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130 Cockcroft et aL 

Outline of the Ligand-Gated Ion 
Channel (LGIC) Superfamily 

A current theme in biology is that of the gene 
superfamily. The concept of a superfamily encom- 
passes a modal theme in which basic common 
features of the individual members of a super- 
family may be grouped together, as indeed may 
features that are restricted to only a few mem- 
bers. In the case of neurotransmitter receptors, 
this overall unifying approach contrasts with the 
traditional approaches of pharmacology and 
physiology, which tend to emphasize the differ- 
ences between receptor classes. The ligand-gated 
ion channels (LGICs) constitute such a super- 
family, and in this review, it is considered to 
include the nicotinic acetylcholine (nACh) recep- 
tor, the glycine receptor and the GABA^ recep- 
tor (see Karlin, 1980 and Barnard et al., 1987 for 
earlier reviews). Only in these three cases has 
homology at the level of primary structures been 
clearly established (Schofield et al., 1987; 
Grenningloh et al., 1987). These receptors share 
the common function of a regulated opening and 
closing of an ion channel integral to their struc- 
ture, thereby facilitating, depending on the ion 
specificity of the channel, a depolarization or 
hyperpolarization of the membrane. 

The first neurotransmitter  receptor to be 
studied using molecular cloning was the nACh 
receptor of the electric organ of Torpedo, a cartil- 
aginous fish. The gene sequence of the (x, f~-, ?-, 
and 6-subunits of this receptor was determined 
in 1982-83 (Noda et al., 1982,1983a; Claudio, 
1983). This work revealed the full extent of the 
homology between each of the subunits of the 
Torpedo nACh receptor. The putative transmem- 
brane segments were seen to be particularly well 
conserved, and using cDNA fragments over such 
regions, subunits of nACh receptors from the 
skeletal muscle of several vertebrates were iso- 
lated by crosshybridization (Noda et al., 1983b; 
Kubo et al., 1985; Nef et al., 1984; La Polla et al., 
1984; Boulter et al., 1985). In addition, a novel 
bovine subunit was identified, termed ~, that 

could functionally substitute for the y-subunit in 
expression studies (Takai et al., 1985). Cross- 
species comparisons of the subunit sequences 
showed the ~x-subunit more highly conserved 
than either the f~-, y-, or 6-subunits, and suggested 
that crosshybridization might also be used to 
clone nicotinic receptors and related proteins 
from neuronal tissues. Additionally, the c~-sub- 
unit was seen to contain a unique pair of vicinal 
cysteines at positions 192-193. A neuronal sub- 
unit cloned from the PC12 cell line was termed 
c~3 (Boulter et al., 1986), since it contained cys- 
teines equivalent to those at position 192-193 of 
the c~-subunit of the muscle nACh receptor. A 
second type of neuronal subunit was subse- 
quently cloned from rat and termed f~2, and was 
shown to be required along with c~3 for the effi- 
cient expression of functional nACh receptors in 
the Xenopus oocyte system (Boulter et al., 1988). 
The chicken equivalent to 132 was termed nonce, 
to indicate that it lacked the characteristic cys- 
teines equivalent to 192-193 of the muscle recep- 
tor (x-subunit (Nef et al., 1988). 

The c~- and ~-subunits of the GABA A receptor 
from bovine brain (Schofield et al., 1987) and the 
48-kDa subunit of the glycine receptor from rat 
spinal cord (Grenningloh et al., 1987) were cloned 
in 1987. Analysis of these sequences showed them 
not only to be highly homologous to each other, 
but also significantly homologous to subunits of 
the nACh receptors. It was from these studies that 
the concept of the LGIC superfamily arose 
(Schofield et al., 1987; Grenningloh et al., 1987). 
Since these key events, there has been a rapid 
accumulation of sequence data for the superfam- 
ily. Sequences derived from subunit  cDNA 
cloning are now known for muscle-type nACh 
receptors from fish electric organ and from skel- 
etal muscle of mammals, birds, and amphibians, 
for neural nACh receptors from mammals, birds, 
and insects, and for GABA a receptors and glycine 
receptors from several mammals, giving >40 
sequences in all, over a wide phylogenetic range 
(see Fig. 1, pp. 132-146). 

Following the realization that the nACh recep- 
tor, GABAA receptor, and the glycine receptor 
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const i tute  a h o m o l o g o u s  g roup ,  it was  consid-  
e red  possible  that  all ionot rop ic  receptors  w o u l d  
be long  to this superfamily .  Howeve r ,  w i th  the 
recent  c loning  of a subun i t  of a kainate  receptor  
f rom rat (Hol lman  et al., 1989), and  of kainate  
b i n d i n g  p ro t e ins  f r o m  ch icken  (Gregor  et al., 
1989) and  frog (Wada et al., 1989), this a s sump-  
t ion seems less secure. The  kainate  prote ins  are 
dea r ly  related to each other,  b u t  it is less appar -  
ent that  t hey  be long  to the  above-def ined  LGIC 
superfamily .  Despi te  similarit ies in the funct ion  
and  in the p red ic ted  t r a n s m e m b r a n e  topologies  
of these tw o  receptor  types,  n o n e  of the invar iant  
res idue  posi t ions  in the  kainate  set of sequences  
occurs in the LGIC set, a n d  vice-versa. For this 
reason, i n  this r ev iew these kainate  b i n d i n g  pro-  
teins have  not  been  cons ide red  as be ing  par t  of 
the LGIC superfami ly .  

There  are fur ther  difficulties wi th  the  defini- 
t ion of m e m b e r s  of the l igand-ga ted  receptor  ion 
channel  super fami ly .  Some  n e w  forms ob ta ined  
by  crosshybr id iza t ion  that  are dea r ly  related in  
s equence  do  no t  a p p a r e n t l y  f u n c t i o n  as acti- 
vatable ion channels  (Deneris et al., 1989; Bossy 
et al., 1988; Boulter  et al., 1990). The ol igomeric  
na ture  of LGICs also causes problems ,  part icu- 
larly w h e n  several  subun i t  sub types  are identi-  
f ied (Duvois  et al., 1989; Lev i t an  et  al., 1988; 
Pfitchett  et al., 1989). In he te ro logous  express ion 
studies,  funct ional  receptors  have  been  p r o d u c e d  
wi th  just  a single subun i t  subtype ,  as wel l  as wi th  
combina t ions  of different  subuni t s  (Pritchett et 
al., 1989; Blair et al., 1988; Schmieden  et all., 1989). 
If this d e g r e e  of f lexibil i ty in  the  f o r m a t i o n  of  
receptors,  w i t h o u t  f ixed s toichiometr ies  of sub- 
units,  occurs  in v ivo  then  complex  mixtures  of 
receptors  m a y  be formed.  A fur ther  compl ica t ion 
m a y  be that,  if each subun i t  br ings  to a hetero-  
ol igomeric  receptor  its o w n  b i n d i n g  site, m ixed  
receptor  fo rms  cou ld  exist that  are act ivated by  
more  than  one type  of neuro t ransmi t te r .  How-  
ever, as yet  no  case is k n o w n  of subuni t s  for dif- 
ferent t ransmit ters  coassembl ing  in this way.  

Other  ex tended  m e m b r a n e  pro te in  superfami-  
lies that  are dist inct  f rom LGICs have  been  iden-  
tified a n d  deserve  ment ion .  These are: 

1. The voltage-gated ion channels (Catterall, 1988), 
including the sodium (Noda et al., 1986), calcium 
(Tanabe et al., 1987), and potassium channels 
(Pongs et al., 1988)(and more recently the cGMP 
receptor ion channel [Kaupp et al., 1989; Jan and 
Jan, 1990]) 

2. The transport proteins (Higgins, 1989), such as 
the glucose transporter (Sarkar et al., 1988), the 
quinate transporter (Geever et al., 1989), the 
mult idrug resistance proteins (Chen et al., 1986), 
the gene product  of the cystic fibrosis locus 
(Riordan et al., 1989), and the GABA uptake 
transporter (Nelson et al., 1990) 

3. The ryanodine (Takeshima et al., 1989) and the 
inositol trisphosphate receptors (Furuichi et al., 
1989) 

4. The second messenger linked receptors, which 
usually couple through G-proteins (Lefkowitz 
and Caron, 1988), examples of which are the 
mul t ip le  subtypes  of muscar in ic  receptors  
(Chung and Venter, 1986), the catecholaminer- 
gic receptors (Bylund, 1988), and receptors for 
small peptides (Masu et al., 1987; Jackson et al., 
1988), and 

5. The growth-factor receptors (Carpenter and 
Zendegui, 1986). 

Fig. 1. (following page) Alignment of LGIC subunit 
sequences. The amino acid sequences in Schofield et al., 
1987; Grenningloh et al., 1987; Kubo et al., 1985; Nef et al., 
1984,1988; LaPolla et al., 1984; Boulter et al., 1985; Takai et 
al., i 985; Denefis et al., 1989; Bossy et al., 1988; Levitan et al., 
1988; Pritchett et al., 1989; Baldwin et al., 1988; Buonanno et 
al., 1989; Criado et al., 1988; Wada et al., 1988; Cauley et al., 
1989; and Ymer et al., 1989 were taken from the OWL 
sequence database. Nomenclature: lowercase letter 
represents the species (h = human; r = rat;, m = mouse; b = 
bovine; c = chicken; t = torpedo; d = drosophila). This is 
followed by an uppercase letter designating the subunit 
type (A = c~; B = f~; G =-/; D = 6; E = ~). The receptor types are 
shown in large lettering. A consensus sequence, showing 
conserved residues, is given under each group of sequences, 
and a grand consensus is shown at the bottom of the align- 
ment. The position of the signal pepfide (SP) region, the 
proposed calcium binding motif, the cys-loop, the cysteines 
192-193, the transmem-brane segments M1-M4 and the 
Imoto ring positions (numbers 1-4 at the ends of M2) are 
highlighted above the alignment. The one-letter code for 
amino acids is used, and insertions are shown as gaps. 
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nAChR 

GABA R 

Gly R 

1 hA1 
2 bAl 
3 mAl 
4 cAl 
5 siAl 
6 siAl 
7 xAl 
8 tAl 

9 hBl 
I0 bBl 
II mBl 
12 tBl 

13 hGl 
14 bGl 
15 mGl 
16 cGI 
17 xGl 
18 tGl 

19 bE1 
20 rE1 

21 bDl 
22 mD1 
23 cDl 
24 tDl 
25 xDI 
26 tDl 

27 rA2 
28 cA2 
29 rA3 
30 cA3 
31 rA4 
32 cA4 
33 dAL 

34 rB2 
35 cB2 
36 rB3 
37 rB4 

38 gNA 
39 dNA 

40 hA1 
41 bAl 
42 bA2 
43 bA3 

44 bBl 
45 rBl 
46 rB2 
47 rB3 

48 rA1 

invariant 

< ..... SP region .... > 
MEP WP LL LLF S LC SAGLVLGSEHE 
MEPRP LLLLLGLCSAGLVLGSEHE 
MEL STVLLLLGLC SAGLVLGSEHE 
MELCRVLLLI FSAAGPALCYEHE 

MDYTASCLI ELF I AAGTVFGTDHE 
M I LCSYWHVGLVLLLFSCCGLVLGSEHE 

G E 

MTPGALLMLLGALGPALAPGVRGS EAE 
MTP GALLLLLLGVLGAHLAPGAR GS EAE 
MALGALLLLLGVLGTP LAPGARGSEAE 

MENVRRMALGLVVMMALALSGVGASVME 
L G S E 

MHGGQGP LLLLLLLAVCLGAQGRNQE 
MCGGQRP LFLLPLLAVCLGAKGRNQE 
MQGGQRP HLLLLLLAVCLGAQ SRNQE 
MRCSD LLLLFLLALCVLPG I SCRNQE 

MDTVLLLVSLCI SAAFCNNEE 
MVLTLLLI I CLALEVRSENEE 

L NE 

MAGALLCALLLLQ~GEGKNEE 
MTMALLGTLLLLALFGRSQGKNEE 
M ALL LLLL L GR KNEE 

ME GSVLTLVLLAALWCGSWGLNEE 
MAGPVLTLGLLAALVVCALPGSWGLNEE 

MAVLLALFGALVLSGGLCVNQE 
MGNI HFVYLLI SCLYYSGCSGVNEE 
MAWIWI SLLLP I LI YFPGCF SESEE 
MGN I HFVY LL I S CLYYSGCS GVNEE 

G E 

MTLSHSALQIPWTH LYLWCLLLVP AVLTQQGSHTH 
MGWPCRS I I P LLVWCFVT LQAATREQKQPHG 

MGVVLLPPP LSMLMLVLMLT ~AASAS EAE 
MVQRGCRAHSAGVS SVP LASCGGS EP E 

MEI GGPGAGTGAPPP LLLLPLLLLLGTGLLPAS SH I 
MGFLVSKGNLLLLLCA S I FP AFGHVETRAHA 

MGSVLFAAVF IALHFATGGLANPDA 

MLACMAGHSNSMALF SF SLLWLCSGVLGTDTE 
MALLRVLCLLAALRR SLCT DTE 

MTGFLRVFLVLSAT LSGSWVTLTATAGLS SVAEHE 
MRGTP LLLVSLFS LLQDGDCRLANAE 

E 

MTLAVI GLFTLFTS I IAI TPAREFVSLAE 
MESSCKSWLLCSI LVLVAFSLVSASEDE 

L S E 

MRKSPGLSDCLWAW I LLLST LTGRSYGQP SLQ 
~g~KSPGLSDYLWAWTLFLSTLTG~SYGQP SLQ 

MKTKLNSSNMQLLLFVFLAWDPARLVLAN I QE 
M I I TQMS QFYMAGLG LLFL I N I LP G TGQVE SRRQEP GD FVKQ D I GG LS P 

L 

MWTVQNRESLGLLSFPVMI AMVCCAHSANEP S 
MWTVQ~RES LGLLSFPVMVAMVCCAHS SNEP S 
MWRVRKRGYFGIWSFPLI IAAVCAQSVNDPSN 
MWGFAGGBLFG I F SAPVLVAVVCCAQSVNDP G 
MW G SP AVC 

SKEADAARSAPKPMSPS 
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1 hAl 
2 hAl 
3 mAl 
4 cAl 
5 siAl 
6 siAl 
7 xAl 
8 tAl 

9 hBl 
I0 bBl 
ii mBl 
12 tBl 

13 hGl 
14 bGl 
15 mGl 
16 cGl 
17 xGl 
18 tGl 

19 bE1 
20 rE1 

21 bDl 
22 mDl 
23 cD1 
24 tD1 
25 xD1 
26 tD1 

27 rA2 
28 cA2 
29 rA3 
30 cA3 
31 rA4 
32 cA4 
33 dAL 

34 rB2 
35 cB2 
36 rB3 
37 rB4 

38 gNA 
39 dNA 

40 hA1 
41 hA1 
42 hA2 
43 bA3 

44 bB1 
45 rB1 
46 rB2 
47 rB3 

48, rAl 

invariant 

51 

TRLVAKLFED 
TRLVAKLFED 
TRLVDDLFRE 

YN SVVRPVEDHRQAVEVTVGL 
Y S SVVRPVEDHRE I VQVTVGL 
Y SKVVRPVENHRDAVVVTVGL 

TRLI GDLFAN YNKVVRPVETYKDQVVVTVGL 
TRLVANT.T.RN YNKVIRPVEHHTHFVD I TVGL 
TRLV L Y V RPVE V TVGL 

GRLREKLFSG YD SSVRPAREVGDRVRVSVGL 
GRLREKLFSG YD STVRPAREVGDRVWVS I GL 
GQLIKKLFSN YD SSVRPAREVGDRVGVS I GL 
DTLLSVLFET YNP KVRPAQTVGDKVTVRVGL 

L LF Y VRPA VGDKV V GL 

ERLLADLMQN 
ERLLGDLMQG 
ERLLADLMRN 
EKLLQDLMTS 
ERLU~LMKN 
GRLIEKLLGD 
RL LL 

YDPNLRPAERDSDVVNVSLKL 
YNP HLRPAEHDS DVVNVSLKL 
YD PH LRPAERDSDVVNVS LKL 
YNRH LRPALRGDQV I DVTLKL 
YNKNLRPVEKDGD I I SVS IKL 
YDKRIIPAKTLDHI IDVTLKL 
Y P V KL 

LRLYHYLFDT YDPGRRPVQEPEDTVT ISLKV 
LSLYHHLFDN YDPECRPVRRPEDTVT I TLKV 
L LYH LFD YDP RPV PEDTVTI LKV 

ERL I RHLFEEKAYNKE LRPAAH KESVE I SLAL 
QRLI QHLF~GYDKDLRPVARKEDKVDVALS L 
ERL i HHL~'EE~GYNKEVRP VASADEVVDVY LAL 
ERLI~DLL ~YNKHVRPVKHNNEVVN IALSL 
~ IFVERGYRKELRPVEHTGETVNVSLAL 
ERLI RDLL I-qNKYNKHVRPVKHNNEVVN I ALS L 
RLI YK RP V LL 

