
10 is located on the opposite side of the nng plane. For the polypeptide 
backbone the structural rearrangement upon binding to the receptor is 
reminiscent of the inversion of a glovc, whereby the hydrophobic 
exterior edges formed by the N-methyl groups in free CsA are replaced 
by a polar surface of arnide protons and carbonyl oxygens. 

The conformation of the receptor-bound CsA indicates the 
possibility of hydrogen bonding with the receptor protein. For the 
amide proton of Abu2 the presence of hydrogen bonding is directly 
supported by the observation of slowed exchange with the solvent 
(10). Hydrogen bonding is also compatible with 'H-lH nuclear 
Overhauser effects (NOES) observed between CYP and the residues 
1 to 3 and 9 to 11 of CsA (1 0, 11 ) . The dramatic global rearrangement 
of the polypeptide backbone conformation in CsA, which enables 
recognition by hydrogen bonding, is particularly remarkable for a 
cyclic compound, which has a greatly reduced accessible confor- 
mation space when compared with a corresponding linear poly- 
peptide. Considering the important role of molecular modeling in 
drug design, it is instructive to note that molecular dynamics 
calculations that started from the crystal structure or the solution 
structure of free CsA and that used different potential functions to 
represent the solvent (15) gave no indication of an imminent 
major conformation change away from the starting conformation. 
Thus CsA may well end up as a textbook case to illustrate the 
importance of experimental studies with both free and receptor- 
bound effector molecules for understanding structure-function 
correlations as a guide to improved molecular design. 

The NMR investigations of receptor-bound CsA were performed 
with combined use of isotope-labeling and heteronuclear NMR 
experiments. In an unlabeled system the large number of protons 
from the receptor protein would interfere with the observation of 
the resonance lines of the ligand. However, binary complexes are 
ideally suited for studies with efficient labeling schemes, because the 
two components can be labeled separately with 13C or "N before 
complex formation and subsequently combined with unlabeled 
partner molecules. Suitably chosen heteronuclear editing schemes 
(16, 17) can then be used to separate the 'H NMR lines of the two 
molecules in the complex. In particular, use of the so-called heter- 
onuclear half-filters (1 7, 18) in 2D 'H NMR spectra represents a 
valid alternative to the use of three or higher dimensional experi- 
ments for improved resolution in such systems. An intrinsic advan- 

Rusting of the Lock and Key Model for 
Protein-Ligand Binding 

TOMIC-LEVEL KNOWLEDGE OF THE GEOh4ETRIES OF PRO- 

tein-ligand complexes has only been accumulating since the 
mid-1970s. About 50 x-ray structures have now been 

determined for peptides or proteins bound to enzymes or antibod- 
ies. The traditional notion of rigid lock and key complementarity 
received support from the early and numerous studies of complexes 
of proteolytic enzymes with small protein inhibitors (1) and from 
the first example of an antibody-protein complex (2). However, the 
idea has become increasingly challenged. 

In fact, conformational changes for enzymes upon ligand uptake 
are well known and range from modest loop motions to hinge 
bending (3). The prototypical case of strong binding, streptavidin- 
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tage is that the 2D %-'H NMR spectra can be recorded with 
sensitivity and digital resolution comparable to those of correspond- 
ing conventional 2D 'H NMR spectra. With 13C-labeled CsA a 
double-half-filter technique was particularly helpful (19) because it 
produced different subspectra that contained either exclusively in- 
tramolecular NOE cross peaks between different protons of CsA or 
different protons of CYP or exclusively intermolecular NOE cross 
peaks relating protons of CsA with protons of CYP. These tech- 
niques are generally applicable with binary or multicomponent 
molecular assemblies, primarily in systems with very stable receptor- 
effector complexes, and represent an attractive avenue for the use of 
NMR in conjunction with projects on drug design. 
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biotin, involves adjustments to streptavidin that include a loop flip 
(4) ,  and the bear hug  applied by human immunodeficiency virus 
type 1 (HIV-1) protease to a peptide inhibitor is a striking example 
of larg-scale domain motions (5). 

Recently, the effects of binding on ligand structure have received 
increased attention. Cases of profound conformational change have 
been provided by the determination of the structures of the immu- 
nosuppressive agents FK506 and cyclosporin A (CsA) complexed 
with their cytosolic binding proteins FKBP and cyclophilin. X-ray 
structures have been reported for the uncomplexed drugs and the 
FKBP-FK506 complex (6), and the structure of CsA bound to 
cyclophilin has been determined by two groups using multidimen- 
sional nuclear magnetic resonance (NMR) techniques (7). 

Both binding proteins are peptidyl-prolyl-cis-trans isomerases and 
have been shown to interfere with T cell signaling upon forming 
ternary complexes with their respective immunosuppressive agents 
and the protein phosphatase calcineurin (8). FK506 is a macrocyclic 
organic molecule with a critical a-keto-homoprolyl subunit (upper 
right pan of the structure) that acts as a transition-state surrogate 
(9), and CsA is a cyclic undecapeptide. Binding leads to substantial 
conformational change for FK506, including cis-trans isomerization 
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of the amide bond, concomitant repositioning of the homoproline 
ring, and inward disposition of the pyranose ring (top) toward the 
macrocycle. For CsA, the unbound structure has essentially been 
turned inside out to reach the bound conformation; the four 
intramolecular hydrogen bonds are lost, the 9,lO-peptide bond 
isomerizes from cis to trans, and two sets of four side chains switch 
sides of the ring. These examples show that flexible ligands can 

FK506 unbound FK506 bound 

L undergo substa&al distortions to achieve a suitable 
binding conformation. CsAunbound 

For variety, nature has also provided rapamycin, an irnmunosup- 
CsA bound 

pressant that binds to FKBP -and is clos~ly related structurally ;o 
FK506, particularly in the C1-C14 binding domain. The bound and These examples contirm the reasonable expectation that flexible 
unbound structures of rapamycin are virtually identical, and the molecules distort to form optimal interactions with binding part- 
distortion of FK506 on binding to FKBP yields a binding domain ners. A practical consequence is the frustration that will often 
that is superimposable on the rapamycin structure (10). The implicit accompany attempts to design drugs by analogy to the structures of 
greater preorganization of rapamycin might be thought to provide flexible, unbound active substances. 
greatly enhanced binding relative to FK506; in fact, it only amounts 
to a factor of 2 in the binding constants. REFERENCES 

Although these examples are striking, they are not unprecedented. 
The binding of lysozyme by a Fa, fragment requires negligible 
distomon of either component (2). However, subsequent investi- 
gations suggest that this is not general. Complexation of the viral 
antigen neuraminidase by a Fa, fragment was found to displace 
some C a  positions in a binding loop by more than 1 A from their 
locations in the free enzyme (1 1). More recently, an x-ray structure 
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with the remainder of the protein. 
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