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AVANT-PROPOS. 

Les g lycopro té ines  forment avec l e s  g l y c o l i p i d e s  

l ' i m p o r t a n t e  c l a s s e  des glycoconjugués.  Les g lycopro té ines  

s o n t  des macromolécules formées d e  deux espèces  macromolécu- 

l a i r e s  to ta lement  d i f f é r e n t e s  e t  l i é e s  d e  façon cova l en t e s .  

L a  p a r t i e  p ro t é ique  e s t  formée d 'un  enchaînement 

l i n é a i r e  d ' a c i d e s  aminés d e  c o n f i g u r a t i o n  L e t  l a  p a r t i e  

glycannique d 'un  enchaînement l i n é a i r e  ou ramifié de g luc ide s .  

D e  nombreuses équipes  d e  chercheurs  on t  compris 

depuis  quelques années l ' i n t é r ê t  des  g lycopro té ines  t a n t  a u  

p o i n t  de vue b io log ique  que pa tho log ique .  De t r è s  g ros  e f f o r t s  

on t  é t é  f a i t s  en  p a r t i c u l i e r  pour déterminer  l e s  séquences 

p r imai res  a u s s i  b i e n  de l a  p a r t i e  p ro t é ique  que de l ' e n c h a f -  

nement g luc id ique ,  pour c o n n a i t r e  l a  b iosyn thèse  a i n s i  que l e  

r ô l e  des g lycop ro t é ine s .  C e s  t r avaux  n ' o n t  jamais é t é  f a c i l e s  

à r é a l i s e r  é t a n t  donné l a  d i v e r s i t é  des  composants des  deux 

macromolécules c o n s t i t u a n t  une g lycop ro t é ine  a i n s i  que l a  

t r è s  grande microhé té rogéné i té  due l e  p l u s  souvent  à l a  p a r t i e  

glycannique . 

Lorsque nous avons e n t r e p r i s  n o t r e  t r a v a i l ,  l ' é t u d e  

des g lycopro té ines  a v a i t  p r i s  un nouvel  e s s o r  depuis  quelques 

années mais pas ou peu de  t ravaux  a v a i e n t  é t é  e n t r e p r i s  dans 

l e  domaine de  l ' o r g a n i s a t i o n  s p a t i a l e  des g lycopro té ines .  

C ' e s t  donc dans c e t t e  vo i e  que nous nous sommes e f f o r c é  de 

poursu ivre  nos recherches .  



A INTRODUCTION. 



L e s  g lycopro té ines  é t a n t  formées de deux c o n s t i t u -  

a n t s ,  l e u r  r ô l e  dépend de l a  n a t u r e  de chacun d ' eux  e t  de l e u r  

o r g a n i s a t i o n  réc iproque.  

Le r ô l e  de l a  p a r t i e  pep t i d ique  est  d i rec tement  l i é  

à l a  n a t u r e ,  à l ' enchaînement  des ac ide s  aminés c o n s t i t u t i f s  

e t  p a r  conséquent à l a  conformation,  comme dans t o u t e s  l e s  

p r o t é i n e s .  On peut  c i t e r  comme exemple les g lycopro té ines  mem- 

b r a n a i r e s  formées de r ég ions  d ' a c i d e s  aminés hydrophobes per -  

met tan t  l ' i n t e r a c t i o n  avec l e s  l i p i d e s  e t  de r ég ions  d ' a c ide s  

aminés hydrophi les  pe rmet tan t  l a  mise en c o n t a c t  des chafnes 

g lycanniques  avec l e  m i l i e u  e x t r a c e l l u l a i r e  ou i n t r a c e l l u l a i r e .  

Les r ô l e s  joués p a r  l a  p a r t i e  glycannique son t  

peu t - ê t r e  un peu mieux d é f i n i s :  

- La coupure des r é s i d u s  d ' a c ide s  s i a l i q u e s  terminaux 

des g lycopro té ines  s é r i q u e s  s i g n e  l e u r  a r r ê t  de mort " p a r  

un t r a n s f e r t  immédiat de ce s  molécules du plasma aux hépatocy- 

t e s  ou e l l e s  s o n t  dégradées (Théor ie  d'  Ashwell) (Ashwell e t  

More11 1974) .  Des r é c e p t e u r s  de s u r f a c e  des c e l l u l e s  h é p a t i -  

ques nommées H B P (Hepa t ic  b ind ing  p r o t e i n )  s p é c i f i q u e s  de 

r é s i d u s  g a l a c t o s e  terminaux,  o n t  é t é  m i s  e n  évidence.  Ces 

r é c e p t e u r s  s o n t  eux-mêmes des g lycopro té ines  (Kawasaki e t  

Ashwell 1 9 7 6 )  . 

- Les g iycupro té ines  p r é sen t e s  à l a  s u r f a c e  des c e l -  

l u l e s  peuvent ê t r e  modif iées  l o r s  de  phénomènes pathologiques  

e t  en  p a r t i c u l i e r  dans l e  cas  de tumeurs. On peut  observer  

s o i t  l ' augmenta t ion (Codington e t  a l  1 9 7 8 )  s o i t  l a  diminut ion 

(Vaheri  e t  Mosher 1978) de c e r t a i n e s  g lycop ro t é ine s .  

- Des p e r t u r b a t i o n s  de p r o p r i é t é s  physiques de l a  s u r -  

f a c e  c e l l u l a i r e  t e l l e s  l ' adhés ion  e t  l a  reconnaissance  c e l l u -  

l a i r e  (Pena e t  Hughes 1978) on t  l e u r  o r i g i n e  dans l e s  modifica-  

t i o n s  g luc id iques .  



- Les g ïycop ro t é ine s  peuvent  jouer  l e  r ô l e  d ' an t i gènes  

de s u r f a c e  e t  de r é c e p t e u r  de v i r u s  ( Marchesi e t  a l  1976 1. 

- Dans c e r t a i n s  c a s ,  les  g lycop ro t é ine s  ne peuvent 

ê t r e  e x c r é t é e s  de l a  c e l l u l e  qu ' à  l a  c o n d i t i o n  d ' ê t r e  glycosy- 

l é e s .  On a longtemps pu c r o i r e  d ' a i l l e u r s  que l e s  cha înes  glycan- 

n iques  ne s e r v a i e n t  qu'à l ' e x c r é t i o n  ( Eyla r  1965 1. 

- Les cha înes  glycanniques o n t  p a r f o i s  un r ô l e  p ro t ec -  

t e u r  v i s -à -v i s  de l ' a c t i o n  des p r o & ~ e s  ( G i l b e r t  e t  a l  1973 1. 
En conc lus ion ,  nous pouvons d i r e  que l e s  g lycopro té ines  se r e -  

t r ouven t  dans pra t iquement  t ous  les systèmes b io log iques .  

Pa r a l l è l emen t  à ce s  é t udes  s u r  l e  r ô l e  des glyco- 

p r o t é i n e s  s ' e s t  développée l a  conna i ssance  de l a  b io syn thè se  de 

c e l l e s - c i .  Nous avons résumé, dans un schéma emprunté à 

Lodish e t  Rothman, l a  b iosyn thèse  de l a  g lycop ro t é ine  du V.S.V. 

( Virus de l a  S toma t i t e  Vés i cu l a i r e  ) ( Lodish e t  Rothman 

1979 ) ( Figure  1 ) .  

La p r o t é i n e  e s t  s y n t h é t i s é e  s u r  l e s  polysomes a t t a -  

chés  aux membranes du r é t i cu lum endoplasmique. Pour l e s  p r o t é i -  

nes N-glycosylées, c ' e s t  à c e  n iveau q u ' a  l i e u  l a  g lycosy la -  

t i o n ;  e l l e  s e  f a i t  p a r  l ' i n t e r m é d i a i r e  de l i p i d e s  t r a n s p o r t a n t  

une chaîne  oligomannosidique e t  c ' e s t  au  n iveau du Golgi que 

l a  syn thèse  des cha înes  g lycanniques  est  terminée .  L a  glycopro- 

t é i n e  achevée a p p a r a i t  e n s u i t e  au  n iveau de l a  membrane p l a s -  

mique. Pour l a  O-glycosyla t ion ,  l e  mécanisme n ' e s t  pas encore  

é t a b l i  avec c e r t i t u d e .  I l  semble cependant  que l a  mannosy- 

l a t i o n  des r é s i d u s  s é r i n e  ou t h r é o n i n e  se f a s s e  p a r  l ' i n t e r m é -  

d i a i r e  de l i p i d e s  ( Bretthawer e t  Wu 1975 ; Gold e t  Hahn 1976;  

Sol iday e t  Kolattukudy 1 9 7 9  ) a l o r s  que l a  f i x a t i o n  d 'un  r é s i d u  

galactosamine ( Babczinshi  1980 ou g a l a c t o s e  ( Iannino e t  a l  

1 9 7 9  se f a s s e  p a r  t r a n s f e r t  du nuc léo t ide -ose  cor respondan t .  

D'après ce  que nous venons de d i r e ,  nous voyons que 

l a  N-glycosylat ion des p r o t é i n e s  n ' e s t  pas un phénomène pos t -  





t r a n s c r i p t i o n n e l  comme l ' a c é t y l a t i o n  ou l a  phosphory la t ion  

(Turkington e t  Topper 1966; S inghe t  a l  1967) m a i s  une r é a c t i o n  

ayan t  l i e u  a u  c o u r s  de l ' é l o n g a t i o n  de  l a  cha îne  p e p t i d i q u e .  

D ' a u t r e  p a r t  il semble,  d ' a p r è s  des t r a v a u x  t r è s  

r é c e n t s ,  que l o r s q u ' u n e  p r o t é i n e  possède  p l u s i e u r s  s i t es  de  

N-glycosyla t ion ,  les c h a î n e s  g lycanniques  d ' u n  même v a r i a n t  

s o i e n t  i d e n t i q u e s .  Ceci  est  v r a i  pour  l ' a l p h a l - f o e t o p r o t é i n e  

(Bayard e t  Kerckaer t  1981) e t  pour  un v a r i a n t  de l ' a l p h a l - g l y -  

c o p r o t é i n e  a c i d e  (Bayard e t  Kerckaer t  1980) .  Ce r é s u l t a t  

n ' é t a i t  pas  é v i d e n t :  e n  e f f e t  l o r s q u l o n  i s o l e  une g l y c o p r o t é i -  

ne ,  e l l e  possède  t o u j o u r s  une h é t é r o g é n é i t é  g lycann ique .  

Ceci amène à s e  p o s e r  une q u e s t i o n :  une c e l l u l e  fa- 

b r i q u e - t - e l l e  un t y p e  unique de c h a î n e  glycannique ou e x i s t e -  

t-il p l u s i e u r s  systèmes de g l y c o s y l  t r a n s f é r a s e s  dans une même 

c e l l u l e ?  Le problème r e s t e  e n t i e r  e t  c e c i  nous montre que nous 

sommes encore  l o i n  de c o n n a i t r e  p a r f a i t e m e n t  l a  b i o s y n t h è s e  

des g l y c o p r o t é i n e s .  

Lorsque nous avons e n t r e p r i s  c e  t r a v a i l ,  t r è s  peu 

de choses a v a i e n t  é t é  p u b l i é e s  concernan t  l a  s t r u c t u r e  e t  l ' o r -  

g a n i s a t i o n  s p a t i a l e  d 'une g l y c o p r o t é i n e  e t  c e c i  é t a i t  essen-  

t i e l l e m e n t  du à l a  d u a l i t é  des  composants e t  à l a  d i f f i c u l t é  

de l e s  s é p a r e r  l ' u n  de l ' a u t r e .  De p l u s , l a  l i a i s o n  q u i  u n i t  c e s  

deux macromolécules peu t  ê t r e  de n a t u r e  d i f f é r e n t e .  

Rappelons en e f f e t  que l e s  g l y c o p r o t é i n e s  s o n t  

c l a s s é e s  en deux grands  t y p e s :  

- Les p r o t é i n e s  O-glycosylées impl iquan t  un r é s i d u  

s é r i n e  ou t h r é o n i n e  d 'une  p a r t  e t  un r é s i d u  s o i t  de  x y l o s e ,  de  

N-acéty lgalac tosamine ,  de mannose, de  g a l a c t o s e  ou f u c o s e  

d ' a u t r e  p a r t .  Dans c e  t y p e  de g l y c o p r o t é i n e s  on p e u t  éga le -  

ment r e n c o n t r e r  mais p l u s  rarement  des  l i a i s o n s  impl iquan t  

un r é s i d u  d 'hydroxy lys ine  e t  un r é s i d u  de g a l a c t o s e .  

- L e s  p r o t é i n e s  N-glycosylées impl iquant  t o u j o u r s  un 

r é s i d u  a s p a r a g i n e  e t  un r é s i d u  N-acétylglucasamine.  



~ é n é r a l e m e n t  les g lycop ro t é ine s  s o n t  s o i t  N- s o i t  

O-glycosylées. On peut  cependant r e n c o n t r e r  dans une même glyco- 

p r o t é i n e  les deux types  de  l i a i s o n ,  comme p a r  exemple l a  

chaîne  B de l 'hormone H C G (Hormono Choriono Gonadotropique ) 

e t  l a  glycophor ine  qu i  e s t  une g lycopro té ine  membranaire. 

Avec l e  développement des techniques  spec t roscop i -  

ques e t  physiques en géné ra l ,  on v o i t  p a r a î t r e  de p l u s  en  p lu s  

d ' é t udes  physicochimiques des g lycop ro t é ine s .  Un des exemples 

l e  p lus  s i g n i f i c a t i f  e s t  c e l u i  de l ' é t u d e  des cha înes  glycan- 

niques p a r  résonance magnétique n u c l é a i r e  à h a u t  champ. Ce 

t r a v a i l  r é a l i s é  p a r  l e s  l a b o r a t o i r e s  de V l i egen tha r t  e t  Mon- 

t r e u i l  a mis en évidence l e  f a i t  q u ' i l  é t a i t  p o s s i b l e  de con- 

n a i t r e  l a  s t r u c t u r e  complète d 'une cha îne  glycannique p a r  

R.M.N. du p ro ton  à 360 MHz (Dorland e t  a l  1977 a) e t  b )  ; 

Dorland e t  a l  1978 a )  e t  b); S t r e c k e r  e t  a l  1978). 

L a  d i f f u s i o n  de neutrons  commence également à f a i -  

r e  son a p p a r i t i o n  dans l ' é t u d e  des g lycopro té ines  (Mar te l  e t  a l  

1980; L i  e t  a l  1980l .Etant  donné q u ' i l  e s t  t r è s  d i f f i c i l e  de 

c r i s t a l l i s e r  une g lycop ro t é ine ,  les chercheurs  u t i l i s e n t  donc 

d'  a u t r e s  t echn iques  pour approcher  1' o r g a n i s a t i o n  s p a t i a l e  

de ces d e r n i è r e s .  

Dans ce  t r a v a i l  nous ne considèrerons  que l e s  pro- 

t é i n e s  N-glycosylées e t  e n  p a r t i c u l i e r  l a  s t r u c t u r e  seconda i re  

de l a  p a r t i e  pep t id ique  au niveau du po in t  d ' a t t a c h e  de l a  

chaîne  glycannique.  

On s a i t  que pour qu'une p r o t é i n e  p u i s s e  ê t r e  N-gly- 

cosy lée ,  il f a u t  que dans sa s t r u c t u r e  p r ima i r e  e x i s t e  une 

séquence code Asn-X-Ser /Thr (Marshal l  e t  Neuberger 1970) dans 

l a q u e l l e  X e s t  n ' impor te  q u e l  r é s i d u  d ' a c ide  aminé s au f  c e l u i  

de l a  p r o l i n e .  Nous avons donc e n t r e p r i s  de v é r i f i e r  s i  ce  

codage c o n s t i t u a i t  l a  cond i t i on  n é c e s s a i r e  e t  s u f f i s a n t e  à l a  

N-glycosylat ion ou s i  e l l e  n t  é t a i t  que néces sa i r e .  Pour c e l a  
nous avons é t u d i é  l a  s t r u c t u r e  seconda i re  au  niveau de c e t t e  



séquence code. Nous avons u t i l i s é  l e  d ichroïsme c i r c u l a i r e  a i n -  

s i  que des c a l c u l s  d ' é v a l u a t i o n  de s t r u c t u r e  s e c o n d a i r e  pour 

démontrer  l ' e x i s t e n c e  d 'une  s t r u c t u r e  p r i v i l é g i é e  a u t o u r  de l a  

l i a i s o n  s u c r e - p r o t é i n e .  C e s  é tudes  o n t  é t é  r é a l i s é e s  s u r  des 

g l y c o p r o t é i n e s  n a t i v e s  e t  s u r  des  p e p t i d e s  s y n t h z t i q u e s  modèles; 

c e s  d e r n i e r s  c o n s t i t u e n t  l a  p a r t i e  p e p t i d i q u e  de g lycopep t ides  

i s o l é s  de g l y c o p r o t é i n e s  n a t i v e s .  Nous avons a i n s i  pu é t u d i e r  

l a  N-glycosyla t ion  i n  -- ----- v i t r o  de c e s  p e p t i d e s  s y n t h é t i q u e s  e t  

é t a b l i r  une c o r r é l a t i o n  e n t r e  s t r u c t u r e ~  e t  g l y c o s y l a t i o n .  Nous 

avons également  che rché  à v o i r  s i  une i n t e r a c t i o n  f o r t e  e x i s -  

t a i t  e n t r e  l e s  cha înes  g lycanniques  e t  l a  p a r t i e  p e p t i d i q u e .  

Nous avons s u r t o u t  che rché  à é t a b l i r  s i  c e t t e  é v e n t u e l l e  i n t e r -  

a c t i o n  p o u v a i t  i n t e r d i r e  l ' é t u d e  de  l a  s t r u c t u r e  s e c o n d a i r e  de 

l a  p a r t i e  p e p t i d i q u e  p a r  des  méthodes c l a s s i q u e s .  

Nous p r é s e n t e r o n s  donc t o u t  d ' abord  l e s  t r a v a u x  q u i  

nous o n t  permis d ' a f f i r m e r  q u ' i l  n ' e x i s t a i t  pas  d ' i n t e r a c t i o n s  

cha înes  g lycanniques-chaîne  p r o t é i q u e ;  e n s u i t e  nous met t rons  

en  évidence  l e  r ô l e  d 'une  conformat ion  p r i v i l é g i é e d e t  nous 

montrerons q u ' i l  s ' a g i t  d ' u n  coude 6 - l o r s  de  l a  N-glycosyla- 

t i o n  des p r o t é i n e s .  
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Deux t e c h n i q u e s  p r i n c i p a l e s  o n t  é t é  u t i l i s é e s .  

Il  s ' a g i t  du c a l c u l  de l a  p r g d i c t i o n  de conformation des  pro- 

t é i n e s  d 'une  p a r t  e t  du d ichroïsme c i r c u l a i r e  d ' a u t r e  p a r t .  

Nous développerons donc ces deux t e c h n i q u e s  en  p r é c i s a n t  que 

les d é t a i l s  s e r o n t  donnés dans l ' a p p e n d i c e  t echn ique .  

A)  C a l c u l  des  p r é d i c t i o n s  de  conformation des - 
p r o t é i n e s .  

Au f u r  e t  à mesure que p a r a i s s a i e n t  l e s  s t r u c t u r e s  

p r i m a i r e s  de p r o t é i n e s  a i n s i  que l e u r  s t r u c t u r e s  t e r t i a i r e s  

dé terminées  p a r  c r i s t a l l o g r a p h i e ,  les chercheurs  o n t  t e n t é  

d ' é t a b l i r  une c o r r é l a t i o n  e n t r e  s t r u c t u r e  p r i m a i r e  e t  s t r u c -  

t u r e  t e r t i a i r e  p u i s  s t r u c t u r e  p r i m a i r e  e t  s t r u c t u r e  s e c o n d a i r e  

De c e  f a i t  au c o u r s  de c e s  d e r n i è r e s  années ,  de nombreuses mé- 

thodes  de p r é d i c t i o n  de conformat ions  o n t  é t é  p u b l i é e s  ( pour 

une revue  v o i r  S tenberg  e t  Thornton 1978) .  

Une d e s  premières  s é r i e s  de méthodes de v i s u a l i -  

s a t i o n  de l a  s t r u c t u r e  s e c o n d a i r e  des  p r o t é i n e s  f u t  i l l u s t r é e  

p a r  l e s  t r a v a u x  d e  S c h i f f e r  e t  Edmunson ( ~ G h i f f e r  e t  Edmunson 

1961 e t  de P r o t h e r o  ( P r o t h e r o  1966) .  Ces a u t e u r s  u t i l i s e n t  

l e  concept  de zones hydrophobes q u i ,  dans une p r o t é i n e ,  a u r o n t  

tendance  à former  des  s t r u c t u r e s  o r g a n i s é e s ;  à c e t t e  époque, 

il n ' é t a i t  d ' . a i l l e u r s  q u e s t i o n  que d t h 6 1 i c e  a . ~ e &  d i f f é r e n t e s  

méthodes de r e p r é s e n t a t i o n  u t i l i s é e s  p e r m e t t e n t  de v i s u a l i s e r  

l e s  i n t e r a c t i o n s  e n t r e  l e s  d i f f é r e n t e s  h é l i c e s .  De p l u s  , l e s  

i n t e r a c t i o n s  i n t r a h é l i c o ï . d a l e s ,  q u i  peuvent  ê t r e  t rès  impor- 

t a n t e s  pour  l a  s t a b i l i t é  thermodynamique (Némethy e t  Scheraga 

1962; Guzzo 19651, n e  d o i v e n t  pas ê t re  n é g l i g é e s .  

Ces v i n g t  d e r n i è r e s  années ,  g r a c e  à l ' é t u d e  p a r  

rayons X p e r m e t t a n t  de dé te rminer  l a  s t r u c t u r e  t r i d i m e n t i o n -  

n e l l e  d 'un  nombre impor tan t  de p r o t é i n e s ,  l e s  t echn iques  de  



p r é v i s i o n  de s t r u c t u r e  seconda i re  se s o n t  beaucoup développ6es.  

Les premières t e n t a t i v e s  ne concerna ien t  que l a  

dé te rmina t ion  e t  l a  l o c a l i s a t i o n  des fragments hg l ico ïdaux .  

Ces méthodes,basées s u r  des dé te rmina t ions  s t a t i s t i q u e s ,  o n t  

permis de d i v i s e r  l e s  d i f f é r e n t s  a c ide s  aminés en "hydrophobes" 

ou "hydrophi les"  ( P t i t s y n  1 9 6 9 ;  F i n k e l s t e i n  e t  P t i t s y n  1971; 

Palau e t  Puigdomenech 1974 1. A chaque a c i d e  aminé é t a i t  a i n s i  

a t t r i b u é  un pouvoir  s t a b i l i s a t e u r  ou d é s t a b i l i s a t e u r  d ' h é l i c e s  . 

Kabbat e t  Wu ( Kabbat e t  Wu 1973; Kabbat e t  Wu 1974 

on t  é t é  l e s  premiers  à s ' i n t é r e s s e r  non seulement à l a  p r év i -  

s i o n  des s t r u c t u r e s  h é l i c o ï d a l e s  m a i s  a u s s i  à c e l l e s  en f e u i l c  

l e t s  p l i s s é s  B . C e s  a u t e u r s  on t  cons idé ré  l e s  v o i s i n s  les 

p lu s  proches d 'un r é s i d u  dl a c i d e  aminé donné. Ils o n t  donc 

c a l c u l é  l e  nombre d ' a p p a r i t i o n s  d 'un r é s i d u  d ' a c i d e  aminé ( n )  

dans une conformation donnée en se b a s a n t  s u r  l a  n a t u r e  des 

r é s i d u s  (n-1)  ,e t  ( n + l )  . Ce c a l c u l  a é t é  r é a l i s é  à p a r t i r  de 

douze p r o t é i n e s .  Les renseignements que donne ce t te  approche 

peuvent ê t r e  t rès  i n t é r e s s a n t s  pour l a  dé te rmina t ion  du début  

ou de l a  f i n  d 'un segment o rgan i sé .  

P t i t s y n  ( P t i t s y n  1 9 7 4  ) a proposé une ana ly se  s ta t is -  

t i q u e  basée s u r  l a  compét i t ion  e n t r e  les l i a i s o n s  hydrogène 

des chafnes l a t é r a l e s  p o l a i r e s  c o u r t e s  e t  l e s  l i a i s o n s  hydrogè- 

ne de  l a  cha îne  pep t id ique .  Ce t t e  compét i t ion  s e r a i t  essen-  

t i e l l e  à 1' o r g a n i s a t i o n  d'une p r o t é i n e .  

En 1974 s o n t  apparues deux nouvel les  méthodes : tel- 

l e  de  L i m  ( L i m  1974 ) e t  c e l l e  de Chou e t  Fasman ( Chou e t  

Fasman 1974 1. 

- Lirn a  u t i l i s é  un a lgor i thme pour l a  p r é d i c t i o n  des 

rég ions  en h é l i c e  a ou en s t r u c t u r e  f3 dans l e s  p r o t é i n e s  globu- 

la ires .  Pour u t i l i s e r  c e t  a lgor i thme,  Lirn t i e n t  compte t o u t  

d 'abord des i n t e r a c t i o n s  à cou r t e r  d i s t a n c e  des ac ide s  aminés 

hydrophobes ( Cys, Cys-Cys, V a l ,  L l e ,  Leu, Met, Phe, Tyr, Trp ,  

A l a ,  Pro,  ) ou hydrophi les  ( Lys, Arg, Glu, Gln, His,  Se r ,  

Thr, Asp, Asn, 1. I l  o b t i e n t  a i n s i  des  domaines auxquels  il suf -  



f i t  d '  app l i que r  c e r t a i n e s  r è g l e s  empiriques d '  i n t e r a c t i o n s  

à longue d i s t a n c e  pour t r o u v e r  les rég ions  h é l i c o ï d a l e s .  Ces 

r è g l e s  empiriques ont  é t é  déterminées à p a r t i r  de 25 pro- 

t é i n e s .  On app l ique  e n s u i t e  l e  même t r a i t e m e n t  aux rég ions  . 

r e s t a n t e s  pour y d é c e l e r  les rég ions  en  f e u i l l e t s  p l i s s é s  B . 
I l  semble que s e u l  L i m  sache  u t i l i s e r  f ac i l emen t  son a l g o r i -  

thme. Nous avons pour n o t r e  p a r t  eu beaucoup de  d i f f i c u l t é s  

à l ' e x p l o i t e r  correctement .  

A l a  même époque, Chou e t  Fasman p u b l i è r e n t  l e u r  

méthode de p r é d i c t i o n  de conformation q u i  e s t ,  e l l e ,  extre-  

mement faci le  à u t i l i s e r .  I l s  déterminent  d ' abord  1' a p t i t u d e  

que p r é s e n t e  chacun des v i n g t  a c i d e s  aminés à adop te r  t e l l e  

ou t e l l e  s t r u c t u r e  s e l o n  l e u r  f réquence d ' a p p a r i t i o n  dans 

une conformation donnée. Ce t t e  f réquence es t  t i r é e  de compila- 

t i o n s  f a i t e s  s u r  un c e r t a i n  nombre de p r o t é i n e s  dont  l a  s t ruc ;  

t u r e  t e r t i a i r e  e s t  connue p a r  c r i s t a l l o g r a p h i e .  Les fréquen- 

ces  de  chaque a c i d e  aminé dans une s t r u c t u r e  donnée ont  d ' a i l -  

l e u r s  é t é  a f f i n é e s  depuis  (Chou e t  Fasman 1 9 7 7 ;  Chou e t  Fas- 

man 1978).  La méthode de Chou e t  Fasman permet l a  p r é d i c t i o n  

de t r o i s  s t r u c t u r e s  o rgan i sée s :  l ' h é l i c e  a ,  l a  s t r u c t u r e  B 
e t  l e  coude B 

D 'aut res  méthodes permet ten t  également de t e l l e s  

dé te rmina t ions  comme p a r  exemple c e l l e s  de  Burgess e t  a l  

(Burgess e t  a l  19741, Nagano (Nagano 1 9 7 7 )  e t  Robson e t  Suzuki 

(Robson e t  Suzuki 1 9 7 6 ) .  Ces t r o i s  d e r n i è r e s  méthodes s o n t  

avec c e l l e  de  Chou e t  Fasman l e s  p lus  i n t é r e s s a n t e s  car e l l e s  

pe rmet ten t  l a  p r é d i c t i o n  des  coudes B ;  m a i s  e l l e s  n é c e s s i t e n t  

l ' u t i l i s a t i o n  de l ' o r d i n a t e u r .  

