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Three a~tmatic amino acids. Tyr ~'. Trp *° and Tyr '~7 belongin 8 1o three separate domains of the r~7-sttbunit of neuronal nicotinic actty|choline 
reoel~or were mutated to phenylalanin©, and the electrophysiological response of the resultmg mulant  receptors analy~ed in the k'es~pNs oocyte 
©~pression system. All mutations signifi~mtly decreased the apparent affinities for a ~ t y i ~ o l i r ~  and nicotine, and to a kss~r extent, t ho~  for the 
~ompetitive antagonists dihydro-~-crythroidine and ~-bungarotoxin. Other properlies investigated, s ~ h  as the voltaire ~ d e n t ' y  of the itws 
response as well as its sensitivity to the open channel blocker QX222, were not significantly chanl~d, indicatting that the mutations affected selectively 
the rex3o~ition of cholin~rgic ligands by the reoeptor protein. The maximal rates for the rapid desensitization proems were slight|y modified, 
sugil~ting that the contribtttion o fTyr  ~z. Trp ~ and Tyr ~ to the binding area might differ in the various conformations of the nicotinic re~-ptor. 
Other mutations at nearby positions ($94N, WI53F, G I S I D  and ~i82E) did not a f f~ t  the pro;~-tics of t l~ ¢leclrophysiological r~q~msc. r l ~  
data point to the fun~iona|  significan~ of Tyr *~, Trp *a and Tyr ~s' in the binding of cholimsrrlgi~ iigands and ion channel metivati~ of  the ni~otin~ 

receptor, thas supporting a multiple loop model [(1990) J. Biol. Chem. 2455, 10430-10437] for the liBand binding area. 

Neuronal nicotinic acetylcholine receptor; Ac~yicholine bindin 8 site: site-dire-ted mutagenesis 

1. I N T R O D U C T I O N  

C h o l i n e r g i c  a g o n i s t s  c a u s e  t h e  o p e n i n g  o f  t h e  n i c o t i -  
n i c  r e c e p t o r  i o n  c h a n n e l  w h e n  i n t e r a c t i n  8 w i t h  t w o  A C h  
b i n d i n g  s i t e s  ( r e v i e w e d  in  [2-4]) .  T h e s e  s i tes  a r e  m a i n l y  
c a r r i e d  b y  t h e  ~ - s u b u n i t s  a n d  i n c l u d e  a d o u b l e t  o f c y s t e -  
i ne  ( C )  r e s i d u e s  ( C I 9 2 ,  C I 9 3  in  T o r p e d o  r e c e p t o r )  w h i c h  
r e a c t  w i t h  s u l f h y d r y l  r e a g e n t s  a f t e r  r e d u c t i o n  o f  t h e  
r e c e p t o r  [5], F u r t h e r  s t u d i e s  b a s e d  o n  c z - b u n g a r o t o x i n  
b i n d i n g  t o  a - s u b u n i t  p e p t i d e  f r a g m e n t s  ( r e v i e w e d  i n  
[4]), a n d  t h e  c o n s e q u e n c e s  o n  r e ~ p t o r  c h a n n e l  r e s p o n s e  
o f  d i s u l f i d e  b r i d g e s  r e d u c t i o n  ( r e v i e w e d  i n  [6]) a n d  p o i n t  
m u t a t i o n s  [7,8], e s t a b l i s h e d  t h a t  t h e  r e g i o n  en lgO-200 ,  
c o n t a i n i n g  Y l g 0 ,  C ! 9 2  a n d  C I 9 3 ,  c o n t r i b u t e  t o  t h e  re -  
c o g n i t i o n  o f  c h o l i n e r g i e  l i g a n d s .  

T w o  a d d i t i o n a l  p e p t i d e  d o m a i n s  f r o m  t h e  : - s u b u n i t ,  
p o t e n t i a l l y  i n v o l v e d  in  t h e  b i n d i n g  o f  c h o l i n e r g i c  li- 
gancht ,  w e r e  i d e n t i f i e d  u s i n g  t h e  p h o t o a c t i v a t a b l e  c h o l i -  

A ~ / n t / ~ t s :  A(~ ,  as~tyk:holine; AChR. aoetykEolirte receptor; 
dlihydm-~C~throidin¢; DDF, p-{N.Ar} din~thylamit~o bcn- 

diazonium fl t torobo~e. 