AEDRI2KHLFGG 
FAED~I/TG 

HRLFQYLFED 
HRLYAALFKN 

ETRAHAEERLIAKRLFSG 
~ L F S G  
KRLYDDLLSN 
RL L 

YNRWARPVPNTS DVV I VRFGL 
YNRMSRPVPNTSDVV I VKFGL 
YNEI IRPVANVSHPVI IQFEV 
YNQFVRPVKNASDPVI I QFEV 
YNKWSRPVGN I SDVVLVRFGL 
YNKWSRPVAN I SDVVLVRFGL 
YNRL I RPVGNNS DRLTVKMGL 
YN RPVN S 

ERLVEHLLDP SRYNKLIRPATNGSELVTVQLMV 
ERLVEYLLDPTRYNKL I RPATNGSQLVTVQLMV 
DALLRHLFQG YQKWVRPVLNSSDI IKVYFGL 
EKLMDD~TRYNNLIRPATSSSQLI S IRLEL 

L L Y RP S 

REDALLRELFQG YQRWVRPVQHANHSVKVRFGL 
ERLVRDLFRG YNKL IRPVQNMTQKVGVRFGL 

L R LF G Y RPVQ V VRFGL 

DELKDNTTVFTRILDRLLDG 
DELKDN TVFTRILDRLLDG 
DEAKNNIT IFTRILDRLLDG 

KHAPD IPDDSTDN IT IFTRILDBT2~G 
D NIT FTRILD~T.T.nG 

YDNRLRPGL GERVTEVKTD I 
YDNRLRPGL GERVTEVKTD I 
YDNRI/~GL GDSI TEVFTNI 
YDNRLRPGL GDAVTEVKTD I 
YDNRLRPGL G TEVKT I 

NMSYVKETVDRLLKG 
NMSYVKETVDRLLKG 
MSLVKETVD~ 

NMSFVEETVDKLLKG 
MS VKETVD LLKG 

YD IRI/AP DFGG~PVDVGMRI 
YD IR//~ DFGGPPVDVGMRI 
YD IRLRP DFGGPPVAVGMNI 
YD IRLRP DFGGPPVCVGMN I 
YDIRLRP DFGGPPV VGM I 

DFLDKLMGRTSGYDARIRP NFKGPPVNVSCNI 

Y P 
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134 Cockcroft  et al. 

i hA1 
2 hAl 
3 mAl 
4 cAl 
5 siAl 
6 siAl 
7 xAl 
8 tAl 

9 hBl 
10 bB1 
11 mB1 
12 tBl 

13 hGl 
14 bGl 
15 mGl 
16 cG1 
17 xG1 
18 tG1 

19 bEl 
20 rE1 

21 bDl 
22 mDl 
23 cD1 
24 tD1 
25 xD1 
26 tD1 

27 rA2 
28 cA2 
29 rA3 
30 cA3 
31 rA4 
32 cA4 
33 dAL 

34 rB2 
35 cB2 
36 rB3 
37 rB4 

38 gNA 
39 dNA 

40 hA1 
41 bA1 
42 bA2 
43 bA3 

44 bB1 
45 rB1 
46 rB2 
47 rB3 

48 rA1 

invariant 

i01 
QLI QL I NVD~NQ I VTTNV~LKQQWVDYN~WNPDDY ~ X  I H I P SEK I 
QLI QL INVDEVNQIVTTNVRLKQQWVDYNLKWNPDDYGGVKKI HIPSEK I 
QLI QLINVDEVNQ IVTTNVRLKQQWVDYNLKWNPDDYGGVKKI HIPSEK I 
QLI QL I NVDEVNQ IVTTNVRLKQQWTD INLKWNPDDYGGVKQIRIPSDD I 

QLI QLINVDEVNQIVSTN I RLKQQWRDVNLKWDPAKYGGVKK I RI PSSDV 
QLI QL I SVDEVNQ IVETNVRLRQQW I DVRLRWNPADYGG I KK I RLP SDDV 
QLIQLI VDEVNQIV TN RL QQW D L W P YGG ~lI PS 

I LAQL I S LNEKDEEMSTKVYLDLEWTDYRLSWDPAEHEG I D SLRI TAESV 
TLAQLI S LNEKDEEMSTKVYLDLEWTDYRLSWDP EEHEG I DSLRI SAESV 
T LAQL I S LNEKDEEMSTKVYLDLEWTD YRLSWDPAEHDG I D SLRI TAESV 
TLTNLLI LNEK IEEMTTNVFLNLAWTDYRLQWDPAAYEGIKDLRIPS SDV 
L L LNEK EEM T V L WTDYRL WDP GI LRI V 

TLTNL I S LNEREEALTTNVWI EMQWCDYRLRWDPRDYEGLWVLRVP STMV 
T LTNL I S LNEREEALTTNVW I EMQWCD YRLRWDPRDYGGLWVLRVP STMV 
T LTNL I SLNEREEALTTNVWI EMQWCD YRLRWDPKDYEGLW I LRVP S TMV 
TLTNLI SLNEREETLTTNVWI EMQWSDYRLRWDPDKYDD I QQLRVPSAMV 
TLTNLI SLNEKEEALTT VWV QWKDYRLSWDPNDYHG I S~MRI PSTSV 
TLTNLI SLNEKEEALTTNVWI EI QWNDYRLSWNTSEYEG IDLVRIPSELL 
TLTNLISLNEKEE LTTNVWIE QW DYRL W Y RIPS L 

T LTNL I S LNEKEE TLTT SVWI G I DWQD YRLNYSKGDFC4ZVETLRVPSELV 
TLTNLI SLNEKEETLTT SVWI GI EWQDYRLNFSKDDFAGVE ILRVP SEHV 
TLTNLISLNEKEETLTTSVWIGI WQDYRLN SK DF GVEILRVPSE V 

T LSNL I S LKEVEETLTTNVWI EQ~#TD SRLQWDAEDFGN I SVLRLPADMV 
TLSNLI SLKE TLTTNVWI DHAWVD SRLQWDANDFGN I TVI2J~P DMV 
TLSNLI SLKEVDETLTTNVWVEQSWTD YRLQWNTSEFGGVD~ EML 
TLSNLI SLKETDETLTSNVWMDHAWYDHRLTWNASEYSD I S I LRLPPELV 
TLSNLI SLKEADETLTTNVWVELAWYDKRLAWDM~TYNN I D ILRVPP DMV 
TLSNLI SLKETDETLTSNVWMDHAWYDHRLTWNASEYSD I S I LRLPPELV 
TLSNLISLKE DETLT NVW W D RL W LR P 

S IAQLI DVDEKNQM~4TTNVWLKQEWNDYNVRWDPAEF NVTSLRVP SEM I 
S IAQL I DVDEKNQ~MTTNVWLKQEWSDYKLRWNPEDFDNVTS IRVP SEMI 
SMS QLVKVDEVNQ I METNLWLKQ IWNDYK LKT~KP S DYQGVEFMRVPAEK I 
SMSQLVKVDEVNQ IMETNLWLKH IWND YKLRWHPVDYGGAEF IRVPSGQ I 
S IAQL I DVDEKNQ~f~TNVWVKQEWHDYKLRWDPGDYEN SI RI PSEL I 
S IAQL I DVDEKNQ~TI'fNVWVKQEWHDYKLRWDPQEYENVTS I RI P SEL I 
RLSQLIDVNLKNQ IMTTNVWVEQEWNDYKLKWHPDDYGGVDTLHVPSEH I 

QL V KNQ M TN W Q W DYK W P P I 

S LAQL I SVHEREQ IMTTNVWLTQEWED YRLTNKPEDFDNMKKVRLPSKH I 
S LAQL I SVHEREQ IMTTNVWLTQEWEDYRLTk~KPEDFDNMKKVRLP SKH I 
K I SQLVDVDEKNQLMTTNVWLKQEWTDQKLRWNPEEYGG INS I KVPSESL 
S LSQL I SVNEREQ I MTT S I WLKQEWTDYRLAWHSS CYEGVN I LRIPAKRV 

QL V E Q MTT WL QEW D L W P 

K I SQLVDVDEKNQLMTTNVWLWQEWLDYKLRWHPENYGGITS I RVP SES I 
AFVQLINVNEKNQVMKSNVWLRLVWYDYQLQWDEADYGGI GVLRLPPDKV 

QL V EKNQ M NVWL W DY L W YGGI R P 

FVT SFGPVSDHDMEYT I DVFFRQSWKDERLKFK G P M ~ K  I 
F%~ SFGPVSDHDMEYT I DVFFRQSWKDERLKFK G P ~ K I  
YVT SFGPVSDTDMEYT I DVFFRQKWKDERLKF~ GPMNI ~ K I  
YVTSFGPVSDTDMEYT I DVFFRQTWHDERLKFD GPMKI LP I/~%TLLASK I 
VTSFGPVS DMEYTIDVFFRQ W DERLKF GPM LPI/qNL ASKI 

DVAS I DMVSEVNMDYTLTMYFQQSWKDKRLSYSGI PLNLTLDNRV ADQL 
DVAS I DMVSEVNMDYTLTMYFQQSWKDKRLSYSGI PLNLTLDNRV ADQL 
D IASI DMVSEVNMDYTLTMYFQQAWRDKRLSYHVI PLNLTLDNRV ADQL 
D IASI DMVSEVNMDYTL MYFQQYWRDKRLAYSGI PLNLTLDNRV ADQL 
D ASIDMVSEVNMDYTLTMYFQQ W DKRL Y IPLNLTLDNRV ADQL 

F INSFGS IAETTMDYRVNI FLRQQWNDPRLA~ ~E ~PD DSLDLDPSMLDS I 

WD L 
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1 hA1 
2 bAl 
3 mAl 
4 cAl 
5 siAl 
6 siAl 
7 xAl 
8 tAl 

9 hBl 
10 bBl 
ii mBl 
12 tBl 

13 hGl 
14 bGl 
15 mGl 
16 cGl 
17 xGl 
18 tGl 

19 bEl 
20 tEl 

21 bDl 
22 mDl 
23 cDl 
24 tDl 
25 xDl 
26 tD1 

27 rA2 
28 cA2 
29 rA3 
30 cA3 
31 rA4 
32 cA4 
33 dAL 

34 rB2 
35 cB2 
36 rB3 
37 rB4 

38 gNA 
39 dNA 

40 hAl 
41 hA1 
42 hA2 
43 hA3 

44 bB1 
45 rB1 
46 rB2 
47 rB3 

48'rAl 

invariant 

151 // Ca 2+ ///. 
WRP DLVLYNNADGDFA I VKFTKVLLQ 
WRP DLVLYNNADGDFAI VKFTKVLLD 
WRP DVVLYNNADGDFAI VKFTKVLLD 
WRP DLVLYNNADGDFA I VKYTKVLLE 

WSPDLVLYNNADGDFAISKDTKILLE 
WLPDLVLYNNADGDFAIVHMTKLLLD 
W PD VLYNNADGDFAI TK LL 

WLP DVVLLNNNDGNF DVALD I SVVVS 
WLP DVVLLNNNDGNF DVALD I NVVVS 
WLP DVVLLNNNDGNF DVALD I NVVV S 
WQPD IVLMNNNDGSFEI TLHVNVLVQ 
W PD VL NNNDG F L V V 

WRP D I VLENNVDGVFEVALYCNVLV S 
WRP D I VLENNVDGVFEVALYCNVLV S 
WRP D I VLENNVDGVFEVALYCNVLV S 
WLP D IVLENNI DGTFE I TLYTNVLVY 
WLP DVGLENNVDGTFD IALYTNTLVS 
WLP DVVLENNVDGQFEVAYYANVLVY 
W PD LENN DG F Y N LV 

WLP E I VLENN I DGQF GVAYEANVLVS 
WLPEIVLENNI DGQFGVAY DCNVLVY 
WLPE IVLENNI DGQFGVAY NVLV 

WLPEIVLENNNDGSFQI SY SCNVLI Y 
WLPEIVLENNNDGSFQI SYACNVLVY 
WLPE I VLENNN DGLFEVAYYCNVLVY 
W IP D I VLQNNN DGQYHVAYFCNVLVR 
WQPQLI LENNNNGVFEVAYYSNVLI S 
WIPD IVLQNNNDGQYHVAYFCNVLVR 
WP LNNNG Y NVL 

W IP D I VLYNNADGEFAVTHMT KAHLF 
W IP D I VLYNNADGEFAVTHMTKAHLF 
WKP D I VLYNNADGDF QVDDKTKALLK 
WKP D I VLYNNAVGDF QVDD KTKALLK 
WRP D I VLYNNADGDFAVTHLTKABLF 
WRP D I VLYNNADGDFAVTHLTKAHLF 
WHP D I VLYNNADGNYEVT I MTKAI LH 
W PDIVLYNNA G V TKA L 

WLP DVVLYNNADGMYEVSFY S NAWS 
WLP DVVLYNNADGMYEVSFYS NAVI S 
WLP D I VLFENADGRFEGSLMTKA IVK 
WLP D I VLYNNADGTYEVSVYTNV IVR 
WLPD VL NADG E S 

WLP D IVLYENADGRFEGSLMTKA IVR 
WKP D IVLFNNADGNYEVRYKSNVLI Y 
W PDIVL NADG E 

C 
YTGHITWTPPAIFKSYCEIIVT 
YTGHITWTPPAIFKSYCEIIVT 
YTGHITWTPPAIFKSYCEIIVT 
HTGKITWTPPAIFKSYCEIIVT 

NPPAIFKSYCEIIVT 
NPPAIFKSYCEIIVT 

YTGKITWTPPAIFKSYCEIIVT 
YTGKIMWTPPAIFKSYCEIIVT 
TGKI W PPAIFKSYCEIIVT 

SDGSVRWQPPG I YRS SCS I QVT 
SDGSMRWQPPGIYRSSCSI QVT 
FEGSVRWQPPGLYRSSCS I QVT 
HTGAVSWQP SAIYRS SCT IKVM 

G WQP YRSSC I V 

PDGCIYWLPPAIFRSACSI SVT 
P DGCVYWLPPAIFRS SCPVSVT 
PDGCIYWLPPAIFRSSCSI SVT 
P DGS I YWLPPAIYRS SCS I HVT 
SDGSMYWLPPA IYRS SCPVVVT 
NDGSMYWLPPAIYRSTCP IAVT 
DG YWI~PAI RS C VT 

EGGYL SWLPPA I YRSTCAVEVT 
EGGSV SWLPPAI YRSTCAVEVT 
EGG SWLPPAIYRSTCAVEVT 

P SGSVYWI~PAIFRSSCP I SVT 
DSGYVTWLPPAIFRSSCP I SVT 
NTGYVYWLP PAI FRSACP I NVN 
PRGYVTWLPPAI FRS SCP I NVL 
SDGFMYWLPPAI FQT SC S I NVN 
P RGYVTWLPPAI FRS SCP I NVL 

G WLPPAIF C I V 

FTGTV WVPPAIYKS SCSI DVT 
SNGKVKW%~PAI YKS SCS I DVT 
YTGEVTWIPPAIFKS SCKI DVT 
YTGDVTWIPPAIFKS SCKI DVT 
YDGRVQWTPPAIYKSSCSI DVT 
YDGRI KWMPPAIYKSSCSI DVT 
HTGKVVWKPPA I YKSFCE I DVE 

G W PPAI KSFC IDV 

YDGS I FWLPPAIYKSACKI EVK 
YDGS I FWI~PAIYKSACKIEVK 
S SGTVSWTPPASYKS SCTMDVT 
SNGS I QWLPPAIYKSACKI EVK 

G W PPA YKS C V 

YNGMI TWTPPASYKSACTMDVT 
P TGEVLWVPPAIY QS SCT I DVT 

G W PPA Y S C DVT 

WTPDTFM P NKLLRI TEDGTLL TMR TVRAECPMHLE 
WTPDTFFHNGKKSVAHNMTMP NKLLR I TEDGTLLYTMRLTVRAECPMHLE 
WTPDTFFHNGKKSVAHNMTMP NKLLRI QDDGTLLYTMRLTVQAECPMHLE 
WTPDTFFHNGKKSVAHNMTTP NKLLRLVDNGTLLYTMRLT I HAECPMHLE 
WTPDTF HNGKKSVAHNMT PNKLLR GTLL~T AECPMHLE 

WVP DTYFLNDKKSFVHGVTVKNRMI RLHP DGTVLYGLRI TTTAACMD~DLR 
WVPDTYF LNDKKSFVHGVTVKNRMI RLHP DGTVLYGLRI TTTAAC~4DLR 
WVP DTYFLNDKKSFVHGVTVKNRMI RLHPDGTWLYGLRI TTTAACM~DLR 
WVPDTYFLNDKKSFVHGVTVKNRMI RLHPDGTVLYGLRI TTTAACMMDLR 
WVPDTYFLN DKKSFVHGVTVKNRMI RLHP DGTVLYGLRI TTTAACMMDLR 

WKPDLFFANEKGAHFHE ITTDNKLLRI SRNGNVLYSIRI TLTLACPMDLK 

WP G C 
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1 hAl 
2 hA1 
3 mAl 
4 cAl 
5 siAl 
6 siAl 
7 xAl 
8 tAl 

