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Chapter 2 4 .  Peptide Conformation and Biological Activity 
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The primary event of a hormone-induced physiological response is that 
In order to adequately understand this process, of recognition or binding. 

one must know the conformation(s) of the hormone in physiological solution 
and the conformation(s) when bound to the receptor, presumablv on the cell 
surface. Structure-activity studies of peptides have traditionally ignored 
conformational effects of chemical modification. Emphasis in this review 
will be to show how these may be used to distinguish between solution and 
receptor-bound conformations. 

I. Solution Conformation - Nuclear magnetic resonance offers the ability 
to assign a resonance signal to each nucleus of the peptide molecule under 
study and interpret the chemical shift, relative intensity, and splitting 
patterns of these resonance signals in terms of an les and rotational free- 

pretation of results are often clouded by hidden assumptions and technical 
requirements which are not ideal. For example, exchange broadening of NH 
resonances at neutral or alkaline pH preclude measurement of JNC coupling 
constants which yield information of the torsional angle #. 
tion of coupling constants is complicated by the degeneracy of the Karplus 
equation as well as by the time-scale of NMR, which renders distinguishing 
a unique conformer from a rapidly interconverting mixture difficult. These 
ambiguities may be resolved by measurement of multi 
especially n peptides enriched-with either 13C or '$N, as exemplified with 

ics but require high concentrations of peptide for natural abundance stud- 
ies of 13C NMR, leading to aggregation3s4. Interpretation of spin-lattice 
relaxation times in terms of overall rotational correlation times and seg- 
mental motions are model dependent5 and inadequate determinations of cor- 
relation times have often been made. Measurements of nuclear Overhauser 
effects provide a valuable auxillary method for intermolecular distance 
constraints6, but correlation times must be determined for rigorous inter- 
pretation. Other procedures which offer experimental advantages over "R, 
due to lower concentration requirements, are laser Raman spectroscop 
e.g. valinomycin7, and fluorescence energy transfer, e.g. enkephalin5'and 
angiotensing analogs. 

observations that the conformation of most peptides is very dependent on 
solvent, which current computational techniques are inadequate to handle 
in detail. 
quately predict minima of charged molecules with the semi-empirical ap- 
proach. 
prove more realistic . 

dom about bonds, and proximity of different groups f . Unfortunately, inter- 

Interpreta- 

e coupling constants 

valinomycin 4 . Relaxation measurements offer insight into molecular dynam- 

Calculation of structures with potential energy minima ignore the 

In addition, a dielectric function appears necessarylO to ade- 

Molecular or ital approximations of solvent-solute complexes may 
1 P 
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Considering the conformational l a b i l i t y  of peptides i n  solut ion,  one 
should not be surprised tha t  i n t e rac t ion  with an asymmetric receptor,  
which may include e l e c t r o s t a t i c ,  hydrogen-bonding, and hydrophobic i n t e r -  
act ions,  a f f e c t s  the conformation of the peptide hormone. Evidence e x i s t s  
i n  studies12913 of the binding of S-peptide t o  S-protein t o  form ribonu- 
clease-S' t h a t  binding of a peptide t o  a protein induc a conformational 
change from t h a t  observed i n  solution. Recent studies" on l u l i b e r i n ,  the 
hypothalamic decapeptide which controls  the release of gonadotropins from 
the  p i t u i t a r y ,  have led t o  the conclusion " that  a predetermined so lu t ion  
conformation is not required f o r  biological  act ivi ty ."  A similar conclu- 
s ion w a s  reached15 based on conformational s tud ie s  on gramicidin S analogs 
with equivalent biological  a c t i v i t y  but with d i s t i n c t l y  d i f f e ren t  confor- 
mations. 

I n  summary, examination of the  avai lable  information indicates  t h a t  
biological ly  ac t ive  peptides i n  solut ion are f l e x i b l e  with time-averaged 
conformations which o f f e r  l i t t l e  in s igh t  i n t o  t h e i r  biological  a c t i v i t y .  

11. Receptor-bound Conformation - While some workers have argued t h a t  the 
most highly populated conformer i n  solut ion w i l l  bind with the highest  af- 
f i n i t y  t o  the receptor,  there  are excel ent a p r i o r i  reasons f o r  believing 
t h a t  t h i s  w i l l  not be the general case", somewhat analogous to  the obser- 
vat ions t h a t  t r ans i t i on  state analogs r a the r  than the predominant conform- 
ers found i n  solut ion bind most t i g h t l y  t o  enzymes. 
necessary t o  develop approaches which allow one t o  deduce the receptor- 
bound conformation independent of solut ion observations. Systematic exam-  
i na t ion  of semi-rigid analogs f o r  t h e i r  conformational e f f e c t s  and corre- 
l a t i o n  with biological  a c t i v i t y  o f f e r s  one r a t iona l  approach. 
and Bosshardl' f i r s t  showed the  dramatic e f f e c t s  of the a-methyl subst i tu-  
t i o n  i n  r e s t r i c t i n g  the conformational f l e x i b i l i t y  a t  the subs t i t u t ed  
residue t o  a value near those f o r  a right-handed ( 4  - -60, JI - -50') or a 
left-handed (Q - 60', JI = 50') a-helix. 
been confirmed by two other  g r o ~ p s l ~ ~ ~ ~  independentlv. Two c r y s t a l  s t ruc-  
t u re s  of fragments of alamethicin which contain a t o t a l  of four residues 
of amino-isobutyric acid,  i.e. a-methyl-alanine (Aib), have recent ly  been 
solved20,21. 
minima almost exactly (4  - -52', JI - -38'; Q = 48". JI - 42'; Q - -51", JI = 
-46') while t he  fourth is w e l l  within the allowed area (I$ - -72', JI - 
-11'). as shorn i n  Fig. 1. These r e s u l t s  confirm the calculat ions and in- 
d i ca t e  the strong cons t r a in t s  imposed by such residues when incorporated 
i n t o  peptide chains. "" J 