C ~  ~lldr~u: ].-P. Chan~ux ,  Neurobiotogie mol~ulaire,  
Unil~ de Recherche Atmx:i~ au Centre National de la Recherche 
S~nnsti~ltte D 1294. Imutitut Isaat~r, 25 rt~ ¢$u Dr Roux. 75724 Paris 
Cede~ 15, Fraz~e.  Fax: (33)  ( I )  4568 8836.  

n e r g i c  l i g a n d  [ 3 H ] p ~ N , N )  d i m e t h y l a m i n o  b e n z e n e  d i a -  
z o n i u m  f l u o r o b o r a t e  ( D D F )  [9]. T h i s  c o m p o u n d  c o v a -  
l e n t l y  i n c o r p o r a t e d  i n t o  s e v e r a l  a m i n o  a c i d s  f r o m  t h e  
a m i n o - t e r m i n a l  h y d r o p h i l i c  d o m a i n  o f  t h e  n a t i v e  T o r -  
p e d o  m a r m o r a t a  ~ - s u b u n i t  a t  t h e  leve l  o f  Y I 9 0 ,  C I 9 2 ,  
C ! 93  a n d  Y 198 f r o m  t h e  a f o r e m e n t i o n e d  ~ - ~ u b u n i t  d o -  
m a i n ,  a s  wel l  a s  W 1 4 9  a n d  Y 9 3  [ i , 1 0 ] ,  s u g g e s t i n g  a 
m u l t i p l e  l o o p  m o d e l  f o r  t h e  c h o l i n e r g i c  b i n d i n g  a r e a .  

T h e  r e l e v a n c e  o f  t h e s e  a m i n o  a c i d s  in  t h e  p h y s i o l o g i -  
c a l  b i n d i n g  o f  c h o l i n c l g i ¢  l i g a n d s  WdS suppor ted  b y  t he  
fac t  t h a t  t h e i r  l a b e l i n g  (i) w a s  i n h i b i t e d  b y  t he  a g o t t i s t  
c a r b a m y l c h o l i n e  a n d  t he  c o m p e t i t i v e  a n t a g o n i s t s  ~ -  
b u n g a r o t o x i n  a n d  d - t u b o c u r a r i n e  a n d  (it) w a s  n o t  i n h i -  
b i t e d  b y  e x c e s s  o f  a q u e o u s  s c a v e n g e r s  [1,10] ,  i n d i c a t i n g  
t h a t  t h e  p r o b e  d i d  n o t  s i g n i f i c a n t l y  d i f f u s e  b e f o r e  r e a c t -  
i n g  w i t h  a m , ' ~ o  ac;,~ ~ s i d u e s .  I n  a d d i t i o n ,  t h e  D D F -  
l a b e l e d  a m i n o  a c i d s .  Y I 9 0  a n d  Y I 9 8 ,  a r e  t h e  s i t ~  o f  
c o v a l e n t  i n c o r p o r a t i o n  f o r  t h e  n a t u r a l  c h o l i n e r g i c  l i-  
8 a n d s  l o p h o t o x i n  [ !1 ]  a n d  n i o ~ t i n e  [12],  r e s p e c t i v e l y ,  
A l s o ,  t h e s e  s p e c i f i c ~ l y  l a b e l e d  a m i n o  a c i d s  a r e  s t r i ~ l y  
c o n s e r v e d  i n  t h e  s e q u e r ~ e s  o f  a l l  f u n c t i o n a l  : - s u b u n i t s  
f r o m  e l e c t r i c  o r g a n ,  s k e l e t a l  m u s c l e  a n d  b r a i n ,  b u t  a r e  
a b s e n t  f r o m  t h e  c o r r e s p o n d i n g  p o r t i o n s  o f  t h e  p e r i p h -  
e r a l  r e c e p t o r  n o n - ~ - s u b u n i t s  w h i c h  d o  n o t  c a r r y  p r i -  
m a r y  b i n d i n g  s i tes  f o r  c h o l i n e r g i c  l i g a n d s  ( r e v i e w e d  i n  
It]). 