L a  méthode de Chou e t  Fasman e s t  donc l a  p lus  fa- 

c i l e  à u t i l i s e r  e t  e l l e  s ' a v è r e  ê t r e  parmi l e s  p l u s  p r éc i s e s .  

En ef fe t  l a  comparaison de  ce s  d i f f é r e n t e s  méthodes montre 

qu'aucune ne semble ê t r e  p lu s  p r é c i s e  qu'une a u t r e  (Schulz e t  

a l  1974; Lenst ra  1 9 7 7 ) .  



Une a u t r e  méthode peu t  p a r f o i s  a p p o r t e r  des r e n s e i -  

gnements complémentaires pour l a  dé t e rmina t i on  des r é g i o n s  

h é l i c o ï d a l e s .  C ' e s t  c e l l e  de Lewis e t  Bradbury C Lewis e t  
Bradbury 1974).  C e t t e  méthode t i e n t  compte des  i n t e r a c t i o n s  

é l e c t r o s t a t i q u e s  ( a t t r a c t i o n  ou r é p u l s i o n  l e  long  d e  l ' h é l i -  

c e .  S i  on cons idè r e  un r é s i d u  i chargé ,  on t i e n t  compte de 

s e s  i n t e r a c t i o n s  p o s s i b l e s  avec l e s  r é s i d u s  iil, i f 2 ,  i i 3 ,  

i i 4  e t  i f 7  . S i  l e  nombre de charges  r é p u l s i v e s  e s t  impor tan t ,  

on admet que l ' h é l i c e  est  d é s t a b i l i s e e .  

Nous avons donc c h o i s i  d e  développer  l e  modèle de 

Chou e t  Fasman. Ayant c e t  o u t i l  en mains nous l ' avons  u t i l i -  

sé non seulement pour r é soud re  nos problèmes mais a u s s i  pour 

r é a l i s e r  un c e r t a i n  nombre de c o l l a b o r a t i o n s  ( Loucheux- 

Lefebvre e t  Aubert 1976 ; Aubert e t  a l  1976 a) e t  b )  ; Aubert e t  

a l  197Tb;Loucheux e t  a l  1978;  F i a t  e t  a l  1980) .  

Nous ne  r a p p e l l e r o n s  ci-aprè's que l e s  p r i n c i p e s  

q u i  o n t  s e r v i  à l a  mise au  p o i n t  des méthodes de p r é d i c t i o n ;  

l e s  d é t a i l s  t echn iques  q u i  y correspondent  s e r o n t  développés 

dans 1 ' appendice.  

La f réquence  d ' a p p a r i t i o n  d 'un  a c i d e  aminé dans 

une s t r u c t u r e  donnée est  donc obtenue à p a r t i r  de compi la t ions  

f a i t e s  s u r  des p r o t é i n e s  dont  l a  s t r u c t u r e  s econda i r e  e s t  

connue p a r  c r i s t a l l o g r a p h i e .  

La f réquence  des  v i n g t  r é s i d u s  d ' a c i d e s  aminés 

dans l e s  é t a t s  a,B e t  BT est  pour une p r o t é i n e :  

a ,  B e t  BT r e p r é s e n t e n t  respect ivement  l a  s t r u c t u r e  a  h é l i c o ï -  

d a l e ,  les f e u i l l e t s  p l i s s é s  8 e t  l e s  coudes B ou 8 tu rns .  
n  j,k est  l e  nombre de f o i s  où l e  r é s i d u  j a p p a r a i t  dans l a  

s t r u c t u r e  k .  

n  j e s t  l e  nombre de f o i s  où l e  r é s i d u  j a p p a r a i t  dans l a  

p r o t é i n e .  



L e s  pa ramèt res  conformat ionnels  d 'un  r é s i d u  j pour  

les t r o i s  s t r u c t u r e s  k dans une p r o t é i n e  s o n t  obtenus p a r :  

P r j  

Pr,j  k e s t  l a  p r o b a b i l i t é  de t r o u v e r  l e  r é s i d u  j dans l a  
3 

s t r u c t u r e  k.  

P r j  ' e s t  l a  p r o b a b i l i t é  de t r o u v e r  l e  r é s i d u  j  dans l a  

p r o t é i n e .  

Pour l a  reeherche  d e s  coudes 6, il f a u t  en  p l u s  t e n i r  comp- 

t e  de l a  p o s i t i o n  de  chaque a c i d e  aminé dans l e  coude B 
On détermine  a i n s i  une a u t r e  p r o b a b i l i t é  : 

C ' e s t  une p r o b a b i l i t é  dans l a q u e l l e  f i ,  f i + l ,  f i + 2 ,  f i + 3  

r e p r é s e n t e n t  les f réquences  d ' e x i s t e n c e  des  d i f f é r e n t s  r é s i -  

dus en  p o s i t i o n  i, i+l, i + 2 ,  i + 3 .  

Au c o u r s  du temps, l e s  paramètres  o n t  é t é  a f f i n é s  

en  f o n c t i o n  des n o u v e l l e s  s t r u c t u r e s  p r i m a i r e s  e t  t e r t i a i r e s  

q u i  é t a i e n t  connues. Ce s o n t  l e s  v a l e u r s  l e s  p l u s  r é c e n t e s  

q u i  s o n t  données dans l e s  t a b l e a u x  1 e t  II (Chou e t  Fasman 

1 9 7 7 ;  Chou e t  Fasman 1 9 7 8 ) .  

BI Le d ichroïsme c i r c u l a i r e .  
- 

- Dichroïsme c i r c u l a i r e  des  p r o t é i n e s  

Nous ne développerons  i c i  que l ' u t i l i s a t i o n  du d ichro-  

ï s m e  c i r c u l a i r e  à l a  d é t e r m i n a t i o n  de l a  s t r u c t u r e  s e c o n d a i r e  

d e s  p r o t é i n e s .  Les d é t a i l s  concernant  c e t t e  t echn ique  s e r o n t  

donnés dans  l ' a p p e n d i c e .  

Rappelons t o u t  d 'abord  qu 'une  p r o t é i n e  peu t  a d o p t e r  



Tableau 1 

Acides aminés 
Code Code Hélice a S t ruc tu re  B B-turn 

3 l e t t r e s  1 l e t t r e  P<a> P<B> P<BT> 

Alanine Ala 

Arg 

Asn 

A ~ P  

Argin ine  

Asparagine 

Acide 
aspar t ique  

Cysté ine  CYS 

Glu Acide 
glutamique 

Glutamine G l n  

G ~ Y  

H i s  

1 l e  

Leu 

LY s 

Met 

Phe 

P ro  

Glycocolle 

H i s t id ine  

I so leuc ine  

Leucine 

Lysine 

Méthionine 

Phénylalanine 

P r o l i n e  

Ser ine  S e r  S 0.77 i a  0.75 bB 1.43 - 
Thréonine Thr T 0.83 i a  1.19 hB O .  96 

Tryp tophane TW W 1.08 ha 1.37 hB 0.96 

Tyrosine Tyr  Y 0.69 ba 1.47 HB 1.14 

Valine Val V 1.06 ha 1.70 H@ O .50 

Panamè;DLe~ con~omationnei2 concernant la & o h  a;trructwru o h g ~ ~ é ~  

héLice a, bahcilute B e t  coude 8. !I / /  y 
[ jast  

(Les va leurs  soul ignées représenten t  l e s  me i l l eu r s  s t a b i l i s a t e u r s  de l a  '0 
s t r u c t u r e  concernée. Les l e t t r e s  H ,  h, 1, i, B e t  b représenten t  r e s p e c t i -  

vement l a  f a c u l t é  de formation (H, h l ,  l" ' indifférencel '  ( 1 , i )  e t  l a  rupture  

( B ,  b) d'une s t r u c t u r e  donnée). 



Tab leau  II 

Acides aminés Pos i t ion  i Pos i t i on  i+l Pbsi t ion  i+2 Pos i t i on  i+3 

- -- 

Ala A 

Arg R 

Asn N 

Asp D 

Cys C 

Gln Q 

Glu E 

Gly G 

H i s  H 

I l e  1 

Leu L 

Lys K 

Met M 

Phe F 

P m  P 

Ser  S  

Thr T 

Tm W 

Tyr Y 

Val V 

Fhéquencea dlapp&;tion dea acide4 am&& en donctLon de l e m  place 
d m  l e  wude $. 

(Les va leurs  soul ignées cont r ibuent  à s t a b i l i s e r  l e  coude 6) .  



q u a t r e  s t r u c t u r e s  p r i n c i p a l e s  : l ' h é l i c e  a , l a  s t r u c t u r e  en 

f e u i l l e t s  p l i s s é s  B , l e  coude 8 (ou v i r age  B ou B t u r n )  e t  

l a  s t r u c t u r e  désordonnée. 

Les deux premières  s t r u c t u r e s  s o n t  pa r fa i t ement  . 
. *  d é f i n i e s .  Il s ' a g i t  de l ' h é l i c e  a de Pau l ing  c a r a c t é r i s é e w p a r  . 

des ang l e s  0 e t  Y ayant  une même va l eu r  l e  long  de l ' a x e  

po lypep t id ique  e t  de l a  s t r u c t u r e  en f e u i l l e t s  p l i s s é s  B 
pouvant e x i s t e r  sous forme p a r a l l è l e  ou a n t i p a r a l l è l e .  Ce t t e  

d e r n i è r e  e s t  d ' a i l l e u r s  f a v o r i s é e  p a r  l ' e x i s t e n c e  des coudes B. 

L e  coude B ( f i g u r e  II) est  formé d 'un enchaînement 

de q u a t r e  r é s i d u s  d ' a c i d e s  aminés. Venkatachalam (Venkatacha- 

l a m  1968) a  d é f i n i  de façon t héo r ique  ces  coudes B q u i  exp l i -  

quent  l e  rep l iement  o b l i g a t o i r e  d 'une cha îne  pep t id ique .  Leur 

e x i s t e n c e  a  e n s u i t e  é t é  mise en  évidence p a r  les  c r i s t a l l o -  

graphes g râce  à l l a m é l i o r a t i o n  du pouvoir  de  r é s o l u t i o n  des 

mesures de RX. Jusque l à  , l e s  coudes B é t a i e n t  assimilés à de 

l a  s t r u c t u r e  inorgan isée .  

Deux cond i t i ons  s o n t  n é c e s s a i r e s  à l a  fo rmat ion  

d 'un coude: 

+ I l  f a u t  que la  d i s t a n c e  c?i;-~?$:03 s o i t  i n f é r i e u r e  
O 

ou éga l e  à 5,7 A ce  q u i  permet l a  format ion d 'une  l i a i s o n  

hydrogène e n t r e  l e  groupement amide du r é s i d u  i e t  l e  groupe- 

ment carbonyle  du r é s i d u  i + 3 .  C e t t e  l i a i s o n  hydrogène n ' e s t  pas 

n é c e s s a i r e ,  mais e l l e  s t a b i l i s e  l e  coude. 

+ I l  f a u t  également que l e s  ang les  0 i+ l ,Y  i+l e t 0  i + 2 ,  

Y i + 2  adoptent  c e r t a i n e s  va l eu r s  p a r t i c u l i è r e s .  

On a a i n s i  pu dé te rminer  11 types  de t u r n s  d i f f é r e n t s .  

( Tableau III 



Figure 2 



Tableau III 

Angles d ihédraux e n  d e g r é s  Type de coude a 
itl 'itl ' i+2  $i + 2 

II' 

III 

III' 

Au moins deux des q u a t r e  a n g l e s  @ e t  $J 
c o n s i d é r é s  d i f f è r e n t  de  p l u s  de 40°C 
des  v a l e u r s  données c i - d e s s u s .  

Coude c a r a c t é r i s é  p a r  l a  p résence  d ' u n  
r é s i d u  P r o  de c o n f i g u r a t i o n  c h  e n  
p o s i t i o n  3 

Un coude e s t  c r é é  l e  long  de l a  cha îne  
p r o t é i q u e  pour $ i + l  = 1 8 0 °  e t  I @ i + l l  
< 60°  ou / $ J i t l l  < 60° e t  = 1 8 0 ° .  



L e s  r é s u l t a t s  c r i s t a l l o g r a p h i q u e s  montrent  que c e  

s o n t  les  coudes de t ype  1 q u i  s o n t  r encon t r é s  l e  p l u s  souvent  

dans l e s  p r o t é i n e s ,  p u i s  ceux de t ype  II, e t  e n f i n  ceux de t y p e  

III. 

L a  s t r u c t u r e  i n o r g a n i s é e  quant  à e l l e  e s t  c a r a c t é -  

r i s é e  p a r  l e  f a i t  qu 'un c e r t a i n  nombre d ' a c i d e s  c o n s é c u t i f s  

possède des ang l e s  e t  y dont l e s  va l eu r s  ne  s o n t  c a r a c t é r i s -  

t i q u e s  d'aucune s t r u c t u r e  o rgan i sée .  

En ce q u i  concerne les s ignaux d i ch ro ïques  p ropres  

à chaque s t r u c t u r e ,  nous pouvons d i r e  que s e u l  c e l u i  de  l ' h é l i -  

c e  a e s t  pa r f a i t emen t  d é f i n i  quoique v a r i a n t  un peu avec  l a  

longueur  des segments h é l i c o ï d a u x  ( Rinaudo e t  Domard 1 9 7 6  1. 
Pour l a  s t r u c t u r e  B , les  v a l e u r s  v a r i e n t  quelque  peu mais 

à n o t r e  connaissance ,  il r e s t e  un problème à r é soud re  quant  

aux s p e c t r e s  des s t r u c t u r e s  p a r a l l è l e s  e t  a n t i p a r a l l è l e s .  

Des s p e c t r e s  expérimentaux de  p e p t i d e s  adop tan t  

l a  s t r u c t u r e  en coude o n t  é t é  p u b l i é s  ( Howard e t  a l  1975; 

Brahms e t  a l  1977; K a w a i  e t  Fasman 1978 ; Bush e t  a l  1978 ; Brahma- 

c h r i  e t  al 1979 ; Siemon e t  a l  1980 1 . Là encore ,  a p p a r a i t  

une grande d i v e r s i t é .  Des s p e c t r e s  de coudes & on t  é t é  c a l c u l é s  

p a r  Woody ( Woody 1974 1 e t  il semble q u ' i l s  s o i e n t  a c t u e l l e -  

ment l e s  me i l l eu r e s  r é f é r e n c e s .  Une revue concernant  l e s  coudes ,  

Bdans les p r o t é i n e s  v i e n t  d ' ê t r e  p u b l i é e  p a r  Smith e t  Pease 

( Smith e t  Pease 1980 1. 

 alg gré ces  d i f f i c u l t é s ,  il a  quand m ê m e  é t é  poss i -  

b l e  d ' abo rde r  l ' é t u d e  de l a  conformation des p r o t é i n e s  p a r  l e  

dichroïsme c i r c u l a i r e  mais aucune p r o t é i n e  n ' adop t an t  100% 

d'une s t k u c t u r e  o rgan i sée ,  l e  problème des s p e c t r e s  r é f é r en -  

c e s  a é t é  d é l i c a t  à r é soud re  . 

I l  a f a l l u  a t t e n d r e  1971 ( Saxena e t  Wet lanfer  1971 ) 

puis  1972 (Chen e t  a l  1 9 7 2 )  pour que Chen e t  a l  me t t en t  au  



p o i n t  une dé te rmina t ion  de s p e c t r e s  d ichro ïques  de chaque 

s t r u c t u r e  de r é f é r e n c e  à p a r t i r  de p r o t é i n e s  dont  l a  s t r u c t u r e  

s econ da i r e  é t a i t  p a r f a i t emen t  connue p a r  c r i s t a l l o g r a p h i e .  

Dans c e  premier  c a l c u l ,  i l s  ne cons idè r en t  que t r o i s  s t r u c -  

t u r e s  : l ' h é l i c e  a ,  l a  s t r u c t u r e  B e t  l e  " r e s t e 1 '  i n c l u a n t  l a  

s t r u c t u r e  inordonnée e t  l e s  coudes B .  I l s  me t t en t  à p r o f i t  l a  

p r o p r i é t é  d t  a d d i t i v i t é  du dichroïsme c i r c u l a i r e  101 pour 

é c r i r e  à une longueur d'onde donnée X . 

dans l a q u e l l e  i dés igne  une p r o t é i n e  connue p a r  c r i s t a l l o g r a -  

ph i e ,  Fa, Fp e t  F R  l e s  pourcentages  r e s p e c t i f s  de s t r u c t u r e  

en h é l i c e  a ,  en f e u i l l e t s  p l i s s é s  B e t  en  '!reste1'. 

I l  s u f f i t  donc théoriquement d ' é t u d i e r  au  moins t r o i s  

p r o t é i n e s  i connues p a r  c r i s t a l l o g r a p h i e  pour pouvoir  résou- 

d r e  c e t t e  équa t ion .  A l ' i n v e r s e ,  l o r sque  l ' o n  conna i t  les 

s t r u c t u r e s  de ba se ,  il s u f f i t  d ' u t i l i s e r  c e t t e  même équa t i on  

pour o b t e n i r  c e t t e  f o i s  l e  pourcentage de chacune des s t r u c t u -  

r e s  dans une p r o t é i n e  inconnue.  Cela s e  f a i t  à l ' a i d e  d f  un 

programme de t r a i t e m e n t  p a r  o r d i n a t e u r  b a s é  s u r  une méthode de  

moindres c a r r é s  non l i n é a i r e s .  D e  p l u s  on impose les deux 

c o n d i t i o n s  su ivan t e s  : 

Au l a b o r a t o i r e ,  J . M .  F r e y s s i n e t  a  e ssayé  de r éa -  

l i s e r  l e  même t r a v a i l  e n  t e n a n t  compte des 4 s t r u c t u r e s .  

Chang e t  a l  ( Chang e t  a l  1 9 7 8  ) on t  également t e n t é  de f a i r e  

c e t t e  é tude .  Les r é s u l t a t s  obtenus p a r  c e s  a u t e u r s  ne s o n t  pas 

conc luan t s  c a r  il e x i s t e  de nombreux types  de coudes , q u i  

ne  s o n t  pas pa r f a i t emen t  d i f f é r e n c i é s  p a r  c r i s t a l l o g r a p h i e ,  

m a i s  q u i  donnent des s ignaux  d i f f é r e n t s  en  d ichroïsme c i r c u l a i r e .  



En p r a t i q u e ,  on c o n s t a t e  que p lu s  il y  a  d ' h é l i c e s  a 

dans une p r o t é i n e ,  p lus  il e s t  f a c i l e  de dé te rminer  sa s t r u c t u -  

r e  seconda i re  de  façon p r é c i s e .  Pa ra l l è l emen t ,  s ' i l  y  a beaucoup 

de s t r u c t u r e  , il e s t  imposs ible  d ' o b t e n i r  l a  s t r u c t u r e  se- 

condaire  c a r  l e  s i g n a l  d ichro ïque  e s t  t r è s  p e t i t  e t  f o r t e -  

ment pe r tu rbé  p a r  des bandes dues aux chaînes  l a t é r a l e s  aroma- 

t i q u e s .  Un a r t i c l e  r é c e n t  ( Brahms e t  Brahms 1980 ) montre 

que l a  dé te rmina t ion  e s t  beaucoup p l u s  p r é c i s e  s i  on t r a v a i l l e  

à t rès  basse  longueur d'onde c ' e s t  à d i r e  e n t r e  200 e t  150 nm. 

Cela n é c e s s i t e  un a p p a r e i l l a g e  t r è s  p a r t i c u l i e r  e t  non com- 

m e r c i a l i s é .  

- Dichroïsme c i r c u l a i r e  de s  s u c r e s .  

L e s  effets  Cotton observab les  en dichroïsme c i r c u l a i -  

r e  dans l e  domaine de l ' U . V .  l o i n t a i n  s o n t  ceux dus au  chromo- 

phore amide. En e f f e t  pour l e s  oses  non a c é t y l é s ,  l e s  bandes d 1  

abso rp t i on  se s i t u e n t  à basse  longueur d 'onde ( env i ron  160 nm) 

e t  ne son t  donc pas a c c e s s i b l e s  avec un dichrographe c l a s s i q u e .  

Les suc re s  possédant  l e  chromophore acétamido 

montrent 2 bandes d ichrofques  à env i ron  210 e t  1 9 0  nm. P a r  

ana log ie  avec l e  chromophore CO-NH pep t i d ique ,  ces  bandes 

s o n t  d é c r i t e s  comme l e s  t r a n s i t i o n s  n+" e t  n+ .IT* 
- 

- Appl ica t ion  du dichroïsme c i r c u l a i r e .  

Outre l a  dé te rmina t ion  de l a  s t r u c t u r e  s econda i r e  

d 'un pep t i de  ou d 'un po lypep t ide ,  d 'une  p r o t é i n e  ou d 'une  gly-  

copro té ine ,  l e  d ichroïsme c i r c u l a i r e  permet de  r é a l i s e r  un ce r -  

t a i n  nombre d '  é t udes .  I l  e s t  imposs ib le  i c i  de donner t o u t e s  

l e s  a p p l i c a t i o n s  e t  l a  b i b l i o g r a p h i e  concernant  ce  s u j e t ;  nous 

n '  en  c i t e r o n s  que quelques exemples. 

Le dichroïsme c i r c u l a i r e  permet d ' é t u d i e r  l a  sta- 

b i l i t é  d'une p r o t é i n e  en  f o n c t i o n  de d i f f é r e n t s  agen ts  dénatu- 

r a n t s ,  d ' é t u d i e r  l a  s t a b i l i t é  e t  l a  s t r u c t u r e  d 'un DNA en 



f onc t i on  de l a  t empéra tu re ,  d ' é t u d i e r  les i n t e r a c t i o n s  

p ro t é ine -p ro t é ine  ou p ro t é ine - l i gand  ou p r o t é i n e  - DNA,dlétu- 

d i e r  t o u t e s  les molécules organiques  s u s c e p t i b l e s  d ' ê t r e  d ich-  

r o ïque  s 3dt é t u d i e r  les o l i gosaccha r ide s .  

Nous avons, pour n o t r e  p a r t ,  é t a b l i  un c e r t a i n  

nombre de c o l l a b o r a t i o n s  avec d i f f é r e n t s  groupes q u i  nous o n t  

permis d ' u t i l i s e r  les  nombreuses p o s s i b i l i t é s  d 'un  d ichrogra -  

phe e t  o n t  condu i t  aux p u b l i c a t i o n s  s u i v a n t e s :  (Aubert  e t  a l  

1975 ; Aubert e t  Loucheux-Lefebvre 1975; Degand e t  a l  1976 ; 

Le G a i l l a r d  e t  a l  1976 ; Aubert e t  Loucheux-Lefebvre 1976 ; 

Aubert e t  a l  1977 a ) ;  Aubert e t  a l  1977 b); Loucheux-Lefebvre 

e t  a l  1978; Aubert  e t  a l  1981 a.;. Mazurier  e t  a l  1976).  



Nous avons donc u t i l i s é  ces techn iques  à l ' é t u d e  

de deux g lycopro té ines  : l ' a l p h a l  -g lycopro té ine  a c i d e  

e t  l a  g lycop ro t é ine  r i c h e  en p r o l i n e  de l a  s a l i v e  p a r o t i d i e n -  

ne humaine (GPRP). 

C e t t e  é tude  est  compliquée p a r  l e  f a i t  q u ' i l  e s t  

imposs ible  d ' o b t e n i r  l a  p a r t i e  p ro t é ique  indépendamment de l a  

cha îne  glycannique.  Auss i ,  a l l o n s  nous r a p p e l e r  brièvement 

les d i f f é r e n t e s  t echn iques  q u ' i l  e s t  p o s s i b l e  d ' u t i l i s e r  pour 

i s o l e r  chacune des c h a h e s .  

Nous en c i t e r o n s  t r o i s .  L a  première  d ' e n t r e  e l l e s  

permet d ' i s o l e r  l a  cha îne  glycannique,  l a  seconde l a  cha îne  

pep t id ique ,  l a  t r o i s i è m e  chacune des cha înes  c o n s t i t u a n t e s .  

- L'hydrazinolyse  ( Bayard e t  Roux 1975 e s t  une 

méthode chimique hydro lysan t  t o u t e s  l e s  l i a i s o n s  CO-NH. S i  on 

l a  f a i t  s u i v r e  d 'une r é a c é t y l a t i o n  ( Reading e t  a l  1978 1, 

on récupère  donc l e s  cha înes  glycanniques i n t a c t e s .  Pa r  

c o n t r e ,  l a  cha îne  pep t i d ique  e s t  dégradée ent ièrement  sous 

forme d '  a c ide s  aminés l i b r e s .  

- Le t r a i t e m e n t  pa r  l ' a c i d e  f luorhydr ique  ( Lenard 1 9 6 9 ;  

Mort e t  Lamport 1 9 7 7  1 a pour b u t  de d é t r u i r e  l e s  chafnes  

glycanniques en  ne l a i s s a n t  au p o i n t  d ' a t t a c h e  qu'un s e u l  

r é s i d u  de N-acétylglucosamine p l u s  ou moins dégradé. L ' u t i l i -  

s a t i o n  de c e t t e  technique peut  p a r f o i s  p rodu i r e  des coupures 

de 1' axe pep t id ique .  

- L' a c t i o n  d'une 4-L-aspartyl  glucosylamine amidohy- 

d r o l a s e  ( Takahashi 1 9 7 7  ) permet de l i b é r e r  l e s  cha înes  glycan- 

niques de l a  p a r t i e  p ro t é ique  en ne modif iant  que d'une manière 

minime c e t t e  d e r n i è r e  : l e  r é s i d u  asparag ine  e s t  t r ans formé 



en r é s i d u  a c i d e  a s p a r t i q u e d  I l  peu t  l à  a u s s i  s e  p rodu i r e  des 

coupures de l1 axe pep t id ique  . Ajoutons également, q u '  en  géné ra l ,  

les rendements s o n t  me i l l eu r s  avec des g lycopep t ides  qu 'avec  

des g lycopro té ines  n a t i v e s .  

C B s  t r o i s  techniques  o n t  é t é  u t i l i s é e s  dans les  

t r avaux  que nous avons r é a l i s é s .  L1hydrazinolyse  a  é t é  f a i t e  

en c o l l a b o r a t i o n  avec B. Bayard, l e  t r a i t e m e n t  p a r  l ' a c i d e  

f luorhydr ique  en  c o l l a b o r a t i o n  avec  N .  Porchet  e t  l ' a c t i o n  de 

la  4-L-aspartyl glucosylamine amidohydrolase en c o l l a b o r a t i o n  

avec A. Boersma. 

A ) L' OROSOMUCOIDE OU  ALPHA^-GLYCOPROT~INE ACIDE 

1) I n t r o d u c t i o n  -- ------------- 
Nous nous sommes i n t é r e s s é  à l 'orosomucoïde ( Schmid 

e t  Kamiyama 1963 ) car c ' e s t  l a  g lycop ro t é ine  du sérum humain 

dont l a  t e n e u r  en  s u c r e s  e s t  l a  p lu s  é l e v é e  (env i ron  4 0 % ) .  De 

p l u s ,  l a  séquence p r ima i r e  f a i t e  de 181 r é s i d u s  d l a c i d e s  aminés 

es t  par fa i t ement  é t a b l i e  ( Schmid e t  a l  1973 ) a i n s i  que l a  

p o s i t i o n  des c inq  cha înes  g lycanniques .  L a  composition, les  

enchafnements e t  l e s  anoméries des d i f f é r e n t s  suc re s  c o n s t i t u -  

a n t s  l e s  cha înes  glycanniques s o n t  pa r f a i t emen t  connus 

( Schwarzmann e t  a l  1973; Hatcher e t  Jean loz  1973 ; Bayard e t  

Fournet 1 9 7 5  1. 