3 I_ J 

It is, therefore ,  

Marshall 

These calculat ions have s ince 

Of the four Aib residues,  three occupy the two predicted 

Fig. 1. Po ten t i a l  energy 
p lo t  f o r  N-acetyl-Aib- 

f- methylamide with experi- 
mental observations (XI 
of Aib residues. 

,I"_ 
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The problem of i n t e r e s t  is whether these ca lcu la ted  cons t r a in t s  apply 
t o  peptides when they bind t o  receptors.  
values from p ro te in  crystallography22 argues i n  favor,  as one would th ink  
t h a t  the range of po ten t i a l  d i s t o r t i o n s  of the  so lu t ion  conformation which 
might occur on binding t o  the  receptor had been adequately sampled i n  the  
folding of a l a r g e  protein.  A peptide would be expected t o  t o l e r a t e  less 
d i s t o r t i o n  than a segment of a p ro te in  chain as the  end res idues  can be  
moved without s a c r i f i c i n g  a l a rge  number of ene rge t i ca l ly  favorable i n t e r -  
ac t ions  i n  order t o  r e l i eve  the  l o c a l  s t r a i n .  

A bas i c  assumption of a common backbone conformation which o r i e n t s  
the  e s s e n t i a l  func t iona l  group i n  the co r rec t  s p a t i a l  pos i t i ons  f o r  a l l  
ac t ive  analogs under l ies  t h i s  approach. In t e r sec t ion  of the  set of a l l  
poss ib le  conformations f o r  each analog contains the  b io log ica l ly  a c t i v e  
conformer. I d e n t i f i c a t i o n  of e s s e n t i a l  func t iona l  groups by t r a d i t i o n a l  
s t ruc tu re -ac t iv i ty  s tud ie s  allows transformation of the  problem from con- 
formational space t o  o r i e n t a t i o n  space where one examines poss ib le  pharma- 
cophores, i.e. required groups and t h e i r  o r i en ta t ion ,  and removes t h e  ob- 
j e c t i o n  of a poss ib le  analog with a d i f f e r e n t  conformation having a c t i v i t y .  

edge of conformation of t h ree  peptide hormones w i l l  be reviewed. 

Agreement with the  observed 

I n  order  t o  i l l u s t r a t e  these concepts, t he  cur ren t  state of knowl- 

111. Thyroliberin - To the f i r s t  level of approximation, s i x  to r s iona l  
angles are needed t o  descr ibe  the  conformation of t hp ro l ibe r in  (TRH), t h e  
hypothalamic t r i p e p t i d e  which cont ro ls  t he  release of thyroid s t imula t ing  
hormone from the  p i t u i t a r y :  $1, 42, x i ,  x2,  $ 2 ,  and q3. 

H, N' 
GlP His Pro-NH2 

A. NMR Studies - A conformation f o r  TRH i n  DMSO so lu t ion  has been pro- 
posed23 i n  which the re  is a hydrogen bond between the  t r ans  carboxamide 
hydrogen and the  His-Pro carbonyl oxygen and another hydrogen bond between 
the  imidazole N-1 and the  Glp-His peptide bond hydrogen. This l a t t e r  hy- 
drogen bond is proposed because i t  s t a b i l i z e s  a s t r u c t u r e  with 42 = -150'. 
compatible with t h e  measured coupling constant,  
niques i n  which the  C$Ha-C&, coupling constants are measured lead t o  an 
i n t e r p r e t a t i o n  t h a t  a value of x 1  - +60° is s l i g h t l y  prefer red ,  which 
agrees with t h e  assi ned hydrogen bond involving the  imidazole ring. 

pmr and f ind  t h a t  x i  = +60° t o  have the  lowest population. They i d e n t i f y  
the  most highly populated rotamer as x 1  = 180' because t h a t  is the  one i n  

Double resonance tech- 

Two  group^^^,^^ have re-evaluated the  conformation of TRH i n  DMSO by 
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which t h e  imidazole is placed n e a r e s t  t he  pro l ine .  They a l s o  measure t h e  
temperature  dependence of  t he  amide hydrogen chemical s h i f t s  and f i n d  no 
evidence f o r  hydrogen bonds. They argue t h a t  t h e  steric bulk of t h e  h is -  
t i d i n e  and p r o l i n e  fo rce  t h e  pep t ide  backbone i n t o  an extended conformation 
(42 = -150', $2 = lSO"), which is c o n s i s t e n t  wi th  t h e  h i s t i d i n e  JNc of  7.2 
Hz. The an iso t ropy  of t h e  p r o l i n e  d and carhoxamide hydrogens is due 
only  t o  the  proximit  of t h e  imidazole.  

