01 

(1.0), Thr 0.98 (1.0). Additionally, a IH NMR spectrum confirmed the 

amino acid constitution and relative abundance; Tyr(Ar), 4 H (1.0), 

Cys(a) 0.98 H (1.0), Pen(l) 6.3 H (1.0). The TLC, HPLC, FAB-MS data 

are presented in Table 3. 

D-Phe-Cys-Tyr-D-Trp-Thr-D-Pen-Thr-NH2, 6. 

The protected peptide resin D-Phe-Cys(S-4-MeBzl)-Tyr(O-2,6-C12-Bz1)-D

Trp-Thr(0-Bzl)-D-Pen(S-4-MeBzl)-Thr(O-Bzl)-resin was obtained by 

sequential coupling of the constituent amino acids to pMBHA resin. The 

workup was identical to that described for 4. The yield was 16%. Amino 

acids analysis; D-Phe 0.98 (1.0), Tyr 1.01 (1.0), Thr 1.91 (2.0). 

Additionally, a 1H NMR spectrum confirmed the amino acid constitution 

and relative abundance; Tyr(Ar), 4 H (1.0), Cys(a) 1.10 H (1.0), 

Pen(a) 1.1 H (1.0), D-Trp(CSH) 0.98 H (1.0). The TLC, HPLC, FAB-MS 

data are presented in Table 3. 

D-Phe-Cys-Tyr-D-Trp-Lys-D-P~n-Thr-NH2' 7. 

The same scheme was applied, except that Na -Boc-Lys(NC-2-C1Z) was 

coupled instead of NQ-Boc-Thr(O-Bzl) in the 5 position, resulting in 

D-Phe-Cys(S-4-MeBzl)-Tyr(O-2,6-C12-Bzl)-D-Trp-Lys(NC-2-C1Z)-Pen(S-4-
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MeBzl)-Thr(O-Bzl)-resin. The workup was identical to that described 

for 4. The yield was 16%. Amino acids analysis: D-Phe 0.98 (1.0), Tyr 

0.98 (1.0), Thr 1.05. (1.0), Lys 1.05 (1.0). Additionally, a lH NMR 

spectrum confirmed the amino acid constitution and relative abundance: 

Tyr(Ar), 4 H (1.0), Cys(o) 0.97 H (1.0), Pen(o) 0.99 H (1.0), 0-

Trp(C4H) 1.00 H (1.0). The TLC, HPLC, FAB-MS data are presented in 

Table 3. 

N- and C-Terminal Modified Peptides. 

D-Tic-Cys-Tyr-D-Trp-Lys-Thr-P~n-Thr-NH2' TeTP, 8. 0-1,2,3,4-

tetrahydroisoquinoline-3-carboxylic acid (D-Tic) was prepared by 

condensation of O-Phe and formaldehyde (Pictet and Spengler, 1911), 

with a yield of 78.5%, m.p. = 309-3ll o C (uncorrected). l3C NMR (250 

MHz, D20+HCl, BB dec.): 183.47 (CO), 137.2 (Ar) , 136.86 (Ar) , 131.84 

(Ar) , 129.1 (Ar) , 129.0 (Ar), 128.8 (Ar), 60.22 (0), 48.99 (N- CH2), 

34.27 (P). NO-Boc-D-Tic was prepared by a standard o-amino acid 

protection scheme (Stewart and Young, 1984) in a yield of 63.2%, m.p. 

= l21-l22°C, [o)2sD = -18.1 (c=1.0, CH30H. lH NMR (250 MHz, d6-DMSO): 

19.0 (br, acid), 7.13 (m, 4H, Ar.), 4.84 (m, .sH, CHo ) , 4.50 (m,2.sH, 

O.sH + N-CH2), 3.10 (m, 2H, CHp) , 1.39 and 1.46 (s+s, 9H, t-Bu). TLC 

of NO-Boc-D-Tic Rf=0.83 (AcOH/nBuOH/Py/H20, 20/10/3/5. Baker Silica 

Gel Plates); Rf=0.64 (CHC13/MeOH/AcOH, 94/4/2, Baker Silica Gel 

Plates). Subsequent coupling and deprotecting of NQ-Boc-Thr(O-Bz1), 

NO-Boc-Pen(S-4-MeBzl), NO-Boc-Thr(O-Bzl), NO-Boc-Lys(N€-2-C1Z), NO

Boc-D-Trp, NO-Boc-Tyr(O-2,6-C12-Bz1), N°-Boc-Cys(S-4-MeBzl), and NQ

Boc-D-Tic gave D-Tic-Cys(S-4-MeBzl)-Tyr(O-2,6-C12-Bz1)-D-Trp-Lys(Nf

ClZ)-Thr(O-Bzl)-Pen(S-4-MeBzl)-Thr(O-Bzl)-resin. The workup was 
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identical to that described for 4. The yield was 15%. Amino acids 

analysis; Tyr 1.0 (1.0), Thr 1.92 (2.0), Lys 1.00 (1.0). Additionally, 

a lH NMR spectrum confirmed the amino acid constitution and relative 

abundance (Kazmierski and Hruby, 1988): Tyr(Ar), 4H (1.0), Cys(a) 1.06 

H (1.0), Pen(a) 1.08 H (1.0), D-Tic(fi-CH2) 2.13 H (1.00). The TLC, 

HPLC, FAB-MS data are presented in Table 3. 

D-Tic-Cys-Tyr-D-Trp-Orn-Thr-P~n-Thr-NH2' TCTOP, 9. 

The title compound was synthesized in analogy to TCTP (8), except that 

Na-Boc-Orn(Z) was used instead of Na -Boc-Lys(N f -2-C1-Z) in the 

coupling scheme to give D-Tic-Cys(S-4-MeBzl)-Tyr(O-2,6-C12-Bzl)-D-Trp

Orn(Z)-Thr(O-Bzl)-Pen(S-4-MeBz1)-Thr(O-Bz1)-resin. The workup was 

identical to that described for 4. The yield was 13%. Amino acids 

analysis: Tyr 1.05 (1.0), Thr 1.93 (2.0), Orn .93 (1.0). Additionally, 

a 1H NMR spectrum confirmed the amino acid constitution and relative 

abundance: Tyr(Ar), 4.00 H (1.0), D-Trp(Ar, C4H) .97 (1.00), Cys(a) 

1.03 H (1.0), Pen(a) 1.08 H (1.0), D-Tic (fi-CH2) 2.16 H (1.00) . The 

TLC, HPLC, FAB-MS data are presented in Table 3. 

D-Tic-Cys-Tyr-D-Trp-Arg-Thr-P~n-Thr-NH2' TCTAP, 10. 

The title compound was prepared the same way as TCTP (8) was, except 

that Na-Boc-Arg(NG-Tos) was coupled instead of Na -Boc-Lys(N f -2-C1Z) in 

the coupling scheme to give D-Tic-Cys(S-4-MeBzl)-Tyr(O-2,6-C12-Bzl)-D

Trp-Arg(NG-Tos)-Thr(O-Bzl)-Pen(S-4-MeBzl)-Thr(O-Bzl)-resin. The workup 

was identical to that described for 4. The yield was 13%. Amino acids 

analysis: Tyr 1.02 (1.0), Thr 1.90 (2.0), Arg .96 (1.0). 
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Additionally, a lH NMR spectrum confirmed the amino acid constitution 

and relative abundance: Tyr(Ar) 4.00H (1.0), Cys(a) 1.03H (1.0), 

Pen(a) 1.10H (1.0), D-Trp(Ar, C4H) 1.12H (1.00), D-Tic(~-CH2) 2.08H 

(1.00). The TLC, HPLC, FAB-MS data are presented in Table 3. 

D-N-Me-Phe-Cys-Tyr-D-Trp-orn-Thr-P~n-Thr-NH2' 11. 

Na-Boc-D-N-Me-Phe was synthesized as previously described (Mc Dermott 

and Benoiton, 1973). The title peptide was synthesized the same way as 

TCTOP (9), except that Na-Boc-D-N-Me-Phe was used instead of Na-Boc -

D-Tic in the coupling scheme. The workup was identical to that 

described for 4. The yield was 18%. Amino acids analysis: Tyr .99 

(1.0), Orn 1.00 (1.0), Thr 1.98 (2.0). Additionally, a lH NMR 

spectrum (Kazmierski and Hruby, 1988) confirmed the amino acid 

constitution and relative abundance: Tyr(Ar), 4.00H (1.0), Cys(a) 

1.00H (1.0), D-Trp(Ar, C4H) .98H (1.00), Pen(a) 1.00H (1.0), D-N-Me-

Phe(a) 1.00H (1.00). The TLC, HPLC, FAB-MS data are presented in Table 

3. 

, i 
Gly-D-Tic-Cys-Tyr-D-Trp-Orn-Thr-Pen-Thr-NH2,12. 

The title compound 12 was obtained in a manner analogous to TCTOP (9), 

except that after coupling of Na-Boc-D-Tic and deprotection, Na-Boc-

Gly was coupled and deprotected. The completion of this reaction was 

monitored by the chloranil test (Christensen, 1979). The protected 

Gly-D-Tic-Cys(S-4-MeBzl)-Tyr(O-2,6-C12-Bzl)-D-Trp-Orn(Z)-Thr(O-Bzl)-

Pen(S-4-MeBzl)-Thr(O-Bzl)-resin was worked up as 4. The yield was 

11%. Amino acids analysis: Tyr 0.96 (1.0), Thr 1.98 (2.0), Orn 1.04 

------------------------------------------------ ---------------
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(1.0), Gly 1.01 (1.00). Additionally, a IH NMR spectrum confirmed the 

amino acid constitution and relative abundance (Kazmierski and Hruby, 

1988): Tyr(Ar) 4.00 H (1.0), Cys(a) 1.00 H (1.0), Pen(a) 1.03 H (1.0), 

D-Trp(C4H) 0.98 H (1.00). The TLC, HPLC, FAB-MS data are presented in 

Table 3. 

D-Trp-Cys-Tyr-D-Trp-Lys-Thr-P~n-Thr-NH2' 13. 

The title compound was synthesized in a manner analogous to 8, except 

that Na-Boc-D-Trp was used instead of Na-Boc-Q-Tic in the coupling 

scheme, giving D-Trp-Cys(S-4-MeBzl)-Tyr(O-2,6-C12-Bzl)-D-Trp-Lys(NC-2-

CIZ)-Thr(O-Bzl)-Pen(S-4-MeBzl)-Thr(O-Bzl)-resin. The workup was 

identical to that described for 4. The yield was 13%. Amino acids 

analysis: Tyr 0.97 (1.0), Thr 1.95 (2.0), Lys 1.03 (1.0). 

Additionally, a IH NMR spectrum confirmed the amino acid constitution 

and relative abundance: Tyr(Ar), 4.00H (1.0), Cys(a) 0.94 H (1.0), 

Pen (a) 1.03 H (1.0). The TLC, HPLC, FAB-MS data are presented in Table 

3. 

D-Tic-Cys-Tyr-D-Trp-Lys-P~n-Thr-NH2' 14. 

The title compound was synthesized similarly to TCTP 8, except that 

Na -Boc-Lys(NC-2-ClZ) was coupled to Pen(S-4-MeBzl)-Thr(O-Bzl)-resin, 

without coupling of Na-Boc-Thr(O-Bzl). The obtained D-Tic-Cys(S-4-

MeBzl)-Tyr(O-2,6-C12-Bzl)-D-Trp-Lys(NC-2-ClZ)-Pen(S-4-MeBzl)-Thr(O

Bzl)-resin was worked up as described for 4. The yield was 13%. Amino 

acids analysis: Tyr 1.03 (1.0), Thr 0.93 (1.0), Lys 1.01 (1.0). 

Additionally,' a IH NMR spectrum confirmed the amino acid constitution 

and relative abundance: Tyr(Ar), 4.00 H (1.0), Cys(a) 1.03 H (1.0), 
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Pen(Q) 1.05 H (1.0), D-Tic(Ar) 4.20 H (1.0). The TLC, HPLC, FAB-MS 

data are presented in Table 3. 

j i 
D-Phe-Cys-Tyr-D-Trp-Orn-Thr-Pen-NH2, 15. 

D-Phe-Cys(S-4-MeBzl)-Tyr(0-2,6-C12-Bzl)-D-Trp-Orn(Z)-Thr(O-Bzl)-Pen(S-

4-MeBzl)-resin was obtained by a similar coupling scheme as for 

TCTOP,9, except that NQ-Boc-D-Phe was used instead of N-Boc-D-Tic, and 

NQ-Boc-Pen(S-4-MeBzl) was directly coupled·to the resin. The workup 

was identical to that described for 4. The yield was 14.8%. Amino 

acids analysis: D-Phe 0.99 (1.0), Tyr 0.99 (1.0), Thr 0.95 (1.0), Orn 

1.01 (1.0). Additionally, a 1H NMR spectrum confirmed the amino acid 

constitution and relative abundance: Tyr(Ar), 4.00 H (1.0), Cys(Q) .98 

H (1.0), Pen(Q) 1.00 H (1.0), D-Trp(C4H) .93 H (1.0). The TLC, HPLC, 

FAB-MS data are presented in Table 3. 

D-Phe-Cys-Tyr-D-Trp-Lys-Thr-P~n-NH2' 16. 

This peptide was synthesized as was 15, except that NQ-Boc-Lys(N€-2-

ClZ) was used instead of NQ-Boc-Orn(Z) in the coupling scheme, giving 

D-Phe-Cys(S-4-MeBz1)-Tyr(0-2,6-C12-Bz1)-D-Trp-Lys(N€-2-C1Z)-Thr(0-

Bzl)-Pen(S-4-MeBz1)-resin. The workup was identical to that described 

for 4. The yield was 16.3%. Amino acids analysis: D-Phe 0.98 (1.0), 

Tyr 1.02 (1.0), Thr 0.95 (1.0), Lys 1.05 (1.0). Additionally, a 1H NMR 

spectrum confirmed the amino acid constitution and relative abundance: 

Tyr(Ar), 4.00 H (1.0), Cys(Q) 0.97 H (1.0), Pen(l) 6.4 H (1.0). D-



Trp(C4H) 0.94 H (1.00). The TLC, HPLC, FAB-MS data are presented in 

Table 3. 

D-Phe-Cys-Tyr-D-Trp-Lys-Thr-P~n-Asn-NH2' 17. 
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The title compound was synthesized similarly to the synthetic scheme 

used for I, except that Na-Boc-Asn was coupled to the resin instead of 

Na-Boc-Thr(O-Bzl), giving D-Phe-Cys(S-4-MeBzl)-Tyr(O-2,6-C12-Bzl)-D

Trp-Lys(N€-2-Clz)-Thr(O-Bzl)-Pen(S-4-MeBzl)-Asn-resin. The workup was 

identical to that described for 4. The yield was 13%. Amino acids 

analysis: D-Phe 1.00 (1.0), Tyr 1.02 (1.0), Asn 1.02 (1.0), Thr 0.99 

(1.0), Lys 1.02 (1.0). Additionally, a lH NMR spectrum confirmed the 

amino acid constitution and relative abundance: Tyr(Ar) 4.00 H (1.0), 

Cys(a) 1.00 H (1.0), Pen(l) 6.00 H (1.0), D-Trp(Ar, C4H) 0.99H (1.0), 

Thr(l) 3.lH (1.00). The TLC, HPLC, FAB-MS data are presented in Table 

3. 

D-Phe-Cys-Tyr-D-Trp-Lys-Thr-pkn-Asp-NH2, 18. 

This peptide was synthesized according to the synthetic scheme for 17, 

except that Na-Boc-Asp(fi-Bzl) was used instead of Na-Boc-Asn, giving 

D-Phe-Cys(S-4-MeBzl)-Tyr(O-2,6-C12-Bzl)-D-Trp-Lys(N€-2-ClZ)-Thr(O

Bzl)-Pen(S-4-MeBzl)-Asp-resin. The workup was identical to that 

described for 4. The yield was 13.4%. Amino acids analysis: D-Phe 1.00 

(l.O), Tyr l.01 (l.O), Asp l.01 (l.O), Thr 0.95 (l.O), Lys 0.99 (l.0). 