9 hBl 
I0 bBl 
Ii mBl 
12 tBl 

13 hGl 
14 bGl 
15 mGl 
16 cGI 
17 xGl 
18 tGl 

19 bE1 
20 rE1 

21 bDl 
22 mDl 
23 cDl 
24 tD1 
25 xDl 
26 tD1 

1 

27 rA2 
28 cA2 
29 rA3 
30 cA3 
31 rA4 
32 cA4 
33 dAL 

34 rB2 
35 cB2 
36 rB3 
37 rB4 

38 gNA 
39 dNA 

40 hA1 
41 bAl 
42 bA2 
43 hA3 

44 bBl 
45 rBl 
46 rB2 
47 rB3 

48 rAl 

201 C. 
HFPFDEQNCSMKLGTWTYD~VVAINP 
HFPFDEQNCSMKLGTWTYDGSVVVINP 
HFPFDEQNCSMKLGTWTYDGSVVAINP 
YFPFDQQNCSMKLGTWTYDGTMVVINP 
YFPFDEQNCSMKLGTRTYDGTVVAIYP 
YFPFDEQNCSMKLGTWTYDGTVVAIYP 
YFPFDQQNCSMKFGTWTYDGSLLVINP 
HFPFDQQNCTMKLGIWTYDGTKVSISP 
FPFD QNC MKLG TYDG I P 

YFPFDWQNCTMVFSSYSYDSSEVTLQTGLGPDGQG 
YFPFDWQNCMVFSSYSYDSSEVSLQTGLSPEGQE 
YFPFDWQNCTMVFSSYSYDSSEVSLKTGLDPEGEE 
YFPFDWQNCTMVFKSYTYDTSEVTLQHALDAKGERE 
YFPFDWQNCTMVF SY YD SEV L L G 

ESDQPDLSN 
ESDQPDLSN 
ESDQPDLSN 
ESDRPDLSN 
EGPRPDLSN 
EGPRPDLSN 
ERDRPDLSN 
ESDRPDLST 
E PDLS 

YFPFDWQNCSLIFQSQTYSTNEIDLQLSQEDGQT 
FFPFDWQNCSLIFQSQTYSTNEINLQLSQEDGQT 
YFPFDWQNCSLIFQSQTYSTSEINLQLSQEDGQA 
YFPFDWQNCTMVFQSQTYSANEINLLLTVEEGQT 
YFPFDWQNCSIVFQSQTYSANEIELLLTVDEQT 
YFPFDWQNCSLVFRSQTYNAHEVNLQLSAEEGEA 
FPFDWQNC F SQTY E L L 

TQEIHIHEGT 
RQEVY I HEGT 
RQEVYIHEGT 
VKEIVINKDA 

E I 

YFPFDWQNCSLVFRSQTYNAEEVEFVFAVDDEGKT 
YFPFDWQNCSLIFRSQTYMAEEVELIFAVDDDGNA 
YFPFDWQNCSLFRSQTYNAEEVE FAVDD G 

IEWIFIDPEA 
IEWIFIDPEA 
IEWIFIDPEA 
IEWIFIDPEA 
IEWIEIDPEA 
VEWIHIDPED 
EWI IDPE 

ISKIDIDTEA 
INKIDIDTAA 
I KIDIDT A 

YFPFDWQNCSLKF SSLKYTTKE I TLSLKQAEEDGRS YPVEWI I IDPEG 
YFP FDWQNCSLKF SSLKYTAKE I TLSLKQEEENNRS YPIEWI I IDPEG 
FFPFDWQNCTLKF SSLAYNAQE I NMHLKEES DP ETEKNYRVEW I I IDPEG 
YFP FDWQNCSLKFTAI/TIDANE I TMDLMTDT I DGK D YPIEWI I IDPEA 
YFP FDWQNCSLKFSSLTYNAKE I NLQLRQDLDEASQRYYPVEW I I IDPEG 
YFP FDWQNCSLKFTALNYDANE I TMDLMT DT I DGKD YPIEWII IDPEA 
FPFDWQNC LKF L Y EI L YP EWIIIDPE 

FFPFDQQNCKMKFGSWTYDKAK I DLEQ 
YFPFDQQNCKMKFGSWTYDKAK I DLEN 
YFPFDYQNCTMKFGSWSYDKAK I DLVL 
YFPFDYQNCTMKFGSWSYDKAK I DLVL 
F FP FDQQNCTMKFGSWTYDKAK I DLVS 
F FP FDQQNCKMEI~GSWTYDKAK I DLVS 
YFPFDEQTCFMKFGSWTYDGYMVDLRHLKQTAD SD 
FPF Q C MKFGSW YD DL 

HFP FDQQNCTMr~'MSWTYDRT E I DLVL 
HFP FDQQNCTMK~'~SWTYDRTE I DLVL 
FFP FDRQNCSMKFGSWTYDGTMVDL IL 
HFP FDQQNCTLKFRSWTYDHTE I DMVL 
FPFD QNC KF SWTYD T D L 

MERTVDLKD 
MEHHVDLKD 
IGSSMNLKD 
IGSTMNLKD 
IHSRVDQLD 
MHSHVDQLD 

N IEVGI DLQD 
D 

FFP FD RQNCSMKFGSWTYDGNMVKLVL 
YFP FDQQTC I MKFGSWTFNGDQVSLALYN 
FPFD Q C MKFGSWT G V L L 

KSDVASLDD 
KSEVASLDD 
INENVDRKD 
KSPTAIMDD 

D 

DFP MDAHACPLKFGSYAYTRAEVVYEW 
DFPMDAHACPLKFGSYAYTRAEVVYEW 
DFPMDAHSCP LKFGSYAYTTSEVTY IW 
DFPMDVHACPLKFGSYAYTTAEVVY SW 
DFPMD H CPLKFGSYAYT EV Y W 

INQQVDRSD 
NKNFVDLSD 

VD D 

RYP LDEQNCTLEIESYGYTTDD I EFYW 
RYP LDEQNCTLE IESYGYTTDD IEFYW 
RYP LDEQNCTLE IESYGYTTDD I EFYW 
RYPLDEQNCTLEIESYGYTTDD IEFYW 
RYP LDEQNCTLEIESYGYTTDD I EFYW 

TREPAHSV 
TREPARSV 
TYNASDSV 
TLGKNKSV 
T SV 

NFPMDVQTC I MQLESFGYTMNDL IFEWQ 

NGGEGA 
NGGEGA 
RGDDNA 
RGGDKA 
G A 

invariant P D C 

EQGAVQVAD 
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1 hal 
2 hAl 
3 mAl 
4 cAl 
5 siAl 
6 slAl 
7 xAl 
8 tAl 

9 hBl 
10 bBl 
ii mBl 
12 tBl 

13 hGl 
14 bGl 
15 mGl 
16 cGl 
17 xGl 
18 tGl 

19 bEl 
20 rE1 

21 bDl 
22 mDl 
23 cDl 
24 tDl 
25 xDl 
26 tDl 

27 rA2 
28 cA2 
29 rA3 
30 cA3 
31 rA4 
32 cA4 
33 dAL 

34 rB2 
35 cB2 
36 rB3 
37 rB4 

38 gNA 
39 dNA 

40 hA1 
41 hA1 
42 hA2 
43 hA3 

44 bBl 
45 rB1 
46 rB2 
47 rB3 

�9 48 rA1 

invariant 

251 
FNESGEWVI ~SRGWKHSVT 
FMESGEWVI KESRGWKHWVF 
F~SGEWVI KEARGWKHWVF 
FI~SGEWVMKDYRGWKHWVY 
YMQSGEWALKDYRGFWHSVN 
YMQSGEWTLKDYRGFWHSVN 
FMASGEWMMKDYRCWKHWVY 
FMESGEWVMKDYRGWKHWVY 
M SGEW KD RG H V 

.<192-193>. < ...... 
YSCCPDTPY~DI~RI;~IVN 
YACCP STPYLD I TYHFVMQRLPLYF IVN 

YACCPDTPYLD I TYHFLMQRLPLYF IVN 
Y SCCLDTPYLD I TYHFI LLRLPLYF IVN 
YSCCLDTPYLD I TYHFI LLRLPLYF IVN 
YTCCPDKPYLD I TYHFVLQRLPLYF IVN 
YTCCPDTPYLD ITYHFI MQRIPLYFVVN 
Y CC PYLDITYHF R PLYFV N 

F IENGQWEN IHKP SRLI QPPGDPRGGREGQRQEVIFYLI IRRKPLFYLVN 
F IENGQWEI IH~ SRLI QP SVDPRGGGEGRREEVTFYLI IRRKPLFYLVN 
FIENGQWEI IHKP SRLI QLP GDQRGG~EGHHEEVI FYLI IRRKP LFYLVN 
FTENGQWS I EHKP SRKNWRS 
FTENGQW HKP SR 

FTENGEWAI QHRPAKMLLDPA 
FTENGEWAI RHRPAKMLLDEA 
FTENGEWAI RHRPAKMLLD SV 
FTENGEWAI KHRPARK I INSG 
FTENGEWAI KHR~AKRI INHR 
FTENGEWT I RHRPAKKNYNWQ 
FTENGEW I H PA 

YTENGEWAI DFCP GV I RRHDG 
FTENGEWA I DYCP GMIRHYEG 
TENGEWAID CPG IR G 

FTENGEWE IVHRPARVNVDPS 
FTENGEWEIVHR LNVDPS 
FTENGEWEI IHRPARKNIHPS 
FTENGEWEI IHKPAKKNIYPD 
FTENGEWE I VH IP AKKN I DRS 
FTENGEWEI IHKPAKKN IYPD 
FTENGEWEI H A N 

YWESGEWAI INATGTYNSKK 
YWESGEWAI INAIGRYNSKK 
YWESGEWAI IKAPGYKHEIK 
YWESGEWAI IKAPGYKHDIK 
FW~SGEWVI VDAVGTYNTRK 
YWESGEWVI INAVGNYNSKK 
YYI SVEWD IMRVPAVRNEKF 

SEWI 

FTPSGEWDI IALPGRRNENP 
FTPSGEWD IVALPGRRNENP 
FFDNGEWEILNAKGMKGNRR 
FTPSGEWD IVALPGRRTVNP 
F GEW I G P 

DDPSYEDVTFYLI I QRKPLFY IVY 
VTFYLII RKPLFY V 

APAQEAGHQKVVFYLLI QRKPLFYVI N 
APAEEAGHQKVVFYLL I QRKP LFYVI N 
APAEEAGH QKVVFYLL I QRKP LFYVI N 

RFTPDDIQYQQVIFYLI IQRKPLFYI I N 
LPRDDVNYQQIVFYLI IQRKPLFY I I N 
LTKDDTDFQE I I FFLI IQRKPLFYI I N 

Q F LI IQRKPLFYI IN 

DSAGGPGETDVIYSLI IRRKPLFYVI N 
GSTEDPGETDVIYTLI IRRKPLFYVIN 
S PGETDVIY LI IRRKPLFYVIN 

VPLDSPNRQDVTFYLI IRRKPLFYVIN 
VPMD STNHQDVTFYLI IRRKPLFYI IN 
YPTESSEHQDITFYLI IKRKPLFYVIN 
KFPNGTNYQDVTFYLI IRRKPLFYVI N 
LSPESTKYQDITFYLI IERKPLFYI IN 
~a'~NGTNYQDVTFYLI IRRKPLFYVIN 

QD TFYLII KPLFY IN 

YDCCAE IYPDVTYYFVIRRLPLFYT I N 
YDCCTE IYPD ITFYFVIRRLPLFYTI N 
YNCCEEIYOD ITYSLYIRRLPLFYT I N 
YNCCEEIYTD I TYSLYIRRLPLFYT I N 
YECCAEIYPD ITYAFI IRRLPLFYT I N 
YECCTEIYPD ITYSFI IRRLPLFYTI N 
YSCCEEPYLD IVFNLTLRRKTLFYTVN 
Y CC E Y D I RR LFYT N 

DDSTYVD ITYDFI IRRKPLFYTIN 
DDSTYV ITYDFI IRRKPLFYTIN 

EGFYSYPFVTYSFVLRRLPLFYTLF 
QDPSYVDVTYDFI IKRKPLFYTIN 

Y TY F R PLFYT 

FFDNGEWEI LSATGVKGSRQ DSHLSYPY ITYSF I LKRLPLFYTLF 
YWKSGTWDI IEVPAYLNVYE GDSNHPTETD ITFY I I IRRKTLFYTVN 

GW I Y H I I R LFYT 

VVAEDGSRLNOYDLLGQTVDSGIVOSSTGEYVVMTTHFHLKRK I GYFVI Q 
VVAEDGSRLNOYDLLGQTVDSGIVQSSTGEYVVMTTHFHLKRKI GYFVI O 
QVAPDGSRLNQYDLPGQSI GKET IKSSTGEYTVMTAHFHLKRKIGYFVI Q 
EVAQD GSRLNQYD LLGHVVGTE I IRSS TGEYVVMTTHFHLKRK I GYFVI Q 
VA DGSRLNQYDL G SSTGEY VMT HFHLKRKIGYFVIQ 

VTG%"A~I ELPQFS IVDYKMVSKKVEFTTGAYPRLSLSFRLKRN I GYF I LQ 
VTGVNKIELPQFS IVDYKMVSKKVEFTTGAYPRLSLSFRLKRN I GYF ILQ 
VTG%~I~I ELPQFS IVDYKL I TKK%rgTSTGSYPRLSLSFKLKR I GYF I LQ 
VTGVERIELPQFS IVEHRLVSRNVVFATGAYPRLSLSFRLKRNIGYF I LQ 
VTGV IELPQFSIV V F TG YPRLSLSF LKRNIGYFILQ 

GLTLPQF I LKEEKDLRYCTK HYNTGKFTC I EARFHLERQMGYY LI Q 

R 

Molecular Neurobiology Volume 4, 1990 



138 Cockcroft  et al. 

1 hA1 
2 hal 
3 mAl 
4 cA1 
5 slat 
6 slA1 
7 xA1 
8 tAt 

9 hBl 
10 bB1 
11 mB1 
12 tB1 

13 hG1 
14 bG1 
15 mG1 
16 cG1 
17 xG1 
18 tG1 

19 bEl 
20 rE1 

21 bD1 
22 mD1 
23 cD1 
24 tD1 
25 xDl 
26 tD1 

27 rA2 
28 cA2 
29 rA3 
30 cA3 
31 rA4 
32 cA4 
33 dAL 

34 rB2 
35 cB2 
36 rB3 
37 rB4 

38 gNA 
39 dNA 

40 hA1 
41 hAl 
42 hA2 
43 bA3 

44 bB1 
45 rB1 
46 rB2 
47 rB3 

48 rA1 

invariant 

I 
301 .... M1 ........... > I 

VIIPCLLFSFLTGLVFYLPTDSG 
VIIPCLLFSFLTGLVFYLPTDSG 
VIIPCLLFSFLTSLVFYLPTDSG 
VIIPCLLFSFLTGFVFYLPTDSG 
VIIPC 
VIIPC 
VIIPCLLFSFLTGLVFYLPTDSG 
VIIPCLLFSFLTGLVFYLPTDSG 
VIIPCLLFSFLT VFYLPTDSG 

VIAPCILITLLAIFVFYLPPDAG 
VIAPCILITLI~IFVFYLPPDAG 
VIAPCILITLLAIFVFYLPPDAG 
TIIPCILISILAILVFYLPPDAG 
I PCILI LAILVFYLPPDAG 

2 3 4 
. . . . . . . . . . .  M 2  . . . . . . .  I ' - - > - I  

EKMTLS I SVLLSLTVFLLV IVEL Ip S 
EKMTLSISVLLSLTVFLLVIVELIPS 
EKMTLSISVLLSLTVFLLVIVELIPS 
EKMTLSISVLLSLTVFLLVIVELIPS 

EKMTLSISVLLSLTVFLLVIVELIPS 
EKMTLSISVLLSLTVFLLVIVELIPS 
EKMTLSISVLLSLTVFLLVIVELIPS 

EKMGLS I FALLTLTVFLLLLADKVPE 
EKMGLS I FALLTLTVFLLLLADKVPE 
EKMGL S I FALLTLTVFLLLLADKVPE 
EKMSLSI SALI~VTVFLLLLADKVPE 
EKM LSI ALL TVFLLLLADKVPE 

I IAPCVL I S SVAI L I HFLP AKAGGQKCTVA I NVLLAQTVFLFLLAKKVP E 
I IAPCVL I S SVAI L I YFLPAKAGGQKCTVA I NVLLAQTVFLFLVAKKVP E 
I IAPCVLI SSVAI LI YFLPAKAGGQKCTVATNVLI~QTVFLFLVAKKVP E 
I IVPCVL I S SMAVLVYFLPAKAGGQKCTVS I NVLLAQTVFLFLIAQKVP E 
I IVPCVLI SFVS I LVYFLPAKAC-GQKCTVS I NI LI~QTVFLFLVAQK IPE 
I IAPCVL I SSLVVLVYFLPAQAGGQKCTLS I SVLLAQT I FLFL IAQKVPE 
II PCVLIS L FLPA AGGQKCT I LLAQT FLFL A K PE 

I IVPCVLI SGLVLLAYFLPAQAGGQKCTVS I NVLLAQTVFLFL IAQKTP E 
I IVP CVL I SGLVLLAYF LPAQAGGQKCTVS I NVLLAQTVFLFL IAQK I pE 
I IVPCVL I SGLVLLAYFLPAQAGGQKCTV S I NVLLAQTVFLFL I AQK Ip E 

I LVPCVLI SFM INLVFYLPADCG 
I LVPCVLI SFMI NLVFYLP GDCG 
IVTPCVLIAFMAI LVFYLPADSG 
F I TPCVLI SFLASLAFYLPAESG 
I I.APCVL IALMAN LVFYLP AD SG 
F ITPCVLI SFLASLAFYLPAESG 