198 Pub/ttfted by El.sem~.r ~/e~'~ .~dbli.~,~'8 B. 11. 
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Fig .  I.  A m i n o  a c i d  s e q t t e t a ~  o f  e - l - s u b t m i t  f r o m  T o r p e d o  n i c o t i n i c  r e c e p t o r  a n d  ~ 7 - s u b u n i t  o f  n e u r o n a l  n i co t in i c  r e c e p t o r  f r o m  ch ick .  T h e  a m i n o  
a c i d s  p h o t o - a f f i n i t y - l a b e l e d  b y  | 3 H ] D D F  in t h e  , - l - s u b u n i t  a n d  t h e  h o m o l o g o u s  r e s i d u e s  m u t a t e d  in  t he  e ,7 - subun i t  a r e  s h o w n  in bold .  

H e r e  we  f u r t h e r  inves t iga te  t he  f u n c t i o n a l  c o n t r i b u -  
t ion  o f  these  a r o m a t i c  a m i n o  ac ids  t o  t he  r e c o g n i t i o n  o f  
c h o l i n e r l ~  l i gands  s n d  g a t i n g  o f  the  r e c e p t o r  c h a n n e l  
b y  s i te -d i rec ted  m u ~ s  a n d  e l ec t rophys io log i ca l  
r eco rd ings .  T h e  a m i n o  ac ids  c o r r e s p o n d i n g  to  Torpedo 
Y93.  W 1 4 9  a n d  Y 1 9 0  (Fig.  ! )  w e r e  m u t a t e d  o n  the  
~ 7 - e u b u n i t  o f c h i c k  n e u r o n a l  n i co t in i c  A C h R  [! 3] w h i c h  
a s sembles  i n t o  f u n c t i o n a l  h o m o - o l i g o m c n ,  is a c t i va t ed  
b y  A C h  c o n c e n t r a t i o n s  c o m p a r a b l e  to  t h o s e  w h i c h  act i-  
va te  musc l e  o r  e lect r ic  o r g a n  r e~ .~ to r s ,  a n d  is b l o c k e d  
b y  ~-bungarotoxin. T h e  r e s p o n s e s  t o  A C h  a n d  n icot ine .  
a n d  the i r  i nh ib i t ion  b y  the  c o m p e t i t i v e  a n t a g o n i s t  d ihy -  
d r o ~ - e r y t h r o i d i n  ( D H ~ E )  were  a n a l y z e d  us ing  the  A'e- 
n~p,-..s o o c y t e  exp re s s ion  sys tem.  

2.  M A T E R I A L S  A N D  M E T H O D S  
2. ! + M taa~mes / s  

The 1057 b p  t~ll ( ' b i t  - 153)-~/!1 6NT 90~) and the 2122 bp B£I  
!1 (NT 904)-~coRi (NT 3026) flra41m~ts fgom plasmid flip - '7 delta 
[13]. wore I l l , r o d  and  suh¢lon~: l  I ~ . t w ~  Psll and ~ R I  sites o f  
Imueacript KS* ~aector ( S t r s ~ )  to permit singk.-mramded D N A  
syathcsis. The promoter from SV40 virus was introduc~ into the 
same vector between Notl and ~ !  sites. Mutants wcrc obtained using 
the 'oligonucleotid¢~irectod mutagcneeis kit" (Amcrsham) according 
t o  the  instructions of the manufacturer, and their sequence was syste- 
mtkmlly checked. 

2.2. Ek,  c t ropkysR~t~D, 
X'emAm~ o o c y t ~  we re  p r e ~ r o d ,  in jec ted  a n d  r e c o r d e d  a s  p r e v i o u s l y  