Additionally, a lH NMR spectrum confirmed the amino acid constitution 

and relative abundance: Tyr(Ar) 4.00 H (1.0), Cys(a) 0.95 H (1.0), 

Pen(a) 1.08 H (1.0), D-Trp(Ar) 5.30 H (1.0). The TLC, HPLC, FAB-MS 

data are presented in Table 3. 

~~~----------~--------------~~---------
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D-Tic-Cys-Tyr-D-Trp-Lys-Thr-P~n-Val-NH2' 19. 

The title peptide was synthesized as was TCTP (8), except that Na-Boc-

Val was coupled to the resin instead of Na-Boc-Thr(O-Bzl), yielding D-

Tic-Cys(S-4-MeBzl)-Tyr(O-2,6-C12-Bzl)-D-Trp-Lys(N€-2-ClZ)-Thr(O-Bzl)-

Pen(S-4-MeBzl)-Val-resin. The workup was identical to that described 

for 4. The yield was 12.7%. Amino acids analysis: Tyr 0.97 (1.0), Val 

0.98 (1.0), Thr 0.92 (1.0), Lys 1.06 (1.0).- Additionally, a lH NMR 

spectrum confirmed the amino acid constitution and relative abundance: 

Tyr(Ar) 4.00 H (1.0), D-Tic(P-CH2) 2.09 H (1.00), Cys(a) 0.97 H (1.0), 

Pen (a) 0.95 H (1.0). The TLC, HPLC, FAB-MS data are presented in Table 

3. 

i i 
D-Phe-Cys-Tyr-D-Trp-Lys-Thr-Pen-Ser-NH2, 20. 

The title peptide 20 was synthesized like 17, except that Na-Boc-

Ser(O-Bzl) was used instead of Na-Boc-Asn in the coupling scheme, 

giving D-Phe-Cys(S-4-MeBzl)-Tyr(O-2,6-C12-Bzl)-D-Trp-Lys(N€-2-ClZ)-

Thr(O-Bzl)-Pen(S-4-MeBzl)-Ser(O-Bzl)-resin. The workup was identical 

to that described for 4. The yield was 16.3%. Amino acids analysis: D-

Phe 0.98 (1.0), Tyr 1.04 (1.0), Ser 0.95 (1.0), Thr 0.94 (1.0), Lys 

1.02 (1.0). Additionally, a IH NMR spectrum confirmed the amino acid 

constitution and relative abundance: Tyr(Ar) 4.00 H (1.0), Cys(a) 0.97 

H (1.0), Pen (a) 0.97 H (1.0), D-Trp(Ar) 0.97H (1.0). The TLC, HPLC, 

FAB-MS data are presented in Table 3. 

D-Tic-Cys-Tyr-D-Trp-Lys-Thr-P~n-Ser-NH2' 21. 
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This peptide was synthesized similarly to 19, except that NQ-Boc

Ser(O-Bzl) was coupled to the resin instead of NQ-Boc-Thr(O-Bzl), 

giving D-Tic-Cys(S-4-MeBzl)-Tyr(O-2,6-C12-Bzl)-D-Trp-Orn(Z)-Thr(O

Bzl)-Pen(S-4-MeBzl)-Ser(O-Bzl)-resin. The workup was identical to that 

described for 4. The yield was 14.8%. Amino acids analysis: Tyr 1.00 

(1.0), Ser 0.95 (1.0), Thr 0.95 (1.0), Lys 1.08 (1.0). Additionally, a 

lH NMR spectrum confirmed the amino acid constitution and relative 

abundance: Tyr(Ar) 4.00 H (1.0), Cys(Q) 0.92 H (1.0), Pen(Q) 0.94 H 

(1.0), D-Trp(C4H) 0.97 H (1.0). The TLC, HPLC, FAB-MS data are 

presented in Table 3. 

Synthesis of alkylamino peptide bond isosteres. 

D-Phe-Cys-Tyr-D-Tca-Orn-Thr-P~n-Thr-NH2' 22. 

The title peptide was synthesized like 2, except that NQ-Boc-D-Tca was 

coupled to the appropriate peptide resin fragment (H)-Orn(Z)-Thr(O-

2,6-C12Bzl)-Pen(S-4-MeBzl)-Thr(O-2,6-C12-Bzl)-resin , yielding Boc-D

Phe-Cys(S-4-MeBzl)-Tyr(O-2,6-C12-Bzl)-D-Tca-Orn(Z)-Thr(O-Bzl)-Pen(S-4-

MeBzl)-Thr(O-Bzl)-resin. Workup as for 4 gave the title compound 22 

with the yield 23%. The structure of peptide 22 was confirmed by lH 

NMR analysis (vide infra). D-Tca (1,2,3,4-tetrahydro-~-carboline, 

Figure 9) was synthesized by described methods (Harvey et al., 1941). 

D-Trp 45g (242 mM; Sigma, 115F-0603) was suspended in 89 ml of 

distilled water. 9.77g (245 mM) of NaOH was added, the temperature 

brought up to 37°C, and the mixture stirred until D-Trp was dissolved. 

Then 22g of 37% formaldehyde was added, and the reaction proceeded for 

3 hrs. Unlike in the original procedure (Harvey et al., 1941), 

nitrogen was passed through the reaction medium to prevent the 
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oxidation of D-Trp. The reaction was terminated and the product 

precipitated with a stoichiometric amount of 6N HCl (final pH was 3). 

The final precipitate was slightly yellow, brown if carried out under 

original conditions. The fine precipitate was left overnight in the 

refrigerator, filtered, suspended in 3/2 (v/v) EtOH/water (400 ml). 

and refluxed for 30 min. The suspension was filtered off, washed and 

dried in vacuo. Yield 88.5%. 

13C NMR (250 MHz, D20+HC1): 173.80 (CO), 139.2 (Ar), 128.2 (Ar). 127.7 

(Ar) , 122.47 (Ar). 120.5 (Ar). 119.52(Ar),114.13 (Ar), 106.80 (Ar), 

57.07 (Ca), 43.8 (CH2N). 23.93 (C~). 

Na-Boc-D-Tca was synthesized by standard methods in a yield of 93.4%. 

IH NMR (250 MHz, d6-DMSO, ppm): 10.86 (indole, J=11.5). 7.41 (d. 

J=7.6). 7.27 (d, J=7.29), 7.04 (t, J=7.0), 6.95 (t. J=7.2), 5.14+5.04 

(d. J-5.8 + d. J=5.7), 4.73+4.44 (d, J=16.3 + d. J=16.3), 4.69+4.33 

(d,16.6 + d, J-16.7). 3.28 (m), 2.96 (rn). [a]20D=-83.53 (c=0.5. HOAc). 

Rf=.87 (n-butanol/acetic acid/water, 4/1/1, v/v/v. Analtech Silica Gel 

Plates). 

Synthesis of Boc-Tyr(O-2,6-C12-Bzl)-CHO. 

1.Synthesis of Boc-Tyr(O-2,6-C12-Bzl)CON(OCH3)CH3. 

This compound was synthesized by the racemization free method of 

Fehrentz and Castro (1983). 4.75g (10.8mM) of Boc-Tyr(O-2,6-C12-Bzl) 

was dissolved in 7 ml of DCM, and 1.05 g (10.4 mM) of triethylamine 

was added. After cooling to O°C. 4.60g of BOP (in 7 ml of DCM) was 

added. After 5 min., 1.47g (14.5 mM) of O,N-dimethylhydroxylamine and 

1.50g (14.9 mM) of triethylamine were added. The mixture was warmed 
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to RT. After 60 min., it was diluted with OCM (150 m1), then 

successively washed with 3N HC1 (3x15 m1), saturated sodium hydrogen 

carbonate solution (3x10 m1) and saturated sodium chloride solution 

(3x20m1). The organic phase was dried with magnesium sulfate and the 

solvent evaporated. The crude product was purified on silica gel (230-

400 mesh, Aldrich). The yield of the purified solid was 83%. 

Rf=0.65 (95/5/1, v/v/v, chloroform/methanol/acetic acid, Ana1tech 

silica gel plates), Rf=0.73 (ethyl acetate,- Ana1tech silica gel 

plates) . 

1H NMR (250 MHz, d6-0MSO): 7.50 (m,2,6-C12-Bzl,3H), 7.07(d+d, J=8.5 

Hz, 4H), 7.15 (d, NH, 1H), 5.176 (s, CH2Bz1, 2H), 4.50 (m, aH,lH), 

3.72 (s, OCH3, 3H), 3.10 (s, N-CH3, 3H), 2.76(dd+dd, 4.0 HZ,9.9 Hz, 

~H, 2H), 1.30+1.22 (s+s, Boc, 9H). 

2.Synthesis of Boc-Tyr(0-2,6-C12-Bzl)-CHO. 

3.7g (7.6 mM) of Boc-Tyr(O-2,6-C12-Bz1)CON(OCH3)CH3 was dissolved in a 

mixture of 100 m1 of anhydrous ethyl ether and 60 m1 of freshly 

distilled TFA, followed by cooling to O°C. LAH (0.87g. 22.8 mM) was 

added portionwise while stirring over 15 min. The reaction was allowed 

to proceed for 20 more minutes at O°C, and then the excess LAH was 

hydrolyzed with ca. 10 m1 of ethyl acetate. and the lithium-amide 

complex (2. Figure 22) was hydrolyzed with 5% citric acid solution 

(added dropwise). The mixture was vigorously stirred for 30 more 

minutes. Then ethyl ether was added (100 m1). and the aqueous phase 

separated and extracted with ether (3x40 m1). The organic phases were 

combined. washed with 3N hydrochloric acid (3x20 m1). saturated sodium 

hydrogen carbonate (3x20 ml). and saturated sodium chloride solution 

._-----------------------------------
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evaporated leaving an oily product (TLC pure) in 94% yield. 
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lH NMR (250 MHz, d6-DMSO); 9.51 (s, CHO, lH), 7.50 (m, 2,6-C12-Bzl, 

3H), 7.28 (d, NH, 7.6 Hz, lH), 7.06 (d+d, 8.5 Hz, ar., 4H), 5.17 (s, 

CH2Bzl, 2H), 4.03(m, aH, lH) , 3.03 (dd, 4.5 Hz, 14 Hz,~H, lH), 

2.65(dd, 10.0 Hz, 13.9 Hz, fiH, lH), 1.34 (s, Boc, 9H). 

TLC:Rf=.54 (95/5/1, chloroform/methanol/acetic acid, v/v/v, Kieselgel 

60 F-254 silica gel). 

Synthesis of Boc-Cys(S-4-MeBzl)-CHO. 

Boc-Cys(S-4-MeBzl)CON(OCH3)CH3 was synthesized as was 

Boc-Tyr(0-2,6-C12-Bzl)CON(CH3)CH3 (vide supra), except that 5% citric 

acid was used instead of 3N hydrochloric acid for the extraction of 

the unreacted O,N-dimethylhydroxylamine. After silica gel purification 

(hexane/ethyl acetate, 1/1) the yield was 78%. Rf=.62 (95/5/1, v/v/v, 

chloroform/methanol/acetic acid, Analtech silica gel plates). lH 

NMR(250 MHz, d6-DMSO): 7.15 (d+d, J=8.0Hz, ar, 4H), 7.14 (d, NH, lH), 

4.60 (m, a-H, lH), 3.69 (CH2Bzl, 2H), 2.56 (dd+dd, 5.5Hz, 8.9Hz, ~-H, 

2H), 2.26 (MeBzl, 3H), 1.38 (t-Bu, 9H). The synthesis of 

Boc-Cys(S-4-MeBzl)-CHO was carried on as described for 

Boc-Tyr(O-2,6-Cl-Bzl)CHO (vide supra), except that 5% citric acid and 

not 3N hydrochloric acid was used for the acidic extraction, yielding 

a clear oil (91.5%) Rf-.50 (95/5/1, v/v/v, chloroform/methanol/acetic 

acid, Analtech silica gel plates). 

-----------------_._--------.-.- --------
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1 NMR (250MHz, d6-DMSO): 9.43 (s,CHO, lH), 7.43 (d, 7.9Hz, NH, lH), 

7.13 (d+d, 8.0Hz, ar, 4H), 4.05(m, a-H, lH), 3.70 (s, CH2Bzl), 2H), 

2.79 (dd, 5.0Hz, l3.8Hz, P-H, lH), 2.51 (dd, 9.0Hz, l3.8Hz, P-H, lH), 

2.26 (s, CH3Bzl, 3H), 1.32 (s, t-Bu, 9H). 

Boc-Tyr(O-2,6-C12-Bzl)-~[CH2Nl-D-Tca-OMe, 28. 

Boc-Tyr(O-2,6C12Bzl)CHO (0.5g, 1.13 mM) and 0.96g (2.5mM) of D-Tca

OMe were dissolved in 2ml of DMF (negative ninhydrin test) and 0.02ml 

acetic acid. Then 0.20g (3mM) of sodium cyanoborohydride (Aldrich) was 

added portionwise (over 20 min.) and the mixture stirred for 2 hrs. 

The reaction was monitored by TLC (4/1/1 ,v/v/v, butanol/acetic 

acid/water, Analtech silica gel plates). DMF was evaporated in vacuo, 

then 10 ml of saturated NaHC03, 4 ml of saturated sodium chloride, and 

20 ml of ethyl acetate were added and extracted (repeated twice, 

organic phase collected). The organic phase was dried over magnesium 

sulfate, and the solvent evaporated to yield a clear oil, yield 0.70 

g, 75%. Purification was carried out on a silica gel column (Aldrich, 

230-400 mesh) using 1/1 ethyl acetate/hexane. Rf=0.82 (ethyl acetate, 

Analtech silica gel plates). The structure was confirmed by NMR 

methods (vide infra). 

D-Tca-OMe was obtained according to the procedure of Schwartz 

et al. (1957). Yield 98.3% of the final solid product. Rf=0.56 (4/1/1, 

butanol/water/acetic acid, v/v/v, Analtech silica gel plates). lH NMR 

(250MHz, d6-DMSO): 10.85 (s,indole NH, lH), 10.34 (broad, HCl), 7.47 

- .---.---- --------
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(d, 7.7Hz, Ar, lH), 7.36 (d,8.0Hz, Ar, lHO, 7.10 (t, 7.lHz, Ar, lH), 

7.01 (t, 7.5Hz, Ar, 1H), 4.63 (dd, 5.3Hz, 10.OHz, a-H, 1H), 4.39 (5. 

N-CH2' 2H), 3.81 «s,OCH3, 3H), 3.29 (5.3Hz, 16Hz, dd, fi-CH2, 1H), 

3.06 (lO.lHz, l6.0Hz, dd, fi-CH2. lH). 

D-Phe-Cys-Tyr-~[CH2NH1-D-Trp-orn-Thr-P~n-Thr-NH2' 23. 

lmM of TFA·D-Trp-Orn(Z)-Thr(O-Bzl)-Pen(S-4-MeBzl)-Thr(O-Bz1)-resin 

fragment was synthesized as in 2. Following TFA-mediated cleavage of 

the t-butoxycarbonyl protecting group of D-Trp. the resin was washed 4 

times with DCM without neutralization. Then, 1.66 g of Boc-Tyr(0-2,6-

C12-Bzl)CHO was dissolved in 30 ml of fresh DMF containing 1% acetic 

acid and added to the reaction vessel containing the peptide fragment 

on the resin. 0.19 g of sodium cyanoborohydride was added portionwise 

and reaction allowed to proceed for 1 hr. Due to the positive result 

of the ninhydrin test, reductive alkylation reaction was repeated with 

the same quantities of reagents and quenched after 3 hrs (negative 

ninhydrin test). The resulting Boc-Tyr(O-2,6-C12-Bzl)-~[CH2NH1-D-Trp-

Orn(Z)-Thr(O-Bzl)-Pen(S-4-MeBzl)-Thr(O-Bzl)-resin was deprotected and 

then Boc-Cys(S-4-MeBzl) coupled and deprotected, followed by a coup-

ling and deprotection of Boc-D-Phe. The resulting peptide resin was 

cleaved with HF and worked up as for 9 yielding 14.6% of the title 

peptide. Analytical data are given in Table 3. The composition of 23 

was independently confirmed by FAB-MS and 1H NMR investigation. 

, i 
.D-Phe-Cys-Tyr-~[CH2Nl-D-Tca-Orn-Thr-Pen-Thr-NH2' 24. 

The title peptide was synthesized in a manner similar to 23, except 

.... _. __ ._ .. __ .. _ .. _------------_ .... -------



81 

that Boc-D-Tca was used instead Boc-D-Trp in the coupling scheme. 

Chloranil was used to monitor the extent of reductive alkylation. To 

perform it in a reliable way, the resin sample was carefully neutrali-

zed with DlEA, followed by DCM wash (3x). The yield of the pure 

peptide was 22.3%. The composition of 24 was corroborated by FAB- MS 

(Table 3) and 1H NMR experiments. 

j • i 
D-Phe-Cys-T~c-D-Trp-Orn-Thr-Pen-Thr-NH2' 25. 

The synthesis of title peptide 25 was accomplished as for 2, except 

that Boc-Tic was used instead of Boc-Tyr(O-2,6-C12-Bz1) in the coup-

ling scheme. Coupling of the next amino acid Boc-Cys(S-4-MeBz1) was 

monitored by a ch10rani1 test. The resulting Boc-D-Phe-Cys(S-4-MeBz1)-

Tic-D-Trp-Orn(Z)-Thr(O-Bz1)-Pen(S-4-MeBz1)-Thr(O-Bz1)-resin was 

cleaved with HF and subjected to the work-up procedure described for 

peptide 4. Yield 18.9%. The structure of peptide 25 was confirmed by 

11-1 NMR and FAB-MS experiments (Table 3). 

Boc-Tic was been obtained analogously to Boc-D-Tic with a yield of 

71.3% after the first step (PictetSpeng1er reaction) and 94% after the 

Boc protection procedure. [a]25 D - 17.8 (c=l, HOAc). 1H NMR (250 MHz, 

d6-PMSO): 7.25-7.11 (m, Ar, 4H), 4.86 (m, a-I-I, 0.5H), 4.67-4.32 (m, 

a-I-I+NCI-I2, 2.5H), 3.10 (dd+dd, fi-CI-I2, 21-1), 1.38+1.47 (s+s, t-Bu, 9H). 

Rf=0.64 ch10roform/methanol/ acetic acid, 95/5/1, v/v/v, silica gel 

plates). 

D-Pg1-Cys-~[CI-I2N]-Tic-D-Trp-Orn-Thr-P&n-Thr-NH2' 26. 
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The synthesis of the title peptide 26 was analogous to that of 25, 

except that after incorporation and deprotection of Boc-Tic, resulting 

in a peptide fragment Tic-D-Trp-Orn(Z)-Thr(O-Bzl)-Pen(S-

4-MeBzl)-Thr(O-Bzl)-resin, reductive alkylation was carried out, 

analogous to that described for peptide 24. Boc-Cys(S-4-MeBzl)-CHO, 

(1.04 g, 3.25 mM) was dissolved in 30 ml of fresh DMF containing 1% 

acetic acid, followed by a stepwise addition of 0.6 g of sodium 

cyanoborohydride. After 80 min. the reaction was terminated and 

repeated with the same amounts of reagents to assure its completeness. 

Deprotection of the fragment Boc-Cys(S-4-MeBzl)-~[CH2Nl-Tic-D-Trp-

Orn(Z)-Thr(O-Bzl)-Pen(S-4-MeBzl)-Thr(O-Bzl)-resin was followed by 

coupling and deprotection of Boc-D-Pgl. The resulting peptide-resin 

underwent similar work-up procedure to that of 24, yielding 17.6% of 

the final peptide 26. Its composition was confirmed by lH NMR and 

FAB-MS analysis (Table 3). 

D-Phe-Cys-~[CH2Nl-Tic-D-Trp-Orn-Thr-Pen-Thr-NH2' 27. 

The title peptide was synthesized like 26, except that Boc-D-Phe 

replaced Boc-D-Pgl in the reaction scheme, giving D-Phe-Cys-~[CH2Nl-

Tic-D-Trp-Orn(Z)-Thr(O-Bzl)-Pen(S-4-MeBzl)-Thr(O-Bzl)-resin. The 

work-up as for 26 gave the title peptide 27 with a yield of 20.3%. The 

structure was confirmed by FAB-MS analysis and lH NMR analysis (Table 

3) . 

i , 
D-Phe-Cys-Tyr-D-Trp-Lys-Thr-D-Pen-Thr-NH2, CTDP 29. 



83 

This peptide was synthesized similarly to 1, except that 

Boc-D-Pen(S-4-MeBzl) was used instead of its L isomer in the reaction 

scheme, yielding D-Phe-Cys(S-4-MeBzl)-Tyr(0-2,6-C12-Bzl)-D-Trp

Orn(Z)-Thr(0-Bzl)-Pen(S-4-MeBzl)-Thr(0-Bzl)-resin. Standard work-up as 

for 4 gave the title peptide 29. lH NMR analysis confirmed the 

structure of 29 (Sugg et al., 1988). 

Experimental Conditions for the NMR Experiments. 

Each sample (5 mg) was dried in vacuo, dissolved in 0.3 ml of 

d6-DMSO (100% D atom, Aldrich), run through several thaw and freeze 

cycles and sealed. All spectra (recorded at 303 K, except for variable 

temperature experiments) were acquired with a Bruker AM-250 or WM- 250 

spectrometer equipped with an Aspect 3000 or 2000 computer, respecti

vely. 

Signals in a lD spectrum (digital resolution O.lHz/pt) were 

assigned by using a combination of 2D NMR techniques. Phase sensitive 