PCVLI L FYLP G 

L I I PCLLI SCLTVLVFYLP SECG 
LI I PC LL I SCLTVLVFYLP SDCG 
LI I PC LL I SFLTVLVFYI~ SDCG 
MI I PCLL I SFLTVLVFYLP SDCG 
L I IPCLLI SCLTVLVFYLPSECG 
LI I PCLLI SCLTVLVFYLP SECG 
L I IPCVGI SFLSVLVFYLP SDSG 
IIPC IS L VLVFYLPS G 

LI IPCVLITSLAI LVFYLP SDCG 
LI I PC ILI TSLAI LVFYLP SDCG 
LI I PCLGLSFLTVLVFYLP SDEG 
LI IPCVLITSLAI LVFYLPSDCG 
LIIPC L LVFYLPSD G 

LI I PCLGLSFLTVLVFYLP SDEG 
L I LPTVL I SFLCVLVFYI~AEAG 
LI P V SFL VLVFYLP G 

EKTSMAI SVLLAQSVFLLL I SKRLPA 
EKTSVAI SVLLAQSVFLLL ISKRLPA 
EKMTLVI SVLLAQSVFLLLVSQRLPA 
EKMSTAI SVLLAQAVFLLLTSQRLPE 
EKMTLAI SVLLAQSVFLLL I SQRLP E 
EKMSTAI SVLLAQAVFLLLTSQRLPE 
EK I SVLLAQ VFLLL RLP 

EKI TLCI SVLLSLTVFLLLITEI IP S 
EKI TLCI SVLLSLTVFLLLI TEI IP S 
EKVTLCI SVLLSLTVFLLVITET IP S 
EKVTLCI SVLLSLTVFLLVITET IP S 
EKVTLC I SVLLSLTVFLLLITEI IP S 
EKI TLCI SVLLSLTVFLLLI TEI IPS 
EKI SLCI S I LLSLTVFFLLLAEI IPP 
EK LCIS LLSLTVFFL EIIP 

EKMTLCI SVLLALTVFLLL I SKIVPP 
EKMTLCI SVLLALTVFLLLI SKIVPP 
EKLSL ST SVLVSLTVFLLVI EE I IPS 
EKMTLC I SVLLALTFFLLL I SK I VP P 
EK L I SVL LT FLL I I P 

EKVSLST SVLVSLTVFLLV I EEl IP S 
EKVTLGI SILLSLVVFLLLVSKILPP 
EKV L IS L SL VFLL I P 

TYLPC IMTVI LSQVSFWLNRE SVPARTVF GVTTVLTMTTLS I SARNS Lp K 
TYLPC IMTVI LSQVS~SVPARTVFGVTTVLTMTTLS I SARNS LPK 
TYLPC IMTVILSQVSFWLNRESVPARTVFGVTTVLTMTTLS I SARNSLPK 
TYLPC I MTV I LSQVSFWLNRE SVPARTVFGVTT%rLTMTTLS I SARNSLPK 
TYLPC IMTVI LSQVSFWLNRE SVPARTVFGVTTVLTMTTLS I SARNSLPK 

TYMP STLIT I LSWVSFWI NYDASAARVALGI TTVLTMTT I STHLRET Lp K 
TYMP STLI T I LSWVSFWI NYDASAARVALG I TTVLTMTT I STHLRETLPK 
TYMP SILI T ILSWVSFWINYDASAARVALGI TTVLTMTT I NTHLRETLPK 
TYMP S IMIT ILSWVSFWINYDASAARVALGI TTVLTMTTINTHLRETLPK 
TYMP S IMI T I LSWVSFWI NYDASAARVALGI "F~'vLTMTT I THLRETLPK 

MYI P SLLIVI LSW I SFWINMDAAPARVGLGI TTVLTMTT QS SGSRASLP K 

P p 
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1 hA1 
2 bA1 
3 mAl 
4 cAl 
5 siAl 
6 siAl 
7 xAl 
8 tAl 

9 hB1 
10 bBl 
II mBl 
12 tBl 

13 hGl 
14 bGl 
15 mGl 
16 cGl 
17 xGl 
18 tGl 

19 bEl 
20 rEl 

351 < ............ M3 ........... > 
TSSAVPLI GKYMLFTMVFVIASIIITVIVINTHH RSP~ 
TSSAVPLI GKYMLFTMVFVIASIIITVIVINTHH RSPST 
TSSAVPLI GKYMLFTMVFVIASIIITVIVINTHH RSPST 
TSSAVPLI GKYMLFTMVFVIASIIITVIVINTHH RSPST 

TSSAVPLI GKYMLFTMVFVI~IIITVIVINTHH RSPST 
TSSAVPLI GKYMLFTMIFVIsSIIITVVVINTHH RSPST 
TSSAVPLI GKYMLFTM FVI SIIITVVVINTHH RSPST 

TSLSVPII 
TSLSVPII 
TSLAVPII 
TSLSVPII 
TSL VPII 

TSQAVPLI 
TSQAVPLI 
TSQAVPLI 
TSQAVPLI 
TSTSVPLI 
TSLNVPLI 
TS VPLI 

TSLSVPLL 
TSLSVPLL 
TSLSVPLL 

21 bDl TSMAIPLI 
22 mDl TSMAIPLV 
23 cDl TSHAIPLI 
24 tD1 TALAVPLI 
25 xD1 TSFAIPLI 
26 tD1 TALAVPLI 

T PLI 

27 rA2 
28 cA2 
29 rA3 
30 cA3 
31 rA4 
32 cA4 
33 dAL 

TSLVIPLI 
TSLVIPLI 
TSLVIPLI 
TSLVIPLI 
TSLVIPLI 
TSLVIPLI 
TSLTVPLL 
TSL PL 

34 rB2 TSLDVPLV 
35 cB2 TSLDVPLV 
36 rB3 SSKVIPLI 
37 rB4 TSLDIPLI 

S PL 

HVMPEWVR 
HI~EWVR 
H~PWVR 

38 gNA 
39 dNA 

HTMPPWVR 
HTMPQWVR 
H MP WVR 

40 hAl 
41 hA1 
42 bA2 
43 hA3 

I KYLMF TMVLVTFSVI LSVVVLNLHH RSPHT 
I KYLMF TMVLVTFSVI LSVVVLNLHH RSPHT 
I KYLMF TMVLVTFSVI LSVVVLNLHH RSPHT 
IRYLMF IM I LVAFSVI LSVVVLNLHH RSPNT 
I YLMFIM LV FSVILSVVVLNLHH RSP T 

HQMPLWVR 
HQMPLWVR 
HQMPFWVR 
HTMPNWIR 
H MP WR 

44 bB1 
45 rB1 
46 rB2 
47 rBS 

SKYLTF LLVVT I LI VVNAVVVLNVSL RSPHT 
SKYLTFLLVVT I LI VVNAVVVLNVS L RSPHT 
SKYLTFLMVVT I L I VVNSVVVLNVS L RSPHT 
GKYL TFLMVVTVVI VVNAV I VLNVSL RTPNT 
VKYLTFI~ ITIVANAVIVLNI SL RTPNT 
GKYL l FVMFVSMLIVMNCVI VLNVSL RTPNT 
KYL F V IV N VIVLN SL R P T 

HSMARGVR 
HSMARGVR 
HSMARGVR 
HSMSQRVR 
HSMSSTVR 
HSLSEKIK 
HS 

48 rA1 

GRYLIFVMVVATLIVMNCVIVLNVSL RTPTT 
GRYLIFVMVVATLIVMNCVIVLNVSL RTPTT 
GRYLIFVMVVATLIVMNCVIVLNVSL RTPTT 

HAMSPRLR 
HATSPRLR 
HA SPRLR 

GKFLLFGMVLVTMVVVI CVI VLN I HF RTPST 
GKFLLFGMVLVTMVVVI CV I VLNI HF RTPST 
GKYLLF IMLLVT&VVVICVVVLNFHF RTPST 
GKYLMF IMSLVTGVIVNCGI VLNFHF RTPST 
SKYLMF I MVLVT IVVVSCV IVLNLHF RTPST 
GKYLMF I MSLVTGV IVNCG I VLNFHF RTPST 
G L F M T C IVLN RTP T 

HVLSEPVK 
HVLSEGVK 
HVMSDWVR 
HVLSTRVK 
HAI SERMK 
HVLSTRVK 
H S 

invariant 

GEYLLFTM IFVTLS IVI TVFVLNVHH RSPST 
GEYLLFTMIFVT LS I I ITVFVLNVHH RSPST 
GEYLLFTMIFVTLS IVITVFVLNVHY RTPTT 
GEYLLFTMIFVTLS I V I TVFVLNVHY RTPKT 
GEYLLFTMIFVTLS IV I TVFVLNVHH RSPRT 
GEYLLFTMIFVTLS I I ITVFVLNVHH RSPRT 
GKYLLF TMMLVTLSVVVT IAVLNVNF RSpVT 
G YLLFTM LVTLS T VLNV R P T 

HNMPNWVR 
HTMPHWVR 
HTMPTWVK 
HTMPVWVR 
HTMPAWVR 
HTMPDWVR 
HRMAPWVQ 
HM WV 

GKYLMFTMVLVTFSIVTSVCVLNVHH RSPTT HTMAPWVK 
GKYLMFTMVLVTFSIVTSVCVLNVHH RSPTT HTMPPWVR 
GEYLLFIMIFVTLSI I TVF INVHH RSSSTYHPMAPWVK 
GKYLLFTMVLVTFSIVTTVCVLNVHH RSPST HTMASWVK 
G YL F M VT S I V V NVHH RS T H M WV 

SSKVIPLI 
TSLVLPLI 
S V PLI 

GEYLLFIMIFVTLSIIVTIFVINVHH RSSATYHPMSPWVR 
AKYLLFTFIMNTVSILVTVIIINWNF RGPRT HRMPMYIR 

YLLF I T SI V IN R T HRM R 

VAYATAMDWDWF I AVCYAFVF SAL I EFATVNYF 
VAYATAM DWFI AVCYAFVF SALI EFATVNYFT KRGYAWDG 
VAYATAM DWFIAVCYAFVF SAL I EFATVNYF TKRGWAW 
VAYATAM DWFMAVCYAFVFsALIEFATVNYF TKRSWAW 
VAYATAM DWF AVCYAFVFSALIEFATVNYF W 

IPYVKAI 
IPYVKAI 
IPYVKAI 
IPYVK 
IPYVKAI 

D I Y L M ~ L ~  T.T.~YAFVNY I FFGKGP QKKGAGKQDQS 
D I YIAMGC~L~ T-T.m-YAFVNY I FFGKGP QKKGASKQDQS 
D ~  T.T.W.YALVNYI FFGRGP QRQKKAAEKAA 
D ~ L ~ T . T . ~ Y A F V N Y Z  FFGRG~QRQKKLAEKTA 
D Y I ~  ~ A  VNYIFFG GPQ 

VSYVKAI DIWMAVCLLFVFSALLEYAAVNFV SRQH 
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1 hA1 
2 hAl 
3 mAl 
4 cA1 
5 siAl 
6 sIAl 
7 xAI 
8 tAl 

9 hBl 
I0 bBl 
II mBl 
12 tBl 

13 hGl 
14 bGl 
15 mGl 
16 cGl 
17 xGl 
18 tGl 

19 bEl 
20 tEl 

21 bDl 
22 mDl 
23 cDl 
24 tDl 
25 xDZ 
26 tDl 

27 rA2 
28 cA2 
29 rA3 
30 cA3 
31 rA4 
32 cA4 
33 dAL 

34 rB2 
35 cB2 
36 rB3 
37 rB4 

38 gNA 
39 dNA 

40 hA1 
41 hA1 
42 bA2 
43 bA3 

44 bBl 
45 rBl 
46 rB2 
47 rB3 

48 rA1 

invariant 

401 
KVFIDTIPNIMFFSTMK 
KVFIDTIPNIMFFSTM~ 
K"4FIDTIPNIMFFSTMK 
KIFIDTIPNIMFFSTMK 

KIFIETIPNIMFFSTMK 
KIFIDTIPNVMFFSTMK 
K FI TIPN MFFSTMK 

QIFIHKLPLYLRLKRPK 
QIFIHKLPL~K 
QIFIHKLPPYLGLKRPK 
QIFIETLPPFIMI QRPV 
QIFI LP L RP 

KVFLRLLPQLLRMHVRP 
KVFLRLLPQLLRMHVRP 
KLFLRLLPQLLRMHVRP 
QVWLHLLPR~E 
ELCLRTVPpLTJ~MHLRP 
HLFLGFLPK~QLEP 

L P LM 

~,;UmeLu~P 
Q I L I . ~ ~ S P P P  

LLELLP LLG PP 

KLFLETLPE ILHMSRPA 
KFFLETLP~T.TJmMSRPA 
GVFLE I LP~T.T.RI~SHPA 
Q IFLEKLPRILHMSRADE 
E IFLNKLPRILBMSQPA 
QIFLEKLPRILBMSRADE 

FL LP LBMS 

VALLGRVPRWLMMNRPL 
SFFLGFIPR~p tT~T.P 
AVFLNLLPRVMFMTRPT 
T IFLNLLPRIMFMTRPT 
RVFLD I V P ~  SVVKDNCRRLI ESMHKMANAP RFWP EP VGEP G I L 
RVF LD IVP RLLFMKRP S TVKDNCKKL I ESMHKLTN SP RLWSET DMEP NFT 
RLF IQ ILPKLLCIERPK 

F P RP 

VVFLEKLPTLLFLQQPR 
TLFLRKLPA T,TJC~KQpQ 
RLFLQRLPR~P 
ECFLHKLPTFLFMKRPG 

FL LP L P 

SLFLQRLPH~GN 
S IFLHYLPAFLFMKRPRKTR 
S FL LP M 

KSVVPEKPK 
D 
EG KKVPEALEMKK 

ANEKNKLEMNKVQVDAH 
ANEKNKLEMNKVQVDAH 
NANNEKMRLDVNKMDPH 
KAKNDRSKSEINRVDAH 

H 
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1 hAl 
2 hAl 
3 mAl 
4 cAl 
5 slA1 
6 slA1 
7 xAl 
8 tA1 

9 hBl 
10 bB1 
11 mB1 
12 tB1 

13 hG1 
14 bG1 
15 mGl 
16 cG1 
17 xG1 
18 tG1 

19 bE1 
20 rE1 

21 bD1 
22 mD1 
23 cD1 
24 tD1 
25 xD1 
26 tD1 

27 rA2 
28 cA2 
29 rA3 
30 cA3 
31 rA4 
32 cA4 
33 dAL 

34 rB2 
35 cB2 
36 rB3 
37 rB4 

38 gNA 
39 dNA 

40 hA1 
41 hA1 
42 hA2 
43 hA3 

44 bB1 
45 rB1 
46 rB2 
47 rB3 

48 rA1 

invariant 

451 

SD I CNQGLSPAPTFCNP TDTAVETQPTCRSPPLEVPDLKTSEVEKASPCP 
TSS SP SP QSNEPSPTSSFCAHLEEPAKPMCKSP SGQYSMLHPEPP QVTCS 
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1 hA1 
2 bAl 
3 mAl 
4 cAl 
5 sIAl 
6 siAl 
7 xAI 
8 tAl 