Donzel e t  a1.2t: prepared the  analog [MeIeHis2]-TRII and repor ted  i t s  
b i o l o g i c a l  a c t i v i t y  as 115%. This  analog cannot poss ib ly  form a hydrogen 
bond involv ing  the  imidazole  N 1 .  They a l s o  s tud ied  i t s  pmr spectrum i n  
DMSO and concluded, from similar coupl ing cons tan t  a n a l y s i s ,  t h a t  t h e  h i s -  
t i d i n e  imidazole  has no p re fe r r ed  o r i e n t a t i o n  among the  t h r e e  s taggered  
conformers. The rest of t h e  spectrum is very similar t o  t h a t  of t he  par- 
e n t  compound. 

Bellocq and Dubien2' examined the  pmr spectrum of [ (3-methylimid- 
azolyl)alanine2]-TRH, an analog wi th  800% b i o l o g i c a l  a c t i v i t y .  Its spec- 
trum i n  DMSO agrees  very  w e l l  wi th  t h a t  of TlUI. The temperature  depen- 
dences of t h e  chemical s h i f t s  f o r  a l l  the  amide hydrogens were determined 
and found t o  be q u i t e  s imi l a r  f o r  a l l  the  hydrogens, implying t h a t  none 
are involved i n  hydrogen bonds. They sugges t  t he  an iso t ropy  of t h e  pro- 
l i n e  6 and carboxamide hydrogens t o  be due t o  the  proximity of t h e  imida- 
z o l e  r ing .  
thienyl)alanine2]-TRH, an analog wi th  75% b i o l o g i c a l  a c t i v i t y .  Its spec- 
trum i n  DMSO d i f f e r s  from t h a t  of TRlI i n  t h a t  t he  non-equivalence of t h e  
p r o l i n e  6 hydrogens is abol i shed  and t h a t  of t h e  carboxamide hydrogens i s  
reduced. 
of 60% a t  x i  = -60'. Thus, t he  d a t a  seem t o  i n d i c a t e  an extended confor- 
mation i n  DMSO, without  in t ramolecular  hydrogen bonds, determined mostly 
by t h e  s t e r i c  bulk of t h e  h i s t i d i n e  and p r o l i n e  res idues .  However, what- 
ever t h e  conformation of TRH i n  DMSO, i t  does not  seem t o  be r e l e v a n t  t o  
b i o l o g i c a l  a c t i v i t y .  

model der ived  from these  d a t a  is similar t o  the  DMSO model. The molecule 
i s  i n  an extended conformation (42 = -150', $2 = 155') uns t ab i l i zed  bv 
hydrogen bonds and determined mainly by the  s t e r i c  bulk of t h e  h i s t i d i n e  
and p ro l ine  res idues .  There i s  less i n t e r a c t i o n  between the  imidazole  and 
carboxamide groups compared t o  DMSO s o l u t i o n  which may i n d i c a t e  more so l -  
v a t i o n  of t hese  groups i n  water o r  a change i n  the  average va lue  of J13 .  

Bellocq -- e t  a1,28 a l s o  examined the  pmr spectrum of [(2- 

Analysis  of t h e  rotamer popula t ion  about x 1  g ives  a d i s t r i b u t i o n  

The pmr spectrum of TNI has  been s tud ied  i n  ~ a t e r ~ ~ , ~ ' .  The o v e r a l l  

CIS x-Pro Bond 
w = 0' 

TRANS X-Pro Bond 
w 180' 

A number of 1 3 C  s t u d i e s  30931 have demonstrated the  presence of some 
cis isomer of  Pro  i n  TRH by t h e  doubl ing of t h e  p y r r o l i d i n e  carbon reson- 
ances .  The amount of c i s  isomer,  es t imated from r e l a t i v e  peak he igh t s ,  is  
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uniformly reported as some 1 5 2 0 % .  
N-acetyl-proline amide and o the r  model X-Pro compounds, where t h e  amount 
of c i s  isomer is some 25-40% i n  D20 so lu t ion .  
conformational preference f o r  a trans His-Pro bond i n  TRH. Deslauriers e t  
~ 1 . 3 2  have examined the  imidazole tautomer r a t i o  i n  TRH by examining the- 
3 dependence of t h e  h i s t i d i n e  carbon chemical s h i f t s  i n  D 2 0  so lu t ion .  
The behavior of t hy ro l ibe r in  is very similar t o  t h a t  of f r e e  h i s t i d i n e ,  
which has been shown t o  be predominantly the  N3-H tautomer. 
lat t ice re l axa t ion  t i m e s  show no change f o r  t he  imidazole carbons on going 
from pH 4.9 t o  pH 9.9, providing evidence aga ins t  any conformer havin 
hydrogen bond involving the  imidazole as a hydrogen bond acceptor32 * ". 
The re laxa t ion  times of 8 ,  y, and 6 pyr ro l id ine  carbons are appreciably 
higher than t h a t  of t he  alpha carbon, increas ing  i n  the  order a c B .̂ 6 < 
y. This suggests a ra i d  interconversion between endo and exo forms of 
the  ring. Haar e t  al.$l examined t h e  13C v i c i n a l  coupling cons tan ts  using 
[85% C-13 enriched proline3]-TRH and propose the  C6 endo puckered conformer 
t o  predominate. 
and endo forms as suggested by the  r e l axa t ion  times. I n  general ,  t h e  13C 
s t u d i e s  i n  D20 give t h e  o v e r a l l  impression of a r e l a t i v e l y  f l e x i b l e  mole- 
cu le  whose conformational mobility is similar t o  model d ipept ides  and 
acylamino ac ids .  