COSY (Marion and Wuthrich, 1983; Rance et al., 1983), employing time

proportional phase increments (TPPI), allowed the assignment of 

intraresidual resonances. Pulse sequence: Dl-90-DO-90-D3-90-FID, 

Dl=l.Os, DO=O.000003s. 

Zero and first order phase correction from the lD spectrum 

was applied, along with zero filling in the Fl dimension; shifted 

sine-bell mUltiplication was applied in both dimensions prior to FT. 

----- ----- --------



Digital resolution in Fl was 5.2 Hz/pt, and in F2 was 2.6 Hz/pt, in 

all cases. 
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Homonuclear dipolar correlated 2D NMR (NOESY) was used to 

trace interresidual connectivities between NHi+l and CH i
a , as well as 

to provide important information regarding the secondary structure of 

the peptide. The pulse sequence was: Dl-90-DO-90-D3-90-FID, Dl = 1.5s, 

D9 = 0.3s. Data manipulation: zero filling in Fl, square sine-bell 

multiplication was applied in both directions prior to FT. Digital 

resolution in Fl and F2 = 2.6 Hz, in all cases. 

Confirmation of congested spectral region assignments (~ 

protons) was accomplished with homonuclear shift-correlated 2D NMR 

with delay (Bax and Freeman, 1981), emphasizing 4J coupling constants 

between o-hydrogens of aromatic amino acids and ~-protons. Thus, the 

characteristic AA'XX'-like signals of Tyr aromatic ring protons 

provided unambiguous assignment of ~-CH2 of this amino acid (Figure 

23). The pulse sequence was: Dl-90-DO-D2-90-D2-FID, Dl = 1.5s, D2 = 

0.08s. Data manipulation: zero filling in Fl, square sine-bell 

multiplication in both directions was applied prior to FT. Digital 

resolution in both dimensions was 2.6 Hz/pt, in all cases. 

Temperature studies (303-328K range,S deg. intervals) were 

carried on to identify amide protons possibly involved in H-bonding, 

as well as to investigate the conformational rigidity of these 

peptides. 
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Figure 23. 

Long range COSY spectrum of G1Y-D-Tic-Cys-Tyr-D-Trp-Orn-Thr-P~n-Thr-NH2 

(303K, d6- DMSO) 

------------------_._---_._------



86 

Chapter 3. 

PHARMACOLOGICAL PROPERTIES OF THE SYNTHETIC SOMATOSTATIN ANALOGUES: 

RECEPTOR BINDING AND IN VITRO EXPERIMENTS. 

General Remarks. 

Three distinct structural and/or conformational properties of 

the octapeptide analogue 1 were examined with respect to their signi

ficance for interaction with mu and delta opioid receptors: 1) the im

portance of ring size was examined by its reduction; 2) the importance 

of the side chain conformation of the N-terminal D-Phe to opioid rece

ptor potency and selectivity was examined by the design and incorpora

tion of the the conformationally restricted amino acid D-Tic; and 3) 

the importance of the C-terminal Thr8 to mu opioid potency and sele

ctivity was examined by deleting this residue or structural changes. 

Analogues with reduced size from the 20-membered ring were 

examined by preparing the 14-membered ring compounds 4 and 5. This 

ring size is comparable to the one characterizing the delta-selective 

disulfide-containing enkephalins (Mosberg et al., 1982; Mosberg et 

al., 1983), which contained a Pen5 residue and those of Schiller et 

a1. (1985), which did not contain a Pen 5 residue and are somewhat mu 

opioid receptor selective. In addition, l7-membered ring analogues 6 

and 7 were made by deleting Lys5 or Thr6 , respectively. 

Peptides 1-3 (CTP, CTOP, CTAP, respectively) had been 

synthesized previously (Pelton et a1., 1985a; Pelton et.al., 1986). 

These compounds were resynthesized and retested in the course of this 
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GPI SPI 
Peptide IIgonism~ antagonism!) P~2 

i i 
1. ~-Phe-Cys-Tyr-~-Trp-lys-Thr-Pen-Thr-NH2 no yes 7.10 :t 0.17 

2. ~-Phe-C;s-Tyr-~-Trp-Orn-Thr-P~n-Thr-NH2 no yes 6.37 :t .07 

3. ~-Phe-C§s-Tyr-~-Trp-Arg-Thr-P~n-Thr-NH2 no yes 7.12- :t 0.08 , , 
R.10 :t 0.29 8. ~-Tic-Cys-Tyr-~-Trp-lys-Thr-Pen-Thr-NHz no yes 

9. ' i ~-Tic-Cys-Tyr-~-Trp-Orn-Thr-Pen-Thr-NHz no yes 7.3B :t 0.03 
i I T N 10. Q-Tic-Cys-Tyr-Q-Trp-Arg-Thr-Pen- hr- HZ no yes 8.69 :t 0.25 

13. D-Trp-C}s-Tyr-D-Trp-lys-Thr-pJn-Thr-NHz yes N.n. N.D. - -
19. !!.~Phe-Ch-Tyr-~-Trp-lys-Thr-P~n-Val -11HZ no yes 6.59 :t 0.13 

i i 
6.24 :t 0.11 20. Q-Phe-Cys-Tyr-~-Trp-lys-Thr-Pen-Ser-NH2 no yes 

Intrinsic agonist activity in GPI assay. 

Antagonism of Pl017-induced inhibition of electrical'y-1nduterl contractions of GPI. 

Table 5. Pharmacological characterization of selected somato
statin analogues in GPI assays. 

-.---.-~----.~-------
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work (Table 4, Table 5), for comparison with the new synthetic 

peptides. Slightly modified receptor binding protocols used in this 

study did not allow straightforward comparison with the old data (see 

Experimental). 

Reduced Ring Size Analogues. 

First, an effort has been made to explore the possibility of 

synthesizing active antagonist analogues of CTP, but with reduced ring 

size (from 20-membered to l4-membered and l7-membered). Peptides 

D-Tyr-Cys-Phe-Asn-pkn-Thr-NH2 (4) and D-Phe-Cys-Tyr-Asn-Pen-Thr-NH2 

(5) are truncated analogues of somatostatin with l4-membered rings. 

They showed weak receptor binding activities (Table 4). Analogues 

D-Phe-Cys-D-Trp-Thr-D-Pen-Thr-NH2 (6) and D-Phe-Cys-Tyr-D-Trp-Lys-D

Pen-Thr-NH2 (7) which contain l7-membered rings and aD-penicillamine 

residue also showed little affinity to opioid or somatostatin recep-

tors (Table 4). Peptides 4-7 all showed a dramatic decrease of af

finity for both types of opioid receptors compared to 20-membered ring 

pep tides 1-3. 

Design Rationale. 

NMR investigations by Sugg et al. (1988) and Pelton et al. 

(1988) revealed that the potent analogue CTP (1) is characterized by a 

type II' ~-turn of the core tetrapeptide -Tyr-D-Trp-Lys-Thr- with 

hydrogen bonding between Tyr3(CO) and Thr6 (NH). Furthermore, 

conformational analysis of CTDP D-Phe-Cys-Tyr-D-Trp-Lys-Thr-D-Pen

Thr-NH2; (Sugg et al., 1988) also a 20-membered ring analogue with a 

D-Pen7 rather than L-Pen7 residue and possessing no significant ac

tivity for the mu opioid receptor, revealed that replacement of 
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L-Pen7 (in 1) with D-Pen7(in CTDP) is associated with a change in the 

helicity of the disulfide bond, being negative for CTP (1) and posi-

tive for CTDP. On the basis of these results, it was speculated that 

deletion of endocyclic amino acids LysS or Thr6 , each of which were 

part of the p-turn tetrapeptide fragment, prevented these peptides 

from attaining the type II' p-turn in the template and also negative 

disulfide helicity, thus reducing their affinities for the mu opioid 

receptor. 

Both CTP and CTDP exhibited similar conformation of the core tetrapep-

tide, characterized by a type II' p-turn, but have different disulfide 

helicities. One of the possible consequences of this observation -

design of many peptides in this study was based on this assumption -

is that change of the disulfide dihedral angle in CTDP caused an 

alteration of the relative spatial disposition of the exocyclic amino 

acids. Thus, the large decrease in affinity for mu receptors observed 

for CTDP suggested the importance of both exocyclic positions in the 

cyclic octapeptide for its interaction with the mu opioid receptor. 

This view was supported by lH NMR aided conformational analysis of the 

, I 
weakly potent analogue D-Pgl-Cys-Tyr-D-Trp-Lys-Thr-Pen-Thr-NH2 (PCTP; 

Kazmierski and Hruby, 1988). The singie substitution of D-phenylgly-

cine for D-phenylalanine in 1 caused a dramatic decrease (about 

ll-fold) in its affinity for mu, and a modest affinity increase (about 

2.S-fold) in binding to delta opioid receptors relative to CTP, as 

measured in a rat brain binding assay. It may be envisioned that D-Pg1 

exhibits two major conformational effects with regard to D-Phe. First, 

its aromatic ring has fewer rotational degrees of freedom. Second, 
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this ring (due to the lack of ~-carbon) is located closer to the 

peptide backbone. To examine whether these properties have any influ

ence on the backbone conformation, extensive conformational studies of 

this compound were made utilizing a variety of 10 and 20 lH NMR 

techniques (see Experimental). PCTP possesses a similar backbone 

conformation (~II'-turn, negative disulfide helicity; Figure 24, 

Figure 25, Figure 26) to CTP. Also, similar side chain conformer 

populations are found in both peptides suggesting that a more folded 

topography of PCTP (due to a lack of ~-carbon atom on O-Pgl; related 

to this is a change of spatial relationship between putative D-Pgl and 

Tyr aromatic ring pharmacophores) may be of biological significance. 

Apparently, more folded topography of the peptide is not compatible 

with strong interaction with the mu opioid receptor. 

In CTP, there is a large participation of the g(-) side 

chain rotamer for the D-Phe residue (Sugg et al., 1988), which leads 

to more extended topography. This suggests that freezing this particu

lar side chain conformation (via conformational constraints) should 

stabilize extended topography of the peptide, potentiating its intera

ctions with the mu opioid receptor. Tetrahydroisoquinoline carboxylic 

acid (Tic) would appear to be an excellent amino acid to test this 

hypothesis since only two discrete side chain conformations are 

possible for this residue (Figure 8). Furthermore it is suggested from 

model building that only the gauche(-) conformer, but not gauche(+), 

would correspond to an extended conformation. It should be emphasized 

that operationally D-Tic is a product of addition of a methylene unit 

bridging the a-N and the 2'-phenyl carbon of D-Phe (Figure 27). 



Analogues With NMterminal Modifications. 

Thus, D-Tic-cys-Tyr-D-Trp-Lys-Thr-P~n-Thr-NH2 (TCTP, 8), 

D-Tic-Cys-Tyr-D-Trp-Orn-Thr-Pen-Thr-NH2 (TCTOP, 9), and D-Tic-C§S: 

Tyr-D-Trp-Arg-Thr-pkn-Thr-NH2 (TCTAP, 10) were synthesized. 

93 

All three peptides indeed exhibited increased affinity for the mu 

opioid receptor, in comparison with CTP, CTOP, and CTAP, respectively 

(Table 4). However, there was no major influence of this new moiety on 

peptide binding to the somatostatin receptor. Thus, introduction of 

the conformationally constrained D-tetrahydroisoquinoline carboxylate 

instead of D-phenylalanine results in about a 2- to 3-fold increase in 

mu opioid receptor binding for 8, 9, and 10. TCTP (8) showed increased 

affinity for mu opioid receptors (3 times relative to CTP) and lower 

affinity (8 times) to the delta opioid receptor with an overall 

mu/delta selectivity of 7,770 compared with about 312 for CTP (Table 

4) in the binding assays. 

In analogy to its relative binding effects, the antagonistic 

potency of TCTP in the guinea pig ileum assay was 10 times greater 

than CTP (Table 5) as measured by its pA2 value for the antagonism of 

the mu agonist PLOl7 (Experimental). S"imilarly, TCTOP (9) has 3 times 

higher affinity for the mu opioid receptor (in comparison with CTOP) 

as well as higher mu vs, delta selectivity (9 times, Table 4). 

Remarkably, TCTOP (10) is also 10 times more potent on peripheral 

opioid receptors, when compared to CTOP (Table 5). Though TCTOP is 

equipotent and essentially equiselective to TCTP in the central opioid 
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NOESY spectrum of D-Pgl-Cys-Tyr-D-Trp-Lys-Thr-Pen-Thr-NH2 

(303K. d-6 DMSO) 
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NOESY spectrum of peTP, fragment illustrating NHS/NH6 cross-

relaxation (d6-DMSO, 303K). 
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binding assay, TCTOP was less potent in the peripheral mu opioid 

receptor bioassay (GPI) preparation. 
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Another analogue in this series - TCTAP (10)-is definitely 

the most potent mu opioid receptor antagonist yet synthesized (Kaz

mierski et al., 1988), with an in vitro pA2 = 8.69 (vs. 7.12 for CTAP, 

3), followed by TCTOP (9) with pA2 = 7.38 (vs. 6.37 for CTOP, 2), and 

TCTP (8) with pA2 8.10 (vs. 7.10 for CTP, 1). Replacement of Lys5 by 

Orn5 or Arg5 has been found to be deleterious for the affinity of the 

cyclic hexapeptides as well as cyclic octapeptides to the somatostatin 

receptor (Nutt et al., 1983; Pelton et al., 1986). Indeed, rat brain 

receptor binding studies show that TCTOP (9) exhibits a 2l-fold 

decrease of affinity for rat brain somatostatin receptor relatively to 

TCTP (8). Affinity of TCTAP (10) for somatostatin receptors is 35 

times lower than that of CTP. 

When the structurally, but not topographically - to be discus

sed further in the text (Kazmierski and Hruby, 1988) - similar amino 

acid D-N-Me-Phel (Figure 27) is substituted for D-Tic1 in TCTOP (9), 

the peptide D-N-Me-Phe-Cys-Tyr-D-Trp-Orn-Thr-P~n-Thr-NH2 (11) is 

obtained, and perhaps surprisingly, it exhibits a dramatic loss of 

affinity for the mu opioid receptor (approximately 200-fold with 

respect to analogue 9), while conserving equal affinity to delta 

opioid and somatostatin receptors compared to 9. 

The only nonapeptide in this series was G1Y-D-Tic-Cys-Tyr-D

Trp-Orn-Thr-P~n-Thr-NH2 (12), in which Gly is attached to TCTOP (9). 

It exhibited a sharp decrease of affinity for the mu opioid receptor 
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(about 200-fold with respect to 2), but a modest increase of affinity 

for the mu opioid receptor (about 200-fold with respect to 9). 

The strikingly different pharmacological profiles of peptides 11 and 

12 with respect to 8 have recently been interpreted by using a combi

nation of NMR studies and molecular modeling (Kazmierski and Hruby, 

1988; Kazmierski and Hruby, manuscript in preparation). While details 

of conformational analysis are presented further in the text, some 

essential findings will be quoted here for continuity reasons. It has 

been convincingly shown that the backbone conformation of 8, II, and 

12 is essentially similar and can be described by a PIl'-turn centered 

on the -Tyr-D-Trp-Orn(Lys)-Thr- tetrapeptide fragment. Also, helicity 

of the disulfide bridge fragment was not perturbed by structural 

modifications that occurred in the N-terminal position (negative 

dihedral angle). Detailed analysis of the side chain population 

distribution into the three staggered conformers, as the only detecta

ble difference between these so pharmacologically different peptides, 

showed that the side chain of D-Tic (8) exists exclusively in the 

gauche(-), whereas that of Gly-D-Tic1 (12) exclusively in the gauche 

(+) conformation. 

In peptide 11, due to steric interaction of phenyl and 

N-methyl groups trans side chain population is significant, unlike in 

potent CTP, 1. Figure 28 presents stacked conformations, consistent 

with the NMR parameters of both peptides (8 and PCTP). While the 

backbone conformation is very similar, there is a dramatic topographi

cal difference between them in their N-terminal moiety. A gauche(-) 

side chain of D-Tic (8) causes an increase in the distance between two 
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important opioid pharmacophores (D-Tic and Tyr - compare Figure 29) 

relative to that of PGTP, resulting in an extended topography of TGTP 

(8), relative to the folded topography of PCTP. Similar conclusions 

can be drawn from comparison of the topologies (determined from the 

NMR parameters) of peptides 9 and 12. The gauche(+) side chain confor

