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the cation-a attraction, consider guest 3. 

Previous nuclear magnetic resonance 
(NMR) studies (6) established that the am- 
monium group (-NMe,+) of 3 is bound in 
the cavity of 1, in preference t o  the trvt-butyl 
(-CMe,). This effect occurs even though the 
ionic amnlonium group must be much bet- 
ter solvated by water than the neutral tert- 
butyl, and binding must in\'olve a consider- 
able desolvation. We have evaluated the 
potential magnitude of this effect by calcu- 
lating the differential solvation energy 
(ADG,,,,) in water for the species in Eq. 1. 

Acetylcholine Binding by a Synthetic Receptor: 
Implications for Biological Recognition 

The neurotransmitter acetylcholine (ACh) is bound with 50-micromolar aflinity by a 
completely synthetic receptor (host) comprising primarily aromatic rings. The host 
provided an overall hydrophobic binding site, but one that could recognize the positive 
charge of the quaternary ammonium group of ACh through a stabilizing interaction 
with the electron-rich TI systems of the aromatic rings (cation-TI interaction). Similar 
interactions may be involved in biological recognition of ACh and other choline 
derivatives. 

A CETYLCHOLINE (ACH) AND RELAT- 

ed quaternary amnloni~mm corn- 
pounds (R4Nf ,  where R is an alkyl 

or an71 group) interact with a wide range of 
biological binding sites, including those in 
acetylcholine esterases (AChE), ACh recep- 
tors (AChR), and voltage-gated potassi~un 
channels. We report that the synthetic, de- 
signed receptor (host) 1 (Fig. 1) shows a 

playing a secondary role. 
The tight binding of ACh was presaged 

bv our extensive studies of 1 and related 

The calculations involved statistical pertur- 
bation theory with full Monte Carlo simu- 
lations, following a standard protocol (14- 
19). Similar results were obtained for the 
conversion of CMe, to  NMe4+. Clearly, the 

hosts with a variety of substrates (guests) 
(6). The binding region of 1 (Fig. 1 )  is quite 
hydrophobic, and in aqueous media, n o ~ p o -  ammonium ion is not comvletelv desolvated 

L ,  

on binding in the cavity of 1, but these 
results d o  suggest that the magnitude of the 
cation-.+r interaction can be quite substantial 

lar organic molecules are driven into the 
cavity by the hydrophobic effect. Superim- 
posed on  this is a specific attraction (9) 
between 1 and organic cations, includi~lg in aqueous media 

We propose that similar forces are impor- 
tant in a varienr of biological choline bind- 

anlrnonium and immonium (such as alky 
lated pyridines and quinolines) (6), sulfo- 
nium (R,S+) ( lo ) ,  and alkylated guanidin- 

0 

ACh 
ing sites. Detailed structural data are sparse, 
and so evidence concerning important bind- 
ing interactions is mostlv circumstantial. 

ium (11) compounds. It has been 
established that aromatic a systems in the 
host, but not analogous aliphatic structures, 

strong affinity for ACh. At 295 K in aqueous 
buffer, 1 binds ACh with a dissociation con- 
stant K,  = 50 kM, a value comparable to 
those of the biological recognition sites (1-5). 
Previous studies (6 ,  7) have established that 1 
is, in fact, a general receptor for quaternary 
~mmonium compounds. The priman bind- 
ing force is a cation-a interaction (8)-the 
stabilizing attraction bem~een a quaternary 
amlonium group and the a electrons of 
electron-rich aromatic systems. These find- 
ings lead us to  propose a novel model for 
biological binding sites for choline and its 
derivatives, in which aromatic amino acids 
(Phe and especially the electro~l-rich Tyr and 
Trp) are critical for ACh binding through the 
cation-a interaction, with anionic residues 

- 
Still, many observations can be rationalized 

are important for cation recognition. I11 by invoking cation-a interactions between 
the amnlonium ion of ACh and a systems at 
the binding site. We present here a necessar- 

organic media, the neutral host 2 also shows 
a significant preference for cationic guests 
(6). This finding and others (6) establish ily selective overview of this broad area to 

provide support for the model. We empha- 
size from the start that our goal is not t o  rule 

that the remote anionic groups of 1, which 
are included to induce water solubilinr, are 
at best a secondary factor in cation bi~,ding. out any possible role for ai~ionic groups at 

the binding sites, but simply to  demonstrate 
that cation-a forces are likely to  be impor- 

Other synthetic receptors bind quaternary 
anntnonium compounds (12, 13), but 
charge-charge interactions between anionic tant in the binding and that,. in some cases, 

all available data can be accounted for with- 
out invoking an anionic site. 