d e s u r i b e d  [14). R e c o r d i n l p  w e r e  u s u a l l y  m a d e  2 - 3  d a y s  a f t e r  in~:ct ion.  
( ' .ells w c r ¢  c l a m p e d  a t  - 1 0 0  inV.  I n h i b i t i o n  o f  A C h  r c s p o n s c s  b y  
~ - b a m E a r o t o x i n  w e r e  de t tq rmined  b y  meas~ur ing c u r r e n t s  o n  t h e  s a m e  
o o c y t e  b e f o r e  a n d  afteT 30 r~tin incubat ion wi th  50 n M  ,v. b u n g a -  
r o t o x i n .  F o r  t ~ : h n i ~ l  reason.% n i c o t i n e  c o n o e n t r n t i o n s  h i g h e r  t h a n  4 
m M  c o u l d  n o t  be  t es ted .  T h e  ~ i co t i ne  r e s p o n s e s  o n  t h e  W I 4 8 F  m u t a n t  
were  t h e r e f o r e  c o m p a r e d  to  A C h  r e s p o n s e s  in t h e  s s m e  oell fo r  e s t i m a -  
t i o n  o f  t h e  m a x i m a l  v a l u e  us,~l in n o r m a l i z a t i o n .  Q X 2 2 2  w a s  a gift 
f r o m  D r .  IEolen,  I n s t i t n t  P a s t e u r ,  Par i s .  DI-i,gE w a s  a gif t  f r o m  M e r k -  
S h a r p  a n d  D o h m e  All  o t h e r  l i g a n d s  we re  f r o m  c o m m e r c i a l  s o u r c e s .  

3. R E S U L T S  A N D  D I S C U S S I O N  

T h e  a r o m a t i c  a m i n o  acids  Y92  a n d  Y187  f r o m  t h e  
ce7-subunit  (Fig .  !)  we[e  m u t a t e d  in to  p h e n y l a l a n i n e  o r  
• er ine,  a n d  W 148 w a s  e i ther  rep laced  by  p h e n y l a l a n i n e  
o r  by  a h is t id ine  residue.  All  the  Y / W - t o - F  m u t a n t s  
yie lded func t i ona l  r e cep to r s  w h e n  tes ted fo r  whole-oeP! 
r e sponses  in the  Jfenopus o o c y t e  (Fig.  2). 

D o ~ - r e s p o n s e  curves  fo r  a g o n i s t  (Fig .  3) ind ica ted  
t h a t  m u t a t i o n  o f  %'187 in to  F resul ted  in a 10-fold de-  
c rease  in A C h  a p p a r e n t  aff ini ty (Tab le  i), a result  wh ich  
is in g o o d  a g r e e m e n t  wi th  the  recent ly  desc r ibed  m u t a -  
t i o n  o f  the  h o m o l o g o u s  res idue  f r o m  m o u s e  musc l e  ni- 
co t in i c  r e c e p t o r  a - s u b u n i t  [8]. 

A d d i t i o n a l  m u t a t i o n s  o f  Y92  a n d  W ! 4 8 ,  w h i c h  be- 

WT ~ W15~d~ 

3 t  3 o  ~m 

Y I | 7 F  Y g ~  Wt4.1~ 
ImM i ~41 lOmt l  

__.1, / I: 
3 s  3 s  ~D 

Fig .  2. C u r r e n t s  e v o k e d  b y  A C h  in X t n a o p ~  o o c y t e s  e x l ~ r e s s i ~  wi ld -  t y p e  ( W T )  a n d  Y 9 2 F .  W I 4 8 ~ ,  Y I 8 7 F ,  $ 9 4 N  a n d  W 1 5 3 F  m u u m t s  o f  t h e  ~,7 
receptor .  Cel ls  were  held a t  - 1 0 0  m V  and  cu r rems  (n traces) were evoked  b y  3 s A C h  app l i ca t i on  (ho r i zon ta l  bar) .  The  concemra~ons  indicated 
f o r  Y 9 2 F ,  W 148F ,  Y 187F,  $ 9 4 N  a n d  W 153F  c o r r e s p o n d  to  t h e  h a l f - m a x / m a U y  ef fec t ive  d o s e  o f  A C h .  B l o c k a d e  o f  t h e  r e s l ~ n s e s  by  ~ - b u n g a r o t o x i n  

is shown 01, traces). 
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NICOTINE (MW) 
Fig 3~ A C h  and  nicotine dose  response  re la t ionships  o f  ~7 wild-type 
(WT} and  '1r'92|=~ W I 4 8 F  anti Y I 8 7 F  r*.~2eplors. Resl~mscs  evoked by 
3 s o f  increasing A~.'h o r  nicotine cong-cntrat ions were measu red  in 2 8 
cells f rom several batches  held at - lO0 ,nV. Peak cu r r en t s  were  then 
normal ized  to the m a x i m u m  values, averaged  and  plot ted as  a funct ion  
o f  the logar i thm o f  agonis t  concen t ra t ion .  Lines arc the best  fits 
ob ta ined  with the empirical  Hil l  equa t ion  adjusted by  weighted least 

square  a lgor i thm.  EC,,~ and  Hill coefficients are given in Table  i. 