mation of the Gly-D-Tic dipeptide makes the topography of peptide 12 

relatively compact (Figure 30), in contrast to the extended conforma

tion of TCTP 8, Figure 31. Thus all three peptides (peTP, 11, and 12) 

have similar compact topographies, and all three display very similar 

pharmacological properties with greatly reduced potencies at the mu 

opioid receptor in rat brain binding studies. In contrast, the exten

ded topography found for CTP 8 allows this peptide to interact more 

strongly with the mu opioid receptors, and less readily with the delta 

receptors. 

These results support our previously described model for 

opioid receptor selectivity, namely that p and 8 opioid receptors 

require different peptide topographies. 

The importance of the N-terminal residue in these cyclic 

octapeptides for binding, and possibly for transduction, at opioid 

receptors, was further examined by design and synthesis of D-Trp-CY;: 

Tyr-D-Trp-Lys-Thr-P~n-Thr-NH2 13. Rat brain binding studies (Table 4) 

suggest that 13 is a quite potent (IC50 = 6.3 nM) and selective (> 

1,599) ligand for the mu receptor. However, unlike other compounds in 

this class, 13 has a strong agonistic action on GPI preparation at low 

concentrations. As this effect is only partially reversible with 

naloxone and ICI 174,864 in MVD preparations (data not shown), peptide 
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[Q-Tic'] eTP 

I 

[Q-Pgl] eTP 

Figure 28. Conformations of D-Tic-Cys-Tyr-D-Trp-Orn-Thr-pJn
Thr- NH2 (top)', and D- Pgl- Cys -Tyr- D-Trp -Orn-Thr - P€m
Thr-NH2 (bottom), energy minimized with use of the 
NMR constraints (CHARMM). 
Both structures have the same backbone conforma
tions, but different topographies. 
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Figure 29. Newman representation of the first four residues 
of D-Tic-CYs-Tyr-D-Trp-Lys-Thr-pJn-Thr- NH 2. 
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Figure 30. Newman representation of relative aromatic ring 
relationship in· Gly-D-Tic-C~s-Tyr~D-Trp-Orn-Thr-P~n-Thr-NH2 

consistent with the NMR data. 

- -- ---_.-----------_.---_.--------------
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[Gly-Q-Tic'] CTep 

[Q-Tic'] eTP 

Conformations of G1y-D-Tic-Cys-Tyr-D-Trp-Orn-Thr
~n-Thr-NH2 (top) and D-Tic-Cys-Tyr-D-Trp-Orn-Thr
ren-Thr- NH2 (bottom), energy minimized with NMR 
constraints (CHARMM). 
Both structures have the same backbone conforma
tions, but different topographies. 
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13 may provide a unique opportunity to investigate the structural 

relationships of opioid agonists and antagonist:s. Peptide 14 is yet 

another truncated analogue of potent TCTP 8, in which the endocyclic 

Thr6 has been deleted with respect to 8. This causes a dramatic 

decrease in affinity (about 1800 with respect to 8) for the mu opioid 

receptor. 

Modifications on the C-terminal Position. 

Finally we have examined the importance of The C-terminal 

Thr-NH2 residue for opioid and somatostatin receptor recognition. 

Analogue 15, which is identical to the potent analogue CTOP (2) except 

for the deletion of the exocyclic Thr8 residue, exhibited greatly 

reduced affinity (43 times lower than CTOP) for ~ as well as 0 recep

tors, while conserving low affinity (of the same order of magnitude as 

2) for somatostatin receptors. In the same manner, 16, an analogue of 

15 with Lyss substituting Orns as in I, showed greatly reduced affi

nity at the mu (approximately 31-fold, relative to I), as well as the 

delta opioid receptor, but not at the somatostatin receptor. 

Since previous studies had shown (Pelton et al., 1986) that a 

carboxamide C-terminal group greatly improves the ligand's affinity 

and selectivity for the mu opioid receptor relative to a carboxylate 

terminal group; the "double carboxamide" analogue D-Phe-Cys-Tyr-D-Trp

Lys-Thr-P~n-Asn-NH2 (17) was synthesized in order to determine 

whether an increased "concentration" of carboxamide groups at the C~ 

terminal would enhance binding to the ~ receptor. 17 exhibited lower 

affinity (by a factor of 10 or more) in all receptor bioassays. As 

------------------
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expected, however, an even sharper decrease of affinity to the mu 

opioid receptor was found for the analogue with a mixed carboxylic 

acid-carboxamide terminal, D-Phe-Cys-Tyr-D-Trp-Lys-Thr-Pen-Asp- NH2 

(18, Table 4). 

The SAR of analogues 15, 16, 17, and 18 (Table 4) suggested 

that the terminal threonine plays a very important role in binding of 

these analogues to mu receptors. On the basis of these findings, the 

relative importance of the hydrophobic p-methyl and hydrophilic 

p-hydroxyl moieties of Thr8 for their interaction with the mu receptor 

were further examined. Thus, D-Phe-Cys-Tyr-D-Trp-Lys-Thr-Pkn-Thr-NH2 

(19) and D-Phe-Cys-Tyr-D-Trp-Lys-Thr-pkn-Ser-NH2 (20) were synthesi

zed. In these analogues the poOH group of Thr8 has been replaced by a 

methyl group (19) or the p-methyl group has been replaced by a hydro-

gen (20), respectively. In the peripheral guinea pig ileum assay, both 

peptides were found to be moderately potent mu antagonists, although 

not as potent as CTP, with 19 being more potent than 20 (Table 5). In 

the rat binding assay order of potency is reversed, but both peptides 

are still less potent than CTP. Finally, D-Tic-Cys-Tyr-D-Trp-Lys-Thr-

-, 
Pen-Ser-NH2 (21) was prepared to examine the effect of the D-Tic 

residue in the SerB series. The significant increase of affinity for 

mu opioid receptors (compared to 20) is consistent with our previous 

results. 

Generally, results in the in vitro guinea pig ileum assay 

(Table 5) paralleled results obtained from binding studies (Table 4). 

Thus, in both systems, D-Tic1 -containing analogues (8, 9, 10) are the 

most potent, followed by the D-Phel-containing analogues (1, 2, 3), 



107 

while all chemical modification at the C-terminal Thr8 and reduction 

of the ring size of eTP were detrimental to affinity for opioid recep

tors. 

To date, only preliminary pharmacological characterization of 

peptides 22-27 is available (for receptor binding data see Table 4). 

In all cases, affinities of peptides 22-27 to 0 opioid receptors ar~ 

very low. None of these compounds exhibits high affinity for the ~ 

receptor either. Nonetheless, there are several features worth noting. 

First, peptide 22 is much less potent at the ~ opioid receptor than 

its parent compound 2. The fact that peptide 25 lost its affinity to 

~, but conserved weak affinity for 0 receptors, suggests that possibly 

1,4 aromatic group relationships are important for recognition by the 

o opioid receptor (most 0 selective ligands feature this structural 

element). An attempt was therefore made in 22 to rigidize the aromatic 

ring of D- Trp4 in a g(+) conformation (by use of l,2,3,4-tetrahydro-~

carboline in this position), while conserving a 1,3 aromatic relation

ship for recognition by the ~ opioid receptors (Figure 32). eonform~

tional analysis of 22 suggests a strikingly different side chain 

conformation of D-Tca4 in 22 from that found for tetrahydroisoquinoli

nes. A relatively rigid g(-) conformation of that side chain may 

perturb (via side chain - side chain interactions) the topography of 

22, resulting in its low affinity to ~ opioid receptors. Substitution 

of the 3-4 peptide bond by a methylene amino group in 23 also results 

in a loss of potency for the ~ opioid receptor (about 28 times rela

tive to 2). However, NMR studies detected a conformational equilibrium 

for 23 (see Experimental) which will require more extensive studies 
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to identify the primary conformers. Similarly, motional processes of 

peptides 24, 26, and 27 make it difficult to delineate these structu

ral elements that may be related to their low affinities for the ~ 

opioid receptors. However, it seems from the chemical shift-analysis 

that replacement of the peptide bond by the methylene amino group 

results in stabilization of the g(-) side chain conformation for these 

cyclic amino acid residues. Peptide 25 is also quite interesting. 

Replacement of Tyr3 by Tic3 in a molecule o£ 2 results in a substan

tial decrease of affinity of 25 for receptors. As suggested by confer

mational analysis, this can be related to the aromatic ring (on the 

third position) being rotated to the opposite side of the molecule 

(g(+) conformation, Figure 33). Only one aromatic ring pharmacophore 

(on the first position) is now found on the "recognition side" of the 

ligand. Thus, the ~ opioid receptor cannot recognize the ligand's new 

topography. This result is complementary to the one obtained for 

peptide 12, in which analogous topographical modification also resul

ted in a decrease in affinity at the ~ opioid receptor. These results 

suggest that, indeed, both aromatic side chains on the first and third 

positions are critical for the ligand's affinity to ~ opioid recep

tors. 

------ -----------
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D-Phe-Cys-Tyr-D-Trp-Orn-Thr-P~n-Thr-NH2 

H OH~ OOH o H HH 0 0 H IjI 

.. ~r~-rfy),~ H (N~H 
H 0 H~S... H 0 H~H 

H C=O 
I 

g- g-

D-Phe-ch-Ti c-D- Trp-Orn-Thr-P~n-Thr-NHZ 

g- g+ 

Figure 32, 

Newman representations of aromatic ring determined topography in 

D-Phe-Cys-Tyr-D-Trp-Orn-Thr-Pen-Thr-NH2 (top) and (determined 

by the IH NMR) D-Phe-Cys-Tic-D-Trp-Orn-Thr-P~n-Thr-NH2 (bottom), 



~
H OH~ HH 

. H HH 00 H H ~ 
H3N rN~~N ........ N~N 

e H 0 H~S~ I H r ~ 
H ... H 0 HN 

g- g+ 

Figure 33. Newman representations of the aromatic ring 
topography determined for D-Phe-Cys-Tyr-D-Trp
Orn-Thr-pJn-Thr-NH2 (top) and (putatively) in 
D-Phe-Cys-Tyr-D-Tca-Orn-Thr-Pen-Thr-NH2 (bottom). 

llO 
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Chapter 4. 

CONFORMATIONAL ANALYSIS AND DYNAMICS OF CONSTRAINED SOMATOSTATIN 

ANALOGUES: NUCLEAR MAGNETIC RESONANCE STUDIES 

N-terminally Modified Cyclic Octapeptides. 

D-PgI-Cys-Tyr-D-Trp-Lys-Thr-pJn-Thr-NH2, PCTP. 

Unambiguous assignment of all IH ~ignals in PCTP was facili

tated by use of phase sensitive 2D COSY experiments (Marion and 

Wuthrich, 1983; Rance et al., 1983; Figure 34). Homonuclear decoupling 

combined with difference spectroscopy was used to selectively extract 

coupling constants out of crowded spectral regions. Additionally COSY 

experiments with delays were used to obtain the long-range couplings 

(Bax and Freeman, 1981) between the ~ protons and the ortho aromatic 

protons of the Tyr3 and D- Trp4 residues. All spectral assignments and 

coupling constants as well as temperature factors for the amide 

protons are listed in Table 6. Phi (~) angles consistent with the 

observed coupling constants (Figure 35) were calculated by use of the 

Karplus-Bystrov (Bystrov, 1976) relationship and used to examine 

possible conformations consistent with the data. Vicinal Q~ coupling 

constants, assigned to pro-R and pro-S ~-hydrogens (Kobayashi et al., 

1981), enabled us to calculate side chain rotamer populations (De 

Leeuw and Altona,1982; Feeney, 1976; Figure 36). 2D NOE studies were 

helpful in differentiating between the Thr8 and Thr6 resonance, due to 

an interresidual NOE observed between Lys5 CHQ and Thr6 NH as well as 

between Pen7 CHa and Thr8 NH. 
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Figure 34. 

Phase sensitive COSy spectrum of D_Pgl_Cys_Tyr_D_Trp_lys_Thr_Pen_Thr_ NH2 
(303K. d6-DMSO) 

112 

--'--' _ ..... ~ ~------ -~ .. ~-~.-.-.-----.----------------
--_.-_ ..... - .. ------



113 

N 

H o 

Figure 35 . 

Definition of ~, ~, and X dihedral angles, determining protein/ 

peptide conformation. 

---.-------------..... _--.-_ .. _-
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Table 6. Spectral assignments, coupling constants and tempe
rature factors for peTP, 8, 11, 12. 

ResIdue D-Tfe 1 N-lie-O-Phe l Gly-D-Tic 1 

Gly IiH 8.02 
CH ~.85/~.54 (J9 a 15.4) 

NI; 8.62 7.75 8.72 ............ 
XxxI CH 5.19 •• 25(J 011"12.1,3.6) 4.30 (J of!"8.9,4. 7) 5.05 (Jar a 6.3, 6.3) 

CH 3.43/3.13 (Jg"16.3) 3.33/3.15 (Jg-14.3) 3.3413.13 (J9 a 15.4) 
H-CH2 4.37 ~.57 

Cys2 NH 9.36 (Jog. 7, A4' A,. 9.44 (Ja9.9, A6/ A,. 9.35 (Jo9.2,W ... ,.-5.9) 8.63 (J a 9.8, MitT 0-10.7) 

CH 
-5.1) -5.1) 

5.53 (J 011'9.2,6.8) 
5.37 (JaP a 7.3, 3.7) 

5.66 (J 011'7.7,7.7) 5.64 (Jall"g.4,7.3) 2.78/2.68 (J9 a 15.4) 
CH 2.64 2.85 (Jg-N.D.) 2.75 

Tyr3 NH 8.69 (Ja 8.I, A4' ... ,. 8.63 (Jo7.2, A6/ ... t" 8.48 (Ja8.26, A4' A'I"-3.6 8.56 (J a 7.8, AlloT 0-10.1) 
-5.0) -3.5) 

4.S7 (JaIl"8.I,6.8) 
4.55 (JaS a 8.7/6.1) 

CH 4.61 (J 011"8.1,6.9) 4.S8 (J 011'8.0,6.3) 2.68 
CH 2.74 2.77/2.74 (JgaI4.7) 2.80/2.63 (J9aI3.6) 

D-Trp4 NH 8.90 (J-5.3, UI A,. 8.B3 (J-S. 7, A6/ At" 8.83 (Jo5.7, A4' At"-S.8 8.87 (J a 5.4, tl/tT a .... 0) 
-S.I) -3.8) ~.15 (JaS a 8.4/7.3) 

CH 4.17 (J 011"9.4,5.8) 4.20 (Jotl>9.4,6.0) 4.22 (JoII"7.6/1.6) 3.00/2.73 
CH 3.00/2.69 3.04/2.71 (Jg'13.8) 3.03/2.BO (Jg-14.3) 

lys5 NH B.23 (J-9.I, At" Ar- B.24 (J'9.3, 66/ Al" A.39 (J=9.I,Ultr--4.5 Nil 8.33 (J a 9.3, Allot a -2 

7.68 -2.0) 7.75 -I.B) 7.60 CII> ~.09 (JaB a 10.5/3.2) 

Orn5 CH 3.98 (JoII"1l.2,2.7) 4.02 (J 011"10.9,3.1) 4.10 clle 1.85/1.14 
CH 1.20/1.70 1.71/1.20 1.88/1.25 CHT 0.92 
CH .64 0.68 1.10 CHI 2.58 
CH 1.28 1.32 2.60 

. NH 2.54 2.54 _ ........ 6 NI12 1.58 

Thr6 liH 7.66 (Ja9.00, A4' At" 7.69 (Ja8.5, A6! Al" 7.66 (J a 9.0, A4' Ar- 1.65 (J a 9.1, A!ltT a -C.7) 
0.0) 0.3) -.2) 4.58 (Jar a 7.C) 

CH 4.52 (JoII'7.2) •• 56 (J 08=6.8) 4.53 (J 011'6.8) 3.92 (JeT a 6.5) 
CH 3.95 (J 8),,6.3) 4.00 (J 81"6.7) •• 02 (J 8),,6.4) 1.05 
CH 1.06 1.04 1.04 

Pen7 NH 8.49 (Jo9.8, ul At" B •• 9 (JaB. 7, A6/ At" 8.44 (Ja9.6, W At" 8.41 (J a 9.8, AI/AT a -6.0) 
-8.5) -6.5) -3.4) 4.78 

CH 4.96 4.94 •• 96 1.17/0.90 
CH 1.18/.95 1.27/1.13 1.26/1.21 

ThrB NH B.69 (JoB.l, A4' A'I" 8.39 (J a 9 •• , 66/ Ar- 8.44/ JoB •• , A4' A .... -4.0 7.95 (J a 9.0, tl/AT' -2.1) 

CH 
-5.0) -4.3) ~.23 (Jar· • 3.9) 

4.40 (J 08=3 •• ) 4.30 (J otl>3.5) 4.36 (J 011"3.2) ~.oo (Jar' 6.3) 
CH 4.02 (J Bya6.3) •• 00 (J 8"1"6.7) 4.02 (J 61"6.3) 0.99 
CH 1.02 1.05 1.04 



Table 7. Relative intensities of interresidual NOE cross
relaxations for the peTP, 8, 11, 12. 

Residue [D-Pgl1 }:TP [Q.-Ti c1 }:TP ('8) [N-Me-D-Phe pOP (ll) 

NHi/NHi+1 

Lys 5/Thr6 +++ +++ 

Orn5/Thr6 +++ 

CHi /NHi+1 

Xxx1/Cys2 +++ N.D. +++ 

Cys 2/Tyr3 +++ +++ +++ 

Tyr3/D-Trp4 +++ +++ +++ 

D-Trp4/Lys5 +++ +++ 

D-Trp4/Orn 5 +++ 

Lys5/Thr6 N.~. + 

Orn5/Thr6 + 

Thr6/Pen 7 +++ +++ +++ 

Pen7/ThrB +++ +++ +++ 

CH JCH a 

Cys 2/Pen7 +++ +++ +++ 

a + = weak; +++ ~ strong; N.D. c not observed 
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Additionally, important information regarding the backbone 

conformation can be obtained (Table 7) from NOESY experiments. As the 

magnitude of magnetization transfer is inversely proportional to the 

sixth power of the distance between two protons, quantitative estima

tions of the NOE effects allow us to build up a 3D distribution of 

protons that can also be described by the ~, ~, and X angles (IUPAC

IUB,1970) of the amino acid residues. In this regard, NOE experiments 

can identify and distinguish between well known secondary structures 

such as the a-helices, ~-turns, l-turns, ~-sheets, etc. (Shenderovich 

et al., 1984). Thus, type I ~ turns are characterized by NH i +l /NH i +2 

and NH i +2/NH i +3 NOE signals (Wuthrich et al., 1984), type II ~ turns 

by CHi+l/NHi+2 and NH i +2/NH i +3 (Rao et al., 1983), 1 turns by 

CH i +l /CH i +2 (Grathwohl et al. ,1975), etc. Analysis of the 2D NOE 