The assumotion that AChEs contain an 

groups on  the host and cationic guests are 
much more important in these systems. For 
example, one system (12) binds ACh 
( K ,  = 2 mM), but RNH,+ structures are 
bound more efkctively than RNMe,+ (Me, 
methyl), in direct contrast t o  hosts 1 and 2 

anionic site that is responsible for binding 
the quaternan ammonium ion is wide- 
spread (20). However, neutral analogs (that 
is, RCMe, versus RNMe,+) are efkctive 
inhibitors ofAChE, and they can bind at the 
same site as ACh (2). This result is certainly 
inconsistent with a model invoking a 

D. A. Doughem, Arnold and ~Mabei Reclanan 1,abora~ 
torics of chemical Synthesis, 164-30, California Inst~nlte 
of T C C ~ L I O ~ O ~ T ' ,  Pasadc~la, CA 91 125. 
D. A. stauffir, Centcr for Molecular Recognition, Co- 
lumbia University, New York, NY 10032. 

*To whom corrcs~wndcncc should be addressed. 

and to the biological receptor sites. 111 all- 
other case (13) tevt-butyl analogs do not 
bind at all, establishing the dominant role of 
charge interactions. 

T o  appreciate the potential magnin~de of charge-charge interaction as the pri~,lary 

1558 SCIENCE, VOL. 250 



Fig. 1. Structure of hosts 1 and 2 and a schematic 
of their interaction with a general quatcrnaq7 
a~nmonium compound (R,N+). Thc stabiliz~ng, 
cation-T interaction is symbolized by dotted l~ncs 
between the positive charge of the ammonium 
and the T faces of the aromatic rings that dcfinc 
the interior of the host. 

force for binding. Often, a positive charge 
contributes only a factor of 1 0  or less to  the 
binding (2). 0bsen.ations such as these led 
to  theconclusion that there is "no cogent 
evidence for a negative charge" at the bind- 
ing site of AChE (2). Instead, it was pro- 
posed that long-range electrostatic interac- 
tions with the overall negative charge of the 
enzyme are responsible for preferential bind- 
ing of cations. However, a binding site 
containing aromatic rings would provide a 
hydrophobic environment that would bind 
neutral analogs (RClMe,), but would still 
show a preference for ions such as ACh 
because of the cation-a interaction. Consis- 
tent with this speculation, a photoaffinity 
labeling study of Electvophor~rs AChE found 
a Gly-Ser-X-Phe sequence at the proposed 
binding site, where the X residue was la- 
beled but could not be identified (21). An 
analogous sequence has been found in T o r -  
pedo (Gly-Ser-Phe-Phe) and Drosophiln 
(Gly-Thr-Tyr-Phe) ( 2 4 ,  suggesting that the 
labeled residue was aromatic. We d o  not 
rule out  the existence of an anionic unit in 
the binding region (23), but the available 
data can be explained without in\rolung one. 

Similar conclusions can be reached based 

n what is known about the nicotinic acetyl- 
choline recevtor InAChR), for which the 
assmnption of an anionic binding regloll is 
again widespread (24). However, a region 
around CysIy2 and Cysl"%in the a subunit of 
T .  cili(firtiicn nAChR has been established to 
form part of the ACh binding site, and this 
region is particularly rich in aromatic residues 
(25). A photoaffinity labeling s n ~ d y  of the T. 
mnvwloynta nAChR identified several residues 
in this ACh binding region (26). Along with 
the two ccysteines (192 and 193), all other 
labeling was of aromatic residues (Trpl4', 
Tyr"', and possibly Tyr'" and T ~ I - ' ~ ~ ) .  N o  
anionic residues were labeled. All labeled res- 
idues are consenred in the u subunits of 
muscle nAChR from all species examined to 
date. The authors proposed that the lone 
pairs on the oxygen of Tyr, the nitrogen of 
Tq7, and the sulfi~r of Cys may stabilize the 
charge of ACh. Recently, the same group has 
identified another aromatic residue (Tyr9" 
and possibly Tyx6) i11 the binding region 
(27), leading to a proposal that aromatic rings 
"may directly contribute" (27) to  the binding. 
Of course, our results support the more re- 
cent interpretation. 

Another suggestive recent result comes 
from work on  an especially effective, syn- 
thetic ion chatx1el that can be incorporated into 
phosphatid~~lcholine vesicles (28). It was found 
that a successh~l "flux-promoting" compound 
must contain three essential units: a hydrocar- 
bon tail that embeds itself in the membrane; a 
polvether moiety to facilitate cation transport; 
&d a phenyl ring that was proposed (28) to 
associate with the t r imethy~~nmo~l i~un  groups 
of the phosphatidylcholines through a cation-a 
interaction. The outer surfaces of cells are rich 
in chohle-contai~lulg phospholipids (29), and 
it is interesting to  spcadate that cadon-T inter- 
actions may be important in certain aspecxs of 
cell surface recognition (30). 

The only choline binding site for which 
detailed structural information is available is 
the phosphocholine (PCh)-binding immu- 
 logl lob ill in Fab McPC603, a structure that 
has been much discussed (3, 31). Of course, 
the phosphate group of PCh contributes 
substantially to  the binding of the hapten 

through various hydrogen bonds, most no- 
tably to  ArgaH. Nevertheless, it is instruc- 
tive to  examine the catio~l-binding region of 
this Fab. In McPC603 there are two anionic 
residues (Aspy7' and G1uhlH) near the am- 
monium. However, much closer contacts 
are made with ~ r p ' ' ~ ~ ,  TyrMH, and 
Tyrl'" (Fig. 2)  (32). The interaction with 

is especially striking, and has been 
noted by other workers (31). The trimethyl- 
anlmonium of PCh is surrounded by three 
aromatic walls, which constitute a first "sol- 
vation shell." The anionic residues appear 

- - 

more as a second solvation layer. It  is a 
difficult matter to  partition the total binding 
energy into specific interactions, although 
attempts have been made (3 1). Certainly the 
charge-charge interactions are longer range 
than the catio~l-a interactions, and Aspgn, is 
clearly a factor in cation binding. Neverthe- 
less, the large number of N-methyl-aromat- 
~c contacts is striking. 