This is i n  con t r a s t  t o  the behavior of 

This suggests some s t e r i c  o r  

The spin- . 
a 

It may be t h a t  t he re  is a rapid conversion between ex0 

There is no evidence f o r  hydrogen bonding. 

Cy END0 Proline 

B. Theore t ica l  Energy Calculations - There have been seve ra l  attempts t o  
c a l c u l a t e  t h e  minimum energy conformation of TRH. 
ers a l l  share  one fea ture :  they are s t a b i l i z e d  by intramolecular hydrogen 
bonds. The g loba l  
minimum fea tu res  a T a i r p i n  turn" with the  h i s t i d i n e  to r s iona l  angles 42 
and $2 approximately those of a right-handed alpha he l ix .  There a r e  hy- 
drogen bonds between t h e  imidazole N 1  and Glp-His amide hydrogen and be- 
tween t h e  Glp-His amide carbonyl and the  t r a n s  carboxamide hydrogen. 
o the r  low energy conformer f ea tu res  an extended conformation at  t h e  his- 
t i d i n e  residue. 
t h e  lowest energy one being very near t h e  extended conformer of Blagdon - al. There is one hydrogen bond, between the  t r ans  carboxamide hydrogen 
and the  His-Pro amide carbonyl. 
ing  schemes, one i d e n t i c a l  t o  t h a t  of Burgess e t  al. and, a l t e r n a t i v e l y ,  
one i n  which t h e  imidazole is i n  the  N1-H tautomer; t he re  is a hydrogen 
bond between t h i s  N1-H and the  His-Pro amide carbonyl. 

The ca lcu la ted  conform- 

Blagdon et a1.34 f ind  two minimum energy conformers. 

The 

Burgess e t  al.35 c a l c u l a t e  a number of similar conformers, 

Belle et  ~ 1 . ~ ~  propose two hydrogen bond- 

It is very d i f f i -  
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c u l t  t o  assess the  relevancy of energy calculat ions especial ly  when the  
d a t a  ind ica t e s  t h a t  TRH is well-solvated and lacks intramolecular hydro- 
gen bonds. 

C. 
al requirements f o r  binding t o  t h e  TRH receptor by evaluation of t h e  bio- 
l o g i c a l  a c t i v i t y  of analogs of t he  hormone, i n  pa r t i cu la r ,  those i n t o  
which conformational cons t r a in t s  have been introduced. TRH is  i d e a l  f o r  
such a study because of the very close co r re l a t ion  between measured bind- 
ing  a f f i n i t y  and biological  p o t e n ~ y ~ ~ , ~ ~ ,  suggesting t h a t  binding and 
a c t i v i t y  are very closely coupled phenomena o r  at least have the  same 
s t r u c t u r a l  requirements. This is supported by the observation t h a t  t he  
few inh ib i to ry  ompounds known are only ac t ive  at lo4  higher concentra- 

Analog data  - It is possible t o  probe the  s t r u c t u r a l  and conformation- 

t i ons  than TRH 3s  . 
There have been a number of  review^^'-^^ of s t ructure-act ivi ty  rela- 

t ionships;  t he  per t inent  conclusions are summarized below. 
1. The Glp residue: The lactam ring is necessary f o r  good a c t i v i t y .  

Heteroatoms i n  the r i n g  o r  sho r t  branches off the r ing are compatible with 
a c t i v i t y .  This implies t h a t  only the lactam s t r u c t u r e  is important and 
t h a t  the r ing  merely o r i e n t s  it. The f a i r  amount of space avai lable  a t  
the receptor a t  t h i s  point is emphasized i f  one considers the carbonyl of 
[N-formyl-Prol]-TRH, an analog with 1 O X  a c t i v i t y ,  as equivalent t o  the  
lactam carbonyl. 

2. The Pro amide residue: Prol ine mnoalkyl  amides and p ro l ino l  
have good a c t i v i t y  whereas the f r e e  acid is inact ive,  suggesting the 
necessi ty  of a hydrogen bond donor i n  t h i s  position. I s o s t e r i c  r ings  and 
MeAla which has conformational constraints  similar t o  Pro, are act ive,  as 
are the  corresponding 4 and 6 membered r ing amino acids. 
Pro seems t o  be t o  hold the carboxamide i n  a ce r t a in  or ientat ion.  