spectrum of PCTP reveals very important interactions between the Lys5 

NH and Thr6 NH protons as well as between the D- Trp4 CHa and Lys5 NH 

protons (spectra not shown) suggesting the presence of a type ~II' 

turn (Sugg et al. ,1988). This is supported by a near zero temperature 

dependence of the Thr6 amide chemical shift (Table 6), suggesting an 

intramolecular H-bond to the i+3 (Thr6 ) NH. 

The ~ angles required for the type ~II' turn are found among 

those available from analysis of the coupling data from Table 6 using 

the Bystrov (1976) relationship, which further validates our conforma

tional considerations. 

Wuthrich et al. (1984) analyzed distance vs. ~ angles for cis 

and trans isomers of the Pro-Pro dipeptide, and showed that for pep

tides with trans peptide bonds, the distance between the CHa and CH2 
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reaches the minimum (and the NOE reaches the maximum) for ~i <+60 to 

180> degrees (Figure 37). In the case of a cis peptide bond, no ~ 

rotation can place the protons CHai and CH2Si+l (NH i +l ) spatially 

within 4.2 angstroms, where the NOE is observable. Cis peptide bonds 

occur rather rarely in linear or large cyclic peptides, except for 

N-substituted amino acids. Table 7 reveals that in CTP strong NOEs 

exist between CHi and NHi+l of the peptide pairs 1/2, 2/3, 3/4, 4/S, 

6/7, 7/8. It is thus reasonable to assume that all these peptide bonds 

are trans (180 degrees). 

No ~ angle can be directly determined from lH NMR coupling 

constant experiments. However, NOESY experiments suggest that for the 

L-amino acids ~ = 60° to 180° and for D-amino acids (D-Pgl l ,D- Trp4) ~ 

60 to -180° (Figure 24). The latter value is in the range expected 

for ~i+l of a type II'~ turn, which has an idealized value of 

-120°. It should be noted that the existence of a strong NHS/NH6 NOE 

precludes a strong CHQS/NH6 NOE. Thus, assuming a trans bond, ~S = 

-120 to 0°; this range is expected for the ~i+2 of a type II'~ turn 

which has an idealized value near 0 degrees. 

Also, an interresidual NOE for the Cys2CHa to Pen7CHa was 

detected (Figure 26) which suggests a disulfide bond helicity similar 

to that of CTP (1). Comparisons of the spectral parameters for CTP and 

PCTP, as well as their side chain populations (Table 6) leads to the 

conclusion that both compounds have very similar backbone confor

mations as well as topologies of the aromatic side chain residues. 

Therefore, the only major difference between their topographies is the 

closer proximity of the aromatic rings (believed to be pharmacophores) 
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of the 1st and the 3rd residues in PCTP (Figure 28, empty square 

structure) than in CTP. This closer spatial relationship results in a 

somewhat more folded conformation of PCTP as compared with CTP (1), 

which seems to be responsible for the observed loss of potency and 

selectivity at the ~ opioid receptors. Thus, by a proper topological 

adjustment of critical interresidual distances, one can alter receptor 

affinity and selectivity, respectivelly to other receptor classes. 

A compact topography in this region by PCTP leads to a large 

decrease of affinity for ~ receptors and a relative increase in 

selectivity to 6 opioid receptors. In CTP (1), a large population of 

the gauche(-) side chain rotamer of D-Phel results in a more extended 

conformation, apparently well recognized by the ~ but not the 6 opioid 

receptors. Qualitatively, therefore, one would expect that a rigidiza

tion of the side chain of D-Phe l in the gauche(-) conformation would 

further enhance the peptide's affinity and selectivity for ~ opioid 

receptor. The Tic residue was chosen to examine this hypothesis. 

Analysis of the conformational properties of [D-TicljCTP, 8. 

[D-TicljCTP (8) was synthesized and indeed was found to be more 

selective and potent towards the ~ opioid receptor than CTP (I), 

Table 4. The immediate questions arise as to which of the ·two allowed 

side chain conformations is present in this analogue, and whether the 

overall topology of the neuropeptide is perturbed due to the rigidity 

and structural properties of D-Tic. As with PCTP, all of the IH NMR 

spectral signals were assigned (Table 6), the ~ angles calculated 

(Table 8), and the side chain rotamer populations determined. NOESY 

cross peaks (Table 7) indicated a type II' p turn for the Tyr-D-Trp-



Lys-Thr fragment of this peptide as well, and this was strongly 

supported by the presence of an H-bonded amide of Thr6 (Table 6). 
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Analysis of other spectral parameters, including side chain rotamer 

populations, decisively excluded any major perturbation of the cyclic 

structure of the peptide due to the D-Tic amino acid. Moreover, the 

disulfide bond helicity is not altered by the substitution at the 

N-terminal position, as deduced from a strong trans annular Cys2CHa to 

Pen7CHa NOE cross peak (Table 7; Figure 38). Most of the cross-re

laxation CHi/NHi +l interresidual NOEs found for PCTP were also obser-

ved in 8 (Table 7), with the exception of 1/2 NOE. As cis peptide 

bonds generally are not formed by a-amino acids, it is reasonable to 

assume a trans 1/2 peptide bond with a possible ~1=<0;120> degrees. 

Other ~ angles are in the same range as for PCTP, and all wangles are 

180 degrees (all trans peptide bonds). 

To determine the two conformations possible for Tic, gauche(-) 

and gauche(+) (Figure 8), the IH NMR splitting pattern for the vicinal 

protons of D-Tic was examined. Comparison of these coupling constants 

(Table 6) demonstrated that in [D-TicllCTP the Tic residue has a 

gauche(-) conformation about the Ca-Cp (Xl) bond. Thus, the aromatic 

ring of D-Tic l becomes rigidized in a conformation (the carbonyl group 

is equatorial) that results in an extended structure of peptide 8 

(Figure 28, solid squares). In light of the other NMR data, and 

consistent with that of the weakly potent PCTP, this topographical 

feature seems to be exclusively responsible for the observed biologi

cal properties of 8 relative to CTP 1. The spatial relationship of the 

--------------- ---------------
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aromatic pharmacophores can be examined using Newman representations 

(Figure 29), and is characterized by increased distance between them 

compared to PCTP. 

Analyzing Table 6, one notices very similar chemical shifts 

for peptides 1 and 8. There is a small upfie1d shift of the ThrBCHa 

(O.OB ppm) and the ThrB NH (0.16 ppm), and the chemical shift dif

ference for the fi,fi-geminal methyl groups of Pen7 is larger for 8 than 

for 1 (0.14 vs. O.OB ppm, respectively). This parameter is remarkably 

large for PCTP (0.23 ppm), consistent with the constrained nature of 

the peptide, and spatial proximity of D-Pgl aromatic ring to the 

disulfide moiety, thus exerting strong ring current anisotropy. 

D-N-Me-Phe-Cys-Tyr-D-Trp-orn-Thr-P~n-Thr-NH2' 11. 

A dramatic change in the pharmacological properties of peptide 

11 was observed. This compound exhibited a very weak (300 times less 

than 8) binding at the ~ opioid receptor (Table 4). Comparison of cou

pling constants, chemical shifts (Table 6), ~ angles (Table B), 

population of side chain rotamers, and the magnitude of NOE cross-re

laxations suggest that 11 still conserves a type II' fi conformation 

with a negative disulfide helicity. As in PCTP but not 8, the 

CHia/NHi+1 interresidual signals are strong for all, but the 5/6 case, 

indicating ~l = -60 to -lBO°. Again, an important differences was 

noticed only for the 1st position. As calculated from vicinal coupling 

constants, there is a substantial participation of the trans side 

chain rotamer, with a lesser amount of the gauche(-) and gauche(+) 

populations of D-N-Me-Phe l . This effect can be explained in terms of 

------- --------- .. 
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nonbonded interactions between the N-methyl and phenyl groups which 

lead to destabilization of the usually energetically more favorable 

gauche(-) conformation. In terms of topography, the phenyl ring of 

residue 1 in peptide 11 is rotated towards the tyrosyl ring to a 

larger extent than in peptide 1. 

Furthermore, the consistency of other parameters throughout 

the molecule relative to peptides I, 8 and PCTP gives support to the 

suggestion that conformational changes occur only at the N-terminal 

position, pointing out that the observed pharmacological effects car. 

be directly attributed to the relative spatial relationships of the 

position 1 amino acid with other pharmacophore elements of the ligand. 

Gly-D-Tic-Cys-Tyr-D-Trp-orn-Thr-P~n-Thr-NH2' 12. 

The topographical features of this peptide will be contrasted 

with these of peptide 8, so as to determine those differences that may 

have led to such a remarkably different affinity to opioid receptors, 

as a result of glycine coupling to peptide 8. Assignments of all 

proton signals, coupling constants and temperature factors for labile 

protons are presented in Table 6. Phi angles were calculated by the 

method of Bystrov (1976) and are given in Table 8. 

The principale information about the backbone conformation can be 

obtained from NOE analysis (Table 7). As previously observed for 

compounds of this class, there are two important NOEs between CH4
a l 

NH5 (Figure 39) and NH5/NH6 (Figure 40) for peptide 12. The presence 

of these and the absence of other cross-relaxation effects suggest 

that a type II' ~-turn represents backbone conformation for 12 (Kes-
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Table 8. Possible dihedral angles (NH-CHQ) for PCTP, 8, 
11, 12, determined from 1H NMR coupling constants. 

Res idue D- P91 0-Tic (8) N-H<.>-O-Phe (II) ely-DTic l12) 

XxxI N.D. N.D. N.D. ~.D. 

Cys2 -140/-135 -157/-130 -154/-140 -149/-134 

-113/-94 -1121-97 -1()1/-8~,4R/72 -1121 -94 

Tyr3 -1~21-15?' -156/-146 -159/-140 -162/-152 
-110/-94 -83/-76 -101/-R6 
3A/82 32/47 48/12 -891 ~82 

7ij/92 
371 88 

0-Trp4 67/163,79/66 172/1~fi, 1721161,71;1I;R 16M 174 
-19/-23, 75/68 -21/-78,-Q4/-1n5 681 74 
-92/-102 -20/-2A -191 -25 

-92/-107 -94/-105 

l ys 5 -154/-141 
-152/-14~ -101/-88 -152/-140 -154/-141 

Orn5 47/74 -103/-86 -101/-8A -1031 -86 
52171 47/74 

52/ 71 

Thr6 -156/-143, -15Q/-14q -151;/-143 
-154/-141 -100/-87, -93/-82 -100/-87 

47/75 40/80 47/75 -1011 -88 

Pen7 -150/-135 -156/-146 -145/-135 -150/-135 
-112/-93 -94/-84 -105/-92 -1121 -93 I 42/59 

47/ 74 
I 

Thr8 -161/-150 -157/-140 -161/-150 -156/-143 -100/-81. 
-86/-83 -103/-89 -921-83 

1 
38/82 40/87 471 7S 

-------------------.-.. ----- .. -------
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sler et al., 1983; Rao et al., 1983). This assumption identifies 

¢i+l, ~i+l and ¢i+2, ~i+2 being in good conformity with those predic

ted for the ¢ angles by the 3J couplings (Table 8). Interresidual NOEs 

between CHia and NHi+l for 12 (Table 7) require a few comments. A type 

II' p turn backbone conformation precludes any close contact bet"eeu 

the CHi+2a and NHi+3. In agreement with that, only a weak NOE peak was 

detected in the 2D NOE spectrum of 8, and none in the case of peptide 

12. Strong cross-relaxation between, respectively, alpha and amide 

protons of D-Tic l / Cys 2, Tyr 3/D- Trp4, D-Trp4/OrnS, Thr6/Pen7 and 

Pen7/Thr8 pairs suggests that there are no cis peptide bonds present 

in 12, and also defines the possible range of ~ angles (vide supra). 

The absence of a D-Tic/Cys NOE for 8 should not be attributed to a cis 

peptide bond formation, but rather to ~1 = 0 to 120°. The D-Tica/Cys 

NH cross-relaxation signal for 12 suggests a ~1 completely different 

from that found in 8, possibly in the range of 180 to 300°. These 

interesting differences between the two compounds may be due to 

different compatibilities of the relatively rigid side chains of Tic 

with the adjacent parts of the molecule. In view of negligibly small 

size of the Gly residue attached to D-Tic in 12, one may expect some 

significant conformational differences for the tetrahydroisoquinoline 

residue in both peptides. This important point will be explored 

further in the text in more detail. Another observation (Table 6) is 

that the chemical shifts of the p-turn forming residues are fairly 

comparable for both 8 and 12, whereas significant deviations can be 

noticed for both exocyclic residues. Yet, the prominent cross-re

laxation signal observed between the alpha protons of Cys2 and Pen7 of 
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12 indicates that the disulfide helicity in peptide 12 is similar to 

that of peptide 8. Analysis of side chain populations (Table 9) 

suggests significant differences in their distribution only for Cys2 

(in 12). 

It can be concluded, therefore, that the conformations of the 

cyclic hexapeptide domain in both 8 and 12 are very similar. However, 

important conformational perturbations occur in the N-terminal exocyc

lic position, which may be of relevance for the opioid receptor 

selectivities for both peptides. Therefore, the focus of the analysis 

will now be directed towards the topography of the N-terminal resi

dues in both 8 and 12. As observed in Table 6, both vicinal coupling 

constants of the D-Tic residue in 12 are equal and small and suggest a 

gauche(+) conformation of its side chain. 

It needs to be emphasized at this point, before further 

discussion, that the gauche (+) conformation is the least stable for 

most amino acids. Such a configuration of substituents results in twu 

strongly repulsive gauche interactions, whereas the generally more 

stable gauche(-) conformation shows only one gauche relationship of 

substituents around the C-C bond (Figure 8). This unexpected confor

mational behavior of D-Tic in 12 can be explained by a concept of 

pseudoallylic strains (Sugg et al., 1985; Johnson 1968). Tetrahydro

isoquino1ine carboxylic acid in the N-termina1 position of a peptide 

sequence prefers the gauche(-) conformation (Figure 41). However, when 

any amino acid is coupled to the amine of Tic (e.g. Gly in 12) so that 

the Tic residue occupies an internal position in the peptide sequence 

a change of amine nitrogen hybridization to a partial sp2 hybridiza-

---------------------------- ---------



Table 9. Rotamer side chain populations for peptides 8 and 
12, as calculated from vicinal coupling constants. 

Res idue D-Tic Gly-DTic 

g- t g g t g+ 

XxxI 100 0 0 0 0 100 

Cys2 47.7 52.3 0 47.9 10.1 42 

Tyr3 58.6 40.2 1.2 61.7 38.3 0 

D-Trp4 62.5 37.5 0 32.8 67.2 0 

Lys 5 89.9 5.2 4.9 -------

Orn5 ------ 85.3 6.1 8.6 

Thr6 $ $ 

Pen7 mostly g+ or trans mostly g+ or trans 

Thr8 ! ! 

$3Ja S indicates free rotation of this side chain 
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!Low 3Ja S indicates that gauche as relationship takes place suggesting 

restricted rotation around Ca-CS bond of this amino acid • 

i 

. _-- ---------------- ----.----.--------------
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tion occurs. This has dramatic effects on the pipecolic acid ring 

conformation. Ring flattening results in strong 1,2 diequatorial 

repulsive interactions between the N- and C- substituents (Gly and 

Cys, respectively) of the Tic amino acid (Figure 41). This highly 

energetic configuration, I, is unstable and undergoes a flip to the 

ring chair conformation II (Figure 41), in which the N- and C- substi

tuents are in 1,2 diaxial relationship. Th~s rearrangement causes the 