Although these are only a few examples, 
they reflect an emerging trend that aromatic 
residues are found frequently at ACh bind- 
ing sites. As such, we propose a binding 
mode 111 which the positively charged qua- 
ternary anmlonlum loll is surrounded by 
aromatic a svstems, with the more electron- 
rich Tyr and Trp residues being especially 
effective. This motif produces a generally 
hydrophobic binding site, but one that can 

Fig. 2. T\vo vie\vs of the binding of phosphocho- 
line to McPC603. Close contacts (in angstroms) 
bet~vcen the carbons of the A-mcth!.l groups (-32) 
a11ci other h c a y  atoms arc sho~vn, along with 
selected hvdrogcn bonds. A large number of con- 
tacts <3.5 arc made to  the aromatic residues 
TyrSH, Tyrloo'., and especially TrplO'H. One of 
the A-methyl groups lics almost directly o\cr  the 
center of the bcnzenc ring of TT1Om, with six C A  
contacts in the 3.2 to 3.4 A range (lower draw- 
ing). Data arc from the published structure (3), as 
deposited in the Brookhaven Protein Data Bank 
(file 2MCS). f- Trplom 
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discriminate the cationic ACh from analo- 
gous neutral molecules through a stabilizing 
cation-T interaction. 
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Crystal Structure of Cobra-Venom Phospholipase A2 
in a Complex with a Transition-State Analogue 

The crystal structure of a complex between a phosphonate transition-state analogue 
and the phospholipase A, (PLA,) from N a j a  naja atva venom has been solved and 
refined to a resolution of 2.0 angstroms. The identical stereochemistry of the two 
complexes that comprise the crystal's asymmetric unit indicates both the manner in 
which the transition state is stabihed and how the hydrophobic fatty acyl chains of the 
substrate are accommodated by the enzyme during interfacial catalysis. The critical 
features that suggest the chemistry of binding and catalysis are the same as those seen 
in the crystal structure of a similar complex formed with the evolutionarily distant 
bee-venom PLA,. 

HOSPHOLIPASE A, (PLA,) HYDRO- 

lyzes the sn-2 ester of phospholipids, 
preferably in lamellar or micellar ag- 

gregates. Special interest in the mechanism 
of PLA, action stems from its role as a 
paradigm for understanding calcium-medi- 
ated enzymatic events at the surface of mem- 
branes, especially those that release arachi- 
donate and other second messengers (1). 

In this report, we describe the crystal 
structure of a complex formed by PLA, 
from the venom of an elapid snake (N.  n. 
atva) and a transition-state analogue (Fig. 1). 
The analogue, L-1-0-octyl-2-heptylphos- 
phonyl-sn - glycero- 3- phosphoethanolarnine 
[figure 1 of (Z)], was designed to emulate 
the tetrahedral transition state formed in the 
hydrolysis of dioctanoyl phosphatidyletha- 
nolamine and therefore is designated 
diC8(2Ph)PE. 

S. P. White, D.  L. Scott, Z. Onvinowski, and P. B. 
Siglcr, Department of Molecular Biophys~cs and Bio- 
chemistry and the Howard Hughes Medical Inst~tute, 
Yale University, New Haven, CT 0651 1. 
M. H. Gelb, llepartments of Chemistry and Biochemis- 
try, University of Washington, Seattle, WA 98195. 

The two molecules in the crystallographic 
asymmetric unit chosen for refinement form 
a poorly stabilized dimer related by a rota- 
tion of 179.6" and a translation of 0.6 A 
along the rotation axis. The bound transi- 
tion-state analogue does not contribute in 
any obvious way to the stability of the 
dimer. Moreover, from the orientation of 
the inhibitor's sn-I and sn-2 substituents, it 
is highly unlikely that both of this dimer's 
active sites can simultaneously interact with 
the same substrate aggregate. Thus, the ar- 
chitecture of this dimer provides no support 
for the notion that substrate-induced en- 
zyme aggregation plays a role in PLA, ca- 
talysis (3). 

When the a-carbon backbone trace of the 
PLA, from the venom of N. n. atva is 
contrasted with those of the enzymes from 
bovine pancreas (monomeric) (4) and the 
venom of Agkistvidon piscivovuspiscivorus (di- 
meric) (S), the elapid enzyme shows strong 
conservation of the homologous core [root- 
mean-square (rms) differences of 0.99 A and 
1.04 A, respectively] (6) .  The conformation 
of the noncore backbone of the Class I N.  n. 
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