Le d ichroïsme c i r c u l a i r e ,  q u i  e s t  une t r è s  bonne 

technique de dé te rmina t ion  de s t r u c t u r e  seconda i re  de p r o t é i -  

nes ,  ne peu t  ê t r e  u t i l i s é  sans  p r écau t ion  dans l e  cas -des 

g lycopro té ines  c a r  l a  c o n t r i b u t i o n  d ichro ïque  des cha înes  

glycanniques dans la  r ég ion  180-250 nm p o u r r a i t  ne pas ê t r e  

nég l igeab l e .  

Ce t t e  é tude  de l~o rosomuco ïde  nous a  permis de  

montrer  q u ' i l  e x i s t a i t  un bon accord e n t r e  l e  dichrolsme expé- 

r imen ta l  e t  c e l u i  c a l c u l é  à p a r t i r  de l ' é v a l u a t i o n  de s t r u c -  



t u r e  s e c o n d a i r e .  De p l u s ,  il nous a é t é  p o s s i b l e  d ' a f f i r -  

m e r  que,  pour  c e t t e  g l y c o p r o t é i n e ,  il n ' e x i s t a i t  pas de  f o r t e  

i n t e r a c t i o n  cha îne  g lycannique-chaîne  p r o t é i q u e .  

2 )  R é s u l t a t s  e t  d i s c u s s i o n  - - ....................... 

Nous avons j o i n t  à c e t t e  t h è s e  l ' a r t i c l e  no 1 cor-  

respondant  à 1' é t u d e  conf o r m a t i o n n e l l e  de 1' orosomucoïde 

( Aubert e t  Loucheux-Lefebvre 1976 1. Nous nous c o n t e n t e r o n s  

donc de résumer l e s  r é s u l t a t s .  

+ L a  s t r u c t u r e  p r i m a i r e  de  l 'orosomucofde é t a b l i e  p a r  

Schmid e t  a l  ( Schmid e t  a l  1973 ) est donnée s u r  l a  f i g u r e  1 

t a r t i c l e  n O 1  ). Un c e r t a i n  nombre de v a r i a n t s  e x i s t e  e t  on 

dénombre 2 1  s u b s t i t u t i o n s .  L a  p l u p a r t  de c e l l e s - c i  s o n t  

c o n s e r v a t i v e s ,  Dans l e  t a b l e a u  1 ( a r t i c l e  nO1 1, nous donnons 

l e s  r é s u l t a t s  obtenus à p a r t i r  de d i f f é r e n t e s  méthodes d 'éva-  

l u a t i o n  a i n s i  que n o t r e  c h o i x  d é f i n i t i f .  L a  f i g u r e  II ( a r t i c l e  

n O 1  ) donne une r e p r é s e n t a t i o n  de c e t t e  s t r u c t u r e  s e c o n d a i r e  

q u i  e s t  c o n s t i t u é e  de  2 1 %  d ' h é l i c e  a ,  2 1 %  de s t r u c t u r e  6 ,  18% 

de  coudes B ,  e t  40% de s t r u c t u r e  inordonnée .  C e s  v a l e u r s  nous 

o n t  f o u r n i  un s p e c t r e  d i c h r o ï q u e  c a l c u l é  de l a  f a ç o n  s u i v a n t e :  

où F h J  ~ 2 '  BT e t  FRc correspondent  r e spec t ivement  aux pourcen- 

t a g e s  d ' h é l i c e  a , d e  s t r u c t u r e  B ,  de  coude E s t  de s t r u c t u r e  

inordonnée.  

[O]'; $1 !,b]!T et[O] :C cor responden t  r e spec t ivement  aux 

e l l i p t i c i t é s  à une longueur d 'onde  donnée de l ' h é l i c e  ci (Chen 

e t  a l  1 9 7 4  ) de l a  s t r u c t u r e  B (Chen e t  a l  19741, l e s  coudes B 
( Venkatachalam 1968 ) e t  de l a  s t r u c t u r e  i n o r g a n i s é e  ( Chen 

e t  a l  1974 1. 

+ L e  s p e c t r e  d i c h r o ï q u e  expér imenta l  de l 'orosomucoï-  

de n a t i v e  e s t  c a r a c t é r i s t i q u e  d 'un  mélange de s t r u c t u r e s  
( f i g u r e  V a r t i c l e  n O 1  1. 



+ Para l l è lement ,  l e  s p e c t r e  d ichro ique  des  c h a h e s  

glycanniques r é a c é t y l e e s  a é t é  e n r e g i s t r é  e n t r e  180 e t  250 nm 

( f i g u r e  III a r t i c l e  n O 1  1. I l  e s t  c a r a c t é r i s é  p a r  deux bandes 

d ichro ïques  c e n t r é e s  à 210 nm (néga t i ve  ) e t  à 1 9 2  nm ( pos i -  

t i v e  1 e t  il est  comparé à l a  somme pondérée des s p e c t r e s  

d ichro ïques  des  composants des  cha înes  g lycanniques  ( c ' es t  à 

d i r e  : mannose, g a l a c t o s e ,  fucose ,  N-acétylglucosamine e t  a c i d e  

N-acétylneuraminique 1. Comme on peu t  l e  v o i r  s u r  l a  f i g u r e  III 

de l ' a r t i c l e  nO1, il e x i s t e  une t r è s  bonne supe rpos i t i on  

e n t r e  c e s  deux s p e c t r e s .  Ce r é s u l t a t  nous permet de  d i r e  q u ' i l  

n ' e x i s t e  aucune o r g a n i s a t i o n  p r i v i l é g i é e  des  cha înes  g lycanni-  

ques dans l ' e a u .  En e f f e t ,  l e  s p e c t r e  d ichro ïque  r e s t e  inchan- 

gé l o r sque  l ' o n  pa s se  d'un ensemble de  monomères à un hétéropo-  

lymère. I l  e s t  cependant  imposs ible  de  d i r e  s i  ce manque d ' o r -  

g a n i s a t i o n  e x i s t e  l o r sque  l e s  cha înes  g lycanniques  s o n t  f i x é e s  

s u r  l a  p r o t é i n e .  

+ En add i t i onnan t  a u  s p e c t r e  c a l c u l é  à p a r t i r  de 

l ' é v a l u a t i o n  de conformation l e  s p e c t r e  des  cha înes  g lycanniques  

e t  en comparant c e t t e  somme avec l e  s p e c t r e  d ichro ïque  expé r i -  

mental  de l a  g lycop ro t é ine  i n t a c t e ,  nous remarquons une t r è s  

bonne supe rpos i t i on  ( f i g u r e  V a r t i c l e  n O 1  1. 

3 )  Conclusions -- me--------- 

Nous avons pu montrer que l a  c o n t r i b u t i o n  des c h a i -  

nes glycanniques au dichroïsme c i r c u l a i r e  é t a i t  nég l i geab l e  

ce q u i  permet d ' env i s age r  l ' g t u d e  de l a  s t r u c t u r e  seconda i re  

des  g lycopro té ines  p a r  c e t t e  technique.  

De p l u s ,  l a  présence des  cha înes  glycanniques ne 

perturbe11 pas l a  s t r u c t u r e  seconda i re  de  l ' a x e  pep t id ique  

c e  q u i  nous ind ique  qu'aucune i n t e r a c t i o n  f o r t e  n ' e x i s t e  

e n t r e  l a  p a r t i e  p ro t é ique  e t  l a  p a r t i e  g lycannique.  



DE L A  S A L I V E  PAROTID IENNE HUMAINE ( GPRP ) 

Ce t r a v a i l  a é t é  r é a l i s é  e n  c o l l a b o r a t i o n  avec 

l e  l a b o r a t o i r e  du P ro fe s seu r  P. Degand ( U. 1 6  INSERM ) e t  

e s t  ac tue l l ement  soumis pour p u b l i c a t i o n .  

1) I n t r o d u c t i o n  --- ------------ 
L a  GPRP e s t  une g lycop ro t é ine  c a r a c t é r i s é e  p a r  s a  

f o r t e  t e n e u r  en r é s i d u s  p r o l i n e ,  g l y c i n e  e t  a c i d e  glutamique 

q u i  l u i  conf&ren t  une s t r u c t u r e  s econda i r e  a s s e z  p a r t i c u l i è r e .  

En e f f e t ,  nous avons pu montrer  q u ' e l l e  étai t  c o n s t i t u é e  d 'en-  

v i r o n  60% de s t r u c t u r e  h é l i c o ï d a l e  de t y p e  po lyp ro l i ne  II 

( Aubert e t  a l  1975 1. 

L a  composit ion,  l e s  p r o p r i e t é s  e t  l e  r ô l e  de l a  

GPRP son t  d i s c u t é s  dans un t r a v a i l  de Boersma ( Boersma 1977 1. 

Dans c e  c h a p i t r e ,  nous cons idè re rons  l ' i n f l u e n c e  des 

cha înes  glycanniques s u r  l a  s t r u c t u r e  s econda i r e  de l a  glyco- 

p r o t é i n e  ( Aubert e t  a l  1981 b  1. 

2 )  Obtent ion des p r o d u i t s  - -- ...................... 

L a  GPRP a é t é  déglycosylée  p a r  deux t e chn iques :  

l ' a c t i o n  de l a  4-L-aspar ty l  g lucosylamine amidohydrolase,  e t  

p a r  a c t i o n  de l ' a c i d e  f l uo rhyd r ique  ( Porchet  e t  a l  1 9 8 1  1. 

Nous avons a i n s i  deux p o s s i b i l i t é s  de  comparer l a  GPRP n a t i v e  

e t  l a  GPRP dég lycosy lée .  Dans ce  t r a v a i l ,  des in fo rmat ions  

supplgmenta i res  on t  pu ê t re  obtenues g r âce  aux é tudes  r é a l i -  

s é e s  s u r  des g lycopep t ides  cor respondan ts  à l a  GPRP. En e f f e t ,  

c e t t e  d e r n i è r e  soumise à une hydro lyse  t r y p s i q u e  donne des  

g lycopep t ides  q u i  on t  é t é  c a r a c t é r i s é s  comme é t a n t  formés 

d ' env i ron  20 a c i d e s  aminés: ces  g lycopep t ides  on t  pra t iquement  

t ous  l a  même s t r u c t u r e  p r imai re  (Po rche t  e t  a l  1 9 8 1  1. I l s  



o n t  pu également ê t r e  dég lycosy lés  p a r  l ' a c i d e  f l uo rhyd r ique .  

Lors de c e t t e  hydro lyse  s o n t  a u s s i  l i b é r é s  des p e t i t s  p e p t i d e s  

appe lés  " i n t e r c a l a i r e s "  q u i  r e l i e n t  e n t r e  eux l e s  d i f f é r e n t s  

g lycopep t ides  , a s s u r a n t  a i n s i  l e u r  r é p é t i t i v i t g .  

Nous d i spos ions  également du g lycopep t ide  obtenu 

ap rè s  hydro lgse  de l a  GPRP p a r  un mélange papaïne-pronase 

dont  l a  s t r u c t u r e  p r imai re  e s t  Gly-Asn-Gln-Ser ( Degand e t  a l  

1975 1, a i n s i  que de son homologue dég lycosy lé  p a r  a c t i o n  de 

l a  4-L-aspartyl  glucosylamine amidohydrolase . 

Nous possédions  donc p a r  l a  m ê m e  occas ion  des 

cha înes  g lycanniques  complètes.  

Sur  l a  f i g u r e  III s o n t  montrés l e s  s p e c t r e s  d i ch ro r -  

ques de l a  GPRP n a t i v e ,  des g lycopep t ides  t r y s i q u e s  e t  du 

g lycopep t ide  papaïne-pronase a i n s i  que ceux de l e u r s  homologues 

dég lycosy lés .  Aucune d i f f é r e n c e  ne  peu t  ê t r e  déce lée  que l e s  

chaînes  g lycanniques  s o i e n t  p r é s e n t e s  ou non. I l  e s t  i n t é r e s s a n t  

de c o n s i d é r e r  cet te  é tude  d i ch ro ique  à l a  lumière  de c e  que 

avions démont& précédemment s u r  l a  GPRP e t  s a  s t a b i l i t é  v i s -  

à -v i s  des i o n s  calcium ( Aubert e t  a l  1975 ) :  ces  d e r n i e r s  

d é s t a b i l i s e n t  l a  s t r u c t u r e  h é l i c o ï d a l e  de l a  GPRP q u i  est  de  

t ype  po lyp ro l i ne  II ( Tif fany  e t  KrimmlY68 1 .  

Nous avons donc r e p r i s  c e t t e  é t ude  s u r  chacun des 

c o n s t i t u a n t s  pour  v o i r  s i  l e s  cha înes  glycanniques pouvaient  

jouer  un r ô l e  p r o t e c t e u r  ou au c o n t r a i r e  d é s t a b i l i s a n t  v is -à-  

v i s  de l a  cha îne  pep t id ique .  

La f i g u r e  I V  montre les t r a n s i t i o n s  de @]203  nm 

c a r a c t é r i s t i q u e  de l a  s t r u c t u r e  e n  po lyp ro l i ne  II en f o n c t i o n  

de la c o n c e n t r a t i o n  en  c h l o r u r e  de calcium. Dans t o u s  les cas, 

on observe  une t r a n s i t i o n  e n t r e  0.5 M e t  1.5 M que l e  pro- 
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d u i t  s o i t  g l y c o s y l é  ou pas e t  c e l a  q u e l l e  que s o i t  l a  longueur  

de l a  cha îne  p e p t i d i q u e .  Comme on p o u v a i t  s ' y  a t t e n d r e ,  ceci 

n ' e s t  pas observé  pour l e  t é t r a p e p t i d e  Gly-Asn-Gln-Ser q u i ,  

dans l ' e a u  ne possède  aucune o r g a n i s a t i o n .  Nous nous sommes 

de p l u s  a s s u r é  que les cha înes  g lycann iques  é t a i e n t  i n s e n s i b l e s  

à l ' a c t i o n  du ca lc ium.  

4 ) Conclusions -- ----------- 
Dans cet exemple, nous avons donc confirmé q u ' i l  

é t a i t  p o s s i b l e  de dé te rminer  l a  s t r u c t u r e  s e c o n d a i r e  d 'une  

g l y c o p r o t é i n e  p a r  d ichroïsme c i r c u l a i r e .  

Nous avons pu également o b s e r v e r  que l e s  c h a î n e s  

g lycanniques  n '  i n t e r v e n a i e n t  e n  aucune façon dans l a  s t a b i -  

l i t é  p r o t é i q u e  v i s - à - v i s  de  l ' a c t i o n - d u  calcium. 

Comme l a  p resque  t o t a l i t é  d e  l a  s t r u c t u r e  p r i m a i r e  

de l a  GPRP e s t  à p r é s e n t  connue ( Porche t  e t  a l  1 9 8 1  1, il 

e s t  p o s s i b l e  de donner une r e p r é s e n t a t i o n  schématique de 

l ' o r g a n i s a t i o n  de  c e t t e  g l y c o p r o t é i n e  ( f i g u r e  V 1. La GPRP 

s e r a i t  formée d 'un  assemblage de glycopep$ides s é p a r é s  p a r  

l e s  p e p t i d e s  " i n t e r c a l a i r e s " .  Chaque g l y c o p e p t i d e  s e r a i t  f o r -  

mé de deux zones a d o p t a n t  une s t r u c t u r e  e n  h é l i c e  de t y p e  

p o l y p r o l i n e  II s é p a r é e s  p a r  un coude B s u r  l e q u e l  e s t  f i x é  

l a  cha îne  g lycannique .  Le coude B es t  l e  t é t r a p e p t i d e  Gly-Gly- 

Asn-Gln. Les r é s i d u s  2 à 8  du c a t é  N-terminal  a i n s i  que les 

r é s i d u s  1 6  à 1 9  du c a t é  C-terminal  forment  l e s  deux zones h é l i -  

c o ï d a l e s .  Ceci r e p r é s e n t e  58% d e  s t r u c t u r e  p o l y p r o l i n e  II e t  

2 1 %  de coudes B . I l  e x i s t e  donc une t r è s  bonne c o r r é l a t i o n  en- 

tre l ' e s t i m a t i o n  de  s t r u c t u r e  s e c o n d a i r e  que nous avons ob te -  

nue p a r  d ichroïsme c i r c u l a i r e  ( 6 4 %  de s t r u c t u r e  p o l y p r o l i n e  II 

e t  2 9 %  de coudes 6 ) .  E t a n t  donné que l e s  p e p t i d e s  " i n t e r c a l a i -  

r e s "  s o n t  formés d e  50% de  r é s i d u s  p r o l i n e  e t  d 'un  g rand  nom- 

b r e  de r é s i d u s  g l y c i n e ,  on peu t  p e n s e r  que l o r s q u e  l a  s t r u c -  

t u r e  p r i m a i r e  de l a  GPRP s e r a  p a r f a i t e m e n t  é t a b l i e ,  l a  c o r r é l a -  

t i o n  e n t r e  les deux e s t i m a t i o n s  sera p a r f a i t e .  
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Les r é s u l t a t s  de ces  deux é tudes  o n t  donc montré 

q u ' i l  é t a i t  p o s s i b l e  d ' é t u d i e r  une g lycop ro t é ine  n a t i v e  p a r  

dichroïsme c i r c u l a i r e  e t  de dé te rminer  a i n s i  sa s t r u c t u r e  

seconda i re .  Ceci implique que l a  cha îne  glycannique n'amène 

aucune p e r t u r b a t i o n  du s i g n a l  d i ch ro ïque  de l a  p a r t i e  p e p t i -  

dique b i e n  que dans l e s  deux ca s  é t u d i é s  l e  pourcentage  

de s u c r e s  s o i t  t r è s  é l e v é  ( 40 e t  50% re spec t i vemen t ) .  On 

peu t  donc pense r  q u ' i l  n ' e x i s t e  aucune i n t e r a c t i o n  f o r t e  

e n t r e  l e s  deux c o n s t i t u a n t s  d 'une g lycop ro t é ine .  Ce r é s u l -  

t a t  n ' é t a i t  pas év iden t  à p r i o r i ;  il a  cependant  é t é  conf i rmé 

p a r  d '  a u t r e s  a u t e u r s .  

Wang e t  H i r s  ( Wang e t  H i r s  1 9 7 7  o n t  é t u d i é  

l a  r i bonuc l éa se  de porc ,  s o i t  n a t i v e  ( 3 cha ines  g lycanniques  

r e p r é s e n t a n t  38% en poids  de l a  g lycop ro t é ine  t o t a l e  

s o i t  p a r t i e l l e m e n t  déglycosylée  p a r  a c t i o n  d ' exog lycos idases ,  

t echn ique  q u i  ne l e u r  a  l a i s s é  qu ' env i ron  2 5 %  des o se s  t o -  

t aux .  I ls  é t u d i e n t  l e u r s  é c h a n t i l l o n s  dans l e  b u t  d ' obse rve r  

une é v e n t u e l l e  mod i f i c a t i on  de la conformation de l a  p a r t i e  

pep t i d ique  en  f o n c t i o n  de l a  t e n e u r  en o s e s .  D ' au t r e  p a r t ,  

l ' é t u d e  de ces  mêmes é c h a n t i l l o n s  p a r  ab so rp t i on  u l t r a v i o l e t t e  

d i f f é r e n t i e l l e  l e u r  a permis d ' o b t e n i r  des in fo rmat ions  s u r  

l a  l o c a l i s a t i o n  des r é s i d u s  aromat iques ,  p r inc ipa lement  des  

r é s i d u s  t y r o s i n e  dont  l ' a b s o r p t i o n  u l t r a v i o l e t t e  v a r i e  s e l o n  

q u ' i l s  s o n t  exposés ou non à l a  s u r f a c e  de l a  p r o t é i n e .  I ls  on t  

a i n s i  pu montrer  que l e s  cha ines  g lycanniques  n1 a v a i e n t  aucune 

i n f l u e n c e  s u r  l a  conformation g l o b a l e  de l ' a x e  pep t i d ique .  

D 'au t re  p a r t ,  i l s  on t  pu a f f i r m e r  que l e s  i n t e r a c t i o n s  c h a î n e .  

glycannique-chaîne p ro t é ique  s o n t  extrêmement l o c a l i s é e s  e t  

ne concernent  que quelques r é s i d u s  s i t u é s  p r è s  des l i a i s o n s  

suc r e -p ro t é ine .  En e f f e t ,  l o r s q u e  l e s  cha înes  g lycanniques  

son t  p a r t i e l l e m e n t  hydro lysées ,  s e u l e s  env i ron  deux t y r o s i n e s  

supplémenta i res  s o n t  exposées au  s o l v a n t .  



Ce r é s u l t a t  a é t é  confirmé l o r s  de l ' é t u d e  d 'une  

a u t r e  g l y c o p r o t é i n e  r é a l i s é e  p a r  Wagner e t  a l  ( Wagner e t  a l  

1 9  7 8  1 p a r  résonnance magnétique n u c l é a i r e .  Ces a u t e u r s  

c o n s i d è r e n t  l a  conformat ion  d e  deux i n h i b i t e u r s  t r y p s i q u e s :  

l e  p remie r  é t a n t  g l y c o s y l é  e t  provenant  du co los t rum de  l a i t  

de vache e t  l e  second n ' é t a n t  pas  g l y c o s y l é  e t  provenant  du 

pancréas  de boeuf .  L a  s t r u c t u r e  de l ' i n h i b i t e u r  non glyco- 

s y l é  é t a n t  connu p a r  c r i s t a l l o g r a p h i e  ( Huber e t  a l  1970; 

Deisenhorf  e t  Steigemannl975 1 e t  l e s  s t r u c t u r e s  p r i m a i r e s  

des deux i n h i b i t e u r s  é t a n t  proches  l ' u n e  de l ' a u t r e ,  c e s  

a u t e u r s  on t  comparé l e s  m o d i f i c a t i o n s  a p p o r t é e s  p a r  l a  cha î -  

ne g lycannique  à l a  s t r u c t u r e  s p a t i a l e  des deux é c h a n t i l l o n s .  

I l s  o n t  d ' a b o r d  c o n s i d é r é  l a  résonanae  des  p r o t o n s  amide de 

l ' a x e  p e p t i d i q u e  e t  f a i t  une c i n é t i q u e  de l e u r  échange avec 

l e  deutér ium.  I l s  on t  a i n s i  pu démontrer  que l a  s t r u c t u r e  g l o -  

b a l e  é t a i t  l a  même e t  que l a  s t a b i l i t é  de  c e t t e  s t r u c t u r e  

é t a i t  i d e n t i q u e  v i s - à - v i s  du pH e t  de l a  t empéra tu re .  I l s  

é t u d i e n t  e n s u i t e  l e s  r é sonances  des p r o t o n s  aromat iques  q u ' i l s  

peuvent  p a r f a i t e m e n t  i d e n t i f i e r .  Les s e u l e s  m o d i f i c a t i o n s  

q u ' i l s  m e t t e n t  en év idence  concernent  deux t y r o s i n e s ,  l e s  r é s i -  

dus 2 1  e t  23  donc s i t u é s  p r è s  du s i t e  de l a  c h a î n e  g lycan-  

n i q u e ,  l e  r é s i d u  a s p a r a g i n e  2 4  . A p a r t i r  de  l a  d é t e r m i n a t i o n  

des temps de r e l a x a t i o n ,  i l s  o n t  également  pu démontrer  que 

en  s o l u t i o n ,  l a  cha îne  g lycann ique  e s t  t r è s  é t endue .  D e  p l u s  

l a  d é t e r m i n a t i o n  des rayons  de  g i r a t i o n  montre q u ' e l l e  occupe 

un g rand  volume du à s o n  h a u t  pouvoir  d lhydra ta t ion; :Ce d e k n i e r  

r é s u l t a t  v i e n t  d ' ê t r e  confirmé p a r  l a  t e c h n i q u e  d e  d i f f u s i o n  

des neu t rons  ( L i  e t  a l  1980 1 s u r  une a u t r e  g l y c o p r o t é i n e :  l a  

t r a n s c o r t i n e  . I l  a é t é  p o s s i b l e  de d é t e r m i n e r  l e  volume occu- 

pé p a r  l e s  c h a î n e s  g lycanniques  e n  s o l u t i o n .  I l  e s t  env i ron  

deux f o i s  p l u s  impor tan t  que c e l u i  c a l c u l é  s u r  l a  p a r t i e  

p e p t i d i q u e  a l o r s  qu ' en  r é a l i t é  l e s  s u c r e s  ne r e p r é s e n t e n t  

que 2 7 %  en po ids  de l a  g l y c o p r o t é i n e .  

L'ensemble de  c e s  r é s u l t a t s  la isse à pense r  que 



l e s  c h a i n e s  g lycanniques  s o n t  e f f e c t i v e m e n t  p l a n t é e s  s u r  l e  I-J 

noyau p e p t i d l q u e  e t  cela e s t  e n  e x e l l e n t  accord  a v e c  c e  que 

nous av ions  montré ( Aubert e t  a l  1 9 7 6 a ) :  on t r o u v e  t o u j o u r s  ' 

l a  p résence  d ' u n  coude B au  n-iveau du p o i n t  d ' a t t a c h e  suc re -  

p r o t é i n e .  L ' e x i s t e n c e  e t  l ' é t u d e  de c e t t e  s t r u c t u r e  p r i v i l é g i é e  

f e r o n t  1' o b j e t  du c h a p i t r e  s u i v a n t .  
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The secondary structure of the protein moiety of the a,-acid glycoprotein (orosornu- 
coid) wae evaiuated from its primary structure by using the Lim and Chou and Fasman 
predictions, and the corraeponding dichroic spectrum was calcuiated. The esperimental 
dichroic spectrum of the whole glycoprotein wae compared with the summation of (i) the 
calculateà dichroic spectrum due to the protein moiety and (ii) the experimentai dichroic 
spectrum of the carbohydrate moiety. The d t s  are in good agreement with the fact 
that the carbohydrate moities do not produce any pertubation of the protein conforma- 
tion. In addition, we observed that four out of five glycan chains are linked to Asn 
residues which are situated either in a reverse pturn or in regions where charged and 
polar residuea are numemus. that is, on the outside of the protein. 

The conformation of the protein moiety 
of a glycoprotein is always difficult to de- 
termine from the native glycoprotein in 
solution. In particular, the circular dichro- 
ism (CD),2 which is a versatiie method for 
the determination of the secondary struc- 
ture of a protein (1-3, cannot be used in 
the case of glycoprotein, since the contri- 
bution of the carbohydrate moiety in the 
180-250 nm (where the dichroic bands due 
to the amide chromophore are observed) is 
generaily unknown. 

In some cases, the carbohydrate moiety 
can be separated from the protein, and 
therefore the dichroic spectra of glycans 
can be recorded. However, it is not certain 
that the spectrum of the free glycans is the 
same as those linked to the protein. For 
example, the glycans may adopt a second- 
ary structure or an interaction may take 
place between carbohydrate and protein 
moieties. If the sequential amino acid . structure is known, it is possible to obtain 
some information about the secondary 
structure by using methods which permit 

J one to localize the cr helical structure and 
psheet, and reverses ptunis  in globular 

To whom correspondence should be addresseci. 
? Abbreviations usd CD, circular dichmism; 

ORD, optical rotatory dispersion. 

proteins (4). We were interested in the 
case of a,-acid glycoprotein (orosomucoid) 
(51, the glycoprotein with the highest car- 
bohydrate content in human serum (about 
40%); its sequence of amino acids was re- 
cently completely established by Schmid et 
al. (6). Moreover, it was demonstrated 
that this glycoprotein contains five hetero- 
polysaccharide groups which are linked N- 
glycosidically to asparaginyl residues, and 
the number of amino acids between two 
subsequent carbohydrate units differs con- 
siderably. The structure of glycans was 
almost perfectly established (7-9). The five 
glycan chains are linked to the protein 
moiety by asparaginyl residues 15, 38, 54, 
75, and 85. For one glycan, an N-acetyl 
neuraminic acid is substituted by a fucose 
residue. 