pipecolic acid ring to attain a gauche(+) conformation. The increased 

stability of the gauche(+) form is due to replacement of the strong 

1,2 diequatorial repulsions by weak 1,2 diaxial interactions. This 

mechanism seems to be fairly general, as it has been found in several 

other cases (vide infra, other experiments in progress). J coupling 

analysis is completely consistent with the distinct conformational 

properties of the Tic residue in 12 and with observed chemical shift 

differences. 

First, a huge (-0.79 ppm) upfield shift of Cys2 NH is obser

ved. Similarly, though not as significant, an upfield shift can be 

noticed for the Thr8 amide (-0.44). In light of earlier considerations 

it seems reasonable to assume that a D-Tic ring anisotropy effect, 

nonequivalent for different Tic conformations, causes these remarkable 

effects. Furthermore, a very meaningful difference in the alpha CH 

chemical shifts of tetrahydroisoquinoline resudues in both 8 and 12 

occurs (4.15 vs. 5.05 ppm, respectively). In peptide 8 the gauche(-) 

conformation of Tic places the Tic QCH proton in an axial position, 

leading to a weak upfield shift caused by the aromatic ring anisotro

py. When the Tic conformation is gauche(+) as in 12, the CHQ is in the 

-- -------------------- ----------------- --------- -----
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Figure 41. Conformational transformations of tetrahydroiso
quinoline carboxylic acid (Tic). 
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deshielding cone of the aromatic ring, causing a downfield shift. All 

these independent observations support the model shown in Figure 41, 

and are explained well only by the ability of tetrahydroisoqunoline to 

adopt different conformational states. 

Glycine residues may be used as a dynamic probe of peptide 

flexibility in their vicinity (Kessler et al., 1985). The chemical 

shift difference between the diastereotopic protons of 0.31 ppm (Table 

6) suggests a relatively slow rotation of the Gly residue, probably 

due to steric compression with C-terminal Threonine. Additionally, the 

geminal coupling constants (Titles tad et al., 1973; Siemion, 1971) can 

be attributed to orientation of the n orbital of the glycine c=o bond. 

Thus, possible ~ angles for this residue are ±40· and ±140· (Bystrov, 

1976). 

Pseudopeptides and Bicyclic Peptides. 

Design rationale of pseudopeptides. 

The mechanism, schematically shown in Figure 41, that enables 

a tetrahydroisoquinoline to select the preferred conformation of its 

side chain, carries important consequences. It may be envisioned that 

strong 1,2 diequatorial interaction of substituents (carboxylic and 

the secondary amino group) can be relieved if the N-substituent is 

forced to attain a conformation out of the CH2-N-Ca plane. To achieve 

this, properties that cause its planar arrangement (resonance of the 

carbonyl group with the free electron pair of the amino group) need to 

be removed. That can be done by replacement of the carbonyl group with 

a methylene unit. The resulting alkylamine may synthetically be 

-------------------------------------
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obtained by reductive alkylation of a picolic acid derivative bearing 

a peptide with an amino aldehyde in the presence of sodium cyanoboro

hydride. Since this procedure has not yet been described in the lite

rature of solid-phase peptide synthesis technology for the case of 

secondary amino acids, the synthetic details are given in the Experi

mental. 

If, indeed, lack of sp2 hybridization in the nitrogen atom 

allows for nonplanarity of the proper ring fragment and N-substituent, 

then it may be anticipated that even a 1,2 diequatorial relationship 

of substituents may be energetically tolerated by the molecule. If 

that is the case, then even internally positioned (but alkylated) 

picolic acid derivatives may show a preference for the g(-) side chain 

conformation. To test validity of this theory compounds 21-27 (Table 

4) have been synthesized, and characterized biologically and physico

chemically. 

Boc-Tyr(O-2,6-C12Bzl)-~[CH21-D-TcaOMe (21). 

Initially to establish the side chain preference of alkylated 

1,2,3,4-tetrahydro-fi-carboline, conformational studies were performed 

on a simple model title compound 21, the synthesis of which addi

tionally allowed us to establish the best conditions for the desired 

series of reductive alkylation reactions on the resin. 

Spectral assignments were obtained on the basis of a phase 

sensitive COSY experiment, and are tabulated in Table 10. The serious 

spectral overlap of CHa/CH2 signals of D-Tca required d~tailed spec

tral decoupling experiments. The nonequivalence of both vicinal 



135 

coupling constants and relatively low value of JQ~" suggest a dynamic 

equilibrium between g(+) and g(-) side chain conformers. This result 

encouragingly showed, however, that alkylated l,2,3,4-tetrahydro-~

carboline indeed exhibits decreased bias towards the g(+) side chain 

conformation observed for acylated tetrahydroisoquinoline. 

D-Phe-Cys-Tyr-D-Tca-Orn-Thr-P~n-Thr-NH2' 22. 

Total spectral assignments, as well as coupling constants for 

22 are shown in Table 11, and were acquired as described in the 

Experimental section. Side chain conformer population and accessible 

~(NH-CHQ) angles are given in Table 12. Several features of these data 

are worth notice. First, quite unexpectedly, acylated D-Tca has a side 

chain conformation strongly biased towards a g(-) conformation. For 

reasons already discussed, in peptide 22 it is postulated that a 

dynamic equilibrium between at least two conformational states g(-) 

and g(+) takes also place (JQ~=2.5;6.8 Hz). 

At present the different behavior of D-Tic (in peptides 12 

and 25) and of D-Tca in 22 is not clear, since both amino acids are 

based on a pipecolic acid structure. Further investigations, particu

larly molecular mechanics and dynamics calculations, will have to be 

carried out to characterize the contrasting conformational properties 

of both amino acids. 

A comparison of ~ angles with those of CTP (Sugg et al., 

1988), TCTP (8; Kazmierski and Hruby, 1988a), and GTCTOP (12; Kazmier

ski and Hruby, manuscript in preparation) suggests that they are still 

compatible with a type II' ~ conformation (Table 12). 

------------------------.-----------



Table 10. Chemical shift and coupling constant assignments for 
model compound Boc-Tyr-(O-2,6-C12-Bzl)-~[CH2N)-D-TcaOMe, 
28, d6-DMSO, 303K. 

Residue Chern. shift [ppm) Coupl. const. [Hz) 

Tyr 
But l. 29 (s) 
NH 6.67 8.7 
et 3.80 (m) 
{3' 2.84 (dd) et/{3'=4.4 

{3' /{3' '=13.9 
{3' , 2.55 (dd) et/{3' '=8.9 
CH2 2.75 (d) etNCH2=7.0 

D-Tca 
et (dd) et/{3'=3.3 

et/{3' '=5.9 
{3 2.99 (m) 
N- CH2 4.07 (d) NCH/NCH=14.8 

3.93 (d) 
OMe 3.53 (s) 
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Table 11. Chemical shifts, coupling constant assignments and amide 
temperature coefficients for peptides D-Phe-Cys-Tyr-D-Tca
~n-Thr-pkn-Thr-NH2' 22, and D-Phe-Cys-Tic-D-Trp-Orn-Thr
Pen-Thr-NH2, 25, d6-DMSO, 303K. 

Residue 

D-Phe 1 
NH3+ 

a 
{3' 
{3 I , 

Cys2 
NH 

a 
{3' 
{3' , 

Tyr 3 22 
Tic 3 25 

NH 

a 
{3' 
{3' , 
N- CH2 

D-Tca 22 
D-Trp 25 

NH 

a 
{3' 
{3 I , 

N- CH 2 

Chern. shift [ppm] Coup1. const. [Hz] 
Temp. Factor [10- 3ppm/deg] 

22 25 22 25 

8.07 (m), 
-1.04 
4.20 (m) 
3.29 
3.00 

9.21 
-5.1 
5.32 
3.05 
2.80 

8.59 
-4.0 
5.03 
2.99 
2.80 

5 .. 25 
3.07 
2.93 
4.70/4.50 
(dd) 

8.06 
-0.44 
4.02 
3.23 
2.96 

9.25 
-4.08 
5.47 
3.20 
2.92 

5.22 
2.95 
2.84 
4.89 

8.09 
-4.7 
4.27 
3.04 
2.96 

(m) 

(m) 

tt/{3'=5.2 
a/{3' '=9.9 
{3' /{3' '=14.0 

a/NH=10.2 

a/{3'=5.9 
a/{3'=10.2 
{3' /{3' '=15.5 

a/NH=7.9 

a/{3'=7.0 
a/{3' '=8.5 
{3' /{3' '=13.2 
____ 00 ______ 

a/{3'=2.5 
ex/{3' '=6.8 
{3'/{3"=16.5 
14.8 

4.8 
9.5 

13 .8 

8.7 

4.6 
10.0 
13.6 

4.1 
5.8 

15.8 

6.2 

6.6 
8.8 

14.2 

--_ .......... ----------_ .. -------------_ .. __ ...... --_ .... --_ ....... _--- .. --_ ............ -----
Orn5 

NH 8.4 8.29 ex/NH=7.5 8.0 
-2.2 -3.1 

ex 4.00 4.07 a/{3'=4.8 4.7 
{3' 1.92 1. 70 ex/{3"=6.4 9.1 
{3' , 1. 54 1. 25 
-y 1.49 1.18 
0 2.65 2.58 



Thr6 
NH 

a: 
f3 
-y 
OH 

Thr8 
NH 

a: 
f3 
-y 
OH 

.51 

7.40 
-0.10 
4.43 
4.03 
1.03 

"'4.8 

8.27 
-6.3 
4.88 
1. 24/1. 28 
.041 

8.31 
-4.7 
4.30 
3.98 
1. 06 

",5.01 

7.63 
.23 

7.28 
-0.84 
4.39 
3.88 
0.91 

"'4.9 

7.92 
-2.0 
4.80 
1.27/1.40 
0.131 

8.32 
-4.4 
4.26 
4.01 
1.05 
4.90 
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a:/NH=7.4 7.8 

a:/f3=7.4 4.5 
f3h=6.3 6.3 

a:/NH=9.4 9.0 

a:/NH=9.7 8.3 

a:/f3=3.6 3.9 
f3h=6.3 6.4 

------------------------------------- ----
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Similarly to CTP, the side chain conformation of peptide 22 

is biased towards g(-) for D-Phe, but there is a high population of a 

trans rotamer of Cys2 (t and g(-) for CTP). Also, the side chains of 

the amino acid preceding and folloWing D-Tca (Tyr3 and OrnS , respec

tively) exhibit some extent of conformational disorder in comparison 

with CTP. While the side chain of OrnS in 22 seems to be almost 

equally divided among all three staggered states (mostly g(-) for LysS 

in CTP) , Tyr 3 has a preference for a trans (g(-) in CTP) side chain 

conformation. These perturbations at the 3 and S positions are almost 

certainly caused by the unusual conformational properties of D-Tca4 

(in 22), whereas the origin of the discrepancies for the 2nd position 

amino acid (vide supra) is difficult to account for at present. 

Comparing 22 with the CTP 1 there is an upfield shift of the Cys2Q 

(-0.32 ppm) and amide protons (-0.13), a downfield shift of the Tyr 3Q 

(0.44 ppm), as well as a dramatic downfield shift of OrnSQ (0.80 ppm 

with respect to LysS of CTP) protons. Similar to effects observed for 

other peptides with constrained amino acids, the ring current aniso

tropy of D-Tca residue seems to be responsible for these effects. Ring 

current effects of tryptophane and its derivatives are known to be 

much stronger than for any other naturally occurring aromatic amino 

acid (Giessner-Prettre and Pullman, 1971). 

Nuclear Overhauser effects are in good agreement with the 

above analysis. There is a very strong cross-relaxation signal for 

alpha protons of Cys2 and Pen7 , attributed to a negative disulfide 

helicity (Figure 42). Additionally, the characteristic CHia/NH i +l 
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Table 12. Side chain conformer population and accessible p angles 
derived from lH NMR analysis of D-Phe-Cys-Tyr-D-Tca-Orn-Thr
~n-Thr-NH2' 22, d6-DMSO, 303K. 

Residue 

D-Phe l 
g(+) 
t 
g(-) 

Cys2 
g(+) 
t 
g(-) 

tP angles 

-120 

rotamer population (%) 

o 
28.6 
71.3 

o 
83.5 
16.5 

-------_ .. -------------------_ .. _--------------------_ .... _ .. -------

Tyr3 

g(+) 
t 
g(-) 

-156, -87, 60 
o 

64.7 
35.3 

--------- ______ 00 .. 00--------------_ .. _--------_ 00 _--------_ .. -----_ .. 

* 
----------------------------------------------------------_ ....... -

Orn5 

g(+) 
t 

g(-) 

-160, -82, 38 82 
39.5 
39.6 
20.9 

-------- ..... _ .. ---_ .. _-----_ .. ---------------------_ ..... --_ .... ---------
-162, -80, 36, 84 

------------------------------------ ______ 00 __ --------- ___ .. ____ _ 

-144, -96, 60 
______________________________ .. _________________ .... ____ .. _______ 00 

-150, -100 
-------------------------------------_ ... ----------------_ .... ---_ .. 
* see the text for a discussion. 
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cross-relaxation signals are observed for the following pairs of amino 

acids: 1/2, 4/5, 6/7, 7/8 (Figure 43). According to the explanation 

given before (vide supra) these pairs of amino acids are linked via 

trans peptide bonds. No Cys2a/Tyr3NH (2/3) or orn5CHa /Thr 6NH (5/6) 

cross-relaxations have been observed, but a significant effect was 

detected for Orn5NH/Thr6NH. In light of our earlier discussion (vide 

supra) and despite the presence of a conformationally constrained 

D-Tca residue in the core of the turn, a type II' P turn is the best 

descriptor of the backbone conformation of peptide 22. This is suppor

ted by a very low temperature coefficient of Thr6NH suggesting that 

the amide is either hydrogen bound (to the Tyr3 carbonyl group) or 

solvent shielded. 

In summary, substitution of D- Trp4 by D-Tca4 in CTOP 2, 

resulting in peptide 22, does not seem to alter the peptide backbone 

conformation. The constrained nature of this cyclic amino acid, and 

its apparent ability to flip between both gauche(-) and gauche(+) 

conformational states, perturbs the side chain conformation of the 

neighboring residues: Cys2, Tyr3 , and Orn5 . Another interesting 

observation from the NOESY experiments is a strong cross-correlation 

between the Tyr3CHQ and both protons N-CH2 of D-Tca. Further quantita

tive studies of this effect (peak volume estimation) will allow a more 

detailed description of the topographical consequences of D-Tca4 

substitution. 

D-Phe-Cys-Tyr-~[CH2NH1-D-Trp-orn-Thr-P~n-Thr-NH2' 23. 
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Peptide 23 is a model compound, with a simple peptide bond 

isostere modification in CTOP (2), that was to test whether there is 

any significant influence of CH2/C=O substitution on peptide conforma

tion, before considering more complex cases involving cyclic amino 

acids. Since chemical shift anisotropy was proven to be an important 

analytical tool (vide supra), it was of considerable interest to 

establish the magnitude of influence of this structural modification 

upon thec chemical shifts of the neighboring nuclei. Signal assignment 

and coupling constant analysis have been achieved using IH NMR tech

niques, as described in the Experimental and previous chapters (Table 

13). There are several interesting points that can be immediately 

noticed. First of all, it was possible to obtain only limited informa

tion about vicinal coupling constants of D- Trp4, and the signal of 

D- Trp4 NH was not found. Additionally, the Tyr3 amide appeared as a 

hump instead of the expected doublet. These startling irregularities 

in the lH NMR spectrum of 23 were all found for the 3rd and 4th resi

dues only. Instead of the commonly seen pair of doublets of a AA'XX' 

system of Tyr (2,6 and 3,5 going upfield, respectively), a split 

signal (two doublets of uneven intensity) for the 2,6 protons were 

found at 303K (Figure 44). With an increase in temperature both 

signals fused and at 333K they coalesced into one doublet. Crude 

estimation of the activation enthalpy for the two site jump of the 

tyrosyl ring gives about 77.3 kJ/mol. This finding represents a rare 

experimental demonstration of restricted rotation of an aromatic side 

chain in a peptide, which is slow enough to observe on the NMR time 

scale (less than 103s -l; Romanowska and Kopple, 1987). In a densely 
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packed structure such as peptide 23, the rotation of the ring between 

the two equilibrium orientations must displace neighboring side chains 

to some extent, in a concerted manner. Consequently, a rotational jump 

(±180 a about C~-Cl) depends on a degree of cooperativity with motions 

of surrounding groups. In principle, the rate and mechanism of this 

type of molecular motion can provide information about the conforma

tional flexibility of neighboring residues. Activation energy measure

ments for tyrosine have been performed in several instances using 2N 

quadrupole echo NMR line shape analysis and spin-lattice relaxation 