l o n g  t o  s e p a r a t e  d o m a i n s  o f  t h e  a t - s u b u n i t ,  a f f e c t e d  t h e  
s e n s i t i v i t y  o f  t h e  r e c e p t o r  t o  A C h .  I n d e e d .  a p p a r e n t  
a f f i n i t y  f o r  A C h  w a s  r e d u c e d  b y  o n e  o r d e r  o f  m a g n i t u d e  

L~ 

L,J 
c~ 

100 o WT (IC50~ ] . 6 ;  n - l , O )  

r ( ICso ~ 7.4: r t = l . 1 )  

O.k -C'  O W14,Br (4C~e:45.1 ;  r ~ O . 9 )  

o.. 

0 

C z I I0 100 "¢000 

DHgE (WM) 
Fig. 4. Inh ib i t ion o f  the A C h  evoked responses on the ~7 w i l d - t y l~  
(WT),  Y92F,  WI41~P and Y I 8 7 F  reocptor~ by D I ~ E .  The responses 
o f  several (3 7) oocyles exprc'.~sing each t o . p l o t  wcr¢ perfused wi th  
ha l l :max imal ly  effective dose  o f  ACh  a n d  increasing c o n c e n t r a t i o n s  
o f  V~H~t;.. Peak cu r r en t s  wer~ then no rma l i zed  to  the m a x i m u m  val- 
ues. averagcx! arLd p lo t ted  as a func t ion  o f  the  loga r i thm o f  D I " ~  
concen t ra t ion .  Lines are the beet fits ob ta ined  wi th  the  empir ica l  Hill 
equa t ion  adjus ted  by weighted least .square a lgor i thm.  A p p a r e n t  I C ~  

a n d  Hill coefficients are  given in Table  I_ 

u p o n  Y 9 2 - t o - F  m u t a t i o n  and  by  t w o  orders  o f  magni -  
tude  u p o n  W 1 4 8 - t o - F  m u t a t i o n  (Fig.  3) w i thout  signifi- 
cant  c h a n g e s  in Hill coeff ic ients  (Table  l), s trongly  s u p  
port ing  the contribut:'on o f  a m i n o  acids f rom several  
d o m a i n s  o f  the et-subunit to the  recogni t ion  o f  chol iner-  
gic l igands and  ac t ivat ion  o f  ion permeat ion .  

Ac t iva t ion  o f  the  mutant  receptors  by  n icot ine  was  
a lso  modi f ied .  The  Y 9 2 F  and Y ] 8 7 F  m u t a t i o n s  affected 
to a s m a l l e r  e x t e n t  the: r e s p o n s e s  t o  t h i s  a g o n i s t  t h a n  t o  
A C h ,  a s  m a n i f e s t e d  b y  t h e  2 - f o l d  d e c r e a s e  in  a p l m r e n t  
a f f i m t y ;  o n  t i l e  o t h e r  h a n d .  W 1 4 8 F  m u t a t i o n  l e d  t o  a 
s trong  3 ( ~ - f o l d  recluction o f  n icot ine  ECs0 (Fig.  3, Tab le  
1). These  data  indicate  that the  2 agon i s t s  d o  no t  esta-  
blish the same imerac t ions  with the set o f  3 res idues  
b e l o n g i n g  to  the  chol inergic  l igand binding area. 