By hydrazinolysis the five glycans are 
separated from the protein moiety with a 
sugar composition exactly the same as 
that in native glycoprotein. Unfortu- 
nately, to date the separation of the carbo- 
hydrate moiety always has been accompa- 
nied by a degradation of amide bonds. 

Some people have carried out a study of 
the a,-acid glycoprotein by using optical 
rotatory dispersion (ORD) neglecting the 
contribution of the carbohydrate to the ob- 

Copyright O 1976 by Academic Rem, Inc. 
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served optical activity. In particular, 12 
yeam ago, Schmid and Kamiyama (10) 
concluded h m  the optical rotation of al- 
acid glycoprotein that its conformation 
was a nonhelical, unknown type with high 
stability. Then, a study of the glycoprotein 
using ORD was carried out (11) which ad- 
mitted the possible existence of a-helicai 
regions. Another study carried out using 
ORD (12) indicated a very small contribu- 
tion of the carbohydrate moiety to the ob- 
served optical activity. But to date, it 
seems that for cul-acid glycoprotein no cir- 
cular dichroic study (CD) has been per- 
formed. 

In this work we will show that h m  (il 
the experimental CD spectra of the glyco- 
protein and the carbohydrate moiety and 
(ii) the prediction of the secondary struc- 
ture from the amino acid sequence in 
terms of cr-helical structure (H), psheet 
(pl ,  pturns (Tl, and unordered conforma- 
tion (U) and the subsequent calculations of 
their contribution to the CD spednim that 
the carbohydrate moiety makes a small 
contribution to the overall CD spectra, 
that the predicted secondary structure 
gives satisfactory agreement with the ob- 
served CD spednim, and. that it involves 
some specific stnicture a t  the location of 
Asn where glycans are linked to the pro- 
tein moiety. The plan adopted will be as 
follows: (1) determination of the CD of the 
protein moiety from its evaluated second- 
ary structure; (2) experimental determina- 
tion of CD of glycoprotein and glycan moi- 
ety; (3) determination of the CD due to the 
glycan moiety by substrating the circular 
dichroism of the protein moiety calculated 
in 1 from the experimental dichroic spectra 
of the glycoprotein; and (4) comparison be- 
tween the evaluated and experimental CD 
of glycan moiety. 

PROCEDURES 

First of,all, the secondary structure of the protein 
moiety was determined by using two methods: the 
algorithm method of Lim (13) and the calculations 
aven by Chou and Fasman (14). Both methods re- 
veal the types of amino acid sequences in polypep 
tide chain regions of globular protein which form a 
regular (H or P) or unordered conformation (U) in 
the protein moiety. With Lim's method, this deter- 
mination is made by taking into account general 

"architecturai" principlas of packing of polypeptide 
chains in globular protein and considering the inter- 
actions of proteins with water molecules. With Chou 
and Fasman's method, H and P regions and also 
reverse &turns (T) can be predieted by using confor- 
mationai parameters P based on the frequency of 
each amino acid in the three possible structures. In 
some cases, and especidy when Lim and Chou and 
Fasman determinations do not give the same re- 
sults, we have ueed the predictions of Kabat and Wu 
(15) conceming the influence on secondary structure 
of nearest-neighbor amino acid residuea. These au- 
thors determine in a sequence of three amino acids 
the frequency of occurrence of the middle amino acid 
(n) in relation to ita nearest neighbors (n - 1) and 
(n + 1) in the a-helical domain, in the p-sheet 
domain, and outeide these regions. In order to con- 
sider the stability of a helical sequence we have also 
taken into a m u n t  in some cases the method given 
by Lewis and Bradbury (16) concerning the electro- 
static attractions and repulsions from neighboring 
sidechains. 

Secondly, the corresponding dichroic spectra 
were caiculated. Indeed, since the opticai activities 
of the conformations are assumed to be additive. at 
any fixed wavelength A the eilipticity can be ex- 

where the f s are the fractions of the four forms in 
the protein moiety and [û]H> [elB, [eh, and [BIc are 
the reference values for pure helix, @ fonn,pturn, 
and unordered structure, respectively. Of course, 
since the sacondary structure was evaluated from a 
predictive method, zf = 1 and each f 2 O. To date, 
the regions of the protein which adopted neither an 
a-helical nor a pform structure were considered as 
unordered structure and more especially, pturns 
were included in this unordered structure. Recently, 
the dichroic spectrum of pturns was treated theo- 
reticaily by Woody (17). The flexibility in p-tum 
conformations leads to many variants, with many 
mrresponding CD spectra, but it seems that the 
more likely shape of the pturn CD spectrum is the 
so-called type II pturn of Venkatachalam (la), 
which we have taken as a reference. For the three 
other reference structure CD spectra (H, p, U) we 
have taken the values computed by Yang et al. from 
the CD spectra of five proteins (1). 

EXPERIMENTAL 

Material. al-acid glycoprotein from human 
plasma was prepared by B. Bayard, by the method of 
Schmid et al. (6). The carbohydrate moiety of a,-acid 
glycoprotein was iaolated by hydrazinolysis as de- 
scribed by Bayard and Fournet (9). The N-deacety- 
lated glycans were N-reacetylated by acetic anhy- 
dride. The monosaccharide composition of reacety- 
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lated glycane and that of glycoprotein was checked 
by gag-liquid chmmatography after methanolysis of 
the carbohydrate moiety (19). Total hexoses were 
determined by the orcinol-sulfuric acid procedure 
(20). hexosamines by the Eison-Morgan reaetion 
(21), and N-acetyl neuraminic acid by the diphenyl- 
amine method (22). The composition of monoaac- 
charides in reacetylated glycans and in native glyco- 
protein was exactly the same. 
CVcuiur dichmiam study. The dichroic spectra 

were rewrded with Jobin-Yvon dichrograph R. J. 
Mark III, between 180 and 250 nm. a,-acid glycopro- 
tein was accurately weighed and dieeolved in HIO to 
give about 3 mg/ml solutions, but the exact concen- 
tration was determined by Lowry's method (23). The 
pH of these unbdered solutions was 7.3 for a NaF 
concentration of 0.214 M. Changes in sodium flue 
ride concentration were made by adding small vol- 
umes of concentrated sait solutions. , 

For the reacetylated glycans the concentration 
was 1.5 mglm1 and was determined by colorimetric 
dosage of the different monosaccharides. The CD 
measurements were made at different pH from an 
unbuffered 0.214 M NaF solution to which a little 
quantity of concentrated NaOH, and then HC10, 
was added. For each monosaccharide, the concentra- 
tions were adjusted ta give optical densitiea between 
0.8 and 1.5 in the spectral range explored with a 
given ce11 thickness. No Lorentz correction was per- 
fomed. 

For monosaccharides and glycans. molar eliiptici- 
ties were calculated. For the glycoprotein, the molar 
eliipticitiea were not calculated and it is the experi- 

mental spectrum which is showp; it wae recorded for 
a concentration of 2.57 glliter, a pathlength ce11 of 
0.01 cm, and a sensibility of 5 - IO4. 
CVculw dichiam cakulations. The caiculations 

of the arcuiar dichroism from the evaiuated second- 
ary structure of protein moiety waa carried out each 
nm. The reeults are given in molar eiiipticities and 
the mean residue weight was 119. 

RESULTS AND DISCUSSION 

Secondary Structure Predictions of the 
Protein Moiety of a,-Acid Glycopmtein 

The complete linear acid sequence of the 
protein moiety of al-acid glycoprotein was 
established by Schmid et al .  (6) and is 
shown in Fig. 1. As seen in the sequential 
structure, many variants since exist 21 
residues may show possible substitutions. 
The majority of these substitutions are 
conservative with respect to the charge, 
hydrophobicity. and size of the sidechains 
and therefore should have little effect on 
the secondary structure. The secondary 
structure of this protein moiety was inves- 
tigated in two ways, by using the Lim and 
Chou and Fasman's methods and the re- 
sult of our study is given in Table 1, 
and this predicted conformation is pre- 
sented in Fig. 2 by using the representa- 
tion of Chou and Fasman: It shows 21% a- 

30 40 
Lys ~ r p  m i  Tyr 11. Ali w r  Ais ;: ~ s m  G I ~   lu ~ y r  ~ s h ~ y i  sor vil al" Glu ri.  in Ali 

T B B 8 B B U U H H H B B T T T T H H H H H H  

50 60 5 Um Ru Tyr Rn Thr Pro Amn Lys Thr Glu Asp Thr Il. Ru b u  AT# Glu Tyr ûln Thr Glr 

H ~ B ~ ~ T T T T U U U B B B B ~ U U U U U U  

7 0  80 90 
 si> Gln ~ y i  ~ y r  dihr S.r Ihr S.r Tyr b u  Asu Vil Glu A- Glu As:~ly Ihr I;f S.? Aril Tyr 

OlU 
U D U U U T T T T B B ~ U U U U U B ~ U U T T  

1 0 0  110 8 B B B 
Gly Gly Glu Bis '2 Al. Hi. Liu b u  11. b u  a Asp Ihr Lys Thr 4; mt Pa- Gly SOT Tyr 

ATC Liu Al. Pb. Asp 
T T U U U U U U U V U U U U U U B B 8 ~  

130 $ $: Asp Glu Lys Asn Irp Gly b u  Sor Tyr Ali Asp Lyi R o  Glu Thr Ihr Lys Glu Gin b u  

U U T T T T U U U U U U U U U U U U U U U H H  

140 150 160 
Gly ûlu Rie Tyr Glu Al. Liu Asp Cyi b u  110 Pro 3 SS.~ Asp Vil $ Tyr Ihr Aap Trp Lys 

A m  
B H H H H H H B B B B B T T T T U U T T T T U  

170 180 
Lys Asp Cys Olu Pro b u  Glu Lys Gln Hia Glu Lys Ara Lys Glu Glu Glu Gly Glu Ser CQli 

U U U U U H H K H H H B H H H R U U U U  

FIG. 1. The complete linear amino acid sequence of cul-acid glycoprotein from Schmid et al. 
(6). The five heteropolysaccharide units are linked N-glycosidically to the asparagine residues, 
which are marked with asteriska. The letters H, @, T, or U have been listeri under each amino 
acid residue to locate the predicted helice, pform, pturn, or unordered form, respectively (see 
text). 
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TABLE 1 
THE E ~ ~ A T E D  SECONDABY h u m  OF TH# P~K~~'EM MOIETY OF  ACID ID GLYCOPI~OTEM FBOM TIIE 

RUMAFCY SEQUENCE BY USINQ TRE PXEDI~ONS OF LXM (13) AND CROU AND FABW (14)O 
Chou and Fawnan Lim prediction Our choice 

prediction 

a helix 49; 30-36; 41-46 if 47 49; 32-47; 135-145,168- 4-9; 32-36; 41-46 if 47 Thr. 
Thr; 41-47 if47 Ala; 138- 177. 41-47 if 47 Ala; 137-145, 
146,167-177. 167-177. 

21, 55% 

B sheet 13-20 if 20 Gln; 13-18 if 13-18; 19-22 if 20 Gln; 13-18; 19-20 if 20 Gin; 25- 
20 Ag; 25-29; 47-51 if47 24-31; 59-61; 79-83; 108- 29; 47-51 if 47 Thr; 48-51 if 
Thr; 48-51 if 47 Ala; 59- 116; 146-150. 47 Ala; 59-63, 79-81; 87- 
63; 65-69; 79-83; 87-90; 88; 109-114 if 115 Aep; 
109-114 if 115 Aep; 109- 109-116 if 115 Tyr; 146- 
116 if 115 Tyr; 146150. 150. 

21% 

Unordered 13, 10-12; 19-20 if 20 13; 10-12; 19-22 if 20 1-3; 10-12; 19-20 if20 Arg; 
Arg; 5658; 61, 70-74; Arg; 23; 48-58; 65.78; 30-31; 56-58; 64-74; 82-86; 
84-86; 95-108; 115-117 if 84-107; 117-134; 151- 89-90; 95-108; 115-117 if 
115 Asp; 117 if 115 Tyr; 167; 178-181. 115 Asp; 117 if 115 Tyr; 
122-135; 155-156; 161- 122-136; 155-156, 161-166; 
166,178-181. 178-181. 

40, 33% 

a The third column gives the conformation chosen in this work. See text for discussion. 

helix, 21% p-sheet, and eight reverse p- 
turns. Therefore, 40% of this protein moi- 
ety would adopt an unordered structure. 
Moreover, we have listed under each 
amino acid residue in Fig. 1 the letter H, 
p, T, or U to locate the predicted helices, 
p-form, p-turn, and unordered structure, 
respectively . 

We shall only j u s t e  our choices in the 
case where the Lim and Chou and Fasman 
methods do not give exactly the same re- 
sults. Of course, the determination of @ 
turns will not be discussed, since only one 
method (Chou and Fasman) gives this 
structure. 

Residues 13-18. From the Chou and 
Fasman determination, the (PB)  > (P,). 
Moreover, from the Lim determination it 
should have a /?-form. Since no charged 
residues exists in this sequence, we have 
assigned it a pform structure. 

Residue 20. It may be either Arg or Gln. 
In the case where it is Gln, which is a /3- 
sheet former (with PD = 1-23), a p-sheet 

FIG. 2. Schematic diagram of helical, psheet, 
and reverse p t u n  regions predicted in the protein 
moiety of a,-acid glycoprotein, based on Table 1 and 
following the representation of Chou and Fasman 
(14). In the present scale each spot represents a 
residue in its respective conformational state: heli- 
c d  (O), psheet (A), coi1 ( - ). Each loop represents a 
single residue and not a single turn consisting of 3.6 
residues. The charged residues are indicated ( + , - ) 
as well as the Tyr and Trp residues. In the scheme 
residues 20, 47, and 115 are the Arg, Thr, and Asp 
residues respectively. 
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structure can be nucleated for residues 20- 
22 ((PB) = 1.34). 

Residues 25-29. From the Lim determi- 
nation, it should be a 24-29 pform se- 
quence. But according to Chou and Fas- 
man it is unlikely to find a charged residue 
in a psheet N-terminal (residue 24 is ly- 
sine). In this case, residue 24, lysine, is 
between Gly and Trp which, according to 
Kabat and Wu, is a position with no possi- 
bility for a residue to adopt a fi structure. 
Therefore, only the 25-29 sequence adopts 
a psheet structure. 

Residues 32-36 and 41-44. From the 
Lim calculations, the sequence 32-47 
would adopt the a-helical form. From 
Chou and Fasman determinations the 30- 
36 and 41-46 sequences would be helical 
with a p turn  corresponding to residues 
37-40. In application of d e  2 of Lim's 
caiculations we have eliminated the 30 
and 31 residues given by Chou and Fas- 
man as helical. But in this sequence, the 
effect of electrostatic repulsions is too im- 
portant and therefore we have assumed 
that it does not adopt a helical form. We 
have aiso assumed the existence of a p 
turn for residues 37-40. Moreover, residue 
47 is either Ala or Thr. Ifit is Ala, it adopts 
a helical structure, but if it is Thr, it be- 
longs to the following pform sequence. On 
the contrary, residue 32, which is either 
Phe or Ala, is always an helical former 
(with P, respectively equal to 1.U and 
1.45). 

Residues 59-63. From Lim's determina- 
tion one fin& that Glu 64 belongs to this & 
sheet sequence. But it is unlikely that Glu, 
which is a charged residue, occurs at  the 
C-terminal fi-sheet end (Chou and Fas- 
man). 

Residues 65-69. According to the Chou 
and Fasman determination it would be a 
psheet sequence, but by Lim's method one 
fin& an unordered structure. Residues 65, 
67, 68, and 69 for Kabat and Wu have a 
very weak probability of adopting a /3 
structure. Therefore, this sequence is 
taken to adopt an unordered structure. 

Residues 79-81. From Lim's determina- 
tion, residue 78 could adopt a /3-skeet 
structure, but it belongs to a pturn. More- 
over, residues 82 arid 83 could also adopt a 

psheet structure. But by the Kabat and 
Wu laws, residue 82, between Val and 
Arg, and residue 83, between Gln and Glu, 
have no chance to adopt a pform struc- 
ture. Therefore, only the sequence 79-81 
would adopt a p-sheet structure. 

Residues 87-88. h m  the Chou and 
Fasman calculations, the 87-90 sequence 
could adopt a pform structure, but it 
could adopt neither a helical nor a pform 
structure according to Lim. Let us now 
consider the Kabat la-: Residues 87 and 
88 have a weak probability of adopting a p 
form conformation, but residues 89 and 90 
have no chance to adopt a pform confor- 
mation. Therefore we think that only resi- 
dues 87 and 88 can adopt a pform confor- 
mation. 

Residues 109-116. From the Lim deter- 
mination, residue 108 (Lys) could adopt a 
psheet structure, but charged residues oc- 
cur rarely at  the N-terminal psheet end. 
Moreover, this residue, which is situated 
between two residues Thr, has only a weak 
probability of adopting a p-sheet struc- 
ture. Therefore, it will be considered as 
adopting an unordering form. Most of the 
residues which can be substituted occur in 
the sequence 109-116. Let us consider 
them one by one. 112 is either Phe or Leu, 
113 is Gly or Ala: for these two residues, 
the probability of adopting a psheet con- 
formation is about the same. On the con- 
trary, for the following residues, that is, 
114 (Ser or Phe) and 115 (Tyr or Asp), the 
structure can be changed with the residue 
considered. Indeed, for Ser and Phe, (PO) is 
0.72 and 1.28, respectively, and for Tyr and 
Asp, 1.29 and 0.8, respectively. If it is pos- 
sible to admit Ser in the psheet sequence 
(because, even in this case, the (Po)  of the 
entire sequence is greater than 1) the prob- 
ability of having Asp a t  the C-terminal 
end is near zero. Therefore we assume that 
this psheet sequence is 109-114 if we have 
115 ,,,, but' 109-116 if it is 115 ,,,. 

Residues 137-1 45. This sequence, 135- 
147, has (P,) = 1.18, but residue 135, ly- 
sine, is unlikely in an N-terminal se- 
quence. Then residue 136, glutamic acid, 
between Lys and Ala has no possibility 
to adopt a helical form (Kabat and Wu). 
There remains a sequence 137-145. To ob- 
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tain more information concerning the sta- 
bility of such a helical sequence, we took 
uIto account the effect of electrostatic in- 
teractions by using the method given by 
Lewis and Bradbury concerning the elec- 
trostatic attractions and repulsions h m  
neighboring sidechains. Since only one re- 
pulsion between 140,,, and 143G,u is pres- 
ent, we assume that the sequence 137-145 
as helical. 

Residues 146-150. This is a psheet se- 
quence (with (PB) = 1.25). Although 146*,, 
is a charged residue, we admit it in the /3- 
sheet sequence, because it is at  the N- 
terminal end (Chou and Fasman). More- 
over, the residue 149 is either Lys (P, = 
1.3) or Arg (P, = 0.9). In both cases the 
corresponding (Po) is greater than 1 since 
it is, respectively, 1.25 and 1.17. 

Residues 168-1 77. From the Chou and 
Fasman predictions, the sequence 167-177 
would adopt a helical structure, but h m  
the Lim determination it would be only 
the case of the sequence 168-177. There- 
fore, we used the Kabat and Wu laws to 
determine if the residue 167, leucine, situ- 
ated between Pro and Glu has a possibility 
of adopting a helicai structure, since this 
possibiiity is weak, residue 167,,, has been 
eliminated h m  the helical sequence. On 
the contrary, although there exists in the 
sequence 168-177 a C-terminal residue Glu 
and an N-terminal residue, Lys, the se- 
quence 168-177 is considered helical be- 
cause in this case the electrostatic attrac- 
tions from neighboring sidechains are very 
numerous. From this secondary structure, 
it is interesting to note that the psheets 
(eight strands) are almost devoid of 
charged residues and thus the a,-acid gly- 
coprotein has a hydrophobic nucleus. On 
the other hand, the sequence 112-117, that 
is, the sequence where the substitutions of 
amino acids are very important, always 
adopts an unordered structure. The major 
part of the charged and polar residues are 
found in the C-terminal sequence (150- 
180) and in the sequence 3490, where four 
of the five glycans are linked (Asn 38, 54, 
75 and 85). Since Kendrew (24) observed 
that polar and nonpolar residues occupy, 
respectively, the outside and inside of pro- 
teins, it is interesting to note that for four 

out of five glycans the linking Asn's are 
situated in a region were the charged resi- 
dues are numemus. Of course, this confor- 
mation allows the glycan easy access to 
the outside of the protein. On the contrary, 
Asn 15 (that is the residue to which the 
glycan called 1 in Fig. 3 is linked) belongs 
to a nonpolar and uncharged /3-sheet re- 
gion. We do not have any explanation for 
this conformation: We have only checked 
that the determinations of Lim and Chou 
and Fasman are in excellent agreement 
for this 13-18 region (although (P,) = 1). 
From this predicted secondary structure 
we may now see whether the conclusions 
of Yarnagami and Schmid (12) and Yama- 
gami et al. (25) concerning the existence of 
"free" and "buried" residues of tryptophan 
and tyrosine are in good agreement with 
our results. These authors indicate that 2 
out 4 tryptophan residues and 5 out 12 of 
tyrosine residues were "free," 3 tyrosine 
slightly buried, and 4 tyrosine completely 
buried. In fact, in the a,-acid glycoprotein 
there exist only 3 tryptophan residues (25, 
122, and 160) and 10 tyrosine residues (27, 
37,50,65,74,78,91,127,142, and 157). For 
two variants tyrosine is also present in 
positions 110 and 115). The relative propor- 
tion between free, slightly buried, and 
buried residues can be explained fiom Fig. 
2. Residues Tyr 27, Tyr 50, Tyr 110, and 
Tyr 142 situated in psheet and nonpolar 

FIG. 3. Circular dichroic spectra of reacetylated 
glycan chains (- - -1 between 180 and 250 nm are 
expressed in molar ellipticities in degree cm2 
tirnole-'. The mean residue weight is 205. The con- 
centration was about 5 g/liter in water. The full line 
represents the dichroic spectra calculateci by linear 
combination of ellipticities of each monosaccharide 
corresponding to its proportion in glycan chains. 
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regions would be buried, while residues 
Tyr 37, Tyr 78, Tyr 91, Tyr 157, and Trp 
160 situated in bends or near polar resi- 
dues are free. Tyr 65, Tyr 74, Tyr 115, Tyr 
127, Tyr 25, and Trp 122, in intermediate 
regions, would be slightiy buried. 

Experimental CD Spectra 
a l e i d  glycoprotein. The dichroic spec- 

trum of a,-acid glycoprotein was recorded 
at different ionic strengths. The spectrum 
is always exactly the same for solutions 
between 5 mM and 1 M NaF. 

Glycan moiety. The dichmic spectrum of 
reacetylated glycan chains was recorded 
between 180 and 250 nm (Fig. 3). It is 
characterized by two dichroic bands cen- 
tered at 210 nm (negative) and at 192 nm 
(positive). We have also recorded the spec- 
tra corresponding to each component of the 
glycan chains and in Fig. 4 one can see the 
dichroic spectra corresponding to &man- 
nose, &galactose, SN-acetyl glucosamine, 

I 

FIG. 4. Circular dichroic spectra expressed in 
molar ellipticities in degree cm2 dmole-' of N-acetyl 
neuraminic acid (- - -), *mannose (+ + + + + ), D- 

fucose ( .-. - .-. ), D-galactose (-), and N-acetyl- 
glucoaamine (- -) between 180 and 250 nm. The 
concentrations are about 9 glliter in water. 

sfucose, and N-acetyl neuraminic acid. 
As expected, for Smannose and ~ g a l a c -  
tose, the CD spectnim shows only the tail 
of the CD band, which probably arises 
h m  an electronic transition in the ring 
oxygen (26). The opposite signa of the CD 
bands may be attributed to the overlap, 
with a second electronic transition occur- 
ring at somewhat lower wavelength, 
which is believed to originate in the hy- 
droxyl group (27) and whose sign would 
depend on the position of the hydroxyl 
group. On the contrary, N-acetyl neura- 
minic acid and N-acetyl glucosamine pres- 
ent dichroic bands between 180 and 250 
nm. The CD m e  of N-acetyl neuraminic 
acid indicates the presence of a transition 
centered a t  196 nm (strong positive), 240 
nm (weak negative), and 265 nm (weak 
positive) and for N-acetyl glucosamine at 
207 nm (strong negative). It is tentatively 
assumed that these bands correspond to 
the n -, n* and n -, n* transitions in the 
N-acetyl group, though other possibilities 
exist (28). The curve of the glycan moiety 
is.reminiscent of that calculated by a iin- 
ear combination of the circular dichroism 
of each monosaccharide according to its 
relative proportion in glycan chains (Fig. 
3). Therefore, it is evident that the transi- 
tions at  210 and 192 nm do not change 
significantly on going fmm the N-acetyl 
glucosamine and N-acetyl neuraminic acid 
to the glycan chain, Even the molar ellip- 
ticities are the same, indicating that inter- 
actions between the active chromophores 
can be neglected. But since it is known 
that oligo- and polysaccharides can adopt a 
secondary structure (29), which is revealed 
by a variation in ellipticity on going h m  
monomer to polymer, we can claim that no 
organization exists in the "free" glycan 
chains. Indeed, no variation of dichroic 
spectnim was observed from reacetylated 
glycans when pH was varied h m  4 to 8. 
Of course, it is not possible to be certain 
that this lack of organization exists for the 
carbohydrate moiety linked to protein 
moiety in the glycoprotein. 

Therefore, we tried to fit a calculated 
spectnim with the experimental spectnun 
of al-acid glycoprotein as follows. An ex- 
perimental dichroic spectnun is recorded 
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for a,-acid glycoprotein under well-known 
conditions, that is c' = 2.57 glliter, 1 = 0.01 
cm, and the sensibility of the dichrograph 
s = 5.10-6 (Fig. 5). This spectrum is com- 
pared with the sum of the two following 
spectra: 

(i) The protein contribution obtained 
from the evaluated secondary structure as 
explained above and by using the additive 
properties of circular dichroism. This con- 
tribution is obtained starting h m  the cal- 
cuiated spectnun expresseci in molar ellip- 
ticities and normaiizing to a protein con- 
centration corresponding to the protein 
moiety in the above conditions, i.e., 1.42 gl 
liter for 2.57 g of a,-acid glycoprotein. The 
precision obtained in the determination of 
the evaluated structure is about 20%; then 
the percentages of each secondary struc- 
ture are: 18.1 < H < 27.1, 18.6 < p < 27.8, 
14.2 < T < 21.1, and 29.2 < U < 43.8 and 
evidently the dichroic spectra will vary 
from one composition to another. The two 
dichroic spectra corresponding to these ex- 
treme percentages were calculated (Fig. 
5). 

(ii) The carbohydrate contribution ob- 
tained from the glycan spectnun, ex- 
pressed in molar ellipticities and normal- 
ized for the carbohydrate concentration 
corresponding to the carbohydrate moiety 
in the above conditions, i.e., 1.15 glliter for 
2.57 g of a,-acid glycoprotein. 