times in crystalline tyrosine-containing peptides (Rice, 1987). These 

studies detected 180 0 rotational jumps with the rate varying between 

103-106 s-l. Combined X-Ray/NMR studies of the molecular structure and 

dynamics of crystalline p-F-D,L-Phe showed that the phenyl ring ex

hibits two types of motion: a) a rapid, small-amplitude rolling motion 

about the C~-Cl bond axis, b) a slower 180 0 flip about the C~-Cl axis. 

The relatively small value of the activation energy (Ea) measured for 

the PFF ring (less than 20 kcal/mol) strongly suggests that the ring 

flip is a cooperative process involving rolling motions of phenyl 

rings that are neighbors of the ring that flips (Hiyama, 1986). The 

activation energy of aromatic ring two-site oscillation in ferri

cytochrome c has a similar value, whereas in BPTI (Figure 45) it is 

equal to about 15 kcal/mol, although some rings are immobile up to 

80 a C (Wagner, 1976; Hetzel et al., 1976; Figure 45). 

Hindered rotation of tyrosine aromatic ring in oxytocin bound to 

neurophysin was also reported (Blumenstein et al., 1980). 
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Figure 44 . Temperature dependence of aromatic resonances in 

D-Phe-Cys-Tyr-~[CH2NH1-D-Trp-Orn-Thr-P~n-Thr-NH2' 



In sufficiently hindered aromatic amines, besides stereomutation 

inverting the nitrogen atom, a second motion corresponding to a 

torsional process (rotation of the aromatic ring) has also been 

detected by NMR methods (Casarini et al., 1988; Casarini et al., 

1987). 
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The observation of restricted aromatic ring rotation in 

peptide 23 is very puzzling, as one would expect that the CH2/C=O 

peptide bond replacement should increase peptide flexibility in that 

region, thus allowing the aromatic ring to find an energy well. 

Further investigations of this rare effect are in progress. 

Table 13 shows a number of chemical shift differences for 23 

in comparison with CTP, 1. The expected upfield shifts (as a result of 

isosteric peptide bond replacement) of the Cys2 NH (-0.32 ppm) and the 

Tyr3 NH (-0.46 ppm) are easily identified. Other significant upfield 

shifts include the Thr6 NH (-0.41 ppm), Pen7 NH (-0.34 ppm) and Thr8 

NH (-0.49 ppm), whereas a downfield shift is observed for the OrnS 

amide proton (0.32 ppm). Similarly, for alpha protons, there are 

dramatic upfield shifts of Cys2 (-0.81 ppm), Pen7 (-0.32 ppm), and 

Tyr 3 (-0.42 ppm), all a consequence of the peptide bond replacement. 

Some of the unexpected shifts (e.g. for Pen7) may be related to the 

oscillation of the tyrosine aromatic ring between two sites. 

Analysis of NH-CHa dihedral angles (obtained from Table 13) still 

supports the possibility of a type II' ~-turn of the backbone, though 

the temperature coefficient of Thr6 NH is not as small as usually 

observed in H-bonded amides (vide supra). On the other hand, the NOE 

cross-relaxation signals for the D-Trp4a/ornSNH and OrnSNH/Thr6NH 

---------------
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pairs of protons are diagnostic for type II' p-turns. There also is, 

somewhat obscured by the proximity of the diagonal, cross-relaxation 

between the alpha protons of Cys2 and Pen7 , and unexpectedly cross

relaxation between Cys2 p and Pen7 a protons (Figure 46). Other NOE 

cross-peaks, expected if the peptide bond is trans, are also found: 

CHip /NHi+1, for i and i+1 = 1/2, 2/3, 6/7, 7/8. As a type II' p turn 

precludes the spatial proximity of Orn5CHa and Thr6 NH, crossrelaxa-

tion from these residues is, indeed, not detected. 

Side chain population analysis is, unfortunately, incomplete. 

Internal flexibility of some parts of the backbone makes it impossible 

to extract appropriate vicinal coupling constants. Briefly, there is a 

pronounced trans side chain population of Cys2 (90%, compared with the 

almost equal distribution among trans and gauche(-) states for CTP, 

1). Also, the side chain of Tyr CH23 is mostly trans populated 

(gauche(-) for Tyr in CTP). This effect may cause observed chemical 

shift variations between equivalent residues of CTP and peptide 23. 

The low value of the Thr6 vicinal coupling constant Jap (4.5 Hz) vs. 

6.8 Hz for CTP is another discrepancy between these two peptides. 

In summary, peptide 23 still may be best characterized by a 

type II' p-turn conformation of its backbone, though there is substan

tial flexibility of its backbone, best manifested by a two site slow 

jump of the Tyr ring. 

D-Phe-Cys-Tyr-~[CH2Nl-D-Tca-orn-Thr-P~n-Thr-NH2' 24. 

Chemical shifts, coupling constants, and temperature coeffi

cients are listed in Table 13. Due to low resolution of some signals 
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Table 13. Chemical shifts, coupling constants and amide temperature 
coefficients for D-Phe-Cys-Tyr-~[CH2NH]-D-Trp-Orn-Thr-P~n
Thr-NH2 (23), D-Phe-Cys-Tyr-~[CH2N]-D-Tca-Orn-Thr-P~n-Thr
NH2 (24), D-Phe-Cys-~[CH2N]-Tic-D-Trp-Orn-Thr-P~n-Thr-NH2 
(26), d6-DMSO. 

Residue Chern. shift [ppm] 

D_Pg11 26 
D-Phe1 23 

24 
NH3+ 
cr 
{3' 
{3 I , 

Cys2 
NH 

cr 
{3' 
{3' , 
CH2 26 

Tyr3 
Tic3 26 

NH 

cr 
{3' 
{3' , 
CH2 23 24 

D-Tca 24 

Temp. factor 
10- 3[ppm/deg] 

23 24 26 
333K 365K 333K 

8.04 8.21 8.63 
4.13 4.19 5.26 
3.23 3.23 
2.97 2.95 

9.02 8.80 7.67* 
-4.6 -4.5 $ 
4.86 4.80 4.60 
3.23 3.15 ",3.12 
2.97 2.95 ",3.08 

2.77 

8.15 7.87 
-5.5 -5.7 
4.17 4.16 3.88* 
2.87 2.72 2.82 
2.61 2.66 2.75 

# 2.81 

D-Trp 23 26 
NH $ 8.44 
cr 4.01 4.18 4.65 
{3' 3.24 $ 3.16 
{3' , 3.14 2.96 3.04 

Orn5 
NH 8.56 8.20 8.44 

-1. 7 -1.4 $ 
cr 3.92 4.25 4.12 
{3' 1.32@ 1. 85 1. 75 
{3' , 1.02@ 1. 61 1. 38 
'Y 0.98@ 1. 61 1. 32 

Coup1. constant 

23 24 26 

cr/{3'=4.5 5.1 
cr/{3' '=9.4 9.1 
{3' /{3' '=14.3 14.1 

cr/NH=8.9 8.3 $ 

cr/{3'=3.5 $ $ 
cr/ {3' , =9 . 4 $ $ 
{3' /{3' '=14.3 $ $ 

cr/NH=m 7.6 

cr/{3'=5.7 $ $ 
cr/ {3' , =9 . 7 $ $ 
{3'/{3"=14.3 $ $ 

cr/NH=$ 7.8 
cr/{3'=$ $ 6.2 
cr/ {3' , =8 . 7 9.1 8.2 
{3' /{3' '=13.5 $ 16.6 

cr/NH=7.8 8.0 7.8 

cr/{3'=$ $ $ 
cr' /{3' '=$ $ $ 

-----------------------_.--._._------



S 2.44@ 2.81 
S- NH 3+ 7.70 7. n@ 

Thr6 
NH 7.28 7.57 

-l.8 -3.8 
0: 4.32 4.35 
{3 3.93 4.00 
-y 0.98 1.06! 
OH :::::5.3@ 

Pen7 
NH 8.15 8.04 

-2.4 -4.5 
0: 4.69 4.64 
-y l. 31 l. 32 

1. 37 1. 38 
.052 .052 

ThrS 
NH 7.90 7.80 

-l.6 -3.4 
0: 4.26 4.24 
{3 4.00 4.00 
-y l.05 l.OS! 
OH 4.98@ 

;: putative assignment 
$ not determined 
# to be yet determined 
m multiplet 
@ 303K 

2.67 
7.70 

7.32 

4.31 
3.94 
0.98 

7.78 

4.51 
1.19 
1. 22 
.033 

7.96 

4.20 
4.01 
1.06 

assignments could be reversed 

151 

o:/NH=7.6 7.2 3.9 

o:/{3=4.5 5.3 6.1 
{3j-y=6.3 5.9 6.3 

o:/NH=9.1 9.0 6.9 

o:/NH=8.5 8.5 8.6 

o:/{3=3.9 3.7 3.8 
{3j-y=6.3 6.3 6.3 
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Figure 46. 

NOESY spectrum of D-Phe-C;s-Tyr-'I'[ CHZNH)-D-Trp-Orn-Thr-P~n-Thr-NHz 

(303K. d6- DMSO) 
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in the lD spectrum (its possible origin will be discussed later) at 

303K, it was improved by increaseing the temperature to 36sK. On the 

other hand 2D experiments (low spectral resolution is acceptable) were 

carried out at 303K. Differential decoupling experiments failed to 

extract the vicinal coupling constants for amino acids directly 

connected with the flexible peptide bond isostere (Cys2, TyrcH23 , 

D-Tca4 , Orns ). Visible broadening of amide -and alpha proton signals 

for these residues may be attributed to conformational averaging. 

Otherwise, signals of residues isolated from the "flexibility domain" 

(Thr6 , Pen7 , Thr8) are manifested as sharp signals. Interestingly, 

peptide 24 consists of two domains, a flexible one (amino acids 2-4) 

and a rigid one (amino acids 6-8). Coupling constants can be obtained 

for rigid domain amino acids, but not from the flexible domain. 

Comparison of the lD spectra of 24 at 303 and 36sK (Figure 47) besides 

improving spectral resolution (due to faster molecular tumbling of the 

peptide in otherwise viscous DMSO (James, 1975» revealed some inte

resting dynamic processes. The diastereotopic protons of the methylene 

group adjacent to the amino group are in intermediate exchange at 

303K, and as such are observed as broad humps at 4.14 and 3.78 ppm 

(Figure 47, bottom). At 36sK, conformational averaging is fast enough 

to result in two relatively sharp doublets, at 4.18 and 3.78 respec

tively. This observation may be related to an oscillation between the 

gauche(-) and gauche(+) conformations for the D-Tca4 side chain. The p 

dihedral angles between NHi-CHia are compatible with either a type 

II'P turn or a reverse 1 turn conformation. 
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Analysis of the NOESY experiment reveals that two important 

cross- peaks between D-Phela/Cys2NH and Cys2a/Tyr CH23NH are not 

found. Not incidentally these amino acids were identified previously 

as constituting a flexibility domain in peptide 23, and presumably the 

same occurs for peptide 24. It is well known that internal flexibility 

in molecules greatly influences the magnitude of NOE cross-peaks. This 

aspect will be discussed later. The presence of a 4/5 and the absence 

of a 5/6 CHai/NHi +l NOE has been interpreted here (vide supra) as 

strong proof for a type II' ~-turn conformation involving residues 

3-6. That really is the case for peptide 24, but another important 

cross-relaxation between amide protons of Orn5 and Thr6 is missing. 

The suggested mobility of the D-Tca4 side chain, may require concerted 

motions of the neighboring Orn5 side chain. Indeed, the dynamics of 

this residue may have caused a failure to extract reliable and unambi

guous vicinal coupling constants for this amino acid. In addition, the 

chemical shift difference for orn5~ protons in 24 is significantly 

lower (0.24 ppm) than in 22 (0.38 ppm), which is usually attributed to 

conformational averaging in pep tides (Kessler, 1982). Thus, the magni

tude of the cross-relaxation may be affected here. The presence of 6/7 

and 7/8 NOESY signals again reflects a higher degree of order in the 

C-terminal part of peptide 24. 

Analysis of amide temperature factors does not indicate 

H-bond formation by the Thr6 NH. The low temperature factor for the 

Orn5 amide NH may be indicative of a ~ or inverse ~ turn involving 

residues 3-5 (Smith and Pease, 1980). Side chain rotamer analysis is 

incomplete at this point (Table 13), however, the side chain popula-



tions for D-Phe l , Thr6 , and Thr8 are similar to those found in CTP 

(Sugg et al., 1988) and related compounds. 
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Analysis of the amide chemical shifts for compounds 22, 23, 24 

(Table 11 and Table 13, respectively) reveals no essential differ

ences. The major discrepancy, an upfield shift of the Tyr3cH2 amide 

proton (-0.72 ppm relative to 23) is expected as a result of the 

peptide bond replacement. The same, to a lesser extent, is true for 

the cys2 amide protot~ (-0.22 ppm upfield shift relative to 23). 

Otherwise, the chemical shifts for other residues are amazingly 

uniform (with only a small exception for the Thr8 amide). 

As previously discussed, the alpha protons of tetrahydroisoquinoline 

have different chemical shift values as a function of the pipecolic 

acid ring conformation. Comparison of relevant chemical shifts for 

peptides 23 and 24, in the absence .of the appropriate vicinal coupling 

constants, suggest similar D-Tca4 side chain conformations in both 

molecules. This comparison reveals some startling differences in the 

conformational behavior of tetrahydroisoquinolines and tetrahydro

carbolines, of unknown origin. Replacement of the carbonyl group (in 

22) by a methylene moiety (24) does not introduce a conformational 

bias in the side chain of D-Tca4 . This result is not unexpected, 

however, since in 22 (unlike in 25, vide infra) there already is 

significant preference of the D-Tca side chain to attain a gauche(-) 

conformation. 

In the absence of more sensitive parameters (r.oupling constants), the 

similar chemical shifts of Orn5 1 protons is yet further evidence for 

similar topographies of both peptides in that region. This chemical 

-----------------_ ... _----
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shift has been used as a diagnostic tool probing the spatial relation

ship of the D- Trp4 and Lys5 residues in a related class of octapepti

des (Hallenga et al., 1980; Wynanta et al., 1985). A decrease in the 

spectral range (a difference between the highest and the lowest 

chemical shift values for the same class of protons) has usually been 

interpreted as evidence for conformational averaging (Kessler, 1982). 

For amide protons this range is 1.27 ppm for 24 and 1.81 ppm for 22. 

Among alpha protons the chemical shift range is 0.64 ppm for 24 in 

contrast to 1.32 ppm for 22. Also, the chemical shift difference of 

the diastereotopic Pen7 methyl groups in 22, 23, 24 is fairly consi

stent, confirming similar rigidity of the C-terminal peptide region in 

these molecules. 

The implications of these stereochemical and dynamic proper

ties on affinities and selectivities for opioid receptors will be 

discussed in the later text. 

D-Phe-Cys-Tic-D-Trp-orn-Thr-P~n-Thr-NH2' 25. 

The chemical shifts, coupling constants, and temperature 

coefficients were obtained by methods described in the Experimental 

and are listed in Table 11. Unlike previously discussed 23 and 24, the 

title compound 25 has a further conformational constraint applied to 

the i position of the putative type II' ,B-turn.- A Tic derivative was 

incorporated into the peptide chain, replacing Tyr in 2. The appropri

ate cyclic derivative of tyrosine is very difficult to synthesize (a 

multistep synthesis has been published by Miyake et al., 1984), 

-----------------------------
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whereas classical Pictet-Spengler reaction of tyrosine with formalde

hyde results in polymeric material of Bakelite type. Nonetheless, it 

has been found (Pelton et al., 1985a) that the replacement of Tyr 3 

with Phe 3 results in only a modest (3 times) decrease of peptide 

affinity to the mu opioid receptor. Karplus-Bystrov (Bystrov, 1976) 

analysis of accessible ~ angles does not indicate any major discre

pancy with these of GTP. Also, analysis of side chain populations 

suggests that the overall topographies of these two molecules (exclu

ding the Tic 3 residue, which will be discussed later) are similar. 

Another, relatively minor difference was detected in the side chain 

population in Cys2 of 25 which is mostly trans. For eTP the population 

is equally divided between trans and gauche(-) conformations. The 

origin of this effect is probably related to a dramatic, though 

expected, side chain conformational change at the 3rd position in 25 

(relative to 2). Analysis of the coupling constants (Table 11) indica

tes that both vicinal coupling constants are almost equal, as a result 

of the somewhat skewed gauche(+) conformation of the Tic3 side chain 

group (Figure 33). 

Similarly to peptide 23, one observes an increased trans side 

chain population of Cys2 (probably the result of repulsions from the 

Tic 3 aromatic ring). This does not allow one to detect any cross-rela

xation between the alpha protons of Cys2 and Pen7 (only minor effect 

is detected in the case of peptide 23)-Figure 48. This result should 

be contrasted, however, with a very strong cross-relaxation found in 

peptide 22, fn spite of an overwhelm; .:gly trans population of the eys2 