9 hBl 
i0 bBl 
Ii mBl 
12 tBl 

13 hGl 
14 bGl 
15 mGl 
16 cGI 
17 xGI 
18 tGl 

19 bEl 
20 rE1 

21 bDl 
22 mDl 
23 cDl 
24 tDl 
25 xDl 
26 tDl 

27 rA2 
28 cA2 
29 rA3 
30 cA3 
31 rA4 
32 cA4 
33 dAL 

34 rB2 
35 cB2 
36 rB3 
37 rB4 

38 gNA 
39 dNA 

40 hA1 
41 hAl 
42 bA2 
43 bA3 

44 bBl 
45 rBl 
46 rB2 
47 rB3 

48 rAl 

invariant 

501 
~s~ 
RPSR 
RPSR 
RPSR 

EKQDKKIF 
EKQDKKIF 
DKQEKRIF 
DKPDKKIF 

RPSQ 
RASK 
RS 

PERDLM~EPPHCSSPGSGWG 
PERDQMQEPP S IAPRD SP GSGWG 
PERDQLPEPHHSLSPRSGWG 

TTPSPDSKPTI IS 

LAPAAVQDTQSRLQNGS SGWS I 
LAP VAVQDAHPRLQNGS S SGWP I 
LAP AAVQDARFRLQNGS S SGWP I 

EAPGPPQATRRRS SLGLM 
TDAAPPLAPLMRRSSSLGLM 
SEETPEKPQPRRRSSFGIM 

R 

EIPRAASPPRRASSLGLL 
EDP GAASPARRASSVGI 
EDP AASP RRASS G 

EDGPSPGTLIRRSSSLGY I 
EEDPGPRALIRRSSSLGY I 
ESPAGAPCI RRCSSAGY I 

SEQPDWQNDLKLRRSS SVGY I 
EP EPEPWSGVLLRRSS SVGY I 
SEQP DWQNDLKLRRS S SVGY I 

RR SS GYI 

EKQPQKTF 
EKQENKIF 
K KIF 

RGTDEYFI 
RGTDEYFI 
RGTDEYF I 
RANDEYFI 
R DEYFI 

TTGEEVAL 
TAGEEVAL 
MAREEGDL 
VKADEYML 
MKADEYML 
IKAEEYIL 

E L 

LRAEELIL 
LLRAEELI 
L E 

SKAEEYFS 
CKAEEYFS 
AKAEEYYS 
SKAQEYFN 
VKAEEYYS 
SKAQEYFN 
KA EY 

P PMELHGSP DLKLSP SYHWLE TNMDAGEREETEEEEEEE D 
AEGTTGQYDPP GTRLSTSRCWLETDVDDKWEEEEEEEEEEE 

SGEGDTPKTRTFYGAE LSNLNCFSRADSKSCKEGYP C 
SDEENNQKP KP FYTSEF SNLNCFNS SE IKCCKDGFVCQ 

SPGSCPPPKSSSGAPML IKARSLSVQHVP SSQEAAEDGIRCRSRS I QYCV 
SPKPSCHPLSDTQTTSI SKGRSLSVQQMYSPNKTEEGS IRCRSRS IQYCY 

KEEPEEDQPPEVLTDVYHLPP DVDKFVNYDSKRFS GDYG I 

HRCARQRLRLRRRQRE 
QSCARQRLRQRRQT~RA 

LEVSLVRVPHPSQLHLATA 

REGEAVFF 
AAATLFLR 

MDRFSF 
DTAATSAL 

TDRYHYPE 
LRWMMEMPGMSMPAHPHP SYGSPAELPKHI SAIGGKQSKME 

KVKDPLI 
GKSVVNDK 
KTPAVPT 
K 

GNILI~TLEIRNET SGSEVLTG 
GNI~TLEIRNET SGSEVLTG 
ENILLSTLEIKNEM ATSEAVMG 
GN I LLAPMDVHNEM NEVAGSVG 
NILL NE G 
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1 hA1 
2 hA1 
3 mAl 
4 cA1 
5 sIAl 
6 sIAl 
7 xAl 
8 tAl 

9 hBl 
i0 bBl 
ii mBl 
12 tBl 

13 hGl 
14 bGl 
15 mGl 
16 cGl 
17 xGl 
18 tGl 

19 bE1 
20 rE1 

21 bDl 
22 mDl 
23 cDl 
24 tDl 
25 xDl 
26 tD1 

27 rA2 
28 cA2 
29 rA3 
30 cA3 
31 rA4 
32 cA4 
33 dAL 

551 
TEDIDISDISG 
TEDIDISDISG 
TEDIDISDISG 
AEDIDISEISG 

"KPGPPPMGFH 
KPGPPPMGFH 
KPGPPPMGFH 
KQGPVPVNFY 

AEEMDISHISG 
ADDIDISDISG 

DIS ISG 

RKPPSDFLFPK 
RKPPNDFLFPK 
RKPPSDFLFPK 
RKPAGDFVCPVDN 
RKP DF P 

CLPRSELLFQQWQRQG 
CLPRSELLFRQRQRNGL 
CLPRSELLFRQRQRNGL 
WKARTELLFEKQKERDGL 
RKPRSQLMFEKQKERDGL 
KKPRSELMFEEQKDRH 

R LMF 

KKPRSELVFE 
LKKPRRLVFEG 
K LVFE 

LKSRSDLM~'EKQ 
LKSRSDLMFEKQ 
VKSRSELMFEK 
IKSRS~EKQSE 
VKSRSELMFEKQ 
IKSRS~EKQSE 
KSRS LM~'~ 

ENI CVCAGLPDSSMG 
EEEEEEKAYPSRVPSGGSQ 
QDGTCGYCHHRRV 
DMACSCCQYQRM 

KLGPAAVTYQ 
KQVTGEVIFQ 
K 

PNRFQPELSA 
PNRFQPELSA 
LNRFQPESSA 

ARVAVQPERLF 
QPE 

LVAAALEKLEK 
VRAALEKLEKG 
VQAVI~KLENG 
MKTVLEKI GRG 
MKVVLDKI GRG 
GLKRVNKMTS D 

QQRHRHGTWT 
QRHRHGTWTA 
Q 

SERHGLARRLT 
SERHGLARRLT 
QSERHGLASR 

RHGLVPRVTPR 
SERHGLTSRAT 
RHGLVPRVTPR 

VLYGHGGLHLR 
GTQCHYSCERQAGK 

KISNFSANLTR 
KFSDFSGNLTR 

SQDGAALADSKPTSSPTSLKARPSQLPVSDQASPCKCTCKEPSPVSPVT 
LQEDSSQTNGHSSASPASQRCHLNEEQPQHKPHQCKCKCRKGEAAGTPTQ 
PALPASHRFDLAAAGGISAHCFAEPPLPSSLPLPGADDDLFSPSGLNGDI 

34 rB2 REGPAADPCTC FVNPASVQGLA 
35 cB2 AGARACACYAN PGAAKAEGLN 
36 rB3 PDGKESDTAV RGKVSGKRKQ 
37 rB4 GPTSPSNLYGSS MYFVNPVPAA 

38 gNA 
39 dNA 

40 hAl 
41 bAl 
42 hA2 
43 bA3 

LEPHSPDIAKP RNKKGPPGPE 
VMELSDLHHPNCKIN RKVNSGGELGL 

G 

KKNNT YAPTATSYT 
KKEKASVMI QNN AYAVAVANYA 
KKTSTTFNIVG TTYPINLAKD 
KK 

44 bBl VGDPKTTMYS YDSASIQYR 
45 rBl VSDPKATMYS YDSASIQYR 
46 rB2 LGDPRSTMLA YDASSI QYR 
47 rB3 DTRNSAI SFDN SGI QYR 

IQYR 

48 rAl EGGEGRFNFSA YGMGPACLQ 

invariant 
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1 hal 
2 hAl 
3 mA1 
4 cAl 
5 siAl 
6 sial 
7 xAl 
8 tAl 

9 hB1 
10 bBl 
11 mB1 
12 tB1 

13 hG1 
14 bG1 
15 mG1 
16 cG1 
17 xG1 
18 tG1 

19 bE1 
20 rE1 

21 bDl 
22 mD1 
23 cD1 
24 tD1 
25 xD1 
26 tDl 

27 rA2 
28 cA2 
29 rA3 
30 cA3 
31 rA4 
32 cA4 
33 dAL 

34 rB2 
35 cB2 
36 rB3 
37 rB4 

601 
SPLIKHP 
SPLIKHP 
SPLIKHP 
SPLTKNP 

EVK~ IEGIKY I~TMKSDQESNN 
EVKSAIEGIKYIAETMKSDQESNN 
EVKSA IEGVKYIAETMKSDQESNN 
DVKNAIEGIKYIAETMKSDQESSN 

SPALKNP 
TPLIKNP 
P KP 

PDLRRFI DGPNRAVALLP 
P DLRRFI DGPNRAVGLPP 
PDLRRF I DGPTRAVGLP Q 
SEMKWHLNGLTQPVTLPQ 

G VL 

GPELGLSQFCGSLKQAAP 
PESGQSPEWCGSLKQAAP 
PEVRQSQEFCGSLKQASP 
LESNRAQDFCQST.~ASP 
MENNTSDDLVHSLNHAAP 
I D I GTTVDLYKDLANFAP 

P 

ATLCQNLGAAAP 
AALCQNLGAAAP 
A LCQNLGAAAP 

TARRPPAGSEQAQQELFS 
TARRPPASSEQVQQELFN 
VTPARFAPAATSEEQLYD 
I GFGNNNENIAASDQLHD 
PARVNPLNANNSQDQLYG 
I G~G~EN IAASDQLHD 

L 

AMEPETKTPSQASEI LLS 

DVKSAIEGIKYIAETMKSDQESNK 
DVKSAIEGVKYIAEHMKSDEESSN 
VK AIEG KYIAE MKSD ES N 

ELREVVSS I SY IARQLQEQEDHDA 
ELREVVS S I SY IARQLQEQEDHDV 
ELREVI S S I SYMARQLQEQEDHDA 
D LKEAVEAI KY IAEQLESASEFD D 
LE I YAQL D 

AIQACVEACNLIACARHQQSHFDN 
AIQACVEACNLIARARHQQTHFDS 
AIQACVDACNLMARARRQQSHFDS 
EIRACVEACNHIANATREQNDFSS 
EIRTCVEACCHIASATREKNDFKS 
EIKSCVEACNFIAKSTKEQNDSGS 
I CVAC A 

EIRCCVDAVNFVASSTRDQEATGE 
EVRCCVDAVNFVAESTRDQEATGE 
E RCCVDAVNFVA STRDQEATGE 

ELKPAVDGANF I VNHMKDQNNYNE 
EMKPAVDGANF IVNHMRDQNSYNE 
HLKPTLDEANF IVKHMREKNSYNE 
E IKSGI DSTNY IVKQIKEKNAYDE 
E IKPAIDGANF IVKH IRDKNDYNE 
E IKSG I DSTNY IVKQIKEKNAYDE 

K D NIV NYE 

PQIQKALEGVHYIADRLRSEDADSS 
ASGGPAP QVPLKGEEVGSDQGLTLSPS I LRALEGVQY IADHLRAEDADF S 
SSSSESVNAVLSLSALSP E IKEA I QSVKY IAENMKAQNVAKE 
SSSSESVDPLFSFSVLSP EMRDA IE SVKY IAENMKMQNEAKE 
~GGTKAPPQHLPLSP ALTRAVE GVQY I ADH LKAEDT DFS 
GSKSHSNKGEHLVLMSP ALKLAVEGVHY IADHLRAEDADFS 
SPGCCPAAAAAAAADLSPTFEKP YAREMEKT IE GSRF IAQHVKNKDKFE S 

IA 

GAFRAEP TAAGPGRSVGP CSCGLREAVDGVRF IADHMRSEDDDQS 
GYRERQGQGPDPPAPCGC GLEEAVEGVRF IADHMRSE DD DQS 
TPASDGERVLVAF LEKASES I RYI SRHVKKEHF I SQ 
PKSAVSSHTAGLPRDARLR SSGRFREDLQEALEGVSF IAQHLESDDRDQS 

A I H 

38 gNA GEGQALINL LEQATNSVRYISRHIKKEHFIRE 
39 dNA GDGCRRESESSDSILLSP EASKATEAVEFIAEHLRNEDLYIQ 
39 dNA G AT V I H E 

40 hAl 
41 bA1 
42 hA2 
43 hA3 

44 bB1 
45 rB1 
46 rB2 
47 rB3 

48 r&l 

invariant 

PNLARGDP 
PNLSKDP 
TEFSAISKGA 

TKRGYAWDGKSVVPEKPKKV 
GLAT I AKSAT I EPKEVKPETKPPE 
VLSTI SKSATTPEPNKKPENKPAE 
APSTSSTPT I IASPKTTCVQD IPT 

KPMSSREGY 
KPLSSREGF 
KAGLPRHSFG 
KQS~GHG 
K 

AKDGI S 

GRALDRHGAHS KGRI RRRASQLKV 
GRGLDRHGVPGKGRI RRRASQLKV 
RN~ TR~HVAQKKSRLRRRASQLK I 
RYMC4)RS I P HKKTHLRRRS SQLK I 

R K RRR SQLK 

VKC4%NNNNTTNPAPAP SKSPEEM 
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1 hA1 
2 hA1 
3 mAl 
4 cAl 
5 siAl 
6 siAl 
7 xAl 
8 tAl 

9 hBl 
10 bBl 
ii mBl 
12 tBl 

13 hGl 
14 bGl 
15 mGl 
16 cGl 
17 xGl 
18 tGl 

19 bEl 
20 rEl 

1 

651 
AAAEWKYVAMV 
AAEEWK AMV 
AAEEWKYVAMV 
AADEW~'VAMV 

ASEEWKFVAMV 
AAEEWKYVAMV 
A EWK VAMV 

LKEDWQFVAMV 
LKEDWQFVAMV 
LKEDWQFVAMV 
LKKDWQYVAMV 
LK DWQ VAMV 

GNEEWFLVGRV 
GNKEWFLVGRV 
GNEEWLLVGRV 
ENEEWI LVGRV 
ENEEWILMGRV 
ENENWVLI GKV 

WL G 

EVSDWVRMGKA 
ELSDWVRMGKA 
E SDWVRMGKA 

21 bDl EKDCWNRVART 
22 mDl EKDNWNQVART 
23 cDl EKDNWNRVART 
24 tDl EVGNWNLVGQT 
25 xDl EKDNWYRIART 
26 tDl EVGNWNLVGQT 

E W 

27 rA2 
28 cA2 
29 rA3 
30 cA3 
31 rA4 
32 cA4 
33 dAL 

34 rB2 
35 cB2 
36 rB3 
37 rB4 

38 gNA 
39 dNA 

< .......... M4 ......... > 
MDHILLGVFMLVCIIGTLAVFAGRLIELNQQG 
MDHILI~VFMLVCIIGTLAVFAGRLIELNQQG 
MDHILLGVFMLVCLIGTLAVFAGRLIELHQQG 
LDHLLLVIFMLVCIIGTLAVFAGRLIELNQQG 

40 hAl 
41 hA1 
42 hA2 
43 hA3 

44 bB1 
45 rB1 
46 rB2 
47 rB3 

48 rA1 

invariant 

VKEDWKYVAMV 
VKEDWKYVAMV 
I QDDWKYVAMV 
IQDDWKYVAMV 
VKEDWKYVAMV 
VKEDWKYVAMV 
VEEDWKYVAMV 

DWKYVAMV 

VREDWKYVAMV 
VSEDWKYVAMV 
WQDWKFVAQV 
V I E D W K  
V DWK VA V 

WQDWKFVAQV 
TREDWKYVAMV 

DWK VA V 

KDPLFPN 

LDHI LLAVFMTVCV I GT LAVFAGR I I EMNMQE 
I DHI LLCVFMLI CI I GTVSVFAGRLI ELSQEG 
DH LL FM C IGT VFAGRLIE 

VDALFLWTF I IFTSVGTLVI FLDATYHLPPPDPFP 
VDRLFLWTFI IFTSVGTLVI FLDATYHLPPADPFP 
VDRLFLWTF IVFTSVGTLVI FLDATYHLPP PEPFP 
AD RLFLYV VI CS I GTF S I FLDASHNVPP DNRFA 
D LFL F S GT IFLDA PP PF 

LDRVCFLAMLSLF I CGTAG I FLMAHYNRVPALP F P GD 
LDRVCF LAMLS LFVCGTAG I FLMAHY NRVP ALP FP GD 
LDRVCFLAMLSLF I CGTAGIFLMAHYNQVP DLPFPGD 
I DRVCFF I MASLFVCGT I GIFLMAHFNQAPALPFPGD 
I DRVCF LVMCFVFF LGT I GTFLAGHFNQAPAHPFP GD 
IDKACFWIALLLFS I GTLAIFLTGHFNQVPEFPFPGD 
D CF F GT IFL H N P PFPGD 

LDSI CFWAALVLF LVG S S LI FLGAYFNRVP QLP y pp C 
LD NVCFWRALVLF SVGST LI FLGGYFNQVP D LPYPP C 
LDN CFWAALVLFSVGS LIFLG YFN VP LPYPPC 

VDRLCLFVVTP I MVVGTAWI FLQGAYNQPP P QPF PGD 
VDRLCLFVVTPVMVVGTAWI FLQGVYNQP P LQP F P GD 
LDRLCLFLI TPMLVVGTLWIFLMGIYNHPPPLPF SGD 
IDRLSMFI ITPVMVI~TIFI~PAKPFEGD 
VDRLCLFLVTPVMI I GTLWI FLGC4%YNLPP SLP F P GD 
IDRLSMFI I TPVMVI~T I F I FVMGNFNHPPAKP F EGD 
DRL F P GT IF G N PP PF GD 

VDRIFLWLFI IVCFLGTI GLFLPPFLAGMI 
IDRIFLWMFI IVCLLGTVGLFLPPYLAGMI 
I DRI FLWVF I LVC I LGTAGLFLQP I24ARDDT 
I DRI FLWVF I LVC I LGTAGLFLQP LMTGDDM 
I DRI FLWMFI IVCLLGTVGLFLPPWLAAC 
IDRIFLWMFI IVCLLGTVGLFLPPWLAGMI 
LDRMFLWI FAIACVVGTALI I LQAP SLHDQSQP I D I L 
DR FLW F C GT L 

I DRLFLWI FVFVCVFGTVG~4FLQP LF QNYTATTF LHP 
I DRLFLWI FVFVCVFGTVGMFLQP LF QNYATN SLLQ L 
LDRI FLWLFLIASVLGSI LIFI PALKMWI HRFH 
VDRLFLWVFVFVC I LGTMGLFLPP LFQ I HAP SKD S 
DR FLW F LG F L 

LDRI FLWTFLTVSVLGT I LIFTPALKMFLRTP pppsp 
I DRLQLY I FF IVTTAGTVGI LMDAPH IFEYVDQD RI I 
DR L IF V GT I A F 

PKKTFNSVSK I DRLSRI AFPLLFGI FNLVYWATYLNREP QLKAP TPH Q 
AKKTFNSVSK I DRMSRIVFPVLFGTFNLVYWATYLNREPVLGV Sp 
ETKTYNSVSKVDKISRI I FPVLFAI FN LVYWATYVNRESAI KGMI RKQ 