As shown in Fig. 5, the fitting between 
the experimental and the calculated 
curves is rather good between 200 and 250 
nm. It is not as good below 200 nm due to 
the error on the CD reference spedra in 
the 180-200 nm domain. In addition, it 
appears that the contribution of the carbo- 
hydrate moiety ta circular dichroism be- 
tween 180 and 250 nm is very small, and a 
determination of the secondary structure 
of the protein moiety from the dichroic 
spectra recorded for the glycoprotein in 
this region would be possible. On the con- 
trary, the determination from the visible 
ORD spedrum is not possible, especially 
use the Moffitt-Yang plot. Indeed, this 
last determination may be carried out for 
the determination of the secondary struc- 
ture of a protein only if the amide chromo- 
phore is present in the molecule. In the 

FIG. 5. Circular dichroic spectra of a,-acid glyco- 
pmtein under the following conditions: C = 2.57 g/ 
liter, 1 = 0.01 cm, s = 5. IO6, in 0.214 M NaF, pH 7.3 
(--). C h l a r  dichroic spectra of the carbohydrate 
moiety: C = 1.15 glliter, 1 = 0.01 cm, s = 5 .  in 
0 .214~NaF,  pH7.3 (-.-.-.-. ). Calculated dichroic 
spectnim componding to the summation of contri- 
bution of carbohydrate and protein moieties, taking 
for the secondary structure of protein moiety: 21% 
H, 21% 8, 18% T, and 40% U (-  -1. The calcuiated 
spectrum was normalized under conditions in which 
the experimental spectra of a,-acid glycoprotein was 
recorded. that is, with 1 = 0.01 cm, s = 5 .  and C 
= 1.42 gliiter for the protein moiety and 1.15 glliter 
for the carbohyàrate moiety. Extreme circular di- 
chroic spectra were calculated under the conditions 
given above for 26% H, 27% @, 14% T, and 33% U 
(- - -), and for 19% H, 20% 8, 21% T, and 40% U 
( .  . . . . 1. 

case of glycoprotein, a band certainly ex- 
ists below 180 nm due to the carbohydrate 
moiety and this "hidden" band makes the 
use of the Moffitt-Yang law impossible. It 
is probably due to this band situated in the 
far ultraviolet region that previous work- 
ers have obtained a smaller value in the 
experimental determination of a-helical 
composition. 
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In conclusion we can claim that this 
work is the first one in which the compari- 
son between calculated and experimental 
cvcular dichroic spectra corresponding to 
a biopolymer with two types of macromo- 
lecular chains have been tRed. 

Of course, the determination of such di- 
h i c  spedra is known with a certain er- 
ror which is very difncult to appreciate 
since the evaluated secondary structure is 
known with a precision of about 20%. 

The contribution of the glycan chains to 
the optical activity in the range of 180-250 
nm, where the amide chromophore shows 
dichroic bands is very weak and can be 
neglected in order to determine the sec- 
ondary structure of the protein moiety 
h m  the circular dichroism of the whole 
glycoprotein. 

The experimental dichroic spectrum of 
the al-acid glycoprotein and the surnrna- 
tion of the dichroic spectra due to protein 
and carbohydrate moieties are in good 
agreement with the fact that if an interac- 
tion takes place between protein and car- 
bohydrate moieties, it does not produce 
any pertubation of the protein conforma- 
tion, nor does it induce a new asymmetry 
due to their interaction. In other words, a 
major difference would exist between in- 
teractions in glycoproteins and in globular 
proteins, in which several peptidic chains 
are in interactions. 

Four out of five glycarn chains are linked 
to Asn residues which are situated in a 
reverse p-turn and in regions were 
charged and polar residues are numerous, 
that is, on the outside of the protein. We 
will see in the following paper that this 
situation of glycan chahs in reverse P- 
turns is often observed in glycoproteins. 

APPENDM 

We have seen that the ellipticity (8) at 
any fixed wavelength of the protein moiety 
of the a,-acid glycopmtein was determined 
h m  the following expression 

in which f,, fo, fT, and f, are the predicted 
fractions of the pure helix, p-form, p-turn, 
and unordered structure, respectively, and 

'CHEUX-LEFEBVRE 

TABLE ii 
E L U P R ~ S  CALCUWTBD BY WOODY (17) 

BETWEEN 240 AND 192 ilm FûE THE 

Type El p.TuRN. 

{û},, {O},, {Oh, and {O),, the reference val- 
ues of the ellipticity for these four forms. 

Since it is the nrst time that such a 
calculation is carried out by using P-turn 
references, one of the referees asked to us 
to give the corresponding values. There- 
fore, you will find in Table II the values of 
the ellipticities calculated by Woody (17) 
between 240 and 192 nrn for the type II P- 
tum. 
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C ) MISE EN EVIDENCE DU ROLE DU COUDE DANS LA N-GLYCO- 

SYLATION DES PROTEINES 



Dans un premier temps, nous avons éva lué  l a  s t r u c t u -  

re  s econda i r e  de l a  p a r t i e  pep t i d ique  au tou r  du p o i n t  d ' a t t a -  

che chaîne  glycannique-chaîne p ro t é ique  en u t i l i s a n t  l a  métho- 

de de Chou e t  Fasman ( Voir c h a p i t r e  B § IA ) 

Nous avons e n s u i t e  é t u d i é  l a  s t r u c t u r e  seconda i re  

de pep t i de s  syn thé t i ques  contenant  l a  séquence code Asn-X-Ser/ 

Thr p a r  dichroïsme c i r c u l a i r e  ( Voir c h a p i t r e  B § I B ) e t  - 
essayé d ' é t a b l i r  une c o r r é l a t i o n  e n t r e  c e t t e  s t r u c t u r e  secon- 

d a i r e  e t  l a  N-glycosylat ion i n  vi t ro  . -------- 

Nous avons c h o i s i  comme technique de N-glycosyla- 

t i o n  l a  méthode de P l e s s  e t  Lennarz ( P l e s s  e t  Lennarz 1 9 7 5  ) .  

Les d é t a i l s  t echn iques  q u i  y correspondent  s o n t  donnés dans 

l a  p u b l i c a t i o n  no 3 .  

PEPTIDIQUE AU NIVEAU DE LA LIAISON CHAINE GLYCANNIQUE-CHAINE 

Nous joignons à c e t t e  t h è s e  l ' a r t i c l e  n02 q u i  

correspond à ce  paragraphe.  

A )  I n t r o d u c t i o n  
.-. . 

Nous avons d é f i n i  au  début  de ce  t r a v a i l  l e s  deux 

types  de  l i a i s o n s  N- e t  O-glycosidiques que 1' on r encon t r e  

dans l e s  g lycopro té ines .  ( page 4 ) 

Nous avons donc recherché l e s  séquences p r imai res  

de l a  p a r t i e  pep t id ique  s i t u é e s a u  niveau de ces  deux types  de 

l i a i s o n s  e t  évalué  l a  s t r u c t u r e  seconda i re  de c e l l e s - c i  à 

l ' a i d e  de l a  méthode de Chou e t  Fasman. 



L'examen des s t r u c t u r e s  p r imai res  confirme l 1 e x i s -  

t ence  d 'une séquence code Asn-X-Ser/Thr pour l e s  l i a i s o n s  

N-glycosidiques a l o r s  que pour l e s  l i a i s o n s  O-glycos.idiques , 
aucun codage ne peut  ê t r e  mis e n  évidence.  On peu t  simplement 

d i r e  dans ce  d e r n i e r  c a s  q u ' i l  e x i s t e  t o u j o u r s  un r é s i d u  pro- 

l i n e  aux environs  immédiats de l a  l i a i s o n .  

Nous avons donc essayé  de v o i r  s ' i l  n ' e x i s t a i t  pas 

une c o n t r a i n t e  s t r u c t u r a l e  de l ' a x e  pep t i d ique  q u i  d i r i g e r a i t  

dans l ' e s p a c e  l a  p o s i t i o n  des cha înes  g lycanniques .  

Dans ce  c a s ,  pour les l i a i s o n s  N-glycosidiques,  l a  

séquence code ne s e r a i t  qu'une cond i t i on  n é c e s s a i r e  a l o r s  que 

pour les  l i a i s o n s  O-glycosidiques, ce  p o u r r a i t  ê t re  l a  

s t r u c t u r e  seconda i re  q u i  sera i t  responsab le  uniquement de l a  

g lycosy l a t i on  ( Bause e t  Lehle 1 9 7 9  1. 

Les r é s u l t a t s  des p r é d i c t i o n s  de conformation s o n t  

donnés dans les  t ab l eâux  1 e t  II ( a r t i c l e  no 2 1. 

Dans c e  cas, t o u s  l e s  r é s i d u s  s é r i n e  ou t h r éon ine  

impliqués s o n t  s i t u é s  dans un coude 8 ,  

- Liaisons  N-glycosidiques 

Dans l a  m a j o r i t é  des cas, l e  r é s i d u  d ' a spa rag ine  

impliqué e s t  s i t u é  dans un coude B .  De p l u s ,  l e  r é s i d u  aspa-  

r ag ine  occupe t r è s  souvent  l a  p o s i t i o n  i + 2  dans c e  coude ce 

q u i  impose que l e  r é s i d u  hydroxylé e s t  en  dehors de c e t t e  

conformation. 



C1 Conclusions e t  d i s c u s s i o n  

L e s  techniques  d ' é v a l u a t i o n  de s t r u c t u r e s  secon- 

d a i r e s  s ' é t a n t  a f f i n é e s  g râce  à l a  p u b l i c a t i o n  de nouveaux 

r é s u l t a t s  c r i s t a l l o g r a p h i q u e s  e t  l e  nombre d'exemple de sé- 

quences p r ima i r e s  de g lycop ro t é ine s  ayant  augmenté, nos ré- 

s u l t a t s  o n t  é t é  pa r fa i t ement  confirmés p a r  d ' a u t r e s  a u t e u r s  

( Beeley 1 9 7 7  ; Nagarajan e t  Rao 1 9 7 7  1. Il a p p a r a i t  mainte- 

nan t  c e r t a i n  qu 'au  moins 9 9 %  des  chaînes  g lycanniques  con t rac -  

t a n t  une l i a i s o n  N-ou O-glycosidique s o n t  s i t u é e s  dans un 

coude 8 

Aucune c o n t r a i n t e  s t r u c t u r a l e  a u t r e  que l 1 e x i s t e n -  

ce  d 'un t e l  coude n ' a  pu ê t r e  mise en évidence.  I l  en  e s t  de 

même en c e  q u i  concerne l ' h y d r o p h i l i e  ou l ' hyd rophob ic i t é  

r e l a t i v e  a u t o u r  du p o i n t  d' a t t a c h e .  

L a  première f o n c t i o n  q u i a  é té  a t t r i b u é e  aux coudes 

e s t  de  pe rme t t r e  l e  rep l iement  de l a  cha ine  p ro t é ique ,  

donc son o rgan i sa t i on .  D e  ce f a i t ,  i l s  s o n t  l o c a l i s é s  à l a  

s u r f a c e  de l a  p r o t é i n e  e t  de p l u s ,  on l e s  t r ouve  t rès  souvent  

dans des domaines r i c h e s  en a c i d e s  aminés chargés .  I l  appa- 

ra i t  donc n a t u r e l  de penser  que les chaînes  glycanniques s o n t  

s i t u é e s  à l ' e x t é r i e u r  de l a  p r o t é i n e .  Comme de p l u s ,  nous 

avons démontré dans l e  c h a p i t r e  B q u ' i l  n ' e x i s t a i t  aucune i n -  

t e r a c t i o n  f o r t e  e n t r e  l e s  cha înes  glycanniques e t  l a  p r o t é i n e ,  

nous pouvons donc admet t re  que l e s  glycannes s o n t  p l a n t é s  

comme des antennes  s u r  l e  noyau p ro t é ique .  Une t e l l e  organi-  

s a t i o n  e s t  en  bon accord avec l e  modèle proposé p a r  Montreuil  

( Montreuil  1975 1. 

On a  longtemps pensé que l e  r ô l e  des g lycopro té ines  

étai t  d i rec tement  l i é  à l a  n a t u r e  des oses  c o n s t i t u a n t  les 

chaînes  glycanniques e t  qu 'à  chaque f o n c t i o n  co r r e sponda i t  

une séquence d i f f é r e n t e .  O r  il n ' en  e s t  r i e n  comme c e l a  a  pu 

ê t r e  montré à p a r t i r  de l a  dé te rmina t ion  de s t r u c t u r e s  complè- 



t e s  ae nombreuses cha înes  glycanniques ( S t r e c k e r  e t  ~ o n t r e u i i  

1979 1. On s t a p e r g o i t  en  e f f e t ,  que c e l l e s - c i  répondent  à 

deux c l a s s e s  p r é c i s e s ,  appe lées  s o i t  " simple " e t  " complexe " 

p a r  Kornfeld e t  Kornfeld ( Kornfeld e t  Kornfeld 1 9 7 6  1 s o i t  

" oligomannosidique " e t  " N-acétyllactosaminidique " p a r  

S t r e c k e r  e t  Montreuil  ( S t r e c k e r  e t    on treuil 1979 1. A l ' i n -  

t é r i e u r  de chacune de ces  classes, on peu t  t r o u v e r  des glyco- 

p r o t é i n e s  q u i ,  b i en  qu ' ayan t  des fonc t i ons  b io log iques  t o u t  

à f a i t  d i f f é r e n t e s ,  s o n t  c a r a c t é r i s é e s  p a r  des cha înes  glycan- 

n iques  i d e n t i q u e s .  

Ceci implique que s i  les r ô l e s  des copules  g l u c i -  

d iques  s o n t  l i é s  à l a  n a t u r e  des o se s ,  i l s  dépendent s u r t o u t  

de l a  p o s i t i o n  dans l ' e s p a c e  de ce s  d e r n i e r s .  

L ' o rgan i sa t i on  de l a  g lycopro té ine  t e l l e  que nous 

l ' avons  supposée, p e r m e t t r a i t  aux chaînes  glycanniques d 'ac-  

q u é r i r  dans l ' e s p a c e  l e u r  o r i e n t a t i o n  c o r r e c t e  p a r  r appo r t  

à l e u r  c i b l e  e n  l e u r  pe rmet tan t  a i n s i  de r e m p l i r  l e u r  r ô l e  

b io log ique .  

Ayant démontré l a  présence  des coudes 8 au niveau 

des l i a i s o n s  g lycannes -pro té ine ,  nous avons essayé  de v o i r  

s i  c e t t e  conformation é t a i t  également impor tan te  l o r s  de l a  

b iosyn thèse  des g lycopro té ines  e t  p lus  spécia lement  au cours  

de l ' a d d i t i o n  de l a  cha îne  glycannique à l a  p r o t é i n e  en  f o r -  

mation. L ' u t i l i s a t i o n  de pep t i de s  modèles pouvant adopte r  

en s o l u t i o n  une s t r u c t u r e  en  coude 8 e s t  donc i n t é r e s s a n t e  

pour é t u d i e r  c e  mécanisme d ' a d d i t i o n .  C'est pour c e t t e  r a i -  

son que nous avons e n t r e p r i s  une é tude de N-glycosylat ion 

i n  vi t ro  de pep t ide s  syn thé t i ques  ( Chapi t re  C fi III ) -------- - 

L'importance des coudes !3 dans l e s  p r o t é i n e s  a 

a u s s i  été . . , reconnue dans de nombreux a u t r e s  cas. Pour une 

revue on peu t  c o n s u l t e r  deux a r t i c l e s  r é c e n t s  ( Loucheux- 

Lefebvre 1980 ; Smith e t  Pease 1980 1. 



Nous a l l o n s  dans c e  paragraphe d i s c u t e r  du r ô l e  

des coudes B dans les p r o t é i n e s  d 'un  p o i n t  de vue beaucoup 

p l u s  géné ra l  que c e l u i  de l a  s e u l e  g l y c o s y l a t i o n .  

En p a r t i c u l i e r ,  l e u r  importance a é t é  reconnue dans :  

- La phosphory la t ion  - des p r o t é i n e s  ( Small e t  a l  

1977 e t  Mercier  1981 1. 

- L a  conse rva t i on  des coudes B au cours  de l 1évo lu -  

t i o n  ( Chou e t  Fasman 1378 1. 

- L1hydroxy la t ion  des  r é s i d u s  p r o l i n e  dans l e  c o l l a -  

gène ( Brahmachari e t  Ananthanarayanan 1979 ). 

- La coupure pe rmet tan t  l e  passage  préproté ine-pro-  

t é i n e  ( Austen 1979 1 ,  

L e s  c a s é i n e s  kappa s o n t  un t rès  bon exemple pour 

i l l u s t r e r  c e r t a i n s  des r ô l e s  des coudes B : ce s o n t  des glyco- 

p r o t é i n e s  q u i  possèdent  un s i t e  de phosphory la t ion ;  nous e n  

avons p r é d i t  l a  conformation pour deux espèces  d i f f é r e n t e s  : 

l a  Vache e t  l e  Mouton ( Loucheux-Lefebvre e t  a l  1978 ) . 

L a  f i gu reVI  montre les r é s u l t a t s  obtenus .  On v o i t  

que les s i tes  de phosphory la t ion  ( s é r i n e  149 pour l a v a c h e  

e t  151 pour l e  Mouton ) a i n s i . q u e  l e s  s i t e s  de g l y c o s y l a t i o n  

( t h r é o n i n e  133 e t  131 pour l a  Vache e t  l e  Mouton r e spec t i ve -  

ment ) s o n t  t o u j o u r s  s i t u é s  dans un coude B . D e  p l u s ,  l e s  

modi f i ca t ions  i n t e r v e n a n t  dans l a  s t r u c t u r e  p r ima i r e  s e  f o n t  

de façon à conserver  l e s  coudes B comme on peu t  l e  v o i r  en  

comparant les deux schémas de l a  f i g u r e  V I .  



helice CY 

struciure P \ 

> coude p 

-,,@ chaîne glycannique 

+ site de phosphorylation 

Caséine KA de Vache 

Caséine KA de Mouton 

Figure 6 



ARTICLE N" 2 



ARCHIVES OF BIOCHEMIôTRY AND BIOPHYSICS 175, 410-418 (1976) 

ARTICLE NO 2 
Carbohydrate-Peptide Linkage in Glycoproteins 

JEAN-PIERRE AUBERT, GÉRARD BISERTE, AND 

MARIE-H. LOUCHEUX-LEFEBVRE ' 
Institut de Recherches sur le Cancer de Lille et Unité 124 de l'I.N.S.E.R.M., B.P. 3567, 

59020 Lille Cédex, Fmnce 

Received December 23, 1975 

The secondary structure of the peptide segment around the carbohydrate-peptide 
linkage in glycoproteins was predicted by using the Chou and Fasman determination. 
Such a study was carried out for 9 O-glycosidically linkages and 28 N-glycosidically 
linkages. In the case of 0-glycosidically linkages, the residue Ser or Thr involved in the 
linkage always belongs to a B-tum. In the case ofN-glycosidically linkages, 19 out of the 
28 Asn studied belong to a pturn. A predicted determination conceming the whole 
protein moiety of 9 glycoproteins in order to obtain some information concerning the 
spatial organization of the entire glycoprotein was camed out also. It seems that 
carbohydrate moiety takes place outside the glycoprotein. 

The type of carbohydrate-peptide link- 
age in glycoproteins is generally estab- 
lished from the knowledge of monosac- 
charide and amino acid residues which are 
involved in the linkage: A review concern- 
ing the methods used for such a determi- 
nation was carried out by Neuberger et al. 
(1). Two different modes of linkage be- 
tween carbohydrate and protein have been 
recognized: (il Either the glycan chain is 
N-glycosidically linked to the protein moi- 
ety, and asparagine is involved in the car- 
bohydrate-peptide bond, or (ii) it is serine 
andlor threonine as well as the modified 
hydroxylysine or hydroxyproline which 
are involved in the carbohydrate-peptide 
bond and the glycan chain is O-glycosidi- 
cally linked to the protein moiety. Glyco- 
proteins containing more than one carbo- 
hydrate group may have more than one 
type of carbohydrate-protein linkage. The 
knowledge of the sequence of monosac- 
charide residues and that of amino acid 
residues and their mode of linkage is re- 
quired to describe the glycoprotein ade- 
quately: Such determinations are rather 
difficult and to date only a few glycopro- 
teins are entirely known. Generally, the 

' To whom correspondence should be addressed. 

most useful first approach is to get an  ac- 
curate analysis of the sugar components of 
the whole glycoprotein molecule. Indeed, 
i t  is often possible to obtain the carbohy- 
drate-containing moieties in association 
with an amino acid residue and much ef- 
fort has been directed a t  preparing glyco- 
peptides which contain only one amino 
acid residue. But it is obvious that isola- 
tion of glycopeptides with a peptide length 
of four to six amino acid residues can serve 
for the identification of the carbohydrate 
unit too, and therefore conditions of prote- 
olysis were selected such that larger pep- 
tides remain attached to the carbohydrate 
unit. Therefore the amino acid sequence of 
a number of glycoproteins in the neighbor- 
hood of carbohydrate moieties is known 
from glycopeptides isolated from them. In 
particular, the amino acid directly adjoin- 
ing the glycosylated asparagine residue on 
both the carboxyl and amino sides differ 
from one protein to another. On the con- 
trary, the frequency with which threonine 
and serine occur in the vicinity of the as- 
paragine residue which is covalently 
bound to N-acetylglucosamine seems to be 
a more specific feature and has been com- 
mented upon by Eylar (2). In this case, i t  
was suggested that the amino acid se- 

LO 
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quence X-Asn-Y-Thr (or Ser) in many 
cases may be a necessaw but not a suffi- 
cient condition for glycosylation to occur 
(3-5). The frequent need for the particular 
threonine or serine may be because it acts 
as a recognition signal for the sugar trans- 
ferase involved in glycosylation. 

It is interesting to discuss these observa- 
tions in the light of the recent work con- 
cerning the folding of polypeptide chains. 
In particular, the relative frequency of oc- 
currence of various amino acid residues 
involved in turn regions has been evalu- 
ated: It has been observed that asparagine, 
glycine, serine, threonine, tyrosine, pro- 
line, and cysteine are especially abundant 
in these regions (6, 7). 

These bends or turns consist of only four 
amino acids, that is, three peptide bonds, 
enabling a polypeptide chain to reverse 
itself by nearly 180'. The conformational 
analyses of possible p-turns were cariied 
out by Venkatachalam (8) who surveyed 
the conformations which are sterically fea- 
sible for tamino acids. He found that for 
these so-called pturns three types of con- 
formations which contain NH - - - O hy- 
drogen bonding between the first and the 
third peptide units may exist. More re- 
cently, Crawford et al. (7) characterized 
the p-turns in terms of dihedral angles 
and analyzed the composition of the turn 
regions: They arrived at conclusions simi- 
lar to those of Lewis et al. (6) as to the 
preferences of certain amino acids. 

With the recent work of Chou and Fas- 
man (9), which describes a predidive 
mode1 for the secondary structure of globu- 
lar proteins, that is, CK helix, p-sheet, and 
p-turns, the prediction of chain reversa1 
and tertiary folding in proteins can be ob- 
tained by the use of the p-turn conforma- 
tional parameters computed for al1 20 
amino acids. The determination of the con- 
format'ional parameters for the 0-turns, 
p( t ) ,  is based on the frequent occurrence of 
each amino acid into the /3-tum structure. 

Therefore, we have compiled a series of 
known amino acid sequences around 
either asparagine or threonine (or serine) 
found in literature (10) in order to see if it 
is possible to find a correlation between 
such a sequence and its secondal struc- 
ture by using the structural parameters of 

Chou and Fasman. In other words, we 
tried to see if Asn or Thr (or Seri where 
glycans are linked, occupy a pnvileged 
situation in a reverse p turn  or in the 
neighboring of a p-tum. The plan adopted 
in this work is as follows. 

First, we have estimated the secondary 
structure of several amino acid sequences 
around Thr (or Ser) and Asn in the cases of 
threonyl (or sery1)-O-glycosidic and aspar- 
aginyl-N-glycosidic linkage, respectively. 
Then, in the second part, from six giyco- 
proteins in which the amino acid sequence 
is entirely known, we have estimated its 
secondary structure and tried to predict 
the spatial organization of the glycan 
group. 

PROCEDURES 

In al1 cases, that is, either for short sequences of 
amino acids or for a whole protein rnoiety, the deter- 
mination of the secondary structure was carried out 
as shown in the case of a,-acid glycoproteins (11). 
More especiaily, the probability that a tetrapeptide 
forrns a reverse pturn was given by Lewis et al. 

In this expression, the f s represent the frequ.ency of 
occurrence for a certain residue at the first, second. 
th id .  and fourth position of a pturn and were eval- 
uated by Chou and Fasman (8) for the 20 amino 
acids. These authors tookpft) = 0.5. IO-' as a cut-off 
value in predicting the pturns. Since they claim 
that for 108 p-turns studied, the average of the 
helical parameter (P(a)) is approxirnateiy 0.9 and 
the relation (P t t ) )  > ( P ( 0 ) )  always exists in which 
(PR)) and ( P ( p ) )  are the structural parameters for 
the p-turn and psheet, respectively, we admitted 
that a tetrapeptide has a high probabiiity of occur- 
rence as a p t u m  if the following three conditions 
are met: 

RESULTS 

The results are given in Tables 1 and II. 
These tables concern the study of O-glyco- 
sidically and N-glycosidically linked gly- 
can, respectively. The amino acid residue 
where the glycan chain is linked on the 
protein moiety is always called "n" and the 
n - 4, n + 4 amino acid sequence is shown. 
The detemination of structural parame- 
ters was carried out with these nine resi- 
dues and the values (P ( p)), ( P f  t )  ), and pf  t )  
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TABLE 1 

are given for the four amino acids, and in 
the case where four amino acids form a p- 
turn they are indicated as i, i + l, i + .2, 
and i' + 3. In al1 cases, we verified that the 
three necessary conditions to obtain a high 
probability of occurrence in a p-turn for 
these four amino acids are observed. 

The (P (a ) )  values are not shown in Ta- 
bles 1 and 11. In al1 cases we verified that 
the condition (P(cu)) < 0.9 is always ob- 
served. 

O-Glycosidically Linked Glycans 

Refer- 
ences 

12 

13 

14 

14 

15 

16 

16 . , 

16 

16 

of the 

The results concerning this study are 
given in Table 1, where the prediction of fi- 
turns concerning nine glycan chains are 
shown. The presence of one or more resi- 
dues of proline in the vicinity of the Thr or 
Ser linked also seems to be a characteristic 
of these linkages and could explain the 

protein moiety. The letters i ,  i + 1 ,  etc., give their position in a p-turn (if i t  exists). Glycan chains are rrlways 
bounded to the so-called "n" residue. 

high probability of obtaining a P turn  in 
these cases. Indeed, Pro is a very good P- 
turn former. In these cases, it is interest- 
ing to note that the residue Thr or Ser 
always belongs to a pturn. 

N-Glycosidically Linked Glycans 
The determination of the secondary 

structure around the asparagine was car- 
ried out for 28 glycan chains. One can see 
from Table II that the asparagine is often 
situatedeither in or near a reverse p-turn. 
Especially, in 2 cases, Asn occupies the 
position i of the p-turn, in 4 cases the 
position i + 1, in 12 cases the position i + 2 
and in 1 case the position i + 3. 

That is, in 19 out of 28 cases, the aspara- 
gine residue is localized on a p-turn, and 
more likely in the position i + 2. 