side chain. On the other hand NOESY experiments reveal two important 
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cross peaks: Cys2 CHo/Tic3 NCH2 and Tic3 CHo/Tic3 NCH2. The first 

effect may only be observed if the corresponding peptide bond is in a 

trans configuration (vide supra). The lD spectrum of 25 suggests that 

there is only one conformer observed. Thus, in contrast to the proline 

ring where cis and trans peptide bond isomers are often in equilibrium 

(Montelione et al., 1986; Piela et al., 1987; Thomas, 1976), the 

tetrahydroisoquinoline ring seems to exclusively prefer a trans 

conformation of the peptide bond. 

NOESY experiments reveal that the following pairs of protons 

CHio/ NHi+l are in spatial proximity: 1/2, 3/4, 4/5, 6/7, 7/8. These 

peptide bonds are trans. Lack of 5/6 cross-relaxation in the presence 

of a strong NH5/NH6 signal again is interpreted as evidence for a type 

II' p-turn backbone conformation. 

The chemical shift difference between the diastereotopic 

methyl groups of Pen7 was much larger in 25 (0.132 ppm), than in 1 

(0.06 ppm). Perhaps an overall increase of peptide rigidity (transmit

ted via side chains) yields better stereodifferentiation of both 

methyl groups for 25. Table 11 reveals that there is a substantial 

upfield shift of the D-Trp4NH (-0.74 ppm in comparison to 1), which 

possibly is a result of ring anisotropy from the gauche(+) populated 

side chain of Tic, in contrast to the mostly gauche(-) populated side 

chain of Tyr in CTP. Erratic upfield shifts of Thr6 , Pen7 , Thr8 amide 

resonances; and the absence of this phenomenon for Orn5NH, indicate 

trans annular ring current anisotropy effects on these residues. 

Information of this type will be very helpful in molecular modelling 

studies. 

._--_ .. _-------
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D-Pgl-Cys-~[CH2Nl-Tic-D-Trp-Orn-Thr-pJn-Thr-NH2' 26. 

Strong indications of conformational averaging were identi

fied for the title peptide 26 in the form of broad lines for some 

signals at 303K. Increased resolution was achieved by carrying NMR 

experiments at 333K (James, 1975). 

Chemical shifts and coupling constants (where obtained) are 

listed in Table 13. However, even at elevated temperatures the signals 

of the 2nd, 3rd, and 7th residues still stayed sufficiently broadeneu 

that no accurate coupling constant information could be extracted. To 

obtain approximate information about the conformation and dynamics of 

this molecule, chemical shift analysis (in a similar manner as done 

before) was utilized. It was noted first that D-Pgl in the 1st posi

tion has similar ring anisotropy effects to D-Phe (Kazmierski and 

Hruby, 1988). Considering the alpha protons first, there was a sig

nificant upfield shift of the Cys2 CH2 protons in 26 (-0.87 ppm with 

respect to 25 ). This is much higher than one would expect solely as a 

result of isosteric peptide bond replacement with an alkyl amino group 

(about -0.4 ppm). Due to increased distance the influence of this 

replacement should be even less pronounced for the Cys 2CH2 amide in 

peptide 26. On the contrary, there was a tremendous upfield shift of 

this resonance in 26 relative to 25 (- 1.58 ppm). These results 

strongly imply dramatic ring current anisotropy effects, suggesting 

very different orientations of the Tic aromatic side chains in both 26 

and 25 (where the gauche(+) conformation was found). Both the alpha 

and amide protons of D-tryptophan in 26, on the contrary, experience a 

downfield shift relative to 25 (0.38 and 0.35 ppm, respectively). A 
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closer look at both the alpha and amide protons of both pep tides 25 

and 26 (Table 11 and Table 13) reveals, with the exception of the 

alpha protons of Pen7 , that the corresponding resonances are almost 

identical. A small upfield shift (-0.29 ppm) experienced by the Pen7Q 

resonance will be discussed later. Additionally, the alpha proton of 

Tic in 26 experiences an upfield shift of -1.34 ppm, which is much 

larger than expected from alkyl amine peptide bond modification. 

Again, conformational effects must be involved. Figure 8 clearly shmvs 

that both the gauche(-) and gauche(+) Tic conformers differ in the 

relationship of the aromatic ring (ring current anisotropy) to an 

alpha proton. 

Analysis of a ID spectrum of 26 revealed that while D-Trp, 

Orn, and Thr6 gave reasonably sharp signals, the next amino acid Pen7 

again gave broad (slow exchange) alpha and amine proton resonances. 

The already mentioned small upfield shift of Pen7 CHQ may be related 

to this phenomenon. Most convincing, however, is a comparison of the 

chemical shift difference between the diastereotopic methyl groups of 

Pen7 . This value is only 0.033 ppm for 26, compared to 0.131 ppm for 

rigid 25 (Table 11 and Table 13). The existence of two domains of dif

ferent flexibility in 26 separated by the relatively rigid D-Trp-Orn

Thr fragment suggests that flexibility originating from the peptide 

bond isostere substitution may be transmitted through the disulfide 

bonds and is manifested in the form of a more flexible Pen7 residue. 

~ angles calculated from the vicinal coupling constants for D-Trp and 

Thr6 exhibit a significant deviation compared with the corresponding 

values in CTP (1). NOESY experiments did not add any additional 
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information. Only some intraresidual NOE signals were detected. At 

present it is difficult to come up with any reasonable model for 

peptide 26. The apparent flexibility of this compound in conjunction 

with the lack of any distance information is especially challenging 

and will require more extensive work. 

Motional averaging in pep tides and proteins has recently been 

the subject of elaborated studies involving molecular dynamics simula

tions and their correlations with cross-relaxation rates accessible 

from the time development of the nuclear Overhauser effect (Olejniczak 

et al., 1984; Olejniczak et al., 1981). These studies, limited to the 

effects of subnanosecond fluctuations because of limited length of the 

available dynamics run, showed that cross-relaxation rates are reduced 

by motional averaging on a picosecond time scale. The ratio of experi

mentally determined cross-relaxation rate ( a ) to that estimated for 

a rigid, isotropically tumbling protein reflects the degree of inter

nal motions that occur in the molecule. For intraresidual protons, 

where the internuclear separation is fixed, the resulting ratio is 

equal to the order parameter S2 (Levy, 1986), which can also be deter

mined from the dynamics simulations. Studies on lysozyme (Olejniczak 

et al., 1984) showed that unlike for Trp-28, experimental values of S2 

for 11e-98 and Met-108 are smaller than the values of S2 predicted 

from simulations. This suggests that motions on a long time scale 

(nanosecond range dihedral angle fluctuations involving transitions 

between minima), compared with those from simulations, are present and 

have non-negligible effects on the cross-relaxation rates. Even 

interresidue subnanosecond motions can, on the average, decrease NOE 

----~.------------.--------
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intensity about 20%. Motions other than these fast fluctuations are by 

no means eliminated. The magnitudes of fast fluctuations would be 

reduced if additional slower motions were present, to satisfy experi

mental results. In the absence of the fast motions any slower motion 

must involve greater angular fluctuations (Olejniczak et al. ,L981). 

Therefore, it is perceived that even slower molecular motions, such as 

those involving peptides 23, 24, and 26 that may be manifested on the 

NMR time scale, will even further reduce observable NOEs. Further 

investigation of the dynamic and conformational properties of these 

peptides, in conjunction with the unique pharmacological properties of 

some of them, may give many important insights into structural re

quirements for affinity to different classes of opioid receptors. 

Comparison of Results Obtained in this Work With the 

Literature Data. 

This work provides structural evidence for opioid receptor 

selection mechanism. Treatment of type II' p-turn-forming amino acics 

on a relatively rigid· conformational template allowed us to examine 

very local, selective manipulations in the peptide's topography. The 

very distinct conformational properties of H-(D-)N-Me-Phe, H-(D-)Tic. 

as well the acylated D- and L-Tic and Tca residues constitute an 

approach that allows design of desired topographical features in a 

predictable manner. A gauche(-) side chain conformation of D-Tic in 8 

corresponds to an extended form of the peptide (Figure 29) • recogni

zed well by the mu but not the delta opioid receptors. A gauche(+) 

._----------------------------
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side chain conformation of Gly-D-Tic l in 12 is responsible for enfor

cing an overall more folded topography of this peptide, a feature not 

well recognized by the mu opioid receptor, but slightly better reco

gnized by delta receptors. 

It is interesting to compare results obtained in this work 

with some recent findings from other laboratories. Salvadori et al. 

(1986) incorporated Z-dehydrophenylalanine ( ~zPhe) into the third 

position of the naturally occurring mu opioid agonist- dermorphin, 

H-Tyr-D-Ala-Phe-Gly-Tyr-Pro-Ser-NH2' This structural modification 

resulted in a 74-fold decrease of in vitro activity in the GPI system 

(activity on mu receptor) and a 27-fold decrease in its analgesic 

properties. No systematic studies on conformational properties of this 

peptide have been carried out. However the aromatic ring of the ~zPhe 

is directed (due to Z-isomerism) towards the Tyr l moiety, leading to a 

decrease of the critical distance (in light of our results) between 

these important aromatic pharmacophores ("folded" conformation). 

The pharmacological consequences of the Phe4 replacement by 

both isomers of dehydrophenylalanine in the enkephalin series has been 

tested by Nitz et al. (1986). As indicated by competitive binding 

experiments in a radioligand receptor assay, the ~zPhe4-containing 

peptide conserved a high affinity, whereas the analogue bearing ~EPhe 

exhibited about 1000 weaker affinity to delta opioid receptors, in 

comparison with the enkephalins. Again, as no conformational studies 

accompanied these findings, it can only be speculated that the ~ZPhe4 

isomer probably constitutes a compact conformation of the peptide, 

exhibiting therefore preferential binding to delta opiold receptors. 
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Finally, recent conformational investigations of the cyclic delta 

opioid selective peptide Tyr-D-Pen-Gly-Tyr-D-Pen-OH suggested the 

spatial proximity of both aromatic rings, on the basis of indirect NOE 

effects (Hruby et al., 1988). Similar conclusions, on the basis of 

relaxation data, have been drawn for linear enkephalins (Niccolai et 

al., 1980). This finding confirms that the delta opioid receptor 

recognizes compact molecular topographies. This result is comple-

.mentary to our finding based on mu selective octapeptides that an 

extended topography is recognized by mu but not the delta receptors. 

Summary and Future Perspectives. 

This research has attempted to contribute to several essen

tial problems of contemporary molecular biology. 

The relationship between primary and secondary structure. 

Unlike most recent approaches to control and design of peptide secon

dary structure (Gierasch et al., 1981; Mutter, 1985; Kemp and Carter, 

1987, etc.) that concentrate on the backbone conformation, the appro

ach presented here treats backbone as a relatively rigid structure, 

upon which side chains can be arranged in predetermined topographies. 

NMR based conformational analysis of peptides 22 and 25 suggests that 

turn structures are not perturbed by the cyclic aromatic amino acids, 

which enforce certain topographical properties, essentially by forming 

stable bicyclic structures. The fact that N-terminal (D-)Tic (8) and 

internal (D-)Tic (12 and 25) possess strikingly different side chain 

xl angles (g(-) vs g(+), respectively) is the basis of this new 
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approach to peptide/protein topography design. Besides the cyclic 

derivative of phenylalanine, similar work was initiated with cyclic 

derivatives of tryptophane (carbolines), and in principle could be 

extended to other amino acids (such work is in progress in this 

laboratory). Pseudopeptides were synthesized to stabilize the g(-) 

side chain conformation for internally coupled pipecolic acid deriva

tives. At present, the detected mobility of the backbone in the area 

of the alkylamine does not make it possible to unequivocally support 

this approach to establish the topography; however the chemical shifts 

of the a-H's of amino acids involved in pseudopeptide bonds seem to 

support this possibility. Further studies, particularly on peptide 23, 

are in progress. 

Topographical models for the bioactive state of a peptide. 

As demonstrated by conformational analysis of a large number of pepti

des, the type II' ,B-turn backbone structure is a stable conformational 

feature of this class of peptides. This, as well our ability to deter

mine side chain conformations of cyclic amino acids, renders unique 

insights into elements of bioactive conformation of ~ opioid ligands. 

It was demonstrated that the sequential flip of the aromatic side 

chain of the first amino acid (in 12) and the third (in 25) resulted a 

in sharp decrease of the peptide's affinity for the ~ opioid receptor, 

whereas both side chains located on the same side of the molecule and 

separated by a proper distance (8) were extremely important pharmaco

phores for recognition by the ~ opioid receptor. Correlation of the 

described topography design on a rigid conformational template, in 

- ~-~~-~~-~---------------------------
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conjunction with receptor binding data, may be a very useful tool in 

searches for bioactive conformations in general. 

Design of potent and selective ~ opioid antagonists and 

agonists. 

Any hypothesis, such as the topographical design on a rigid 

templates model proposed here, requires experimental verification. To 

date, design of the most potent and selective class of ~ opioid 

antagonists utilized the above stated principles. An interesting step 

towards design of ~ agonists should be substitution of D-Tca on the N

terminus of octapeptides. Its precursor peptide 13 showed significant 

agonistic character, enhanced in [D-TcaljCTP, with the expected 

increase of its selectivity for the ~ opioid receptor, analogously to 

the influence of D-tetrahydroisoquinoline vs. D-phenylalanine on this 

position. 

It is admitted that this study brought up as many questions 

as it tried to answer. Careful model studies on selected cyclic amino 

acids incorporated in different peptide sequences will have to be 

carried out to verify the scope and limitations of the proposed 

approach to the topography design on a backbone template. However, the 

results to date in terms of topographical insight ·and biological 

potency and specificity have been most promising, suggesting that 

further work is justified. 
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