SVSK DK SRI FP LF FNLVYWATY NRE 

K IP DLTDVNS I DKWSRMFFP I TF SLFNVVYWLYYVH 
K IPDLTDVNS I DKWSRMFFP I TF SLFNVVYWLYYVH 
TIPDLTDVNAI DRWSRIFFPVVFSFFN IVYWLYYVN 
KIPDLTDVNAIDRWSRIVFPFTFSLFNLVYWLYYVN 
I.PDLTDVN IDRWSR FP FS FN VYWLYYV 

RKLFI QRAKKI DK I SRI GFPMAFLI FN~FYW I IYK IVRREDVHNK 
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1 hAl 
2 hA1 
3 mAl 
4 cA1 
5 slA1 
6 slA1 
7 xAl 
8 tA1 

9 hBl 
10 bB1 
11 mB1 
12 tB1 

13 hG1 
14 bG1 
15 mGl 
16 cG1 
17 xG1 
18 tG1 

19 bE1 
20 rE1 

701 

PRPYLPSPD 
PRSYLPSSD 
PRPYLPLPD 
PKTYLPP 
SKLYQPST 
PRKYVP 

P 

M 
IQP 

21 bD1 PFSYLEKDKRFI 
22 mD1 PFSYSEQDKRFI 
23 cD1 PFDYREENKRYI 
24 tD1 PFDYSSDHPRCA 
25 xDl PFIYTKEHRRLI 
26 tDl PFDYSSDHPRCA 

PF Y R 

27 rA2 
28 cA2 
29 rA3 
30 cA3 
31 rA4 
32 cA4 
33 dAL 

34 rB2 
35 cB2 
36 rB3 
37 rB4 

38 gNA 
39 dNA 

40 hA1 
41 hA1 
42 hA2 
43 hA3 

44 bB1 
45 rB1 
46 rB2 
47 rB3 

48 rA1 

invariant 

YSKIAKKKFELLKMGSENTL 

DHSAPSSK 
GQGTPTSK 

EIYRGK 
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Structure and Function 

The following are the common features at the 
level of the derived amino acid sequence that 
have been used to delineate discrete regions of 
LGIC subunits: 

1. A signal peptide that is removed upon mem- 
brane translocation of the polypeptide chain 

2. An N-terminal extracellular agonist binding 
domain containing one or more sites for N- 
linked oligosaccharide attachment; 

3. Three predicted transmembrane segments 
(termed M1, M2, and M3) 

4. An intracellular region that often contains con- 
sensus sequences for regulatory sites of phos- 
phorylation 

5. A fourth predicted transmembrane segment 
(M4) 

6. A short C-terminal region. 

The Recognition Site for Agonists 
and Competitive Antagonists 

The agonist and competitive antagonist bind- 
ing site is of interest as a site to which pharmaco- 
logically active compounds may be targeted for 
therapeutic and research use. We have recently 
speculated that conservation in the LGIC recep- 
tors may be partly reflected in the structural simi- 
larities of the ligands for the different members 
of the LGIC family types (see Fig. 2a and 2b) 
(Cockcroft et al., 1990). A clear similarity in the 
structure of agonists is that they each contain a 
positively charged center (termed the positive 
pole), which is essential for activation as exem- 
plified by studies on the nACh receptor for which 
tetramethylammonium is described as being the 
"minimal" agonist. In addition, they each have a 
~-electron system that contains an sp 2 hybridized 
electronegative atom, which induces a local di- 
pole in the ~-system and which can act as a hy- 
drogen bond acceptor. The distance between the 
nitrogen atom of the positive pole and the elec- 
tronegative atom is 4.5-5.5 A for acetylcholine 
and GABA ligands, whereas for glycine, the dis- 
tance is around 3.5 A. The broad similarity of 
agonists is strikingly demonstrated by compari- 

son of the almost totally rigid analogs cytisine 
and THIP, agonists of the nACh receptor and the 
GABA A receptor, respectively (see Fig. 2a). The 
similarity is more remarkable when it is consid- 
ered that these receptors, which have opposite 
ion selectivity, are likely to be only distantly 
related in evolutionary terms. 

What other neurotransmitters act on presently 
unidentified members of the LGIC superfamily? 
Clearly, glutamate (NMDA) is a good candidate 
(see CuU-Candy and Usowicz, 1987), since it has 
all the features of the proposed unified pharma- 
cophore, as does histamine (see Hardie, 1989). 
Serotonin is accommodated less easily, since even 
though it has the x-system with an sp 2 electro- 
negative atom this center cannot act as a hydro- 
gen bond acceptor (but see Derkach et al., 1989 
and Yakel and Meyer, 1988). The catecholamine 
transmitters do not fit the pharmacophore, since 
their aromatic rings do not contain electronega- 
tive atoms. Moreover, a local dipole is formed in 
the catechol moiety, which is opposite in orien- 
tation to that observed in the known LGIC ago- 
nists. This is, therefore, an indication that the 
catecholamine transmitters may not have under- 
gone crossover from G-protein-coupled receptors 
during evolution to act on an LGIC receptor. 

A useful conceptual framework for thinking 
about the agonist binding site is to consider it as 
two parts: (1) an essential region for receiving the 
message part of agonists, and (2) a region prima- 
rily involved in recognition of the address of 
agonists. The proposed similarity in agonist struc- 
tures suggests that both these sites should be 
structurally well conserved, but with amino acid 
substitutions occurring at the region encoding the 
address to produce the pharmacological speci- 
ficity of a given LGIC type. There is, however, no 
direct experimental evidence that the agonist 
binding sites in LGICs are so well conserved. Two 
other possibilities exist: (1) The overall position 
in the protein structure of the agonist binding site 
may be conserved, but the binding region itself 
(in terms of its main-chain conformation) could 
lack any structural correlation between LGIC 
types. This would be a situation analogous to 
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Fig. 2A. Structures of agonists of LGIC receptors. The ligands in columns from left to right are for the nACh receptor, the 
GABA^ receptor, and the glycine receptor. In the rows from top to bottom are the neurotransmitters, semi-rigid agonist 
analogs and almost totally rigid agonist analogs. 

Fig. 2B. Unified pharmacophore model for LGICs. The circle containing a plus symbol represents the positive pole. The 
local dipole is indicated by the symbols 6+ and 6-, with the latter representing the electronegative center of the local dipole. 

that seen for the antigen combining sites of an- 
tibodies. (2) Even the overall location of the bind- 
ing site may vary in the protein such that binding 
sites could have been made anew for the differ- 
ent LGIC types. Evolutionary arguments can be 
used to support either of these possibilities, but 
there is good precedence from the G-protein 
coupled receptors that receptor binding sites are 
well preserved in their overall structure. 

The ability to be able to design highly potent 
rigid agonists for each of the different LGIC re- 
ceptor types (Kanne and Abood, 1988; Krogsgaard- 
Larsen et al., 1983) may itself be an indication that 
their agonist binding sites are essentially similar. 

The implication of this is that activation can be 
achieved without any major change in the con- 
formation of bound agonist and that an induced 
fit model for ligand recognition may be appli- 
cable. Another general feature of ligands support- 
ing the notion of a structurally conserved binding 
site is that agonists tend to be small, whereas 
nonpeptide competitive antagonists are almost 
always large and tend to have molecular weights 
>200. (see Fig. 3). A simple model for agonist bind- 
ing would then be that LGIC receptors undergo 
a change upon binding agonist that may be lik- 
ened to the dosing of a structural cleft round a 
substrate as seen for enzymes; antagonists may 
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<S)  o 

Fig. 3. Structural overlay of the rigid agonists cytisine and THIP (solid bonds), and the antagonists methyllycaconitine 
and bicuculline. The three centers of the molecules used for the superpositioning are the nitrogen atom of the positive pole, 
and the electronegalive and electropositive centers of the local dipole. 

bind and hold the cleft in the open conformation. 
In some cases, it has been proposed that a region 
of antagonists may mimic a portion of the ago- 
nist, thus explaining the competitive recognition 
that occurs. For acetylcholine, clear examples are 
dihydro-~-erythroidine and methyUycaconiGne 
(MLA) (Wonnacott, 1987). The latter is interest- 
ing because the parent structure lycoctonine is 
related to aconitine which is known to act on volt- 
age-gated sodium channels, but has no reported 
activity at nACh receptors. However, with the 
ester linkage present in MLA, a framework that 
can be fitted to acetylcholine is introduced (Ward 
et al., 1990). For GABA, the competitive antago- 
nists bicuculline (Aprison and Lipkowitz, 1989) 
and pitrazepin (Boulanger et al., 1989) have been 
reported to contain a region with electronic prop- 
erties resembling the carboxylate group of the 
endogenous transmitter. Strychnine and D-tubo- 
curarine, competitive antagonists of the glycine 
receptor, and the nACh receptor, respectively, 
appear to be anomalous in that, although they 
contain a positively charged amine group, no 
other structural resemblance to their agonists is 
easily discernible. 

We have recently proposed a general model 
for the agonist site of LGICs based on a highly 
conserved motif found in all subunits of all mem- 
bers of the LGIC superfamily (Cockcroft et al., 
1990). This sequence, termed the cys-loop, is a 15- 
residue stretch that occurs at positions 128-142 
in the c~-subunit of the Torpedo nACh receptor 
(Luyten, 1986). The structure predicted for this 
region is a rigid, amphiphilic f~-hairpin; at posi- 
tion 11 on its hydrophilic face there is an aspartic 
acid residue that is close to the turn of the loop 
(see Fig. 4). This aspartic acid residue is one of 
only two invariant acidic residue positions in the 
N-terminal extracellular region of all LGIC se- 
quences and must, therefore, be a strong candi- 
date for forming the anionic site. The residue at 
position 6 of the cys-loop is proposed as partly 
determining the specificity of agonist recognition. 
For the acetylcholine site, the residue at this 
position is a threonine, which is suggested to form 
a hydrogen bond with the ether oxygen of ace- 
tylcholine. For the glycine site, lysine occurs at 
this position, which could readily form an ion- 
pairing interaction with the carboxylate group of 
glycine. In the f~-subunit of the GABA A receptor, 
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(P,S,T) X 1 - ~  

Fig. 4. A schematic representation of the eys-loop [3- 
hairpin model. Only key residue positions are numbered. 
Abbreviations: boxed S = specificity residue at position 6; h 
= conserved hydrophobic residue positions; X = variable 
residue position; C, P, S, T, Q, H = one-letter amino acid 
rcde for amino acid residues; boxed CHO = site of N- 
glycosylation. 

position 6 is an arginine, and this is proposed to 
form a potent hydrogen bond with a tyrosine at 
the turn of the cys-loop. This maintains the 
guanidinium group of the arginine at the right 
distance from the invariant aspartate so as to 
accommodate the carboxylate group of GABA. 
Experimental data on specific chemical modifi- 
cations of the GABA A receptor and the glycine 
receptor are in accord with the proposal that the 
residue at position 6 of the cys-loop and other 
residues that are spatial neighbors of the invari- 
ant aspartate may make an important contribu- 
tion to ligand specificity (see Table 1). 

A feature of the cys-loop that makes it an at- 
tractive candidate for a primary determinant of 
the agonist binding site is that it is a rigid struc- 
ture. This would reduce the entropy increase in 
binding owing to the loss of rotational degrees 
of freedom, compared to a flexible loop. 

There have been many data to suggest that the 
region around residues 192-193 of c~-subunits of 
nACh receptors is close to the agonist binding 
site. Labeling of these two cysteines after selec- 
tive reduction of the disulfide bridge between 
them has been shown for agonist analogs such 
as bromoacetylcholine, and antagonists, such 
as MBTA and DDF (Langenbuch-Cachat et al., 
1988; Dennis et al., 1988). It is interesting to note 

that whereas agonists protect labeling of the 
cysteines, D-tubocurarine and other antagonists 
do not (Karlin, 1980). DDF also affinity labels the 
Tyr-190, Trp-149, and Tyr-93 (Galzi et al., 1990) 
of the a-subunit of the Torpedo nACh receptor, 
indicating that the binding site is discontinuous 
in nature. 

The snake toxins have proved to be powerful 
probes for the characterization of nACh recep- 
tors. The region around cysteines 192-193 of the 
(z-subunit of the Torpedo nACh receptor has 
been shown to be a main determinant of (z-bun- 
garotoxin binding. By using synthetic peptides 
corresponding to regions of the (z-subunit, high- 
affinity binding determinants have been located 
at the region 176-196 (Wilson et al., 1988) Re- 
cently, the (z-sequence of the muscle nACh 
receptor from two snakes insensitive to a-bun- 
garotoxin (Neumann et al., 1989) was shown to 
have undergone nonconservative substitutions 
around the 192-193 paired cysteines. A major 
change occurred at position 189, at which an 
asparagine residue was found to be a potential 
site of N-linked glycosylation. Other stretches of 
the amino acid sequence of the Torpedo (z-subunit 
found to interact with (z-bungarotoxin are: 1-16, 
23-49, 100-115, 122-150 (Atassi et al., 1987), 
although using a solid-phase assay, the region 
(z125-127 has been shown not to bind (Griesmann 
et al., 1990). (z-Dendrotoxin has also been used 
to study the muscle-type nACh receptor. Evi- 
dence from simultaneous N-terminal sequencing 
indicates there to be four sites per oligomer, 
rather than two found for c~-bungarotoxin 
(Conti-Tronconi and Raftery, 1986). Thus, regions 
other than 192-193, which is unique to the (z-sub- 
unit, and that are common to each subunit can 
be expected to be involved in the binding of 
snake-toxins. 

(z-Bungarotoxin has also been shown to inter- 
act with the stretch 180-190 of the (z5-subunit, ten- 
tatively identifying this subunit as a component 
of the a-bungarotoxin binding protein of neuro- 
nal tissues (McLane et al., 1990a). In the case of 
neuronal-bungarotoxin (also named ~c-bungaro- 
toxin [Chiappinelli et al., 1990]), which displays 
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Table 1 
Proposed Cys-Loop Residues 

Affected by Chemical Modification 
of the GABA and Glycine Receptors 

and Observed Effects on Ligand Binding 

Chemical LGIC Cys- loop Observed 
Reagent subunit residue effect 

2,3-butadione 1 GABA-f~ A r g - 6  GABA binding 
reduced 

Phenylgly~ } 
Para-diazobenzene- GABA-f~ Tyr-8 GABA binding 

sulfonic acid reduced 
Tetranitromethane 2 
N-acetylimidazone 

Diethyl- GABA-~,2 His-6 
pyrocarbonate 3 His-13 

GABA-c~ His-4 Benzodiazepine 
His-13 binding reduced 

Lys-6 Glycine binding 
reduced 

Fluorescein GLY-(z 
isothiocyanate 4 

~Widdows et al., 1987 
2Maksay and Ticku, 1984 
3Lambolez et al., 1987 
4Gomez et al., 1989 

selectivity for the neuronal forms of nACh recep- 
tors compared to the muscle-type, the region 
51-70 of the a3-subunit of rat neuronal nACh 
receptor, which includes the motif WxDxxL con- 
served in all LGICs, was found to interact with 
neuronal-bungarotoxin as did the region 1-18 
(McLane et al., 1990b) 

Derivatized toxins have been used further to 
define interactions with the native receptor pro- 
tein. The a-toxin of Naja naja siamensis was 
fluorescence labeled at lysines at positions 23, 35, 
49, and 69, allowing energy transfer experiments 
to study the orientation and interaction of this 
toxin with the Torpedo nACh receptor (Johnson 
et al., 1990) These labeled residues were found 
not to be part of the binding surface, the major 
axis of the neurotoxin was tilted in a perpendicu- 
lar projection from the membrane, and the recep- 
tor binding site was estimated to be 40 ,~ from 
the lipid membrane surface. The receptor-toxin 

complex has also been studied by use of photo- 
activatable derivatives of toxin-a from Naja 
nigricollis with reactive moieties at Lys-15, Lys- 
47, and Lys-51 (Chatrenet et al., 1990). At the high- 
affinity toxin binding site, toxin-c~ Lys-15 labeled 
predominantly the a-subunit, whereas Lys-51 
reacted with the 5. For the low-affinity site, toxin- 
(z Lys-47 labeled the c~- and ~-subunits, whereas 
Lys-15 and Lys-51 labeled • and 5. In accord with 
these results, a coexpression study in which 
c~-bungarotoxin binding was measured showed 
that the a--6 combination gave rise to a high- 
affinity site, whereas for (z-~, a low-affinity bind- 
ing was obtained (Kurosaki et al., 1987). 

Lophotoxin gives further insights into the bind- 
ing cavity of nACh receptors, because it differs 
in structure so much from the classical ligands 
(Wonnacott, 1987). The covalent attachment of 
lophotoxin to the tyrosine at position 190 of the 
Torpedo nACh receptor (Abramson et al., 
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1988,1989) by reaction with the epoxide groups 
of the ligand may be made facile by the acidic 
residue at the anionic site. Neosurugatoxin is 
another natural product that acts as an antago- 
nist of nACh receptors but with higher potency 
at neuronal forms than for the muscle-type recep- 
tor (Rapier et al., 1990; Wada et al., 1989; Lukas, 
1989; Luetje et al., 1990). Interestingly, the 
debromination of neosurugatoxin results in a 
100-fold decrease in binding affinity, whereas 
removal of the sugar moieties is much less dra- 
matic (approx threefold loss) (Yamada et al., 
1987). It could be that the bromine atom forms 
favorable soft-soft interactions with the sulfur 
atoms of the 192-193 disulfide bridge. 