The His residue: The most ac t ive  analogs contain a planar,  f i v e  
membered r i n g  s ide  chain with a nucleophile i n  the 6 posit ion.  
i t y  of Phe, Leu, and cyclohexylalanine i n  t h i s  posit ion,  however, suggest 
t h a t  t h i s  is not an absolute requirement f o r  binding and t h a t  only a 
branched amino acid is s t r i c t l y  required. 

hydrogen i n  a peptide imposes severe conformational constraints .  
t i c u l a r ,  residues preceding an N-methyl residue a re  r e s t r i c t e d  t o  basic- 
a l l y  the  extended conformation region (-180° < 4 < -60°,  +60° < $ < +180°), 
which 

constrained. [D,L-Glp(aMe)l]-TRH is an analog with 502 activity43. Since 
[D-Glpl]-TRH has only .02% a c t i v i t y ,  i t  is reasonable t o  assume t h a t  t h e  
L-a-methyl isomer is equipotent with TRH. When one considers the overlap 
i n  conformational space of t he  N-methyl and a-methyl analogs, one f inds  a 
small region of overlap, +60° < This angle could be ref ined 
fu r the r  by considering [Glp(aMe)l, MeHis2]-TRH. Its region of overlap 
with the two monosubstituted analogs is minute, $1 = +61°. 
s t i t u t e d  analog is inact ive,  t h i s  i m p l i e s  t h a t  the methyl groups must be 
forced t o  occupy the  same space when the molecule is bound t o  the recep- 
t o r ,  which implies $1 1 +120°. 
analogs, work is i n  Progress t o  r e f i n e  the receptor-bound conformation of 

The purpose of 

3. 
The activ- 

As has been noted, subs t i t u t ion  of a methyl group f o r  a backbone 
I n  par- 

u t s  l i m i t s  on the  angles 42 and $2 of TRH. Similar i ly ,  s ince  
[MeHis s 1-TRH is an equipotent analog, i t  implies t ha t  $1 is s i m i l a r i l y  

1 < +120°. 

I f  the disub- 

Using such conformationally r e s t r i c t e d  
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TRH. 

I V .  Enkephalin - An in tense  i n t e r e s t  e x i s t s  i n  the  smallest of t h e  opioid-  
l i k e  neuropept ides  having t h e  sequences Tyr-Gly-Gly-Phe-X, where X is  
e i t h e r  Leu (LENK) o r  Met (MENK). The ex i s t ence  of r i g i d  o p i a t e s  which in-  
teract  wi th  t h e  same recep to r  o f f e r s  a unique oppor tuni ty  f o r  deducing t h e  
pharmacophore and t h e  receptor-bound conformation. 

OH 

A. Crys t a l  S t r u c t u r e  - X-ray c r y s t a l l o g r a p h i c  s t r u c t u r e s  have been re- 
ported f o r  LENK44 (Fig.6a) and t h e  enkephal in  fragments T r-Gly-Gly-Phe 
(TGGP)45, Gly-Gly-Phe-Leu (GCPL) 4 5 ,  and Tyr-Gly-Gly (TGG) ". The hydro- 
gen bonding scheme and B-bend seen  i n  t h e  c r y s t a l  of LENK i s  d i f f e r e n t  
from any proposed by t h e o r e t i c a l  c a l c u l a t i o n s  o r  s o l u t i o n  "R. Two p o i n t s  
argue a g a i n s t  t h e  re levance  of t h e  c r y s t a l  s t r u c t u r e  of LENK t o  b i o l o g i c a l  
a c t i v i t y .  F i r s t ,  t h e  t y r o s i n e  r e s idue  occurs  i n  two conformers n e i t h e r  of 
which corresponds t o  t h e  phenol ic  r i n g  and n i t rogen  o r i e n t a t i o n  seen  i n  
op ia t e s .  I n  add i t ion ,  t h e  backbone conformation has a hydrogen bond in- 
vo lv ing  t h e  amide hydrogen of Phe4 and t h e  carbonyl oxygen of Tyr l ,  which 
would be incompatible  wi th  t h e  excep t iona l  a c t i v i t y  of [D-Ala2, N-Me-Phe4]- 
LENK47. 
analogous t o  t h e  pentapept ide  but  t h e  o r i e n t a t i o n  of t he  backbone and t h e  
s i d e  cha ins  of Tyr l  and Phe4 are q u i t e  d i f f e r e n t .  The o t h e r  fragments of 
enkephal in  have no in t r amolecu la r  hydrogen bonding. For s m a l l ,  l i n e a r  
molecules wi th  low i n t e r n a l  b a r r i e r s  t o  r o t a t i o n ,  i n t e rmolecu la r  packing 
f o r c e s  can dominate in t ramolecular  forces48 ,  making c o r r e l a t i o n  between 
s o l u t i o n  o r  r ecep to r  conformation wi th  s o l i d  s ta te  s t r u c t u r e s  tenuous. 

The c r y s t a l  s t r u c t u r e  of t h e  fragment TGCP has hydrogen bonding 

(a )  Crystal s t r u c t u r e  of (b) Theore t i ca l  ( c )  Receptor-bond 
LENK44 Conformation of conformer and 

I s o g a i  -- e t  a1.56 morphine pharma- 
~ o p h o r e ~ ~ .  