It is also interesting to consider the posi- 

n + 4 

Lys 

Pro 

Pro 

in 

Heavy chain 
disease pro- 
tein Zuc 

Chondroitin 
sulfate from 
pig costal 
cartilage 

Ox submaxil- 
lary glyco- 
protein 

Ox submaxil- 
l a r ~  gl~c0-  
protein 

Rabbit y G im- 
munoglobu- 
lin 

Horrnono cor- 
tic0 gonado- 
tropin 
(HCG) 
subunit 

'HCGpsubunit 

.HCG Bsubunit 

HCG Psubunit 

" The letters 

(Pft)) 

1.61 

1.34 

1.45 

1:45 

1.31 

1.56 

1.29 

1.41 

1.51 

sequential 

P(p)) 

0.74 

0.65 

0.81 

0.81 

0.94 

0.72 

0.8 

0.74 

0.84 

the 

n - 2 

Giy 
i + l  

Glu 
i 

Thr 
i + l  

Lys 

Ser 
i + l  

Pro 
I 

Ser 
I 

Gly 
i 

give 

O-GLYCOSIDICALLY 
n 

Ser 
i + 3  

Ser 
i + 2  

Ser 
i + 3  

Thr 
i + l  

Thr 
i + l  

IZ1Ser 
i + 3  

Ia7Ser 
i + 2  
Ia2Ser 
i + 2  
lWSer 
i + 2  

positions of 

p( t ) lW 

1.09 

1.06 

1.53 

1.53 

0.5 

0.94 

0.97 

2.61 

1.59 

structure 

n - 1 

Gly 
i + 2  

Gly 
i + l  

Gly 
i + 2  

Ser 
i 

P r o .  
i 

Ser 
i + 2  

Pro 
i + l  
Pro 
i + l  

.Pro 
i + l  

the 

n + 1 

Ser 

Gly 
i + 3  

Gly 
i + 2  

Cys 
i + 2  

Ser 

Leu 
i + 3  
Arg 
i + 3  
Thr 
i + 3  

--- 

the amino 

LINKED 
n + 2 

Glu 

Ser 
i + 3  

Pro 
i + 3  

Lys 

Pro 

Leu 

Pro 

- 

acid 

n - 4 

Asp 

Ala 

Leu 

Leu 

n, n + 

GLYCANS" 
n + 3 

Pro 

Pro 

Ala 

Ser 

Pro 

Ile 

residues 

n - 3 

Pro 
i 

Ser 
i 

Ser 

Ser 
i 

Pro 

Pro 

Pro 

1, etc., 
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TABLE II -Continucd 

" The significance of n and i is the same as for Table 1. 

tion of the threonine (or serine) residue in also will be on the p-tum either in i + 2 or 
the vicinity of the asparagine residue sixce i + 3 positions, respectively. But in 12 out 
the sequence Asn-X-Thr (or Ser) seems to of 19 cases considered previously, Thr (or 
play a major role in the glycosylation (2- Ser) will be situated out the p t u m  in posi- 
5). As evidenced, if Asn occupies the i or i tion i + 4. 
+ 1 position in the fi-turn, Thr (or Ser) Moreover, in Table II, i t  was not possi- 
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ble to localize a reverse p-turn around Asn 
in nine cases which correspond to follow- 
ing glycoproteins: a,-acid glycoprotein , 
sheep luteinizing hormone a chain, Wal- 
denstrom's macroglobulin Ou p chain, 
hormono cortico gonadotropin a and P sub- 
units, and chicken transferrin. 

Therefore, for these six glycoproteins, in 
which the amino acid sequence is well 
known, the secondary structure was eval- 
uated by using the Chou and Fasman's 
determination in order to localize the car- 
bohydrate linkage . 

a,-Acid Glycoprotein 
The results of the study of this glycopro- 

tein are given in the cornpanion paper (111, 
in which the complete evaluated second- 
ary structure is given. More especially, 
three out of five glycan chains are linked 
to an  Asn residue situated in a reverse B- 
turn. 

The so-called glycan chain "5" is not 
linked to a p-turn. but in a region which 
probably is situated outside of the protein 
moiety. On the contrary, the so-called gly- 
can chain "1" is linked in a 0-sheet region, 
that is, hydrophobic domain, which is gen- 
erally situated inside the protein moiety. 

Sheep Luteinizing Hormone a-Chain 
The amino acid sequence of this glyco- 

protein is known (231, and Asn 56 and Asn 
82 have bound carbohydrate: The evalu- 
ated secondary structure of protein moiety 
is given in Fig. 1. The glycan chain bound 
to the Asn 56 is situated in a p-turn. These 
are bound to the Asn 82, which is not 

linked in a p-turn but is situated in a 
random region where the charged residues 
are numerous. Moreover, two p-sheet se- 
quences, 73-80 and 86-93, are situated 
near this short-charged random sequence. 
Therefore it seems reasonable to fold these 
chains in the fashion indicated in Fig. 1 
and in this case the bend 'observed would 
be situated outside the protein moiety. 

Waldensem's Macroglobulin Ou p Chain 

As i t  is well known this IgM is consti- 
tuted by the p heavy chains and the K light 
chains and the carbohydrate moieties are 
linked to asparagine residues belonging to 
the heavy chain. 

Therefore the secondary structure of the 
p chain was evaluated since its sequential 
structure is well known (26). Asparagine 
residues 170, 332, 395, 402, and 563 carry 
the carbohydrate moieties. Many p tu rns  
exist in this structure and more especia1Iy 
the asparagine residues 170, 395, and 402 
are localized in such 0-turns. 

The two other asparagine residues 
which have bound carbohydrate, that is, 
residues 332 -and 563, are localized in re- 
gions other than p tu rns  and belong to the 
hinge region and the C-terminal end. 
Therefore, in order to obtain a better idea 
of the whole IgM, the evaluated secondary 
structure of the light chain was drawn 
also. The N-terminal ends of the light and 
heavy chains adopt essentially a p-sheet 
secondary structure; indeed, the hydropho- 
bic amino acid residues are numerous in 
these regions. 

Such a structure allows us to explain the 

Fxc. 1. Evaiuated secondary structure of sheep luteinizing hormone a-chain. Residues are 
represented in the+ respective conformational state: heIical (0). p-sheet ( 4). coi1 ( - 1 .  p-tum 
tetrapeptides are denoted 2. Asn 56 and Asn 82 cany a carbohydrate moiety. 



416 AUBERT, BISERTE AND LOUCHEUX-I.EFEBVRE 

specificity of the IgM and the rigidity of 
the hinge region. It is in this last region, 
near a psheet sequence, that a carbohy- 
drate moiety is linked to the asparagine 
residue 332. On the contrary, the fifth car- 
bohydrate moiety is linked to the aspara- 
gine residue 563, that is, in the C-terminal 
end where the helical structure seems to 
play a major role. But the 22 last C-termi- 
na1 residues adopt a pstructure in which 
one finds asparagine residue 563. 

Hormono Cortico Gonudotropin cu Subunit 
The waluated secondary structure of 

the protein moiety whose amino acid se- 
quence is well known (16) is given in Fig. 
2; Asn 52 and Asn 78 have bound carbohy- 
drates. 

It is interesting to note that there does 
not exist any helical region in this protein 
moiety. The charged residues are localized 
in the random structure parts of the pro- 
tein. Therefore, i t  seems that a hydropho- 
bic core exists inside the protein consti- 
tuted by the residues in p-sheet structure. 
The charged residues would be situated 
outside of the protein. Although there ex- 
ist five p t u m s ,  the glycan chain is not 

FIG. 2. Evaluated secondary structure of hor- 
mono cortico gonadotropin a subunit, with the same 
representation as in Fig. 1. Asn 52 and Asn 78 carry 
a carbohydrate moiety. 

linked in such a B-tum, but in two charged 
random structure regions, that is, in re- . 
gions which may be situated outside the 
proteins. 

Hormono Cortico Gonadotropin p Subunit 
This glycoprotein contains two N-glyco- 

sidically and four O-glycosidically linked 
carbohydrates. The evaluated secondary 
structure obtained from the sequential 
structure (16) is given in Fig. 3. 

Ten p-tums are obtained. The four O- 
glycosidically linked carbohydrates are 
situated a t  the C-terminal end of the pro- 
tein moiety. More especially, Ser 121, Ser 
127, Ser 132, and Ser 138 carry a glycan 
chain. As expected from Table 1, al1 of 
them are situated in a p t u m ,  either in the 
i + 2 or i + 3 position, as shown in Fig. 3. 

Let us now consider the N-glycosidically 
linked carbohydrate in Asn 13 and Asn 30. 
Both do not belong to a P-tum but are  
situated near a p-turn in a random struc- 
ture region and in a p-sheet structure, 
respectively . 

Asn 13, situated near a charged region 
and near a P-turn may be outside of the 
protein. On the contrary, the position of 
Asn 30 in a psheet  region is more difficult 

FIG. 3. Evaluated secondary structure of hor- 
mono cortico gonadotropin 0 subunit, with the saine 
representation as in Fig. 1. Asn 13, Asn 30, Ser 121,. 
Ser 127; Ser 132, and Ser 138 carry a carbohydrate 
moiety. 



to understand. Perhaps. due Lo the neigh- 
boring of a p-turn (Asn 30 is situated in 
1 - 4 position), this part of the protein 
moiety should be outside of the molecule. 

Chicken Transferrin 
The sequential structure of the protein 

moiety is not perfectly known (24) but the 
sequences around the two N-glycosidical 
linkages are well defined. The secondary 
structure was evaluated by taking the or- 
der given in Ref. (10). Asn 6 and Asn 336 
have bound carbohydrattes, that is. a t  the 
N- and C-terminal ends, respectively. 
Both Asn 6 and Asn 336 are situated in two 
pturns,  in positions i and i + 1, respec- 
tively. 

In conclusion, from the evaluated sec- 
ondary structures of procein moieties of six 
glycoproteins, the 4-O-glycosidically gly- 
can chains are Iinked, without any excep- 
tion, to a serine or threonine residue be- 
ionging to a p-turn, and this result is in 
good agreement with that previously ob- 
served from Table 1. The results are more 
difficult to interpret for the N-glycosidi- 
cally linked carbohydrate moiety. Indeed 
only 9 out 18 asparagine residues which 
carry carbohydrate moiety are situated in 
a p-turn. 

But 6 out 18 such asparagine residues 
are situated in charged random region and 
therefore may be outside the protein. Then 
only 3 asparagine residues out 18 are situ- 
ated in a /3-sheet region, that is. in a likely 
hydrophobie region which could be inside 
the protein. 

We ha1.e seen that it is well known now 
that the tripeptide sequence Asn-X-Ser or 
Asn-X-Thr, where X is any amino acid is a 
necessary but not a suficient condition for 
glycosylation to occur (1-5). and Hunt and 
Dayhoff (28) have searched proteins con- 
taining the tripeptide regions and lacking 
bound carbohydrate. In these cases, no 
carbohydrate moiety linked to .the protein 
exists and therefore i t  is impossible to 
know if the lack of glycan chain is due to 
either the absence of the enzyme of glyco- 
sylation, or the local structure of the pro- 
tein moiety, or something else. Therefore 
we have to try to find some glycoproteins 
in which both glycosylated and unglycosy- 
lated tripeptide sequences exist. This is 

the case for the Waldenstrom's macroglob- 
ulin Ou p chain since, besides five glyco- 
sylated asparagine residues one finds the 
following sequence (71-80): 

with the tripeptide Asn-X-Ser (X = Asp) 
but where Asn 74 has not bound carbohy- 
drate. I t  is interesting to observe the eval- 
uated secondary structure of this se- 
quence: It consists of two adjacent p-turns 
in 72-75 and 76-79. Moreover, i t  is gener- 
ally admitted (29) that in the sequence 
Asn-X-Ser (or Thr) in which Asn carries a 
carbohydrate moiety, the hydroxyl group 
of the p-hydroxy amino acid residues is 
hydrogen bonded to the amide oxygen of 
the asparagine residue of the carbohy- 
drate-peptide linkage. That is, in the pres- 
ent case, s e r  76 would be hydrogen bonded 
to the Asn 74 by its hydroxyl group, but 
would also be bonded to Gln 79 by its 
amide oxygen. Due to the steric hindrance 
it is not sure that such bonds are possible. 

Another unusual case seems to be inter- 
esting to consider: I t  is this one, excep- 
tional, in which a glycoprotein contains a 
carbohydrate peptide linkage but where 
the sequence Asn-X-Ser (or Thr) does not 
exist. 

Indeed in the hen egg yolk phosvitin, 
the glycosylated asparagine is situated in 
the following sequence (30): 

(in which Psr represents phosphorylated 
serine residue). Although this example is 
an exception, it is interesting to note that 
the sequence Ser-Asn-Ser-Gly certainly 
adopts a p-turn structure (with p(t)  = 
0.923. IO-'). 

CONCLUSION 

The main results obtained in this study 
concern the fact ' that  the carbohydrate 
moiety of a glycoprotein linked to an 
amino acid residue is on the outside on the 
protein moiety and often situated in a P- 
turn, that  is. in a domain geometrically 
well defined and therefore would allow an 
easy approach of the sugar during the bio- 



AUBERT, BISERTE AND LOUCHEUX-1,EFEBVRE 

pynthesis of the glycan chains. In addition, 
huch a spatial organization would be in 
kood agreement with a mode1 given by 
Montreuil in a recent review (31): The car- 
bohydrate moiety would consist of an "aer- 
ia1" zone, or more exactly "antennae" 
planted on the core of the glycoprotein, 
and this part of the molecule would sup- 
port the glycan specificity. In addition, it 
is interesting to do a comparison with the 
results obtained by biochemists as recently 
expressed by Montreuil (31): "It appears 
more and more evident that numerous gly- 
coproteins play two important roles. The 
first one is of a physicochemical order and 
concerns the protein moiety conformation. 
The second is of biological order, the basis 
of which is essentially the notion of recog- 
nition signals brought by glycan groups." 
It seems that Our present study and our 
previous results about a,-acid glycoprotein 
are in excellent agreement with such con- 
clusions. 
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PEPTIDES SYNTH~TIQUES, ( ARTICLE NO3 ) 

A ) I n t r o d u c t i o n  

Dans ce t r a v a i l  nous ne pa r l e rons  que  des l i a i s o n s  

N-glycosidiques.  

Les g lycop ro t é ine s  l o r s q u ' e l l e s  s o n t  N-glycosylées 

l e  s o n t  donc t o u j o u r s  au  n iveau  d'un r é s i d u  d ' a s p a r g i n e  i n c l u s  

dans une séquence code Hsn-X-Ser/Thr ( Marshal l  e t  Neuberger 

1970 1. C'e s t  t o u j o u r s  un r é s i d u  de N-acétylglucosamine q u i  

e s t  l i é  à 1' asparag ine .  

La p a r t i e  i n t e r n e  des  mot i f s  N-glycosidique e s t  

t o u j o u r s  c o n s t i t u é e  d 'un  noyau pen t a saccha r id ique  ( Montreui l  

1975 1. 

/a-1,6 Man 

A p a r t i r  de ce  noyau de base  on peu t  d é f i ï i i r  deux , 

grandes c l a s s e s  : 

- Classe  ol igomannosidique ( S t r e c k e r  e t  Montreuil  

1 9 7 9  1 ou s imple  ( Kornfeld e t  Kornfeld 1 9 7 6  1. 

Dans ce  c a s  s e u l s  des  r é s i d u s  de mannose s o n t  a jou-  

tés au pen tasacchar ide .  

- Classe  N-acétyllactosaminidique ( S t r e c k e r  e t  Man- 

t r e u i l  1 9 7 9  ) ou complexe ( Kornfeld e t  Kornfeld 1976 ) .  

Dans ce cas  on t r ouve  s u r  l e  motif de base  des  r é -  

s i d u s  de  N-acétylglucosamine , de g a l a c t o s e ,  de fucose  e t  d ' a c i -  

des s i a l i q u e s .  Ces s t r u c t u r e s  peuvent ê t r e  b i , t r i  ou t é t r a -  
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antennées comme p a r  exemple: ( Tableau I V  1. 

Vers 1970, un c e r t a i n  nombre de t ravaux  o n t  per- 

m i s  d ' é t a b l i r  avec c e r t i t u d e  que l e  r é t i cu lum endoplasmique 

rugueux é t a i t  l e  s i è g e  de l ' a c t i v i t é  N-acétylglucosaminyl 

( Tetas  e t  a l  1970 1 e t  mannosyl ( Tetas e t  a l  1970 ; Caccam 

e t  a l  1 9 6 9  1 t r a n s f é r a s e s .  

P lus  précisément,  des t r avaux  r é c e n t s  on t  montré 

que l a  g l y c o s y l a t i o n  ne peu t  a v o i r  l i e u  qu 'au  cours  de  l ' é l o n -  

ga t i on  de l a  charne  p ro t é ique  ( Lingappa e t  a l  1978; B ie l i n ska  

e t  Boime 1978 ; Toneguzzo e t  Ghosh 1 9 7 8 ;  Katz e t  a l  1978 1 .  

Comment s e  f a i t  c e t t e  g lycosy l a t i on?  

On a longtemps c r u  que l a  b iosyn thèse  des  cha2nes 

glycanniques s e  f a i sa i t  p a r  a d d i t i o n s  success ives  de  mono- 

sacchar ides  à p a r t i r  des nuc l éo t i de s  correspondants  g r âce  à 

des t r a n s f é r a s e s  s p é c i f i q u e s ;  o r  on s a i t  maintenant  que c e t t e  

g lycosy l a t i on  m e t  en jeu des i n t e r m é d i a i r e s  l i p i d i q u e s  glyco- 

s y l é s  ( Waechter e t  a l  1973; Ronin e t  Bouchilloux 1976; Ronin 

e t  Bouchil loux 1978 1 su ivan t  l e  schéma de b iosyn thèse  géné ra l  

s u i v a n t :  ( Tableau V 1, 

Dans c e t  i n t e r m é d i a i r e  l i p i d i q u e  g lycosy lé ,  Do1 

r e p r é s e n t e  l a  p a r t i e  l i p i d i q u e  appe lée  d o l i c h o l .  Ce d o l i c h o l  

e s t  un po ly i sopréno l  en C80-C100 de formule: 

Nous avons donc donné la fo rmula t ion  géné ra l e  de  l a  

b iosyn thèse  de 1' o l i gosacca r ide -  l i p i d e .  Le  d é t a i l  de c e t t e  

b iosyn thèse  est  maintenant  connu ( Tabas e t  Kornfeld 1978 1 

e t  f a i t  comme s u i t :  ( Tableau V I  1. 

C'est ce  motif q u i  e s t  t r a n s f é r é  en b l o c  s u r  l a  
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p r o t é i n e .  Comme nous l ' a v o n s  vu précédemment, l a  s t r u c t u r e  

des  cha înes  g lycanniques  de t y p e  N-acétyllactosaminidique 

e s t  t o t a l e m e n t  d i f f é r e n t e  de c e l l e  q u i  es t  f i x é e  e n  premier  

l i e u .  Un é l a g a g e  e s t  donc n é c e s s a i r e  e t  d o i t  ê t re  s u i v i  d 'une  

a u t r e  b i o s y n t h è s e .  Au niveau du r é t i c u l u m  endoplasmique a g i t  

une g l u c o s i d a s e  ( Ugalde e t  a l  1978 I p u i s  l e s  r é s i d u s  d e  

mannose s o n t  l i b é r é s  a u  n iveau du Golgi  ( Tabas e t  Kornfe ld  

1979 ) e t  e n f i n  a g i s s e n t  des t r a n s f é r a s e s  s p é c i f i q u e s  éga le -  

ment au  n i v e a u  du Golgi .  L e  schéma généralement  admis e s t  

l e  s u i v a n t  ( Tableau V I 1  I ( Briles e t  Kornfeld 1978 ; Harpaz 

e t  Schach te r  1980 I .  

L a  l i s t e  d e s  c e l l u l e s  e t  t i s s u s  dans l e s q u e l s  l a  

p résence  d 'un  do l i cho lpyrophospha te  o l i g o s a c c a r i d e  a é t é  mise 

en  évidence  est  d é j a  t r è s  longue a u s s i  b i e n  chez l e s  mammi- 

f è r e s  que chez  l e s  o i seaux ,  les  i n s e c t e s ,  l e s  p l a n t e s ,  les 

a l g u e s  e t c . . .  ( P a r o d i  e t  L e l o i r  1979 I .  On c o n n a i t  donc 

p a r f a i t e m e n t  maintenant  l e s  c o n d i t i o n s  q u i  p e r m e t t e n t  de réa- 

l i s e r  -------- i n  v i t ro  une t e l l e  g l y c o s y l a t i o n .  

B I  Méthodes u t i l i s é e s  

C e  t r a v a i l  a  é t é  r é a l i s é  e n  c o l l a b o r a t i o n  avec  

Mlle N .  Helbecque. 

Nous d i s p o s i o n s  de  c i n q  p e p t i d e s  s y n t h è t i q u e s  

1 Gly-Asn-Gln-Ser G-N-Q-S 

II Pro-Gly-Hsn-Gln-Ser P-G-N-Q-S 

III Thr-His-Thr-Asn-Ile-Ser-Glu-Ser-His-Pro-Asn-Ala-Thr-Phe 

T-H-T-N-1-S-E-S-H-P-N-A-T-F 

I V  Thr-His-Thr-Asn-Ile-Ser T-H-T-N-1-S 

V His-Pro-Asn-Ala-Thr-Phe H-P-N-A-T-F 

Les p e p t i d e s  1 e t  II s o n t  l e s  modèles d 'un  g lyco-  

p e p t i d e  ob tenu  a p r è s  hydro lyse  p a r  un mélange de  papa ïne  e t  

de pronase  d e  l a  g l y c o p r o t é i n e  r i c h e  e n  p r o l i n e  de l a  s a l i v e  
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pa ro t i d i enne  humaine ( Degand e t  a l  1975 1. Le pep t i de  III est  

l e  modèle d 'un glycopept ide  d ig lycosy l é  obtenu p a r  hydrolyse  

t r y p s  ique  e t  chymotryps i que  des chaines  lourdes  d1 immunoglobu- 

l i n e  M ( IgM 1. Les pep t ide s  I V  e t  V s o n t  deux hexapept ides  

correspondants  aux p a r t i e s  N e t  C t e rmina l e s  du té t radkcapep-  

t i d e  III. 

Nous avons t o u t  d 'abord essayé  de g lycosy l e r  cha- 

que pep t i de  en u t i l i s a n t  comme source  enzymatique l e s  membra- 

nes d t o v i d u c t e  de poule .  Nous avons e n s u i t e  é t u d i é  ces  p e p t i -  

des dans d i f f é r e n t e s  cond i t i ons  pa r  dichroïsme c i r c u l a i r e  

pour  e s s a y e r  d ' é t a b l i r  une c o r r é l a t i o n  e n t r e  l e u r  s t r u c t u r e  

secondaere  e t  l a  N-glycosyla t ion.  

C )  R é s u l t a t s  

1 Glycosy la t ion  --- _------------ 
Les membranes d 'ov iduc te  de poule c a t a l y s e n t  l a  

f i x a t i o n  du mannose à p a r t i r  du GDP -[14c] mannose s u r  des 

pep t i de s  exogènes ayan t  l a  séquence t r i p e p t i d i q u e  code Asn-X- 

Ser/Thr.  Comme nous l ' avons  vu, c e t t e  i n c o r p o r a t i o n  s e  f a i t  

p a r  1' i n t e r m é d i a i r e  d '  un do l ichy ld iphospha te  o l i gosaccha r ide  

( Lennarz 1975; Chen e t  a l  1975 1. Les p r o t é i n e s  endogènes 

b é n é f i c i e n t  a u s s i  de l ' a c t i v i t é  enzymatique e t  s o n t  donc C a -  

pab les  d ' ê t r e  g lycosy lées  ( P l e s s  e t  Lennarz 1 9 7 7  ; Struck e t  

a l  1978 1. 

Nous avons donc t e s t é  l e s  c i n q  pep t ide s  en n o t r e  

possess ion .  Pour c e l a  il s u f f i t  d' incuber  à 37% ces d e r n i e r s  

en  présence  de membranes d 'ov iduc te  de poule  e t  de G D P - ~ ~ C ]  

mannose. Après c e n t r i f u g a t i o n - d e  chaque e s s a i ,  les surnageants  

s o n t  soumis à une é l ec t ropho rè se  s u r  p a p i e r .  S i  l e s  pep t i de s  

ne son t  pas accep t eu r s ,  i l s  r e s t e n t  dans l e  surnagean t .  Au 

c o n t r a i r e ,  s ' i l  y  a g lycosy l a t i on ,  aucune t r a c e  de pep t i de  

n ' e s t  déce l ée  e t  c e l a  e s t  b i e n  observé s u r  l a  f i g u r e 1  (..ar- 
t i c l e  n03 ) où son t  donnés en  exemple l e s  r é s u l t a t s  carres- 



pondants aux e s s a i s  de g lycosy l a t i on  des pep t i de s  1 e t  II 

q u i  s o n t  respect ivement  non g lycosy lé  e t  g lycosy l é .  Pour les 

pep t ide s  de l a  s é r i e  IgM, l e s  r é s u l t a t s  obtenus s o n t  i d e n t i -  

ques:  l e  pep t ide  I V  q u i  n ' e s t  pas g l y c o s y l ~  e s t  observé dans 

l e  surnageant  a l o r s  que l e s  pep t i de s  III e t  V r e s t e n t  dans 

l e  c u l o t .  Les r é s u l t a t s  s o n t  résumés dans l e  t a b l e a u  11 ( ar- 
e 

t i c l e  no 3 ) .  

Les g lycopep t ides  s o n t  obtenus p a r  d i s s o l u t i o n  

du c u l o t  membranaire dans du SDS 3% e t  passage s u r  Biogel 

P  6 .  L a  f i g u r e  II ( ar t i c le  no 3 ) p r é s e n t e  l e s  p r o f i l s  d 'é-  

l u t i o n  typ iques  pour chaque pep t ide .  L e s  masses moléculai-  

res des nouve l les  espèces  r a d i o a c t i v e s  s o n t  compatibles 

avec l a  format ion d 'un glycopept ide .  L e  t6 t radécapept i .de  III 

q u i  possède 2 s i tes  p o t e n t i e l s  de g lycosy l a t i on  peut  ê t r e  

mono ou d ig lycosy lé .  On c o n s t a t e  en  e f f e t  que les deux 

cha înes  glycanniques s o n t  p r é sen t e s  m a i s  seulement dans 30% 

des ca s .  Pour l e  pep t i de  monoglycosylé q u i  r e p r é s e n t e  70% 

du t o t a l ,  il e s t  imposs ib le  de p r é c i s e r  s ' i l  s ' a g i t  de l a  

g lycosy l a t i on  d 'un s e u l  des s i t e s  ou des  deux s i t e s  en quan- 

t i t é  éga le .  

Ces g lycopept ides  ont  é t é  soumis à une chromato- 

g raph ie  d ' a f f i n i t é  s u r  concanavaline A q u i  permet l a  f i x a -  

t i o n  des cha înes  polymannosidiques . 

Tout c e  q u i  n ' e s t  pas g lycosy l é  e s t  exc lu  de l a  

colonne e t  après  é l u t i o n  pa r  des s o l u t i o n s  de m o l a r i t é  c r o i s -  

s a n t e  d ' a  - méthyl g lucos ide ,  d i f f é r e n t s  g lycopep t ides  s o n t  

a i n s i  r écupérés .  Ces d e r n i e r s  ne d i f f è r e n t  que p a r  l a  quan t i -  

t é  de r é s i d u s  mannose composant l a  cha îne  glycannique.  Les 

courbes d ' é l u t i o n  s o n t  données s u r  l a  figure II^(. a r t i c l e  n03 1 

Chaque p i c  obtenu a é t é  soumis à une chromatographie en phase 

gazeuse pour dé te rminer  les r appo r t s  mola i res  en oses  (Tab le  

a k r t i c l e  no 3 1. L e s  compositions s o n t  e n  t r è s  bon accord 

avec ce  que l ' o n  conna i t  de l a  b iosyn thèse  des g lycop ro t é ine s .  



En ef fe t ,  pour 2 r é s i d u s  de N-acétylglucosamine, on t rouve 

3 à 9 r é s idus  de  mannose e t  c e c i  correspond par fa i t ement  

à l a  f i x a t i o n  d 'une chaPne polymannosidique. 

Afin  de s ' a s s u r e r  que l e  pep t i de  de dépa r t  n ' a  

s u b i  aucune dégrada t ion ,  l e s  g lycopep t ides  on t  a u s s i  é t é  

c a r a c t é r i s é s  p a r  l e u r  composit ion en  a c i d e s  aminés( Table 

I v a r t i c l e  no 3 ). On v o i t  q u ' i l s  correspondent  pa r f a i t emen t  

à l a  formule a t t endue .  

2 1 Dichrof sme c i r c u l a i r e  -- - ..................... 
Nous avons t o u t  d 'abord é t u d i é  l e s  g lycopep t ides  

dont l a  p a r t i e  pep t i d ique  a s e r v i  de modèle l o r s  de l a  syn- 

t h è s e  pep t i d ique ;  i l s  o n t  é t é  obtenus p a r  coupure enzymatique. 