Recent experiments indicate that, when an- 
tagonists are bound at the nACh receptor, part 
of the binding site is formed by the interface be- 
tween subunits. It has been shown that d-tubo- 
curarine photoaffinity labels the y- and 8-subunits 
of the Torpedo nACh receptor, in addition to the 
c~-subunit (Pedersen et al. 1990). The ICs0, for in- 
hibition of specific labeling of the ~,-subunit (40 
nM) and the 5-subunit (0.9 WVI) gave good corre- 
spondence to the binding constants of d-tubocu- 
rarine at high- (35 nM) and low-affinity sites (1.2 
WVI) of the Tollaedo nACh receptor. In accord with 
this, coexpression of the subunit combinations 
c~-y and c~--6 in fibroblasts resulted in high- and 
low-affinity d-tubocurarine sites, respectively 
(Blount and Merlie, 1988). These studies indicated 
that the two types of binding site may be formed 
at the c~-y and c~-8 interfaces. They were also 
taken to suggest that the clockwise arrangement 
of subunits in the muscle-type receptor is (z-y-- 
c~-6--f~. However, in an electron microscopy study 
using probes for the c~, 13 and 5-subunits of the 
Torpedo nACh receptor, the arrangement of sub- 
units was found to be c~-fl~-a-7--6 (Kubalek et al., 
1987). Interestingly, this latter arrangement 
would explain the ability of the ~2-subunit of 
neuronal nACh receptors to substitute for the 13- 
subunit in the muscle receptor, since the a-sub- 
unit would be flanked by two highly conserved 
(~-subunits. 

Other Features 
of the Extracellular Domain 

The main immunogenic region (MIR), to which 
>60% of the antibodies in myasthenic serum bind, 
is a conformation-dependent epitope of the ex- 
traceUular region of muscle-type nACh receptors. 
A continuous component of the MIR has been 
mapped, using overlapping synthetic peptides, 
to the region 67-76 of the a-subunits of the hu- 
man muscle and Torpedo nACh receptor (Tzartos 
et al., 1990). Recently, the point mutat ions 
a68N~D and (z71D-,K (Saedi et al., 1990) indi- 
cated these positions to be important, in accord 
with a study using peptides in which substitu- 
tions by glycine were made (Bellone et al., 1989). 
Other regions of the MIR reported to bind anti- 
bodies are the stretches 1-14, 25-36, 41-53, 
102-114, 128-138,172-182, and 188-198 (Mulac- 
Jericevic et al., 1987). 

Using antibodies raised to short synthetic pep- 
tides, it was shown that the sequence stretches 
a81-85, c~127-132, and R190-195 were freely 
accessible and presumed to be at the surface of 
the receptor (Maelicke et al., 1989). For the a l -  
subunit  of the GABA^ receptor, a similar 
approach indicated the N-terminus and C-termi- 
nus are accessible in the native GABA A receptor 
(Duggan and Stephenson, 1989). In the gene for 
the a-subunit of the human muscle receptor, a 
novel exon leads to an insertion of 25 residues 
between positions 58 and 59. In no other LGIC 
subunit sequences is there such a sizable inser- 
tion generating an additional isoform and pre- 
sumably this region forms an additional surface 
loop structure (Beeson et al., 1990). 

It has been reported for the Torpedo nACh 
recep-tor that binding of agonist causes the dis- 
placement of 4-5 calcium ions per receptor oli- 
gomer (Chang and Newmann, 1976). Interest- 
ingly, a sequence match to the EF-hand calcium- 
binding motif (Godzik and Sander, 1989) is con- 
served in all nACh receptor subunits over the 
stretch corresponding to 93-104 of the Torpedo c~- 
subunit (see Fig. 5). Typically, the flanking sec- 
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Fig. 5. Calcium binding  motif. Number ing  refers to 
posit ions in the EF-hand  motif (Godzik and Sander, 1989). 
Abbreviations: X, Y, and  Z = coordination axis of oxygen 
atoms; (G = O) = the carbonyl oxygen atom of glycine 
required for calcium coordination; O = posit ions of the 
mot i f  able to dona te  a s ide-cha in  oxygen  a tom for 
coordination; h = conserved hydrophobic  residue position; 
x = variable residue position. 

ondary structure of such calcium binding sites is 
(z-helix, but this may not be an essential require- 
ment. The number  of side-chain oxygen atoms 
for chelation, which in the different subunits 
ranges from 3-6, may determine the binding af- 
finity of the metal ion. The motif is absent in the 
anionselective members of the LGIC superfarn- 
ily, where instead a histidine-rich segment occurs, 
except in an c~-subunit of the human  GABA^ 
receptor, in which case a deletion of the polypep- 
tide chain is evident. 

The Transmembrane Domain 
and the Ion Channel 

The known LGIC subunits have the common 
feature of four hydrophobic segments, each of 
which is of an appropriate length to span the 
membrane in an c~-helical conformation with 6 
or 7 helical turns. These transmembrane segments 
are termed M1 through M4 in order of their ap- 
pearance in the polypeptide chain, and occur at 
equivalent positions in each of the known recep- 
tor subunits. M1, M2, and M3 are always closely 

linked, being separated by short, hydrophilic seg- 
ments (i.e., <8 residues), and M1 starts at about 
200 residues in from the N-terminus. M4 is close 
to the C-terminus and is separated from the M1- 
M3 cluster by a hypervariable region, termed the 
major intracellular domain. 

Initially, in the case of the nACh receptor, an 
additional transmembrane segment, an amphi- 
pathic helix termed MA was proposed to form 
the ion channel wall with its hydrophilic charged 
face (Finer-Moore and Stroud, 1984). However, 
the construction of mutants of the a-subunit of 
the Torpedo nACh receptor in which MA was 
deleted indicates that this segment is not essen- 
tial for forming the gated ion channel response 
(Mishina et al., 1985). Moreover, an MA equiva- 
lent is not present in the subunits of the other 
members of the LGIC superfamily. Models in- 
corporating MA in the membrane  have been 
largely abandoned, and MA (now termed HA, 
an amphiphilic helix) is now thought to be lo- 
cated cytoplasmically. It is of note that, as yet, 
there is no function assigned to HA, even though 
it is well  conserved in muscle and  neuronal  
nACh receptor subunits, and particularly so in 
a-subunits. 

The transmembrane arrangement of M1-M4 
places the C-terminus on the extracellular side of 
the membrane. Indeed, using a hydrophilic re- 
ducing reagent (Dunn et al., 1986), it was reported 
that the disulfide linkage between oligomers of 
the Torpedo nACh receptor was on the extracel- 
lular side. More recently, it has been shown that 
this link is between 6-subunits of adjacent oli- 
gomers (DiPaola et al., 1989). This, therefore, sup- 
ports the model of membrane topology of LGIC 
subunits in which the N-terminal domain is ex- 
tracellular, there are four transmembrane seg- 
ments  (M1-M4), and  the C-terminus is also 
extracellular. 

Analysis ofthe photoreaction center, a transmem- 
brane protein for which a structure (Deisenhofer 
et al., 1985) and several related sequences are 
known, reveals a higher degree of conservation 
for the contacts be tween one t ransmembrane 
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helix with its neighbors than for sites on the 
helix facing the lipid bilayer (Henderson et aL, 
1988; Rees et al., 1989). The conservation of the 
four transmembrane segments of LGIC subunits 
is M1 > M2 > M3 > M4 (see Fig. 1). By analogy, 
therefore, this pattern of conservation suggests 
that M1 may be packed towards the middle of a 
bundle of transmembrane helices, making exten- 
sive intra- and intersubunit contacts, and that M4 
is on the outside and exposed to the lipid (see 
Fig. 6). This is consistent with mutagenesis ex- 
periments, in which foreign transmembrane seg- 
ments (from interleukin-2 receptor and vesicular 
stomatitis virus glycoprotein) were shown to re- 
place M4 of the (x-subunit of the Torpedo nACh 
receptor without loss of channel activity, whereas 
similar replacement of M1, M2, or M3 resulted in 
loss of activity (Tobimatsu et al., 1987). 

There is much evidence from experiments on 
muscle-type nACh receptor to suggest that M2 
is an important determinant of the ion channel. 
Several such studies have made use of different 
noncompetitive antagonists that block the open 
channel. The neuroleptic chlorpromazine, which 
can be used as a photoaffinity reagent, was shown 
to label the serine residue at positions 262 and 
254 of the 6-subunit and the ~-subunit and a 
leucine residue at position 257 of the ~-subunit 
of the Torpedo nACh receptor (Giraudat et al., 
1987). The serines of the f~- and 8-subunits are 
homologous sites that are positioned a third of 
the way into the M2 sequence from its cytoplas- 
mic end (position 330 in the alignment in Fig. 1). 
Triphenylmethylphosphonium (TPMP) also la- 
bels this site and, additionally, the equivalent site 
in the co- and O-subunits (Hucho et al., 1986). Re- 
cently, the importance of a serine residue at this 
position has been demons t ra tedus ing  site-di- 
rected mutagenesis and expression of altered re- 
ceptors in the Xenopus oocyte system (Leonard 
et al., 1988; Charnet et al., 1990). Decreasing the 
number of the serine residues at the homologous 
sites in the mouse receptor led to a reduction in 
the equilibrium binding of QX-222, a derivative 
of lidocaine, and to marked changes in ion chan- 
nel properties. These findings provide strong 

2 S 
) 

Fig. 6. Schematic model of the proposed bundling of 
transmembrane a-helices in a recep tor oligomer. The num- 
bers are labels for the transmembrane segments M1-M4 of 
a single subunit. 

support for the suggestion that M2 forms part of 
the pore of the channel and that the serines con- 
tribute to the binding site of the channel-block- 
ing noncompetit ive antagonists. Interestingly, 
synthetic peptides with a high serine content that 
resemble the M2 sequence and  that have an 
(z-helical conformation have been shown to form 
ion channels with permeability and lifetime char- 
acteristics that resemble the channels of nACh 
receptors (Lear et al., 1988). 

In an earlier series of experiments Numa's  
group showed that the 8-subunit M2 region and 
flanking sequence were chiefly responsible for ob- 
servable differences in ion conductance of the 
Torpedo electric organ and bovine muscle forms 
of nACh receptor (Imoto et al., 1986). Using site- 
directed mutagenesis of the subunits of the Tor- 
pedo receptor, three important sites (1, 2, and 3; 
see Fig. 1) that lie at the ends of M2 have been 
identified (Imoto et al., 1988). This is in contrast 
to other sites possessing charged residues and in 
the vicinity of M2, where changes introduced had 
no effect on ion conductance. Remarkably, an al- 
most linear inverse relationship is seen between 
channel conductance and the net negative charge 
carried at the above three sites. Changes at site 2 
have a stronger effect than changes at the other 
two sites. In addition, evidence is provided that 
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magnesium ions interact with negatively charged 
residues at position 1 (cytoplasmicaUy located) 
and position 3 (extracellularly located) to reduce 
selectively outward and inward currents, respec- 
tively. In contrast, changes that decreased the net 
negative charge at position 2 displayed reduced 
sensitivity to magnesium for both inward and 
outward currents. These observations of Imoto 
et al. led to the proposal that each of these posi- 
tions is at or close to the mouth of the ion chan- 
nel, and contributes to rings ('Imoto rings") of 
negative charge that selectively repel anions and 
concentrate cations ready for passage through the 
channel, and that position 2 may be close to or at 
the constriction of the ion channel. 

The studies carried out so far on the muscle- 
type nACh receptor suggest two aspects of the 
channel that are important for ion passage. The 
first is rings of negative charge at either end of 
M2 and the second is the presence of polar hy- 
droxyl containing residues towards the middle 
of the pore. Therefore, it should be possible to 
see whether, in anion selective members of the 
superfamily, changes at these sites can explain 
the observed switch in ion selectivity. 

In comparing the residues at "Imoto ring" posi- 
tions and the surrounding sequence of cation and 
anion selective channels, it can be seen that there 
is no correlation between the overall ring charge 
and the type of ion to flow through the ion chan- 
nel (but see "Imoto ring" position 4). However, 
electrostatic interactions are long-range forces 
that could act over distances greater than the 
diameter of a single helix, and therefore absolute 
positioning of appropriately charged residues 
may not be essential; thus, it may be necessary 
to search for analogous "ring" residues on M1 
and/or M3. 

A major difference between anions and cations 
apart from their charge is the way in which they 
coordinate water molecules. Whereas it is the 
oxygen atom of water molecules that is involved 
in coordinate bonding of cations, with anions, 
waters interact via hydrogen bonds. From experi- 
ment, it is proposed that at least some of the in- 
ner solvation waters are lost during passage of 

ions through both cation and anion selective 
channels, since the minimum bore diameters are 
about 7.5 and 5.5 A for cation- and anion-selec- 
tive channels, respectively (Bormann et al., 1987). 
If this is the case, then the importance of the serine 
and threonine residues might be in forming an 
appropriate interaction with the migrating ion in 
the cation-selective and anion-selective channels, 
respectively. In the case of cation selective chan- 
nels, the serine hydroxyl groups might be hydro- 
gen bonded to the main chain carbonyl groups 
at position 0-3) or (i-4) of the M2 helix as is com- 
monly suggested for this residue in a-helical 
structures. This would present to the channel an 
oxygen atom for coordination to cations. Threo- 
nine residues present in the anion-selective chan- 
nels, however, may be prevented from forming 
such hydrogen bonds by means of steric restric- 
tions involving the side-chain methyl group, 
which would then leave their hydroxyl groups 
free to hydrogen bond with anions passing 
through the channel. This difference would also 
account for the size difference of the two types of 
channel. At present, intuitive electrostatic argu- 
ments suggest that, in general, the pore of an ion 
channel will not contain charged residues: these 
would interact so strongly with a migrating ion 
that either the channel would be totally blocked 
or migration would be much too slow. 

We have commented previously on some of 
the similarities that are seen between agonists and 
the proposed agonist binding sites among mem- 
bers of the LGIC family. It has also been observed 
that several channel blocking agents are effective 
on more than one of the cation channel members 
or candidate members of the LGIC superfamily. 
Thus, phencyclidine and MK801, in addition to 
their well-known effects on NMDA receptors, 
also act on nACh receptors (Albuquerque et al., 
1980; Ramoa et al., 1990; Galligan and North, 1990; 
Kavanaugh et al., 1989). Mecamylamine and 
neuroleptics normally considered as nicotinic 
channel agents are effective on NMDA receptors 
(O'Dell and Christensen, 1988; Reynolds and 
Miller, 1988). Mg 2+ ions (Huettner and Bean, 1988; 
Neher and Steinbach, 1978) are potent blockers 
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of both. This "crossover" does not seem to 
extend to the anion-selective channels of the LGIC 
receptors. However, picrotoxin, a channel blocker 
of the GABA^ receptor, has been found to act on 
the glycine receptor (Akagi and Miledi, 1988). 
This suggests that the region of LGICs defining 
the ion channel is distinctive for each of the two 
types (i.e., anion selective and cation selective), 
but is conserved within each of these types. In 
accord with this, although M2 is not as conser- 
ved as M1 between the nACh receptor and the 
GABA^ receptor, within each type of receptor 
it is the most conserved of the transmembrane 
segments. 

The two types of ion channel do, however, 
show some similarities when examined electro- 
physiologically. Both show weak ion selectivity, 
maximum conductances of about 80 pS, average 
conductances of about 30 pS, and multiple con- 
ductance states i.e., nACh receptor: 9, 20, 30, 40 
pS, GABA A receptor: 12, 20, 30, 46 pS (Bormann 
et al., 1987). 

There are two unrelated proteins that are said 
to display partial sequence similarity to members 
of the LGIC superfamily. Kosower (1988) has 
proposed that the region preceding M4 in the 
GABA A receptor resembles a segment in the 
anion-exchange protein and that this is because 
of a functional requirement for anion transfer 
across the membrane. The suggestion is that 
this region in the GABA^ receptor is function- 
ally equivalent to MA of the nACh receptor. 
However, this region is not conserved among 
GABA A receptor subunits. Therefore, this sug- 
gestion does not seem to hold in the light of evi- 
dence that M2, and not MA forms, the pore of 
the ion channel of LGICs. It has also been sug- 
gested that there is a resemblance between trans- 
membrane segments of the ryanodine receptor 
and M1, M2 and M3 segments of the nACh 
receptor. However, this seems less likely in the 
light of the cloning of the inositol trisphosphate 
receptor, which shows distinct homology with 
the ryanodine receptor, but the initially pro- 
posed M2 and M3 segments are not conserved 
(Furuichi et al., 1989). 

The Major Intracellular Domain 

The major intracellular domain is highly vari- 
able both in length and in sequence. It ranges in 
size from approx 100-250 residues, with deletion 
mutagenesis experiments indicating that a length 
as short as 80 residues does not abolish function 
(Mishina et al., 1985). The differences in the posi- 
tion and number of introns over this region sug- 
gest that intron slippage and the conversion of 
intronic sequence into coding region are partly 
the cause of the length variation (Nef et al., 1988). 
Its low sequence conservation is evident by com- 
parisons of cognate subunits in different species 
and suggests that it lacks a conserved folded 
protein domain. For the Torpedo nACh receptor, 
28% random coil is observed by CD spectro- 
scopy of the whole receptor (Mielke and Wallace, 
1988), which is similar in amount to the propor- 
tion that this region would represent of the 
oligomeric protein. 