B. 
NMR 

NMR S tud ie s  - Numerous proton studies47n49-54 of MENK as w e l l  as I3C 
have been r epor t ed ;  l i m i t e d  s tudies50*54*4 on LENK ind i -  
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c a t e  only minor d i f f e rences .  A number of d i sc repanc ie s  i n  t h e  e a r l y  s tud-  
ies have been resolved by no t ing  t h a t  t he  z w i t t e r i o n i c  form is compatible  
wi th  a 2-5 @I t u r n  i n  ~ ~ ~ 0 5 O - 5 1  whi l e  t he  c a t i o n i c  form e x h i b i t s  a d i f f e r -  
e n t  conformation5lr54 n o t  SO w e l l  def ined.  These observa t ions  are compli- 
ca ted  by t h e  r epor t4  of a s s o c i a t i o n  of enkephal in  i n  a v a r i e t y  of s o l v e n t s .  
The NT1 va lues  f o r  t he  a-carbons of LENK i n  DMSO are very s imilar5 '  which 
i s  compatible wi th  an a n t i p a r a l l e l  f3-dimer as proposed f o r  t h e  aggregated 
s ta te4.  I n  TGGP, t he  minimal fragment showing enkephal in  a c t i v i t y ,  a 1-4 
B-turn has been suggested45. 
s p e c t r a  as t h e  parent  compound and a n a l y s i s  of t he  Ca-CB rotamer popula- 
t i o n s  f o r  both pept ides  shows s i g n i f i c a n t  popula t ions  f o r  each r ~ t a m e r ~ ~ .  

[D-Ala2]-MENK e x h i b i t s  almost i d e n t i c a l  

C. 
t h a t  [Trp4]-MENK has t h e  same a f f i n i t y  f o r  t h e  o p i a t e  r ecep to r  i n  rat  

Other Phys ica l  Techniques - S c h i l l e r  and c o - ~ o r k e r s ~ , ~ ~  have r epor t ed  

b r a i n  as MENK. Examination of t h e  in t ramolecular  energy t r a n s f e r  between 
t h e  Tyr l  and the  Trp4 i n d i c a t e  an average sepa ra t ion  of 9.3 A e i t h e r  a t  
pH 1.5 o r  pH 5 . 5 .  Since  t h e  concent ra t ion  was only  3 x M, one as- 
sumes t h e  d i f f e rences  seen  by NMR at these  two pH va lues  may r e f l e c t  
changes i n  aggregat ion.  Furthermore, t h e  observed phenol f luorescence  i n  
both aqueous s o l u t i o n  and butanol  r u l e s  o u t  t h e  proposed hydrogen bonded 
s t r u ~ t u r e s 4 , 5 ~  which u t i l i z e  t h e  phenol ic  hydroxyl. 
is suppor t ive  of a fo lded  s t r u c t u r e .  

The d i s t a n c e  of 9.3 A 

D. Theore t i ca l  Energy Ca lcu la t ions  - Enkephalins have a minimum of seven- 
t een  v a r i a b l e s ,  i.e. t h e  r o t a t a b l e  bonds, i f  t h e  amide u n i t  is assumed 
p lana r  and bond angles  inva r i an t .  A 20" incremental  sys t ema t i c  s ea rch  
would r e q u i r e  a n a l y s i s  of  about l o z 2  conformers. 
repor ted  semi-empirical  energy c a l c u l a t i o n s  on enkephal in  performed a 
l i m i t e d  exp lo ra t ion  of conformational 
t h e  most favorable  conformer (Fig.  6b) t o  be a B-11' bend s t a b i l i z e d  by a 
hydrogen bond between t h e  phenol ic  hydroxyl of Tyr l  and t h e  carbonyl  
oxygen of Phe4 which i s  n o t  seen i n  aqueous solut ion55.  
most favored conformers are incompatible  wi th  t h e  observa t ion  t h a t  [D- 
Ala2]-MENK r e t a i n s  a c t i v i t  

s t r u c t u r e s  must have l i t t l e  i n  common with the  receptor-bound conforma- 
t i o n ,  M ~ m a n y ~ ~  examined the  lowest  energy conformers of t he  charged and 
C-terminal amide forms of analogs of MENK. The conformation s e l e c t e d  as 
be ing  compatible wi th  t h e  a c t i v e  analogs examined has l i t t l e  s t r u c t u r a l  
correspondence with morphine. This  conformation a l s o  c o n f l i c t s  wi th  t h e  
obse rva t ions  t h a t  [AibZl-MENK and [L-P~~(cxM~)~] -LENK~* are a c t i v e  and 
D-Ala3  o r  L-Ala3 analogs are inact ive63,64.  D e  Coen -- e t  a1.59 i n v e s t i g a t e d  
t h e  z w i t t  r i o n i c  forms of EENK and LENK and t h r e e  analogs:  D-Ma2, D - A l a 3 ,  
and D-Phe . A backbone conformation was s e l e c t e d  which i s  no t  an energy 
minimum f o r  t h e  n a t i v e  enkephal ins  but  is t h e  minimum energy s ta te  f o r  
[Jl-Ala2]-MENK and is no t  shared by t h e  i n a c t i v e  [D-Ala3] o r  [D-Phe4] ana- 
logs.  S t r i c t l y  speaking,  t h i s  conformer would c o n t r a d i c t  SAR d a t a  by 
p r e d i c t i n g  [Aib 1-MENK and [L-P~~(cIM~)~]-LENK t o  be i n a c t i v e .  Because of 
t h e  coarseness  of t h e  t o r s i o n a l  scan,  a 2 20" s h i f t  of p red ic t ed  backbone 
ang le s  could accommodate known s t r u c t u r e - a c t i v i t y  r e l a t i o n s h i p  (SAR) da ta .  
The s i d e  cha in  t o r s i o n  angles  of Tyr l  proposed do no t  p o s i t i o n  the  n i t r o -  