L 'é tude de ces  g lycopep t ides  p a r  dichroïsme c i r c u -  

l a i r e  a été f a i t e  en s o l u t i o n  aqueuse. Dans ce s o l v a n t ,  aucun 

des s p e c t r e s  obtenus n ' e s t  c a r a c t é r i s t i q u e  d 'une s t r u c t u r e  

organisée .  De p l u s ,  comme c e l a  a v a i t  é t é  f a i t  précédemment 

pour l 'orosomucoïde,  l a  chaine  glycannique des g lycopep t ides  

a é t é  coupée p a r  hydraz ino lyse  e.ti:après N- réacé ty la t ion ,  son  

é tude d ichro ïque  a é t é  r é a l i s é e .  On c o n s t a t e  que l a  d i f f é r e n -  

ce  e n t r e  les s p e c t r e s  d ichro îques  correspondant  au  glycopep- 

t i d e  e t  à l a  cha îne  glycannique s e  superpose par fa i t ement  avec 

l e  s p e c t r e  du pep t ide  correspondant  obtenu p a r  syn thèse .  

Ceci confirme donc de nouveau qu'aucune i n t e r a c t i o n  f o r t e  

n ' e x i s t e  e n t r e  l a  p a r t i e  pep t id ique  e t  l a  p a r t i e  g lycannique.  

Sur l a  f i g u r e  IVde l ' a r t i c l e  no 3 ,  l ' exemple  donné correspond 

au glycopept ide  Gly-Asn-Gln-Ser. 

Les c inq  pep t ide s  syn thè t i ques  on t  également été 

é t u d i é s  p a r  dichroïsme c i r c u l a i r e  en  s o l u t i o n  aqueuse. Leurs 

s p e c t r e s  son t  t ous  c a r a c t e r i s t i q u e s  d 'une  s t r u c t u r e  inorga-  

n i s é e  e t  montrent une i n t e n s e  bande néga t ive  c e n t r é e  à envi -  

ron 200 nm. 



P a r  con t r e ,  s i  l e s  s p e c t r e s  d ichro ïques  s o n t  réa -  

l i s é s  en s o l u t i o n  aqueuse contenant  des l i p i d e s  ou du dimé- 

t h y l  su l fox ide  ( D M S O  1, d1 importantes  modi f ica t ions  s o n t  

observées pour c e r t a i n s  pep t i de s .  

L a  f i g u r e  V ( ar t ic le  no 3 montre les s p e c t r e s  

obtenus pour les c inq  pep t ides  en  présence  de 1 0 %  de  D M S O ,  

Les s p e c t r e s  des pep t i de s  1 e t  I V  r e s t e n t  inchangés a l o r s  

que pour les pep t ide s  II, III e t  V une nouvel le  bande posi -  

t i v e  a p p a r a i t  . C e t t e  bande est c e n t r é e  à 2 1 7  nm e t  e l l e  

r e f l è t e  l a  format ion d'une nouve l le  s t r u c t u r e .  

Les r é s u l t a t s  obtenus s o n t  i den t i ques  l o r s q u f  on 

u t i l i s e  des l i p i d e s  à l a  p lace  du D M S O  ( F i g u r e v ~  a r t i c l e  

no 3 1.  Ces nouveaux s p e c t r e s  d ichro ïques  montrent c e r t a i n e s  

ressemblances avec ceux c a l c u l é s  p a r  Woody ( Woody 1 9 7 4  1 
pour d i f f é r e n t s  types  de coude B .  I l s  s o n t  a u s s i  semblables 

à un s p e c t r e  d ichro ïque  p u b l i é  p a r  Howard e t  a l  ( Howard e t  

a l  1 9 7 5  1 concernant  un t é t r a p e p t i d e  syn thè t i que  correspon- 

dant  à une séquence de  l ' a lpha-chymotrypsine  q u i  a é t é  iden- 

t i f i é e  p a r  RX comme adoptan t ,  dans l a  p r o t é i n e ,  une s t r u c t u r e  

en  coude 8 .  

Nous pouvons donc penser  qu 'une f r a c t i o n  de l a  

s t r u c t u r e  adoptée  p a r  nos pep t i de s  e s t  c o n s t i t u é e  p a r  des 

coudes B ; malheureusement c e t t e  f r a c t i o n  n ' e s t  peu t  ê t r e  

pas t r è s  importante  c a r  l e s  pep t i de s  cons idérés  s o n t  p e t i t s  

e t  p a r  conséquent l e u r  f l e x i b i l i t é  est  t rès grande. Cepen- 

dan t ,  l ' a d d i t i o n  de l i p i d e s  ou de DMSO r é d u i t  c e t t e  f l e x i b i -  

l i t é  e t  permet l a  format ion d 'une s t r u c t u r e  p r i v i l é g i é e .  

Nous pensons qu'  il e s t  t r è s  important  de n o t e r  

que q u e l  que s o i t  l e  pep t i de  g lycosy l ab l e  e t  q u e l l e s  que 

s o i e n t  l e s  cond i t i ons  u t i l i s é e s ,  l e  s p e c t r e  d ichro ïque  obtenu 

p r é s e n t e  t o u j o u r s  l e s  mêmes c a r a c t é r i s t i q u e s .  Ceci veut  d i r e  

q u ' i l  y  a  b i e n  format ion d'une s t r u c t u r e  p r i v i l é g i é e ,  que 

cet te  s t r u c t u r e  p r i v i l é g i é e  e s t  unique e t  q u t e l l e  p o u r r a i t  

b i e n  ê t r e  un coude B .  



Alors que nous r éd ig ions  c e t t e  t h è s e ,  une é tude 

p a r  RMN du 13c e t  p a r  dichroïsme c i r c u l a i r e  de l a  t u f t s i n e  e t  

de ses analogues a  é t é  r é a l i s é e  ( Siemion e t  a l  1980 1. 
L a  t u f t s i n e  e s t  un t é t r a p e p t i d e  Thr-Lys-Pro-Arg q u i  s t i -  

mule l e  phénomène de phagocytose dans l e s  g ranu locy tes .  

Les r é s u l t a t s  obtenus p a r  ces  chercheurs ,  à p a r t i r  d 'un  ce r -  

t a i n  nombre d'homologues, montrent  que l ' a c t i v i t é  b io log ique  

du p e p t i d e  est  di rec tement  l i ée  à son a p t i t u d e  à adopte r  une 

conformation en coude B .  D e  p l u s ,  l e s  s p e c t r e s  d ichro iques  

correspondants  3 ces pep t i de s  s o n t  t o u t  à f a i t  semblables 

aux n ô t r e s  e t  montrent l a  prgsence d 'une bande d ichro ïque  

p o s i t i v e  c e n t r é e  à 218  nm. 

D) Conclusions 

Nous avons donc vu que l e s  pep t i de s  1 e t  I V  ne 

s o n t  pas g lycosy lab les  a l o r s  que l e s  pep t i de s  II, III e t  V 

l e  s o n t .  Nous avons vu également que, pa r a l l è l emen t ,  l e s  

pep t i de s  1 e t  I V  s o n t  i n s e n s i b l e s  aux l i p i d e s  e t  au DMSO 

a l o r s  que les pep t ide s  11,111 e t  V l e  s o n t .  Il  y a  donc 

un r appo r t  év iden t  structure-glycosylation. 

L e s  c a l c u l s  de  conformation de Chou e t  Fasman 

app l iqués  à nos pep t i de s  montrent  que G-N-Q-S ( 1 ) présen- 

t e  une f a i b l e  p r o b a b i l i t é  d ' adop t e r  une s t r u c t u r e  en  coude B 
à l a  d i f f é r e n c e  de P-G-N-Q-S ( II ). D e  même les pep t ide s  

T-H-T-N-1-S-E-S-H-P-N-A-T-F ( III 1, T-H-T-N-1-S ( I V  ) e t  

H-P-N-A-T-F ( V ) p r é s e n t e n t  t o u s  t r o i s  une p r o b a b i l i t é  

é l evée  d ' adop t e r  une s t r u c t u r e  en  coude B .  Les r é s u l t a t s  

s o n t  résumés dans l e  t a b l e a u  s u i v a n t .  



Le pep t i de  I V  n ' e s t  pou r t an t  pas g lycosy l ab l e  

con t ra i rement  au p e p t i d e  V . Il e s t  i n t é r e s s a n t  de remarquer 

q u ' i l  est  moins hydrophobe que l e  p e p t i d e  V .  Une des e x p l i -  

c a t i o n s  p o s s i b l e  p o u r r a i t  donc ê t r e  que l o r squ ' un  pep t ide  

e s t  p e t i t ,  l ' hyd rophob ic i t é  j o u e r a i t  un- @and r ô l e  , c e l a - s e r a i t  

s u r t o u t  important  l o r s  de l ' i n t e r a c t i o n  avec les l i p i d e s .  

En e f f e t ,  l a  présence  des r é s i d u s  hydrophobes e s t  moins i m -  

p o r t a n t e  l o r s  de l a  b iosyn thèse .  Il ne f a u t  pas o u b l i e r  que ,  

i n  vivo , ce  q u i  e s t  i n s é r é  dans l a  membrane n ' e s t  pas un ------- 
p e t i t  pep t i de  mais une chaîne  p ro t é ique  beaucoup p lus  lon- 

gue; c e t t e  d e r n i è r e  adopte  une s t r u c t u r e  seconda i re  donnée 

q u i  s t a b i l i s e r a i t  l e  coude B c r é é  au niveau de l a  séquence 

code Asn-X-Ser/Thr, e t  f a v o r i s e r a i t  l a  g lycosy l a t i on .  

1 

I l  e s t  i n t é r e s s a n t  de comparer nos r é s u l t a t s  à 

ce q u i  s e  passe  l o r s  de l a  O-glycosylat ion à l a  lumière des 

r é s u l t a t s  récemment p u b l i é s ,  q u i  l a i s s e n t  à penser  q u ' e l l e  

e s t  d i rec tement  l i é e  à l ' a c c e s s i b i l i t é  du s i t e  r é a c t i o n n e l .  

P < T Z  
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1 ,40  
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En e f f e t ,  Hanover e t  a l  ( Hanover e t  a l  1980 ) o n t  montré 

que l a  O-glycosylat ion a v a i t  l i e u  au n iveau  du Golgi  e t  

q u ' e l l e  se fa i sa i t  s a n s  i n t e r m é d i a i r e  l i p i d i q u e  s u r  une 

p r o t é i n e  ayan t  dé jà  sa s t r u c t u r a t i o n  complète.  I l  f a u t  ad- 

m e t t r e  dans ce c a s  que l a  g l y c o s y l a t i o n  e s t  d i rec tement  re- 

l i é e  à l ' a c c e s s i b i l i t é  des r é s i d u s  hydroxylés .  Peu de temps 

auparavant  Bause e t  Lehle ( Bause e t  Lehle 1 9 7 9  ) a v a i e n t  

t e n t é  de t r o u v e r  une séquence code n é c e s s a i r e  à l a  O-glyco- 

s y l a t i o n  en  r é a l i s a n t  des  e s s a i s  Z;n vitgg- s u r  des  p e p t i d e s  

synti-Piètiques.Ils n ' o n t  pu é t a b l i r  aucune c o r r é l a t i o n  e n t r e  

s t r u c t u r e  p r i m a i r e  du p e p t i d e  e t  rendement de g l y c o s y l a t i o n .  

Leur c o n c l u s i o n  e s t  donc que l a  c l é  de l a  O-glycosyla t ion  

e s t  b i e n  l ' a c c e s s i b i l i t é  du s i t e .  

Ces r é s u l t a t s  conf i rment  donc dans l e u r  ensemble 

l a  n é c e s s i t é  de  l a  p résence  d 'un  coude f3 a u s s i  b i e n  l o r s  de 

l a  N- que de l a -  0 -g lycosy la t ion .  
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Many proteins are giycosyiated and widely discributmi. Knowiedge of the biosynthetic 
pathway is of great interest in elucidating the exact role of the oligosaccharide chain of 
the giycoproteins. It is now possible to glycosylate carbohydrata-depleted or chemically 
denatured glyeoproteins or synthetic bn-X-ThrISer-eontaining peptides in a cell-free 
system. The r d t s  obtained showed that it is possible to giycosylate a tripeptide but 
that the yield (of giymsylation) increaa%s as the length of the peptide incresaes. We have 
showa that in native gipproteins, the oligoeaccliaride chains are aiways situated in a 
Sturn. It saemed so very intaresting to see if this condition was nacesaary for the giy- 
cosylation. To elucidate this problem, synthetic peptides were tested as giycosyl aeceptors 
using hen oviduct membranes as enzyme source. These peptides were smdied by circular 
dichroism in aqueous Iipid mixtures and the resuits showed that the presence of a sec- 
oadary structure in the lipid state promotes greatiy the yield of glycosylation. 

Asparagine-linked glycoproteins are al- 
ways glycosylated a t  an asparagine resi- 
due in the sequence -Am-X-Thr or Asn- 
X-Ser (1). The biosyntheuc pathway of the 
asparagine-linked oiigosaccharides of gly- 
coproteins is extremely complex but re- 
cent biochemicai experixnents have re- 
vealed that it involves a doiichyldiphos- 
phate oiigosaccharide containing giucose, 
mannose, and N-acetylgiucosamine. A 
great variecy of tissues either in eucary- 
otes or in bacteria catalyze the glycosyl- 
ation of proteins (fop review see Ref. (2)) 
and the reactions involved in the assembly 
of the lipid-linked intermediate that par- 
ticipate in the synthesis of glycoproteins 
are now weii understood (for review see 
Ref. (2)). 

Recentiy, a number of authors have di- 
rected their efforts toward the delineation 
of the structural features of the proteins 
and peptides that are glycosylated in vitro. 
More specificaily, it has been demon- 
strated that a variety of exogenous pep- 
tides and unfolded proteins containing the 
sequence Asn-X-Ser/Thr in their primary 
structure couid be glycosylated in uitro. 
Concerning the structurai features of the 

amino acid sequences of glycoproteins, we 
have shown (3.4). and, foiiowing us Beeley 
(5) and Nagarajan and Rao (6),  that the 
most likely peptide conformation in the 
region of ,V-glycosylation is the a-turn. So 
we decided to test different peptides in 
order to make a comparison of their in 
vitro acceptor activity as a function of the 
probabiiity with which they couid adopt 
a 8-turn secondary structure. At first, 
their ability to exhibit a fi-turn was de- 
termined using the predictive method of 
Chou and Fasman (7). The peptides were 
chosen as modeis of naturai glycopeptides 
obtained by hydrolysis of two giycopro- 
teins: a proline-rich glycoprotein of hu- 
man parotid saliva (GPW)' and the heavy 
chain of immunoglobulin X (IgM). 

In addition, it was suggested by Hart et 
al. that the accessibiiity of the sequence 
Xsn-X-Ser/Thr to the oligosaccharide 
transierase is the dominant structural 
feature of a protein that determines 

' hbbreviations used: GPRP. proline-rich giyco- 
protein of human parotia saiiva: SDS, sodium dodacyl 
sulfate; Con A. concanavalin A; glc, gas-liquid chro- 
matography; DMSO, dimethyl suifoxide. 
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whether or not it is glycosylated (8). 
Therefore, since the oligosaccharide trans- 
ferase is located in the membranes, it 
would be interesting to determine if the 
membrane plays a role in the organization 
of the secondary structure of the peptide 
acceptor. This problem was approached by 
a circular dichroism study of these pep- 
tides in aqueous solution in the presence 
of lipid mixtures, or of organic solvent. 
In the present study we give the re- 

suits we have obtained on the 2% vitro gly- 
cosylation of the foilowing peptides, using 
hen oviduct membranes as enzyme source: 
Gly-Asn-Gln-Ser (1); Pro-Gly-hsn-Gln- 
Ser (iI); Thr-His-Thr-hsn-Ile-Ser-Glu- 
Ser-His-Pro-Asn-Ala-Thr-Phe (III); 
Thr-His-Thr-Asn-ne-Ser (IV); and His- 
Pro-hsn-Aia-Thr-Phe (V). A cornparison 
was made between the abiiity of these pep- 
tides to exhibit an organized secondary 
structure in lipid solutions or in dimethyl 
suifoxide and their glycosylation yield. 

MATEXULS .LW METHODS 

Pmducts. Lipiàs and nonionic surfactant used in 
this study and UDP-IV-acetyigiucosamine were pur- 
chased from Sigma GDP-("C]mannosa (146 mCii 
mmol) was obtained from -4mersham Radiochernical 
Centre. hl1 other materials were of the highest grade 
commerciaiiy available and were used without fur- 
ther purification. 

Peptida qmthesis. The peptides were obtained by 
the solid-phase method. .Their synthesis, purification, 
and purity controi will be described eisewhere. in 
Table 1 are l i t e d  the different peptides we synthe- 
tized and their corresponding amino acid analyses. 

Prepanrtion ofhm w i d e  membranes. The rnem- 
branes were prepared according to a procedure pub- 
Iished by Pless and Lennan (9) and siightly m d e d  
by us (see below). Excised magnum sections oi heu 
oviduct added to 2 vol of j0 m&t Tris-HC1, pH 7 5  
containing 5% sucrose. 09% NaCi. and 1 mM EDTA 
were minced in a Waring Blendor for 1 min. Then 
the tiseue was homoqenized by 12 strokes in a Potter- 
Elvejehm. The membrane preparation waa used on 
the same day for the assays of glycosylation. 

dssay j-Lw giycosyhtion 01' peptzdes. Incubation 
mixtures containing 500 /rg of membranes. 50 mM 
Tris-Ha, pH 7.5. 10 mrd YgCls 140 m&t sucrose. 25 
m~ NaCi, 200 f l  UDP-iV-acetylglucosamine. 25 f l  
G D P ~ " C ~ a n n o e e ,  and 100 to 3ûû nmoi of exogenous 
acceptor peptide in a final volume of -LOO w l  were in- 
cubated a t  3T°C for U) min. After incubation the 
mixture waa centrifuged a t  5OOOg for 5 min a t  4OC. 



The supernatant contained the ungiycosylated p e p  
tides; the glycosyiated peptides were in the pellet. 
These conditions were a t  optimal UDP-xV-acetylgiu- 
cosamine and GDP-mannoae concentrations, and the 
incorporation of radioactivity into giycopeptide was 
linearly dependent upon the exoganous peptide con- 
centration. 

C h a m . z e  of gigcosy&ted peptada The su- 
pernatant of the previous centrifugation was sub- 
jected to paper eiectrophoresis at pH 1.9 (fonnic acid) 
and 12 V/cm for 5 h. The ungiycosylated peptides 
were cfiaraeterized by their electrophoretic mobiiity. 
The pellet containing the giyeoaylated peptides was 
dissolved in 3% SDS and appiied to a Bio-Gel P6 
eolumn (Bio-Rad Laboratories. 1.5 X LOO cm) in 0 2 4  
u 'lai?. The radkctivity of the peaks was deter- 
mined in a Nuciear Chicago 300 scintillator counter. 
The labeled peaks wem subjected to a concanavalin 
A-afiïnity chromatography (Con A-Sepharose from 
Pharmacia or Con A-Sepharoee as described in (10)). 
The Con h column waa equilibrated with 0.05 Tris- 
HCl buffer (pH 7.6) containing 1 M NaCi, 1 mM MnCïe, 
1 m~ 1 mM CaCh The samples were passed 
through the colurnn a t  a 12 mUh flow rate. .ifter 10 
fractions of 1.6 mi had been coiiected. elution was 
carried out 4 t h  0.25 Y O-methyl-u-D-glucoae and 
finally with 0.5 M O-methyl-a-û-giucocle. Each p d  
of the elution proale waa then dialyzed against dis- 
tilled watar and lyophilyzed. The giycopeptides ob- 
tained were subjected to amino acid analysis and to 
gaa-liquid chromatography (gic). 

The amino acid analysis waa carried out on a Beck- 
man Ndtiehram 4255 after hydrolysia of the sample 
for 24 h at  iiO°C in 5.6 ti HCL The carbohydrate corn- 
position of the giycopeptides was determined after 
watment  with 0.5 r methanoVHQ for 20 h a t  80°C 
and pertrifluoroacetylation. This procedure allowing 
the detennination of the molar ratio of neutrai and 
amino sugars was d e d  out on C i e l  300 appa- 
ratus equipped with a flame-ionization deteetor and 
a giass column 0 3  X 320 cm, 3% OV-210 on Chm- 
mosorb HP, nitrogan as carrier gas at 20 &min flow 
rate, and a temperature program from 90 to ZO°C 
a t  25°C/min. 

Prepumtion of "native" giycopephia The giyco- 
peptides obtained by enzymatic digestion of the cor- 
responding giycoproteins WU be called "native." 

In the fint casa, GPRP, the giycopeptide was ob- 
tained by digestion with papain-Pnase for 48 h a t  
3'i°C. The peptide moiety of this glycopeptide is al- 
ways Gly-ibn-Gln-Ser and the carbohydrate moiety 
is also weii k n o m  (11). 

In the second case, IgM. the glycopeptide was ob- 
tained by digestion of reduced IgM with trypsin and 
chymotrypsin (12). I t  corresponds to the heavy-chain 
392405 sequence in which two glycan chains are 
linked to Asn residues 395 and 402, respectively. The 
formula of the peptide moiety of this giycopeptide 

is Thr-HU-Thr-h-rider-Gluder-His-Pro-hsn- 
da-Thr-Phe. 

Prepamtiun of' t h  "native" ylycan moiety. The 
giycan moieties were obtained by hydrazinolysis of 
giycopeptides foiiowing a procedure previousiy de- 
scribed (3). 

Cira&? dichmima The circular dichroic spectra 
were recorded on a Jobin-Yvon R. J. Jlark III di- 
chrograph in ce& of 0.01- co 0.2-cm path lengths a t  
2S°C. The "native" glycopeptides, synthetic peptides, 
and sugar moieties were snuiied in distilled water. 
Synthetic peptides were also studied in lipid solu-- 
tions. Solutions were prepared following a procedure 
given by Wu et al. (13). Carebmsides. SL-phospha- 
tidyiserine. a-t-phosphatidic acid, and dipalrnitoyi 
phosphatidylcholine were first dissolved in 10-tri- 
decylpolyoxyethylene ether used as a nonionic sur- 
factant and the peptides were then added in water. 
The eiiipticity [BI is reported in deg. bol-%cmz tak- 
ing the mean residue weight of each peptide. 

Hen oviduct membranes cataiyze the 
incorporation of GDP-tUC]mannose into 
exogenous acceptor peptides containing 
the tripeptide sequence Xsn-X-SerYThr 
(8, 14, 15). This incorporation was made 
with doiichyldiphosphate oiigosaccharide 
as intermediate (16,17). Significant radio- 
activity was also incorporated into the en- 
dogenous protein acceptor (14, 15). Using 
the conditions described under Materials 
and YIethods we have tested the five pep- 
tides in our possession. -111 experiments 
were performed a t  least five ti.mes with 
àifferent membrane preparations. Alter 
incubation at 37*C, the supernatants were 
subjected to paper electrophoresis. I t  was 
found that if the peptides were not accep- 
tors, they remained in the supernatant. On 
the contrary, if glycosylation occurred, no 
trace of peptide was detectable by this 
technique. On Fig. 1 are given, as an ex- 
ampie, the results corresponding to the 
assay of glycosylation of Gly-Asn-Gln- 
Ser and Pro-Gly-Bsn-Gln-Ser which are, 
respecgvely, unglycosyiated and giycosyl- 
ated. Similar results were obtained in the 
IgM series where peptide IV remains in 
the supernatant whereas peptides III and 
V are undetectable after the glycosylation 
assays. In Table II are given the results 
obtained for the five peptides studied here. 

To isolate glycopeptides, the membrane 
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hG. 1. Paper electrophorasir at pH 1.9 and 12 V/ 
cm for 5 h ot: (a) assoy of giycosylation of peptide II; 
(b) peptide II as referanc& (c) asaay of giycosylation 
of peptide I: (dl peptide 1 as refereqce. The five upper 
bands for a and c corne irom membrane preponitions. 

pellet must be dissolved in 3% SDS. After 
centrifugation, the supernatant was sub- 
jected to chromatography on Bio-Gel P6. 
On Fig. 2 are presented typical elution 

patterns obtained for the five peptides 
studied here. -4s observed from Fig. 2 the 
most important information from these 
gel filtrations was the appearance of a new 
radioactive peak when giycosylation oc- 
curred. This peak intensity increased with 
increasing peptide concentration in the 
initial incubation mixture, whereas in con- 
trol incubations, or in case of nonglyco- 
sylation, elution profiles remained flat in 
the domain of LK 4500-1500. The molecu- 
lar weights of these new molecular species 
were compatible with the formation of 
giycopeptides. For the tetradecapeptide 
III which possesses two Xsn residues 
where glycosyiation can taise place, two 
new lakled peaks were obtained. Their 
moledar  weights correspond to two giy- 
copeptides: a dicarbohydrate-chain-linked 
peptide and a monocarbohydrate-chain- 
linked peptide. The percentages oi each 
species are 30 and 70, respectively. 

Characterization of the products. Hav- 
ing used the enzyme source and the tech- 
niques described by Lennan and co-work- 
ers (15), we have accepted, as shown in 
their work, that an asparagine-glucos- 
amine bond had been effectively obtained; 
therefore we have studied only sugar com- 
position, amino acid analysis, and electro- 
phoretic mobiiity (paper eiectrophoresis) 
to characterize our giycopeptides. 

To obtain more information on the car- 
bohydrate moiety of our synthetic glyco- 
peptides, these products were subjected to 
Con X-affinity chromatography. Typical 

TABLE I3 

1 Gly-Asn-Gln-Ser + (0) 
II Pro-Gly-hsn-GlnSer + (1) 
III Thr-HitThr-&n-ne-Ser-Glu-Ser- 

His-Pro-an-iàla-Thr-Phe +++ (3.62) 
IV Thr-His-Thr-bn-Ua-Ser + (0) 
V Hia-Pro-hn-Aia-Thr-Phe ++ (1.5555) 

"?O&. The acceptor activity of peptide II wae taken aa 1 and the values in parentheaes give the relative 
aecaptor activity for other peptides. 

" We have considered peptidea aa acceptors only if no traces of these peptides subsisted in the supernatant. 
Neverthelesa i t  was possible to glycoaylate peptide 1 with a preparation of microwmai thyroidea in a vem 
poor yield (C. Ronin, personal communication). 
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FIG. 2 Elution pattern on a Bio-Gel P6 column (1.5 x lûû cm) of membrane pellets dissoived 
in 3% SDS: -, Con- --, incubation mimuras of peptides 1 and rV; --, incubation mixture 
of peptide II: +++, incubation mixture of peptide V; -, incubation mixture of peptide 111. The 
arrows indicate the eatimatad moiecular weights peptide II. --- , AM, 1900, peptide V ++--, 
MF Uûû daltona; peptide III, - , ,MF 2800 and 43ûû. respectively. 

elution curves obtained for the three &y- 
cosylated peptides are presented in Fig. 3. 

Each peak obtained was then subjected 
to gic. In Tabie III are summarized the 
molar ratios of sugars taking two N-ace- 
tyigiucosarnine residues as a reference. 
This composition in saccharides is in fair 
agreement with the knowledge and the 
results obtained on the biosynthetic path- 
way of asparagine-linked oligosaccha- 
rides. 

A great number of glucose residues ap- 
pear in our gas-iiquid chromatograms. 
This is not surprising since the Con A- 
Sepharose column is eluted with O-methyl- 
a-0-glucose. Unfortunately, in the case of 
the dicarbohydrate-linked tetradecapep- 
tide, passage on the Con A-Sepharose col- 
umn is inauspicious since aii of the radio- 
activity remains on the column. One 
hypothesis to explain such a result is the 
presence of two polymannosidic chains on 
the same peptidic moiety. The glycopep- 
tides were also characterized by their elec- 
trophoretic mobility relative to "native" 
glycopeptides and by autoradiography 
(data not shown). Moreover we have to 

underiine that we never found traces of 
synthetic peptides in the membrane pellet. 
This is probably due to the action of pep- 
tidases present in the membrane. 

The synthetic giycopeptides were aiso 
characterized by their amino acid com- 
position. The results are given in Table IV. 