The  c o m p e t i t i v e  antagon i s t s  D H f l E  (Fig.  4) and  et- 
b u n g a r o t o x i n  b l o c k e d  all A C h  responses  in a c o n c e n -  
t r a t i o n - d e p e n d e m  manner .  T h e  ICso de termined  for 
D H ~ E ,  at the c o n c e n t r a t i o n  o f  A C h  which  yielded h a l f  
o f  the m a x i m a l  re:;ponse, decreased by  ~ 4 - f o l d  (as  c o m -  

Table  ] 

S u m m a r y  o f  the da ta  ob ta ined  for  the el7 wild-type IWT) ,  ' f92F,  W I 4 8 F  ar~d Y IgTF receptors .  

Recep tors  Acctylcholin¢ 

EC,~, ~ ' M )  nl~ 

N i¢otinc D I - ~ E  Acctylehol in¢ 

EC~, f~uM! 

WT I 15 1.7 10 
Y92F 1408 !. 7 23 
W 148F 10.523 1.6 3057 
Y I H 7 F  I I g 6  1.6  23 

. H  IC.~ (juM) nH r s 

2.0 t .6  1.0 0.20 
1.7 5.9 1.6 0.11 
1.7 45.1 0.9 0.32 
1.7 7.4 I . I  0.34 

T a -  ( r )  valu¢s determined at saturat ing concentrat ions o f  ACh  are given, n i l .  Hi l l  coefficients. 
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10 60o0o 

ACET'YLCH0 LINE ~/~M) 
F ig .  5. D e s e n s i t i z a t i o n  o f  w i l d - t y p e  a n d  m u t a t e d  recep to rs  as a f a n c -  
l i o n  o f  the  a g o n i s t  c o n c e n t r a t i o n .  A C h  e v o k e d  c u r r e n t s  w e r e  r e c o r d e d  
in  o o c y t e s  e x p r e s s i n g  w i l d - t y p e  ( W T )  o r  Y 9 2 F ,  W I 4 8 F  o r  Y 1 8 7 F  
m u t a n t s  f o r  severa l  a g o n i s t  c o n c e n t r a t i o n s .  C e l l s  w e r e  c l a m p e d  at  
- 1 0 0  m V  a n d  A C h  w a s  a p p l i e d  fo r  3 s, o n c e  e v e r y  rain.  T h e  t i m e  
c o u r s e  o f  t he  r e s p o n s e s  c o u l d  be  a p p r o x i m a t e d  by  a s i ng l e  e x p o n e n t i a l  
w i t h  t h e  e q u a t i o n  y t t ) - -~  e (-''r~ a d j u s t e d  u s i n g  w e i g h t e d  leas t  s q u a r e  
a l g o r i t h m .  T h e  t i m e  c o n s t a n t  o f  the  e x p o n e n t i a l  is  p l o t t e d  a s  a f u n c t i o n  
o f  t h e  l o g a r i t h m  o f  A C h  c o n c e n t r a t i o n ,  E a c h  p o i n t  r e p r e s e n t s  the  
mean value from 4 cells. Standard deviations, within the symbol size, 
were ommined for clarity. At saturatin 8 concentrations of ACh, the 
maximal rate of desensitization was characterLred by the limit vahtes 

of the time constant r given in Table !. 

p a r e d  to  wi ld - type)  wi th  Y 9 2 F  a n d  Y 187F m u t a n t s  a n d  
b y  "~30-fold wi th  the  W I 4 g F  m u t a n t  r e c e p t o r  (Tab l e  I). 

S imi la r ly ,  the  p o t e n c y  o f  0~-bungaro toxin  t o  inhibi t  
A C h  r e sponses  w a s  r e d u c e d  b y  the  Y 9 2 F ,  W I 4 8 F  anu  
~" 187F m u t a t i o n s .  A c o n c e n t r a t i o n  o f  10 n M  0~-bungo- 
r o t o x i n  d id  no t  ful ly  inhibi t  t he  r e sponses  o f  the  m u t a n t  
r ecep to r s  while  q u a n t i t a t i v e l y  b l o c k i n g  t h o s e  o f  the 
w i l d - t y p e  r e c e p t o r  [! 3]. T h e  c o m p l e t e  b lock  o f  all m u -  
t a n t  r e sponses  (Fig.  2, b t races)  was  h o w e v e r  o b t a i n e d  
wi th  50 n M  ¢x-bungaro tox in .  S u c h  ef fec ts  are  cons i s t en t  
wi th  e x p e r i m e n t s  o n  Torpedo ell 8 0 - 2 0 0  pep t idc  f rag-  
m e n t s  r e p o r t i n g  tha t  the  m u t a t i o n  o f  Y I 9 0  (homolo~  
g o u s  to  r~7 Y 187) t o  F ,  A o r  G ,  dec reases  ~ - tox in  affin- 
i ty [15-17] .  