A s  a consequence, a l l  

I s o g a i  -- e t  al.56 found 

The e n e r g e t i c a l l y  

wh i l e  a l a r g e  decrease  i n  binding and ac t iv -  
i t y  accompanies the  [L-Ala q60 ] analo& and thus  the  t h e o r e t i c a l l y  p red ic t ed  

x 

2 
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gen and the phenolic r ing  i n  enkephalin i n  the same or ien ta t ion  as  the 
tyramine moiety seen i n  most opiate  compounds. 

E. 
preparedb"-65 many of which contain subs t i tu t ions  with conformational in- 
formation, e.g. D-amino acids. 
p a t i b i l i t y  o f - a c t i v e  analogs containing such subs t i tu t ions  with p a r t i c u l a r  
conformations of the  peptide backbone which are s tab i l ized  by intramolecu- 
l a r  hydrogen bonds and previously characterized. Only 11 of the  26 possi- 
b i l i t i e s  considered were found t o  be consis tent  with the SAR data. Struc- 
tu res  involving hydrogen bonding t o  the  amide bond between residues 4 and 
5 such as suggested by NMFt can a lso  be eliminated as e s s e n t i a l  due t o  the 
a c t i v i t y  of analogs i n  which Phe4 is r e ~ l a c e d ~ ~ , ~ ~  with phenethyladne, 
eliminating the  carboxamide group along with residue 5. 
ac t ive  analogs with conformational constraints  which must be considered 
are [Phe (a&) ]-LEN€@ and [ D-Ala2, MePhe4] -LENK47. 

ate a c t i v i t y  and a correspondence between enkephalin and t h e  e s s e n t i a l  
groups of t h i s  pharmacophore. Correspondence between t h e  tyramine mo 
of morphine and Tyrl  has been s ~ g g e e t e d ~ ~ - ~ ~ .  Several invest igat ions 
have re la ted  t h e  aromatic r ing  of Phe4 with the  19-phenethyl subs t i tuent  
on 7 4  l-phenyl-3-hydroxybutyl-3) -eee thenote t rahydro theb  i n e  (PET). 
Using 5-phenylbenzomorphan as a model, Gorin and Marshallf2 assumed a 
correspondence between the  aromatic r ing  of Phe4 and atoms C5 and C6 

has been replaced by cycloheTlalanineb8 o r  by c a r b ~ r a n y l a l a n i n e ~ ~  indi- 
ca tes  tha t  aromaticity of Phe 
pondence of the  conformation of Tyrl t o  t h a t  observed i n  morphine ( x i  = 
197', x2 - -106'), conformational space w a s  systematically explored a t  31' 
to rs iona l  increments t o  determine those conformations i n  which the assumed 
correspondence between Phe4 and the C-ring w a s  possible. 

Receptor-Bound Conformation - Numerous analogs of enkephalin have been 

Beddell e t  a1.66 have examined the  com- -- 

Other highly 

An a l t e r n a t i v e  approach has been t o  assume a pharmacophore f o r  opi- 

48:h 

f 
morphine's non-aromatic C-ring. The a c t i v i t y  of analogs i n  which Phe z 

is not essent ia l .  Assuming the corres- 

A s ingle  con- 
former' Fig. 6c) was found which appears consistent with the  published SAR 
da t  a62 P t, 8. 

V. Angiotensin - O f  the  e ight  amino acid residues, Asp-Arg-Val-Tyr-Ile- 
His-Pro-Phe, comprising angiotensin (AII) , Va13-Phe8 is the minimal u n i t  
consis tent  with binding and ac t iv i ty .  
portance of Tyr4, H i s 6  and Phe8. 
have led t o  p a r t i a l  agonists which have been used as competitive antago- 
n i s t s .  The r o l e  of t h e  C-terminal carboxylate has been r e i n ~ e s t i g a t e d ~ ~  
and may be e s s e n t i a l  t o  recognition, as analogs incapable of biotransfor- 
mation t o  a f r e e  carboxyl i n  t h i s  posi t ion are devoid of ac t iv i ty .  
other  groups appear important f o r  correct  posit ioning of these functional 
groups and increased a f f i n i t y .  

SAR ~ t u d i e s ~ ~ , ~ ~  emphasize t h e  im- 
Single subs t i tu t ion  of Tyr4  and Phe8 

The 

A. 

t h i s  l i n e a r  octapeptide has a time-averaged preferred solut ion conforma- 
tion. 
5.5 and the  other  with pKa of 10.2. 