The lack of conservation in this region is sur- 
prising, because its cytoplasmic location suggests 
that it might make important interactions with 
cytoskeletal components. Such interactions could 
be involved in the localization of the receptors at 
their cellular sites of function. A 43-kD protein 
(Cart et al., 1987 that is myristilated at its N-ter- 
minus (Carr et al., 1989) and has a conserved 
cAMP-dependent phosphorylation site (Frail et 
al., 1988) is tightly associated with the muscle- 
type of nACh receptor and has been shown to 
interact with the ~-subunits of neighboring oli- 
gomers (Burden et al., 1982) in the formation of 
aggregates of the receptor (Lo et al., 1980; Cataud 
et al., 1981). However, fibroblasts and other 
nonexcitable cell types also contain the 43-kD 
protein (Musil, 1989). Whether extrinsic proteins 
serving a similar role are associated with other 
LGICs is not known, although a 93-kD extrinsic 
protein has been identified for the glycine recep- 
tor (Langosch et al., 1988). 

The results of mutagenesis deletion experi- 
ments suggest that the main intracellular domain 
does not play a significant role in the ligand-gated 
functioning of the receptors (Mishina et al., 1985). 
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It does, however, contain potential sites for 
serine/threonine and tyrosine phosphorylation, 
which may be involved in the enhancement of 
desensitization of the receptors (Qu et al., 1990). 
It is PEST-rich (meaning that it has a high con- 
tent of proline, glutamate, serine, and threonine), 
which may predispose it to enzymatic degrada- 
tion (Bachmair et al., 1986). The region shown to 
be susceptible to proteolytic cleavage includes 
HA (Roth et al., 1987; Dwyer, 1988). Interestingly, 
the region just beyond M3 in LGICs is moder- 
ately conserved and shows some similarity to a 
motif identified for the transferrin receptor that 
in this case is involved in receptor internaliza- 
tion (Jing et al., 1990). 

Quaternary Structure 

The proposed pentameric form of the LGICs 
was initially established by stoichiometric analy- 
sis by simultaneous N-terminal sequencing of 
whole oligomers of the Torpedo nACh receptor 
(Raftery et al., 1980). However, estimates of sub- 
unit stoichiometries by N-terminal sequencing 
are not definitive proof that the Torpedo receptor 
is pentameric. This is because the extent of N- 
terminal block by acetylation of the free amino 
terminus may vary for different types of subunits 
and may depend on the type of amino acid at 
their N-termini. Serine is the most prevalent of 
the amino acids to give rise to amino-terminal 
acetylation (Persson et al., 1985). It is therefore 
noteworthy that the terminal residue of the c~- 
and ~-subunit of the Torpedo receptor is serine, 
whereas for the ,/- and 6-subunits it is glutamate 
and valine, respectively. Thus, estimates of the 
levels of the c~- and f~-subunit may be underes- 
timated. 

Electron microscopy has shown the overall 
shape of the Torpedo nACh receptor, including 
high-density regions corresponding to each of the 
subunits that are interpreted in terms of a 
pentameric structure (Toyoshima and Unwin, 
1988; Mitra et al., 1989). Protein chemical analy- 
sis of the glycine receptor is in accordance with a 
pentameric oligomer (Langosch et al., 1988), 

whereas for the GABA A receptor a tetrameric 
form (Stephenson, 1988) has been proposed, and 
for the brain nACh receptor, the possibility of 
it being a tetramer has not been excluded 
(Lindstrom et al., 1987). 

Evolutionary Diversity of LGICs 

It seems that present-day LGIC receptors have 
probably arisen as a result of divergent evolu- 
tion from a common ancestor. It is clearly more 
likely for a preexisting protein to become adapted 
to perform a modified, but still basically similar 
function than it is for the protein to be evolved de 
novo. Sufficient information is now at hand to 
permit a reasonable proposal of how the super- 
family may have evolved. This is of interest be- 
cause it may lead to insights into the way in which 
LGIC receptors function and how they are inte- 
grated into the overall physiology of complex 
nervous systems. 

Origins of the Supeffamliy 

The evolutionary tree shown in Fig. 7 shows 
branch points representing both divergence of 
subunits from one another and divergence of 
species within individual subunit groupings. 

As with all such estimates of evolutionary 
history, both the branching structure and the 
dating of the tree should be regarded as tenta- 
tive. The positions of the branches leading to the 
Drosophila sequences are particularly uncertain: 
doubtless, this uncertainty will be reduced as 
more insect sequences (and those of other inver- 
tebrates) become available. 

Under the assumption of the analysis and 
using the calibration of the time scale as described 
in the legend of Fig. 7, the initial branch point off 
the right-hand end of the diagram would have 
been at least 2000 million years ago. This would 
roughly correspond with, or exceed, current 
estimates for the time of origin of eukaryotes. This 
date for the common origin of the receptors is, 
therefore, surprisingly early. It strongly suggests 

Molecular Neurobiology Volume 4. 1990 



158 Cockcroft et al. 

nACH 

insect 

vet1. 
neural 

muscle 

GLY 

GABA 

- d A L  
_ dNA 

- rA2 
cA2 

rA4 
cA4 

rA3 
cA3 

rB2 
- cB2 

bA1 
hA 1  
mA1 
cA1 
tA1 

bB1 
mB1 

tB1 

bD1 
mD1 
cDl 
tD1 

bE1 
bG1 

hG1 
mG1 
cG1 
tG1 

rA1 

I 
bAl  
bA2 

bA3 
b B l  

d) 

c) 

a) 

/ 

/ 

I I I 
0.3 1.0 

10 9 YR 

Fig. 7. Evolutionary, tree computed from the aligned sequences. The nomenclature scheme referring to the sequences is 
as described in the legend of Fig. 1. The sequence data were analyzed at both the nucleotide and protein levels, as complete 
sequences, and split into functional regions. In addition, at the nucleofide level, each of the codon positions was analyzed 
separately. The techniques of analysis have been described previously (Bishop and Friday, 1985). In constructing a time scale, 
the assumption has been made that the overall rate of change has been stochastically constant over the range of the tree. 
Calibration from relative to absolute units of time has been made using evidence from the fossil record for the time of 
divergence of the lineages leading to mammals and birds at approx 300 million years ago. This point is represented on the 
tree a number of times for the divergence of the lineage to chicken within the different subunits. 

that the ancestral protoreceptor originated in a 
unicellular organism and raises the possibility 
that  m e m b e r s  of  this  s tructural ly  re lated prote in  
set might be widely dispersed throughout living 
organisms. This may include plant and fungal 
tissues, eukaryotic viruses, and any of the non- 
nervous cell-types of animals. However, such 
prote ins  c o u l d  serve  b io log i ca l  roles  o ther  than  
t h o s e  typ i ca l l y  s een  for the  p r e s e n t l y  r e c o g n i z e d  
group of LGICs. 

It can only be speculated what the role of the 
protoreceptor was, although in a unicellular 
organism, it could have been osmotic regulation. 
The organism containing this early form of pro- 
tein may possibly have been a prokaryote, since 
evidence from electrophysiological studies indi- 
cates that ion channels with weak ion selectivity 
occur in Escherichia coli and yeast (Saimi et al., 
1988). Among eukaryotes, a glutamate receptor 
with a cation-selective ion channel is present in 
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Paramecium, and hydrozoans display responses 
with a nicotinic-type pharmacology. 

Since all the receptor proteins derived from the 
root of the tree show ligand gating, it appears 
that the gating mechanism developed before the 
formation of separate lines of evolution for the 
cation-selective and anion-selective LGICs. The 
most likely candidates for the activating ligand 
of the earliest receptors are glutamate and glycine, 
since these are essential cellular metabolltes. Per- 
haps an early organism used primitive forms of 
LGIC receptors in seeking out nutrient-rich en- 
vironments. Nevertheless, the specialization of 
ion channel selectivity appears to have been a 
very early step occurring well before hetero- 
oligomerization events for any of the presently 
established LGICs. 

Events in nACh Receptor Evolution 

The large number of sequences of nACh recep- 
tor subunits from a variety of tissue types and 
species permits a much more detailed analysis 
of this protein than is yet the case for other 
members of the superfamily. The part of the tree 
concerned with the evolution of nACh recep- 
tors indicates evolution from a deduced ances- 
tral homo-oligomer to a hetero-oligomeric form 
(Fig. 7, branch-point "a') not yet differentiated 
into muscle and neuronal types. The date for 
this duplication event is estimated to be 900 to 
1200 million years ago. It remains uncertain, 
therefore, whether this duplication took place 
before or after the formation of metazoa. If the 
homo-oligomer was present in a single-celled 
eukaryote, this organism may have been a simple 
sensorimotor unit, responding to environmental 
stimuli in a manner like that of the myoepithelial 
cells of Hydra. It is also not known if the ancestral 
homo-oligomer was an acetylcholine receptor/ 
cation channel. It seems more likely that some of 
the present-day glutamate receptors evolved 
from the primitive ion channel and that differ- 
entiation to an ACh-recognizing type occurred 
subsequently. 

The initial branch of the common lineage of 
the non c~-subunits of the muscle receptor (i.e., 
at point "b," Fig. 7) leads to the f~-subunit and a 
7/~/8 lineage (Kubo et al., 1985). That the 7- and 
a-subunits diverged relatively recently is in line 
with the observation that, during muscle devel- 
opment, at least in mammals, a 7-subunit in 
the fetal muscle nACh receptor is replaced by 
an ~-subunit in the adult form (Witzemann 
et al., 1987). 

The divergence of muscle and neuronal recep- 
tors is indicated by the separation of their a-sub- 
units (i.e., see point "c," Fig. 7). This event is 
estimated to have occurred around 700-800 mil- 
lion years ago. On current evidence, this would 
have been rather early in metazoan evolution, and 
conceivably the branch point could mark the evo- 
lution of the developmental segregation of me- 
soderm and ectoderm. It is suggested that the 
original receptor hetero-ollgomer was retained 
and evolved to become the muscle nACh recep- 
tor, and a new homo-oligomer was formed con- 
taining five of the neuronal-type c~-subunits. That 
the neuronal/muscle divergence predates the 
separation of insects and vertebrates (point "d," 
Fig. 7) would suggest that the muscle of verte- 
brates and insects derived from a common ori- 
gin: i.e., that these organisms (probably among 
others) evolved from common ancestry in which 
the muscle form of receptor was indeed already 
established. Paradoxically, glutamate and not 
acetylcholine is the excitatory neurotransmitter 
used at insect skeletal muscle (Ashford et al., 
1987). This may reflect the poor selectivity of the 
ligand recognition site of the receptor or that dif- 
ferent subunits evolved different types of recog- 
nition sites. In either case, subunits of the insect 
muscle glutamate receptor may be more similar 
to subunits of vertebrate muscle than they are to 
either vertebrate or invertebrate glutamate recep- 
tor subunits from neural tissue. Indeed, the phar- 
macology of the ion channel of the glutamate 
receptor in insect muscle shows similarity to that 
of vertebrate nACh receptors (Ashford et al., 
1987,1988). 
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The first branch involving the neuronal c~-sub- 
unit in the vertebrate lineage gives rise to the neu- 
ronal subunit,  f~2, and represents a second 
hetero-oligomerizarion event in the evolution of 
nACh receptors (point "e," Fig. 7). This event is 
estimated to have taken place around 600-700 
million years ago. Since the f~2-subunit is only 
distantly related to the f~-subunit of the muscle 
receptor, it is surprising that this subunit substi- 
tutes for the ~-subunit of the muscle receptor, but 
not for any of the other muscle receptor subunits, 
in functional expression studies (Deneris et al., 
1988) It is possible that specific intersubunit con- 
tacts have been preserved in the f~2-subunit posi- 
tioned as it is between two (x-subunits, allowing 
formation of the hybrid muscle receptor contain- 
ing this subunit. 

It is of interest to assess whether formation of 
the independent subtypes of the (,-subunits of 
neuronal nACh receptor marks stages of expan- 
sion of the vertebrate nervous system. Almost 
certainly, the divergence of the c~3-subtype from 
the branch leading to the cu2- and (x4-subtypes 
appears to have taken place early on in vertebrate 
evolution. This divergence may represent the for- 
marion of two distinct neuronal receptor types, 
one predominantly involved in autonomic con- 
trol (Schoepfer et al., 1989) and the other involved 
in motor control. The divergence of branches 
leading to the 02 and a4-subtypes is estimated 
to have occurred around 300-400 million years 
ago and is the most recent duplication event in 
the evolution of neuronal nACh receptors shown 
on the tree. The o~4-subtype is expressed at high 
levels throughout several distinct regions of the 
CNS, whereas the 02 is more restricted in its dis- 
tribution (Wada et al., 1989; Daubas et al., 1990). 
This is an indication that the ancestral gene at this 
stage was probably of the (x4-subtype. 

Events In GABA A 
and Glycine Receptor Evolution 
In the subtree of the receptor anion channels, 

the specialization of the three subtypes of c~-sub- 
unit of the bovine GABA^ receptor occurs much 
later in the tree than the separation of the GABA^ 

and glycine receptors. Both of the duplication 
events involved in the formation of the c~3- 
subtype and the ~xl- and c~2-subtypes are consid- 
ered to have taken place during the evolution of 
vertebrates (Hebebrand et al., 1987). Since the 
GABA-Bz receptor complex has also been iden- 
tiffed in insects, such high evolutionary conser- 
vation suggests that there may indeed be an 
endogenous ligand for the Bz site (Robinson et 
al., 1986). 

Since GABA and glycine are structurally simi- 
lar, their receptors may have evolved from a 
proto-form that had weak selectivity in its recog- 
nirion site. It is interesting to inquire what ligand 
was used by the ancestral form deduced from the 
tree. Probably it was glycine rather than GABA, 
since glycine is present in all cells, whereas GABA 
is not. Moreover, the evolution of the GABA^ 
receptor must have depended on the evolution 
of glutamate decarboxylase (Jackson et al., 1990), 
which is required for GABA synthesis. However, 
once evolved, the restricted use of GABA as a 
chemical transmitter would have conferred a 
greater degree of specificity in signaling. A simi- 
lar argument could be considered also for the 
excitatory transmitter receptors, since acetylcho- 
line requires choline-acetyltransferase for its 
synthesis. Interestingly, for the anion channels, a 
glycine receptor has not yet been found in any 
invertebrate s tudied (Gerschenfeld, 1973), 
although the relevant studies on this point are 
perhaps as yet too few to exclude the possibility. 

Concluding Remarks 

Further understanding of the structural basis 
of the exacting physiological roles for diverse 
LGIC forms wil l  be a ided by a comparative 
approach to receptor studies. The elucidation of 
the structure of any one of the members of the 
LGIC superfamily will pave the way to a com- 
plete understanding of the distinct pharmacolo- 
gies of LGICs, which ultimately requires an 
intimate and quantifiable knowledge of the 3D 
receptor structure. 
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The change in perspective brought about by 
the realization of the existence of the LGIC 
superfamily has itself created many new and 
interesting openings for further research. With 
the sequences at hand, those interested in recep- 
tors have started to direct studies to the dissec- 
tion of structure and function using classical 
protein chemical and biochemical (Galzi et al., 
1990; Abramson et al., 1989; Gomez et al., 1989) 
analyses, as well as site-directed mutagenesis, to 
create altered receptor forms. A variety of heter- 
ologous expression systems have been used to 
study the function of such receptors (Sumikawa 
et al., 1981; Pritchett et al., 1988; Paulson and 
Claudio, 1990). The possibility of having recep- 
tors from diverse sources in the same cellular 
background, and in isolation from the rest of 
the nervous system, should allow their phar- 
macologies to be directly compared and more 
precisely defined and quantified. Cell biologists 
have started to construct systems (Paulson and 
Claudio, 1990; Claudio et al., 1989) to examine 
aspects of receptor biology, such as how they 
are transported (Meriie, 1984) and regulated 
(Witzemann et al., 1987; Stollberg and Berg, 1987) 
and the physiological consequences of modifi- 
cations at the primary structure level. Neuro- 
anatomists have begun to use the nucleic acid 
probes and monospecific antibodies as molecu- 
lar markers to delineate neuronal connections and 
circuitry and to classify neuronal cell and tissue 
types (Wada et al., 1989; Hebebrand et al., 1987; 
Wisdon et al., 1988; Montpied et al., 1988; 
Siegel, 1988). Molecular geneticists have started 
to identify the cis -e lements  (Klarsfeld et al., 1987; 
Baldwin and Burden, 1989; Berman et al., 1990) 
and trans-acting factors (Piette et al., 1989,1990) 
involved in controlling the expression of recep- 
tor genes, as well as mapping out their chro- 
mosomal location (Heidmann et al., 1986; 
Bessis et al., 1990; Grenningloh et al., 1990; 
Buckle et al., 1989) and organization (Nef et al., 
1984; Boulter et al., 1990). Also, those interested 
in evolution, by using the relationships derived 
from analyses of receptor sequences, are begin- 
ning to gather information at the molecular 

level that may give insights into the ways in 
which nervous systems have evolved and into 
the factors that have influenced that evolution. 
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