A s  o b s e r v e d  f o r  m u t a t i o n s  n e a r  a m i n o  ac id  Y187  in 
m o u s e  musc l e  r e c e p t o r  [8], severa l  m u t a t i o n s  n e a r  Y92  
a n d  W ! 4 8  o f  the  ~ 7 - s u b u n i t ,  like $ 9 4 N  a n d  W I 5 3 F  
(Fig .  2), G 8 2 E  a n d  G I 5 1 D  ( n o t  s h o w n ) ,  d id  no t  cause  
s igni f icant  c h a n g e s  o n  the  phys io log i ca l  p rope r t i e s  o f  
the  r ecep to r .  T h e  ECsos o f  A C h  fo r  the $ 9 4 N  (75 ~ M ) ,  
W 153F (I  2 0 / J M )  a n d  wi ld - type  ( 1 1 5 / z M )  r ecep to r s  d id  
n o t  s igni f icant ly  differ .  

T o  f u r t h e r  d e t e r m i n e  if  the  a l t e r a t i o n s  in the  d o s e -  
r e sponse  r e ! a t i onsh ip s  resul ted  f r o m  select ive a l te ra-  
t i ons  o f  the  l i g a n d - b i n d i n g  p r o p e r t i e s  o f  the  Y 9 2 F ,  
W I 4 8 F  a n d  Y I 8 7 F  recep to r s ,  several  f ea tu res  o f  the  ion  
c h a n n e l  p e r m e a b i l i t y  r e s p o n s e  were  a n a l y z e d .  T h e  I - V  
re l a t ion  o f  the  m u t a n t  a n d  wi ld - type  r e c e p t o r  r e sponses  
were  s imi la r  ( n o t  s h o w n ) ,  i n d i c a t i n g  t h a t  the  vo l t age -  
sensi t ivi ty  o f  the  ion  c h a n n e l  was  n o t  s igni f icant ly  al ter-  
ed. A l so ,  the  o p e n  c h a n n e l  b l o c k e r  Q X 2 2 2 ,  f o r m e r l y  
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used to p robe  the s t ruc tu re  o f  the ion  channel  [18]. 
inh ib i ted  in a v o l t a g e - d e p e n d e n t  m a n n e r  ion f low 
t h r o u g h  m u t a n t  and  wi ld - type  r ecep to r  channe l s  to  the 
s a m e  extent  ( n o t  shown) .  

T o  test fo r  a poss ib le  inf luence o f  the  m u t a t i o n s  on  
the  desens i t i za t ion  p rope r t i e s  o f  the recep to r ,  the  t ime 
c o n s t a n t s  for  r e sponse  d e c a y  were measur¢C d u r i n g  
s t e a d y  a p p l i c a t i o n  o f  A C h .  T h e  A C h  c o n c e n t r a t i o n s  
r equ i red  to  reach  d e s c n s i t l z a u o n  k i n e t t ~  sinnilar to  
those  o f  the wi ld- type  receptor  were shifted by  a p p r o x -  
ima te ly  one  o r d e r  o f  m a g n i t u d e  fo r  Y 9 2 F  a n d  Y I 8 7 F  
a n d  by  t w o  o rde r s  o f  m a g n i t u d e  for  W i 4 8 F  rece,'Y.ors 
(Fig.  5). in  add i t i on ,  slil~ht bu t  s ignif icant  c h a n g e s  in the 
t ime  c o n s t a n t s  were  obse~-~.ed at  s a t u r a t i n g  c o n c e n t r a -  
t i ons  o f  A C h ,  w h i c h  reflecte:: a r educ t i on  o f  the  maxi -  
ma l  speed o f  the  r ap id  d e s e n s h : z a t i o n  process  in Y 187F 
a n d  W I 4 8 F  r e c e p t o r s  and  an  acL-eleration o f  this  p ro -  
cess in the  Y 9 2 F  receptor .  These  ch'~nges in the m a x i m a l  
speed  o f  desens i t i za t ion  suggest  tha t  the a m i n o  acids  
Y92 ,  ~ ' 1 4 8  a n d  Y I 8 7  are  invo lved  in the s t ruc tura i  
r e o r g a n i z a t i o n s  o c c u r r i n g  upo:z t r ans i t ion  f r o m  the ac-  
t ive to  the  desens i t ized  c o n f o r m a t i o n  o f  the  receptor .  
S u c h  o b s e r v a t i o n s  h a v e  a l ready  been  r e p o r t e d  wi th  Tor- 
pedo nico t in ic  r e c e p t o r  u n d e r  c o n d i t i o n s  o f  pho to -a f f i n -  
i ty  l abehng  b y  [ 3 H ] D D F  in the. res t ing a n d  desensi t ized 
c o n f o r m a t i o n s  [19]. 