Solution Studies - The combined r e s u l t s  of the ph s i c a l  techni ues 
used t o  study the so lu t ion  conformation of [Am1, Val f I-AII agree2' tha t  

Proton NMR indicates  two conformational changes, one with pKa of 
The f i r s t  conformational change would 
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appear  a s soc ia t ed  with the  t i t r a t i o n  of e i t h e r  t h e  N-terminal amino group 
(pKa = 6.98),  or t he  imidazole  of His-6 (pKa = 6.26), o r  more l i k e l y  both. 
The second is assoc ia t ed  wi th  i o n i z a t i o n  of t h e  phenol ic  hvdroxyl of 5 r - 4 .  
Measurement and assignment of t h e  NH-CaH v i c i n a l  coupl ing cons t an t s  l i m i t  
t h e  poss ib l e  va lues  f o r  t h e  t o r s i o n a l  r o t a t i o n s  about t he  amide  t o  a- 
carbon bond. Exchange experiments i n d i c a t e  t h a t  Val-3, Val-5, and pos- 
s i b l y  Tyr-4 amide pro tons  are e i t h e r  involved i n  in t ramolecular  hvdrogen 
bonds or s t e r i c a l l y  sh i e lded  from t h e  so lvent .  
t h a t  t h e  N- and C-terminal ends of A 1 1  are i n  c l o s e r  proximity then  would 
be expected i n  a random c o i l .  
i n d i c a t e  t h a t  t he  a-carbons of t h e  pept ide  backbone are approximately 
equa l ly  r e s t r i c t e d  i n  t h e i r  motion. 
of A 1 1  as a func t ion  of f i e l d  str ngth i n d i c a t e  o v e r a l l  motion (TR) of t h e  
molecule of approximately 6 x 10 sec which impl ies  aggrega t ion  a t  pH 4.3 
where these  s t u d i e s  were done. This  observa t ion  raises s e r i o u s  ques t ions  
regard ing  t h e  i n t e r p r e t a t i o n  of d a t a  gathered previous ly  on A 1 1  a t  t h i s  pH 
and concentrat ion.  The conformational  change seen on going t o  a l k a l i n e  pH 
as w e l l  as t h e  presence79 of c is-Pro at  pM above 8 may simply imply a 
change i n  aggregat ion.  Unfortunately,  t he  ques t ion  of aggrega t ion  w i l l  
r e q u i r e  re-examination of a l l  t h e  phys ica l  d a t a  obtained on ang io tens in  a t  
h igher  concent ra t ion .  
10-5 M on [Trp l ,  Va15]-AII sugges ts  c l o s e  proximity (<  8 8)  of r e s idue  one 
and fou r  and may be r e l evan t  t o  the  monomeric state. 

T i t r a t i o n  da ta77  ind ica t e .  

Carbon-13 s p i n - l a t t i c e  r e l a x a t i o n  s tud ie s78  

More r ecen t  i n v e s t i g a t i o n 3  of T i ' s  

-5 

The f luorescence  energy transfer d a t a  gathered9 a t  

B. Receptor-Bound Conformation - By a v a r i e t y  of analogs with conforma- 
t i o n a l  c o n s t r a i n t s ,  t h e  approximate va lues  f o r  t h e  t o r s i o n a l  r o t a t i o n s  
about t he  NH-CaH bond of r e s idues  3, 4 ,  and 5 when bound t o  t h e  r ecep to r  
have been deduced. I n  t h e  case  of p o s i t i o n  3 and 5, t h e  arguments were 
based on t h e  high a c t i v i t y  r e t a i n e d  by s u b s t i t u t i o n  of t h e  c y c l i c  r e s i d u e  
Pro a t  t h e s e  pos i t i ons .  The c o n s t r a i n t  on p o s i t i o n  4 is  much b e t t e r  de- 
f ined  as [Phe(~Me)~]-A11 has  t h e  same a c t i v i t y  a t  [Phe4]-AII which impl i e s  
t h a t  an a-methyl s u b s t i t u t i o n  a t  p o s i t i o n  4 is  f u l l y  compatible wi th  bio- 
l o g i c a l  ac t iv i ty80 .  Based on a n a l y s i s  of o t h e r  analogs of A 1 1  which re- 
s t r i c t  conformational freedom, f u r t h e r  c o n s t r a i n t s  of t h e  receptor-bound 
conformation have been proposed. While comparison of t h e s e  va lues  for 6 
wi th  t h e  va lues  der ived  from examination of t h e  NH-CH coupl ing cons t an t s  
has  been made, two d i f f i c u l t i e s  prec lude  a f i rm  conclusion.  F i r s t ,  t h e  
measurement of t h e  coupl ing cons t an t s  must be done a t  ac id  pH; and second, 
t he  s ta te  of aggrega t ion  of ang io tens in  under phys io log ica l  cond i t ions  
would appear d i f f e r e n t  than t h a t  dur ing  most phys i ca l  s t u d i e s .  

I V .  Conclusion - The d a t a  c u r r e n t l y  a v a i l a b l e  sugges t  s t r o n g l y  t h a t  t h e  
predominate s o l u t i o n  conformation does no t  d i r e c t l y  correspond t o  t h e  
b i o l o g i c a l l y  a c t i v e  conformer. Receptors e i t h e r  induce t h e  conformation 
requi red  f o r  recogni t ion  and a c t i v a t i o n  o r  select a minor conformer from 
t h e  ensemble a v a i l a b l e  i n  so lu t ion .  
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