Circula7 dlchroic study. First we studied 
by circular dichroism the "native" glyco- 
peptides dissolved in water and then the 
oligosaccharide chains obtained by hydra- 
zinolysis. The spectra of the peptide moi- 
eties were obtained by subtraction, and 
they couid then be compared with the 
spectra of the synthetic peptides (follow- 
ing a procedure given in (3)). Such a com- 
parison was carried out with the two "na- 
tive" glycopeptides, that is, Gly-hsn-Gln- 
Ser and the tetradecapeptide. The dichroic 
spectra are characteristic of an unordered 
structure and in the two cases the super- 
imposition was perfect (Fig. 4). In this 
way, we confirmed that the peptide moiety 
of the glycopeptides has no special orga- 
nization in water and that no interactions 
take place between the oligosaccharide 
and the peptide moieties. 
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FIG. 3. Con A-afnnity chromatography of 
sylated peptidas (1) peptide II exhibits two peals. 
B and C; (2) peptide III exhibits thm A. B. 
and C; (3) peptide V exhibits two pesks, B and C. The 
two ammi, -and-. correspond to the elution with 
O a  and 0 5  N O-methyl-u-Mucoae, respectively. 

Ai1 the synthetic peptides were also 
studied by circular dichroism in water: 
their spectra were aiways characteristic 
of an unordered structure and exhibited 
an intense negative band located near 200 
nm. But if the dichroic spectra are re- 
corded in aqueous solutions containing lip- 
ids or an organic solvent, such as dimethyl 
suifoxide, signincant modifications are ob- 
served for a few peptides. 

On Fig. 5 are shown the dichroic spectra 
obtained in 10% DMSO for the five pep- 
tides presented in this study. 

For 1 and IV, the shape of the spectrum 
looks similar to that in aqueous solution. 
But for III, and particularly for II and V, 
a new positive band is obsenred at 217 nm. 
reflecting the formation of a favored sec- 
ondary structure. 

Moreover, studies of the five peptides in 
aqueous lipid mixtures, and especially in 
the presence of a-L-phosphatidylserine, 
a-L-phosphatidic acid, and cerebrosides, 

have demonstrated important changes in 
the shape of the dichroic spectnun of pep- 
tides II, III, and V (Fig. 6). As in DMSO 
solutions, the appearance of a new band 
at 2i.7 nm is consistent with the organi- 
zation of our peptides in lipid mixtures. 

It is interesting to compare these results 
with those obtained from the giycosyla- 
tion assays:peptides II, III, and V were 
glycosyiated, whiie 1 and IV were not. 

DISCUSSION 

In the present study we tried to see if 
a structural requirement was necessary 
for glycosylation to take place on a peptide 
bearing the Xsn-X-Ser/Thr sequence. In- 
deed our results seem to show that orga- 
nization of the acceptor peptide increases 
the yield of glycosylation. However, this 
organization does not constitute a neces- 
sary condition, since other authors (8, 18, 
19) have succeeded in glycosylating pep- 
tides as small as tri- or tetrapeptides. Yet 
al i  these authors had always estabiished 
that the yield of glycosyiation increased 
with the length of the peptides, and it is 
not impossible to think that the structural 
organization of a peptide increases with 
its length. Moreover, our results show that 

TABLE III 

Mous &TI0 IN SUCARS OF THE 
GLYCOSVLATED PEPTIDES 
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Glycosyiated ‘4- Acetyt- 
peptide giucoaamine Mannose 

Peptide II 
Peak B (75% ) 3 5 r 1 
Peak C (25% ) 2 7 2 1  

Peptide III 
Peak h (45% 2 3 
Peak B (20% i 2 5 z 1 
Peak C (35% ) 2 7 2 1  

Peptide V 
Peak B (6% ) 2 6 2 1 
Peak C (45%) 3 8 2 1  

Note. Obtained by glcas described under Yatenals 
and Methods. after Con A-affinity chromatography. 
The relative percentage of each peak is givea 



TABLE IV 

&SINO ACID UALYSIS OF THE GLYCOSYLATED PEPTIDES 

1v- 
hcetyl- 

Glyco- ~ U C O -  

peptide Pro Glf Asp Glu Ser Thr His Ile Ala Phe samine 

II 1.10(1) 1.50(1) 0.99(1) 1a1) 1.00(1) 1 N 2 )  
III l.l7(1) OLWO) 215(2) l.L5(1) 220(2) 291(3) 1.&1(2) 0.15(1) l.ZO(1) l.Cn(1) 2.10(2) 
V 0.93(1) 0.40(0) 1.00(1) 1.1al) 1.03(1) 1.Wl) 0.92(1) 1.?2(2) 

,Vote. Integer d u e s  are shown in parentheses. 
'The exccse Gly was eluted fint in the Con A-at'ânity chromatography (10). 

an interaction takes place between hen 
oviduct membranes and acceptor peptides. 
This seems to be the first report of this 
phenomenon, since no one has ever pointed 
out such a result. This interaction seems 
to be a general characteristic of glycosyi- 
ated peptides, since, with ail our hen ovi- 
duct membrane preparations, the peptide- 
membrane interaction was always ob- 
served, even if, as expected, slight differ- 
ences exist from one preparation to an- 
other. 

Let us now try to compare these results 
with the ones obtained by circular dicfiro- 
ism. As we have observed, the spectra ob- 
tained in aqueous solution for the three 
acceptor peptides differ from those of the 
same peptides in lipid mixtures or DMSO 
aqueous solution. More specifically, a new 
positive band appears a t  217 nm in addi- 
tion to the intense negative band centered 
at about 200 nm. Are these spectra char- 
acteristic of a 8-turn conformation? First, 
it is interesting to observe that they bear 
some resembiance to those computed by 
Woody (20) for various j3-bends (see, e.g., 
Fig. 2b in Ref. (20)). But comparison with 
previously pubiished 6-tun spectra is not 
easy. In a recent work devoted to the study 
of proteins by vacpim ultraviolet circdar 
dichroism, ~rahms and Brahms (21) pub- 
lished a dichroic spectrum which seems 
representative of different @-reverse turns. 
They are characterized by a strong nega- 
tive band and positive bands centered in 
the regions 182-189 and 202-2û6 nm, re- 
spectively, and a weak positive band with 
a maximum a t  about 225 nm. Our spectra 

do not present these features, but they are 
reminiscent of two spectra published by 
Howard et al. (22). These authors studied 
four peptides exhibiting different theoret- 
icai probabilties of occurrence of 8-bends. 
Two of them present a high probabiiity to 
adopt a bend conformation in agreement 
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FIG. 4. Dichroic spemra in water of: -, "native" 
glycopeptide Gly-hsn-GlnSer; --, carbohydrate 
moiety corresponding to the "native" glycopeptide 
Gly-Asn-Gln-Ser; -, ciifference between "native" 
giycopeptide and carbohydrate moiety spectra This 
diference spectrum is exactly superimposed with 
those of the synthetic peptide Gly-hsn-GlnSer. The 
conditions used were the same deecribed in Ref. (3). 

A 



FIG. 5. Dichroic spectra in a water-10% DMSO mixture of: (A) -. peptide 1 in wacer and in 
a atatar-10% DMSO mixtute, ---, peptide II in water, --, peptide II in a water-10% DMSO 
mixture. (B) -, Peptide IV in water and in a water-10% DMSO mixture, --. peptide III in 
atatar; --, peptide III in a watar-10% DMSO m. -, Peptide V in water; -st, Peptide 
V in a water-10% DMSO mixture. 

with the results of nuclear magnetic res- 
onance and conformational energy caicu- 
lations, Therefore, it is not impossible to 
think thai+their corresponding dichroic 
spec tnads  characteristic of a bend con- 
formation with a positive band at 213-;?18 
nm and a strong negative band a t  about 
200 nm. 

It is more reasonable to expect that a 
fraction of our peptides can exist in the 
bend conformation; since the ffexibility in- 
herent in short peptides may be impor- 
tant, it is possibie to think that this flex- 
ibility decreases when an interaction exists 
between the lipids-or the membrane- 
and the peptides. 

It is interesting to note that in the case 
of Howard et al. (22) as weil as in our work, 
the peptides studied were ais0 the models 
of the so-called "native" peptides. In both 
cases, whatever the sequences of the pep- 
tides and the solution conditions used to 
perform the dichroic studies, the spectra 
always exhibited the same shape with the 
new band located at the same wavelength 
and the intensities in the same range. 
Therefore, organization of the peptides 
would correspond to a favored structure. 

In the case of peptides 1 and II, Chou 
and Fasman's (7) caicdations show the pos- 

sibility of a 8-turn conformation adopted 
by Pro-Gly-Xsn-Gln-Ser, whereas any 
ordered secondary structure is not eu- 
pected for the tetrapeptide. This result 
was experimentally codrmed. Circular 
dichroism studies show the onset of an 
ordered s t r u m e  in the case of the pen- 
tapeptide when placed in the presence of 
lipids; on the other hand, no change was 
observed for the tetrapeptide under sim- 
ilar conditions. Xoreover, Pm-Gly-hsn- 
Gln-Ser can be glycosylated, but Gly- 
Asn-Gln-Ser cannot. 

If we now consider the tetradecapeptide 
and its two subhexapeptides, we see that 
the tetradecapeptide (III) can be glyco- 
sylated. This result is very surprising 
since, if we consider the predictive sec- 
ondary structure determination according 
to Chou and Fasman (7). peptide IV, like 
peptide V, can adopt a fi-turn structure. 
However peptide V is much more hydro- 
phobie than peptide IV and, in the case of 
such small peptides, the peptide-lipid in- 
teraction is certainly a function of their 
relative hydrophobicity. For tetradeca- 
peptide III, it is probable that the Asn 
residue corresponding to peptide F? can 
be giycosylated only because the C-ter- 



Frc. 6. Didvoic spectra in water and in aqueous üpid mixtum~ of: (A) -. peptide II in water: 
--, 0.4 M peptide iI in 8 a-L-phosphatidic acid dissolved in 900 @ 10-tndecyipolyoxyethyiene 
ether: ---, 0.4 rad peptide II in 4 rad a-t-phosphatidylserhe dissolved in 900 10-uideeyl- 
polyoxyethylene ether: -, 0.4 peprride U in 8 rn a-t.-phosphatidylserine diasolved in 900 Fcai 

110-tridecylpolyoxyethylene ether. (B) -, Peptide III in warer, --, 015 M peptida IZI in 1.5 
cembroaides dissolved in 900 M 1Ptridecyipolyoxyethylene ether; -, 0.15 M peptide In in 

3 y~ eerebrosidea diclaolved in 900 pbs 110-tridecyijpolyoxyethyieue ether. (C) -, Peptide V in 
wawr; -- 0.3 M peptide V in 3 @d ar~-phosphatidyiserine diseolved in 900 110-uidecylp 
lyoxyethylene ether; -, 0 3  rM peptide V in 6 SM a-L-phosphatidylsenne diseoived in 900 M 110- 
tridecylpolyoxyethylene ether. 

minai part (corresponding to the peptide 
V) interacts with the membrane. Such a 
hypothesis could explain why, as observed 
from Fig. 2, one out of the two Asn resi- 
dues was glycosylated with a poor yield 
It  is interesting to note that, in vivo, the 
tetradecaglycopeptide has two kinds of 
oligosaccharide chains (23, 24, one poly- 
mannosidic and one N-acetyiiactosamin- 
idic Chain. The action of or-mannosidase 
and the glycosyltransfercrses after folding 
of the glycoprotein was ce3ainly-due to 
steric hindrance. 

It appears certain, therefore, that the 
spatial organization of an acceptor peptide 
(B-turn or not) plays a very important role 
in the yield of glycosyiation. We believe, 
as stated by Hart et al. (8), that "the ac- 
cessibility of the tripeptide sequence to the 
oligosaccharide transferase is what deter- 
mines whether or  not the asparagjdl(resi- 
due is glycosyiated." Since it has been 
shown (3-6) that oligosaccharide chains 

are always iinked to a û-turn, we may 
think that glycosyiation is favored in vivo 
by the presence of fi-turns aliowing acces- 
sibility to the aspsragine residue. There- 
fore, we believe that the presence of a 8- 
turn is not the condition necessary for oli- 
gosaccharide transferase activity, but, 
since the ,3-tum must exist in the &shed 
glycoprotein to orient the oligosaccharide 
chain, this conformational feature is used 
in the glycosylation period too. 
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D CONCLUSIONS ET PERSPECTIVES 



Le t r a v a i l  que nous venons d 'exposer  nous a  donc 

permis de démontrer c e r t a i n e s  no t i ons  concernant  l ' o r g a n i s a -  

t i o n  s p a t i a l e  des g lycop ro t é ine s ,  en  p a r t i c u l i e r  a u  niveau 

du po in t  d ' a t t a c h e  sucre-proté ine . .  D e  p l u s ,  il nous a  ouve r t  

d '  a u t r e s  vo i e s  de recherche.  

Il a p p a r a i t  t o u t  d '  abord qu' aucune i n t e r a c t i o n  

f o r t e  n ' e x i s t e  e n t r e  l a  p a r t i e  pep t i d ique  e t  l a  p a r t i e  glycan- 

nique d'une g lycopro té ine .  Cette c o n s t a t i o n  e s t  en accord 

avec l e  modèle proposé précédemment: les c h a h e s  g lycanniques  

s o n t  p l an t ée s  s u r  l e  noyau p ro t é ique .  Ce s e r a i t  donc l a  par-  

t i e  pep t id ique  q u i  d i r i g e r a i t  l ' o r i e n t a t i o n  s p a t i a l e  des 

chaînes  glycanniques grace  à l ' e x i s t e n c e  d 'un coude 8  au 

niveau du p o i n t  d ' a t t a c h e .  Cette s t r u c t u r a t i o n  permet à l a  

chaîne  glycannique d1  ê t r e  t a u  j ours  l o c a l i s é e  à l ' e x t é r i e u r  

du " core  '' pep t id ique  . D e  p l u s ,  l e  coude B c o n s t i t u e  une 

s t r u c t u r e  l o c a l e  a s sez  r i g i d e  p u i s q u l i l  a é t é  montré ( Chou 

e t  Fasman 1 9 7 7  ) q u ' i l  e s t  l e  p l u s  souvent  s t a b i l i s é  p a r  des 

i n t e r a c t i o n s  aa, P B  out aB e n t r e  les r ég ions  s i t u é e s  de p a r t  

e t  d ' a u t r e  de  ce  coude. Ce t te  s t r u c t u r a t i o n  impose à l a  

cha lne  glycannique une l o c a l i s a t i o n  p r é c i s e  dans l ' e s p a c e  

p a r  rappor t  au noyau p ro t é ique ,  c e  q u i  p e r m e t t r a i t  de com- 

prendre  pourquoi  des g lycopro té ines  ayan t  des cha înes  g ly -  

canniques i d e n t i q u e s  peuvent a v o i r  des fonc t i ons  d i f f é r e n t e s  . 

L' é tude  des  condi t ions  de N-glycosylat ion -------- i n  vi t ro  

nous a  permis de mettre en évidence 1' importance des coudes 6 

e t  nous avons pu é t a b l i r  une c o r r é l a t i o n  e n t r e  l a  s t r u c t u r e  

seconda i re  des  pep t i de s  accep teurs  e t  l a  p o s s i b i l i t é  de les 

g lycosy l e r  . 

C e s  r é s u l t a t s  a i n s i  que l e s  techniques  u t i l i s é e s  

nous ouvrent  deux vo ies  nouve l les  de recherche:  

- L a  première concerne l'enzyme de g lycosy l a t i on .  

P u i s q u l i l  est  s p é c i f i q u e  à l a  f o i s  de l a  séquence 

code Asn-X-Ser/Thr e t  de s a  s t r u c t u r a t i o n  en coude 6 ,  peut-on 



imaginer une chromatographie d '  a f f i n i t é  dans l a q u e l l e  l e  

l i g a n d  s e r a i t  un pep t i de  adoptan t  dans c e r t a i n e s  cond i t i ons  

de s o l v a n t  une s t r u c t u r e  e n  coude ? . 

L e s  premiers e s s a i s  e f f e c t u é s  nous o n t  montré 

q u ' i l  é t a i t  p o s s i b l e  de p r é p a r e r  l a  dolichyldiphosphate-pro- 

t g i n e  o l i gosaccha r ide  t r a n s f é r a s e  p a r  c e t t e  technique.  Dans 

ce  cas, l e  t é t r a d é c a p e p t i d e  T-H-T-N-1-S-E-S-H-P-N-A-T-F ( l e  

pep t i de  III de n o t r e  é tude de g l y c o s y l a t i o n  ) est accroché de 

façon cova len te  s u r  une colonne de Sépharose. L e s  membranes 

" s o l u b i l i s é e s  " dans un d é t e r g e n t  s o n t  Gluées en  présence  

de 10% de DMSO . Dans ces  cond i t i ons ,  l'enzyme e s t  r e t enue .  

L ' u t i l i s a t i o n  du m ê m e  tampon mais sans  DMSO permet e n s u i t e  de 

décrocher  c e t t e  enzyme p a r  d e s t r u c t i o n  de l a  s t r u c t u r e  secon- 

d a i r e  du pep t ide .  

L e s  r é s u l t a t s  de ce t r a v a i l  f e r o n t  l ' o b  j e t  du 

prochain  D.E.A.  de M.  Ch i rou t re .  

Ceci  nous semble très important  c a r  il e x i s t e  

cer ta inement  dans l ' o rgan i sme  d ' a u t r e s  enzymes q u i  s o n t  

s p é c i f i q u e s  à l a  f o i s  de la  s t r u c t u r e  p r ima i r e  e t  de l a  s t r u c -  

t u r e  seconda i re  du s u b s t r a t  . 

- L a  deuxième voie  de  recherche découle de l a  pre -  

mière. En e f f e t ,  l ' é t u d e  physicochimique de c e t t e  enzyme 

de g l y c o s y l a t i o n ,  q u i  e s t  une p r o t é i n e  membranaire, d e v r a i t  

pe rmet t re  n o t r e  i n i t i a t i o n  à l ' é t u d e  des p r o t é i n e s  e t  glyco- 

p ro t : é i~~es  membranaires en  géné ra l .  Comme nous l' avons r a p p e l é  

dans l ' i n t r o d u c t i o n ,  l e s  membranes jouent  un r ô l e  p r imord i a l  

dans de nombreux-phénomènes b io log iques  normaux e t  s u r t o u t  

pathologiques ,  une é tude  de ces  membranes de c e l l u l e s  nor-  

males e t  t r ans formées  s ' imposera  donc en essayan t  d ' a p p l i -  

que r  des t echn iques  physicochimiques. 



E APPENDICE TECHNIQUE 



Dans ce  paragraphe,  nous a l l o n s  énoncer l e s  r è g l e s  

permettant  d' éva luer  l a  s t r u c t u r e  seconda i re  complète d'  une 

p ro t é ine .  

A )  Recherche des régions  a h é l i c o ï d a l e s  

Il f a u t  découper l a  chaîne pep t id ique  en groupes 

de s i x  r é s idus  e t  il f a u t  que s u r  ces  s i x  r é s idus  qua t r e  au 

moinssoient i n i t i a t e u r s  d ' h é l i c e  a  ( c ' e s t  à d i r e  Ha ou ha ) 

La  propagation de l ' h é l i c e  e s t  a r r e t é e  p a r  l e s  t é t r a p e p t i d e s  

s u i  vant s : b4, b 3 i ,  b3h, b 2 i 2 ,  b 2 i h ,  b2h2,  b i 3 ,  b i 2 h  e t  i4. 

Le r é s i d u  p r o l i n e  ne peu t  e x i s t e r  n i  au mi l i eu  n i  à l ' ex t r émi -  

t é  C-terminale d'une r ég ion  h é l i c o ï d a l e .  

Les r é s idus  p r o l i n e ,  ac ide  a s p a r t i q u e ,  acide  g lu ta -  

mique p r é f è r e n t  l ' e x t r é m i t é  N-terminale a l o r s  que l e s  r é s i d u s  

h i s t i d i n e ,  l y s i n e  e t  a rg in ine  p r é f è r e n t  l ' e x t r é m i t é  C-terminale. 

En conclusion,  t o u t  segment de s i x  r é s idus  ou plus  

s a t i s f a i s a n t  aux condi t ions  précédentes e t  dont P <a>>1,03> 

P (6) e s t  considéré  comme h é l i c o ï d a l .  
/ 

B ) Recherche des f e u i l l e t s  p l i s s é s  B 

On découpe c e t t e  f o i s  l a  chaîne pept idique e n  groupes 

de c inq r é s idus  e t  il f a u t  que s u r  ces  c inq  r é s i d u s ,  t r o i s  au 

moins s o i e n t  i n i t i a t e u r s  de s t r u c t u r e  6 ( c ' e s t  à d i r e  H ou h 1 B B 
L a  propagation de c e t t e  s t r u c t u r e  e s t  soumise aux mêmes r è g l e s  

que l ' h é l i c e  a .  Les r é s i d u s  p r o l i n e  e t  ac ide  glutamique appara i s -  

s e n t  rarement dans c e t t e  s t r u c t u r e .  

En conclusion,  t o u t  segment de cinq r é s idus  ou p lus  



s a t i s f a i s a n t  aux cond i t i ons  p récéden tes  e t  dont  P 

P <a> e s t  prévu comme adoptan t  une s t r u c t u r e  en 

sés $ 

C ) Recherche des coudes B 

Tout segment de q u a t r e  r é s i d u s  dont  P < $T> > P <a> 

e t  P <$T>> P CB>et dont  p ( $T )> 10-4 est  cons idé ré  comme 

coude B .  

D g s  c e  paragraphe,  nous a l l o n s  f a i r e  quelques r a p p e l s  

concernant  cette techn ique .  

A 1 Origine  phénomènologique . 

Lorsqufune onde é lec t romagnét ique l i néa i r emen t  pola-  

r i s é e  t r a v e r s e  un m i l i e u  possédant  un ou p l u s i e u r s  chromophores 

optiquement a c t i f s ,  en  p l u s  de l a  d i f f é r e n c e  d ' i n d i c e  de r é f r a c -  

t i o n ,  on observe une d i f f é r e n c e  d ' abso rp t i on  e n t r e  l a  lumière  

c i r cu l a i r emen t  p o l a r i s é e  d r o i t e  e t  l a  lumière  c i r cu l a i r emen t  

p o l a r i s é e  gauche. 

L a  lumière  dev i en t  donc e l l i p t i quemen t  p o l a r i s é e  e t  

il y a a p p a r i t i o n  du dichroïsme c i r c u l a i r e .  

L 'angle Y ( Figure  ~ 1 1 ) a p p e l é  e l l i p t i c i t é  es t  r e l i é  

aux i n d i c e s  d ' ab so rp t i on  K e t  KD des lumières  c i r cu l a i r emen t  
G 

p o l a r i s é e s  d r o i t e  e t  gauche p a r  l a  r e l a t i o n :  

Y : e l l i p t i c i t é  en  r ad i ans  

X : longueur d'onde 

1 : é p a i s s e u r  de l ' é c h a n t i l l o n .  

On a i n t r o d u i t  deux grandeurs macroscopiques pour 



Figure 7 



exprimer 1' e l l i p t i c i t é  d '  un composé d 'une manière commode : 

- 1' e l l i p t i c i t é  s p é c i f i q u e  [ Y ]  

Y : e l l i p t i c i t é  exprimée en degrés .  

1 : é p a i s s e u r  de l f é c h a n t i l l o n  en dm 

c  : concen t r a t i on  en g/ml 

- 1' e l l i p t i c i t é  molai re  Co7 
P a r  d é f i n i t i o n  [O] = [ Y J ~  

Sachant que l ' i n d i c e  d ' ab so rp t i on  K e s t  r e l i é  au c o e f f i c i e n t  

d ' e x t i n c t i o n  mola i re  E p a r  l a  r e l a t i o n :  

X K = l o g  10 C E avec C en  mole / 
4lT 1 

Qn montre que: 

[O] = 3300 A &  

A &  = E~ -cD = . abso rp t i on  d i f f é r e n t i e l l e  d ichro ique  
2 CO] s 'expr ime p a r  convention e n  deg. c m  . dmole-' q u i  e s t  une 

u n i t é  h o r s  système. 

Le dichrographe f o u r n i t  d i rec tement  l a  d i f f é r e n c e  de d e n s i t é  

op t ique  AG-AD 

M A r 5 r ( A - A  G D 

M : Masse molécu la i re  du s o l u t é  ( en g ) ou masse moyenne du 

r é s i d u  dans les p r o t é i n e s  

C : Concentra t ion ( en g / l  ) 

1 : é p a i s s e u r  de l a  cuve en  cm 

A~ 
: mesure en mm s u r  l e  s p e c t r e  

-1 s : s e n s i b i l i t é  de l ' a p p a r e i l  e n  mm 

B Dichroïsme c i r c u l a i r e  des p e p t i d e s ,  polypept ides  

e t  p r o t é i n e s .  Conformation des  cha înes  pep t i d iques  

L e s  p e p t i d e s ,  po lypep t ides  e t  p r o t é i n e s  s o n t  p a r  

d é f i n i t i o n  un enchaînement l i n é a i r e  d ' a c i d e s  aminés l i é s  de 

façon cova l en t e  p a r  des l i a i s o n s  amide. 



L a  f i g u r e  V I 1 1  nous montre un t e l  enchaînement. On 

peu t  cons idé re r  que l a  l i a i s o n  CO-NH est  p lane  ( Figure I X  ) e t  

c e c i  e n t r a i n e  qu'  une r o t a t i o n  e s t  p o s s i b l e  au tou r  des l i a i s o n s  

NH-Ca e t  Ca-CO, 

I l  f a u d r a  donc, pour pouvoir  p r é c i s e r  l a  s t r u c t u r e  

d 'un pep t i de ,  c o n n a i t r e  les p o s i t i o n s  r e s p e c t i v e s  de chaque 

groupement c o n s t i t u a n t  l ' é d i f i c e  molécu la i re .  

On dés igne  p a r  @ l ' a n g l e  de t o r s i o n  au tou r  de. l a  

l i a i s o n  NH-Ca e t  p a r  Y l ' a n g l e  de t o r s i o n  au tou r  de l a  l i a i -  

son Ca -CO, 

P a r  convention ( IUPAC-IUB 1970 1, pour une cha ine  

complètement é tendue on a u r a  Y = @  = 180° 

C ) Rappels concernant  l e s  chromophores opt ique-  

ment act i fs  

On peu t  r ange r  l e s  chromophores optiquement a c t i f s  

en deux groupes: 

- Les chromophores in t r insèquement  d issymétr iques :  l ' a c -  

t i v i t é  op t ique  dépend d i rec tement  de l a  géométrie  de l a  molécu- 

l e  

- Les chromophores in t r insèquement  symétr iques :  l h c t i -  

v i t é  opt ique dépend de 1 'environnement du chromophore. 

C r  es t  dans ce  deuxième groupe que 1' on t rouve  l e  

chromophore CO-NH a i n s i  que l e s  chromophores t y r o s i n e ,  phényl- 

a l a n i n e ,  t ryp tophane ,  h i s t i d i n e  

L f  a c t i v i t é  op t ique  du groupement CO-NH e s t  d i r e c -  

tement r e l i é e  à l a  s t r u c t u r e  s econda i r e  du polypept ide  ou de 

l a  p r o t é i n e .  



Dimension d'une chaine polypeptidique 

Figure 8 



Figure 



L e s  e f f e t s  Cot ton  cor respondan t s  s o n t  a p p e l é s  " i n -  

t r i n s è q u e s  " e t  se s i t u e n t  dans l e  domaine 150-240 nm. 

- Vers 150 nm: l a  t r a n s i t i o n  n + a *  

- Vers 1 6 5  nm: l a  t r a n s i t i o n  i ~ r r ~ +  n* 

- Vers 190 nm: l a  t r a n s i t i o n  IT + IT* 
1 

- Vers 220 nm: l a  t r a n s i t i o n  n +- IT* 

Expérimentalement; s e u l e s  l e s  deux d e r n i è r e s  t r a n s i -  

t i o n s  s o n t  a c c e s s i b l e s .  

En ce  q u i  concerne les chromophores des a c i d e s  aminés 

aromat iques ,  les e f f e t s  Cotton s o n t  appe lés  l1 e x t r i n s è q u e s  l1 

e t  s e  s i t u e n t  dans l e  domaine 240-300 nm. 
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