Several  lines o f  ev idence  a rc  a c c u m u l a t i n g  in f a v o r  o f  
the  c o n t r i b u t i o n  o f  a r o m a t i c  r ings  t o  the  b i n d i n g  o f  
large,  d i f fuse ly  c h a r g e d ,  qua t e , ' n a ry  a m m o n i u m  ions. in 
p a r t i c u l a r  in the  case  o f  p r e t e in s  in te rac t ing  wi th  A C h  
o r  its der ivat ives .  [ 3 H ] D D F  pho to - a f f i n i t y  label ing ex- 
p e r i m e n t s  h a v e  led to  the ident i f ica t ion o f  ty ros ine  a n d  
t r y t o p h a n  res idues  as  m a j o r  sites o f  specific i n c o r p o r a -  
zion [! ,10]. A r o m a t i c  a m i n o  dcids a re  a lso  f o u n d  a r o u n d  
the  q u a t e r n a r y  a m m o n i u m  m o i e t y  in the  b ind ing  sites 
o f  a n t i - p h o s p h o r y l c h o l i n e  a n t i b o d y  [20], ace ty lcho l ine-  
s terase  [21] as  well as in t h r ee -d imens iona l  m o d e l s  o f  
m u s c a r i n i c  A C h R  [22]. 

Here ,  n o n e  o f  the  m u t a n t s ,  in wh ich  Y92 a n d  Y I 8 7  
were  r ep laced  by  serines o r  W ! 4 8  by  a hist idine,  re- 
s p o n d e d  to  A C h  a t  c o n c e n t r a t i o n s  as h igh  as 100 raM.  
A l t h o u g h  d i s r u p t i o n  o f  subun i t  a s s e m b l y  by  these 
m u t a t i o n s  c a n n o t  be ru led  out ,  the c o m p l e t e  abo l i t i on  
o f  r e c e p t o r  r e sponses  o b s e r v e d  u p o n  r e m o v a l  o f  the  
a r o m a t i c  r ings  ( Y - t o - S  m u t a t i o n s )  s u p p o r t  the view tha t  
such  a r o m a t i c  a m i n o  ac ids  a re  indeed  func t i ona l l y  rele- 
v a n t  to  the a c t i v a t i o n  o f  the  n ico t in ic  A C h R  a n d  t h a t  
the i r  a r o m a t i c  p rope r t i e s  a re  a t  least  as ( if  n o t  m o r e )  
i m p o r t a n t  as  the i r  p o l a r  cha rac te r .  Such  c o n c l u s i o n s  a re  
s u p p o r t e d  b y  the  fac t  t ha t  str ict ly a r o m a t i c  m a c r o c y c l e s  
[23,24] c a n  b i n d  q u a t e r n a r y  a m m o n i u m - c o n t a i n i n g  m o -  
lecules wi th  affini t ies in the  m i c r o m o l a r  range.  T h e  pres-  
ence  o f  a r o m a t i c  s ide-cha ins  m a y  thus  be a genera l  fea- 
tu re  o f  b i n d i n g  sites fo r  q u a t e r n a r y  a m m o n i u m  l igands.  
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