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Structures from NMR distance constraints 

Although advances in NMR have elevated structural deter- 
mination of peptides and small proteins in solution to the 
level of a routine tool [If, the nature of the structural 
information obtained is not often appreciated. The best 
known method for structural analysis, X-ray crystallogra- 
phy, yields results in Cartesian coordinate space-the aver- 
age position of each heavy atom in a molecule. In contrast, 
NMR studies reveal information in distance and torsional 
space. Distances between pairs of atoms are determined 
from nuclear Overhauser effects (NOES) [2], paramagnetic 
enhancement of relaxation [3], or hydrogen bonding. Tor- 
sion angle constraints are derived from coupling constants 
and Karplus-type relationships [4]. Like X-ray, these reflect 
the ensemble of conformations present during the time 
frame of the measurement [5]. Unlike X-ray, however, 
these observabtes can be measured even in regions of 
structure that are highly disordered and have no charac- 
teristic conformation in solution. Generation of atomic 
coordinates from this information reiies on several com- 
putational methods, most commonly distance geometry [6] 
and molecular dynamics [7,8]. Although these methods 
have been shown to be robust in the elucidation of solution 
conformation at low resolution, it is clear that any effort 
to correlate biological activity with solution conformation 

and dynamic properties is vitally dependent on the dis- 
covery of all possible structures consistent with the NMR 
data and on some means of filtering quality information 
(regions which do have a characteristic conformation) from 
data compromised by conformational heterogeneity. 

The issue of completeness in conformational sampling 
remains an open one. Although distance geometry has been 
suggested to randomly sample conformational space in 
much the same fashion as Monte Carlo 191, some inves- 
tigators have suggested that in the absence of sufficient 
constraints, it produces fully extended structures that are 
nearly identical [lo]. This suggests that conformational 
sampling by distance geometry is biased and that care must 
be exercised in overinterpreting the results of computations 
for structures or regions of structures that are under- 
determined. The complexity of molecular dynamics cal- 
culations means that they are time consuming, and 
consequently it is not possible to run simulations long 
enough to ensure that all of conformational space is 
sampled. In addition, weighting of the NMR-derived dis- 
tance constraints sufficient to ensure convergence to a 
folded structure may predispose against complete sampling. 
The problem of becoming trapped in a local minimum 
has limited the use of optimization methods in generating 
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siructures, and is a legitimate concern in molecular 
dynamics. Dynamical simulated annealing [ 111 involving 
high temperature simulations, has been used to increase 
sampling by enhancing the likelihood of transit between 
minima. Molecular dynamics [7] (when used alone), Monte 
Carlo [9], and minimization in torsional space [12] have 
been shown to suffer from path dependency in the 
implementation of NMR-derived constraints. All were 
forced to resolve the issue by defining local structure 
initially and subsequently enforcing constraints having the 
greatest impact in determining the overall protein fold. 

Aside from sampling issues, most computational 
methods implicitly assume homogeneity of information. 
Distance geometry and molecular dynamics, by forcing a 
compromise between the potential function describing the 
energy of the system and the experimental constraints, can 
produce structures with distortions in bond angles and bond 
lengths which result from distributing local errors over the 
entire ensemble. Approaches such as DISMAN [12] and 
Monte Carlo which assume ideal geometry and deal with 
torsional variables circumvent a part of this problem, but 
use of global target minimization procedures still allows 
contamination of precisely determined substructures with 
data from under determined regions of the structure. 

Problems in conformational sampling and data homo- 
genization can best be approached by a systematic eval- 
uation of all possible torsional variables. The very nature 
of this approach means that the result is path independent. 
Being deterministic, it will identify all conformations at a 
given scan increment consistent with the data set. Small 
regions can be analyzed individually, and inconsistencies in 
experimental data, which are a clear hallmark of conformer 
averaging, will be determined automatically. After fixing 
the range of acceptable values for each torsional variable, 
and determining acceptable combinations, one can arrive 
at a final structure by building larger and larger aggregates 
having few or no internal degrees of freedom. Each unique 
path through variable space can be walked without duplic- 
ation in a systematic fashion. Our application of systematic 
search to NMR data for cyclosporin-A (CSA) suggests that 
this approach does offer advantages over currently existing 
computational methods, particularly as the number and 
quality of available constraints increase. 

Methods and Results 

Solution conformations of CSA. an eleven-residue 
immunosuppressive cyclic peptide, were determined from 
an NMR data set in dimethvl sulfoxide (DMSO) 1131. 
The crystal structure of iodocyclosporin [li] was used to 
generate a model for the backbone of CSA, and the 
SEARCH module of the SYBYL software package [15] 
was used to generate conformers by scanning 4 and w 
angles in 10” increments. Conformers were screened for 
unfavorable van der Waals’ contacts using radii previously 
calibrated for proteins and peptides [16]. To speed the 
calculation, the CSA model was analyzed initially as several 
small subproblems. Two- or three-residue fragments were 
evaluated to determine 4, y angle ranges consistent with 
fifty-five short-range NOES and vicinal coupling constants. 
Ultimately, the molecule was analyzed in two major frag- 
ments sharing common amide bonds. The loop fragment 
consisted of Ala7, D-Ala& MeLeu9, MeLeulO, and 
MeValll, and the sheet fragment included MeBmtl, Abu2, 
Sar3, MeLeu4, MeVal5, and MeLeu6. Torsional ranges for 
@ and q determined in small subsearches, five long-range 
NOES, and four hydrogen bonds were used to constrain 
the search of these major fragments. Distances linking 
atoms at the ends of the loop fragment were monitored 
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for every valid conformation. The resulting distance map 
described all possible relative orientations between ter- 
minal atoms in the loop fragment. Since the loop and sheet 
fragments shared common atoms, this map could be used 
as a constraint in the subsequent analysis of the sheet 
fragment. In a final calculation, the distance map generated 
from the sheet fragment was used to constrain a search of 
the loop fragment. Use of a distance map from one frag- 
ment to constrain the search of the other fragment ensured 
that not only the NMR-derived constraints were met, but 
also that the ring closure requirement was satisfied. The 
sheet and loop fragments were then combined to generate 
complete CSA structures by matching conformer pairs that 
possessed identical distance map points. 

Two and one-half million conformations were found to 
be available to the eleven CSA backbone 4, IJJ pairs. Two 
distinct conformational families were found to be available 
to Sar3. One family was a pII turn (43 = 60”. ~3 = 120”) 
and constituted -94% of the valid conformations. This is 
equivalent to the fl1’ structures reported for CSA [13] 
and its iodo derivative [14] in the crystalline state. The 
remaining 6% corresponded to a fl turn (43 = -5O”, 7~3 = 
-60”). Both families were found to be energetically accept- 
able. Residues other than Sar3 were conformationally less 
variable, having similar @,IJJ values regardless of the Sar3 
conformation. 

The results of this study contrast with two recent struc- 
tural studies based on the same NMR data set. A 30-psec 
molecular dynamics simulation of CSA [17] at 300°K found 
no fl structure, and the authors concluded that the back- 
bone solution conformation of CSA was similar to that of 
the crystal. Both the molecular dynamics simulation and 
the search calculations unexpectedly suggest that the sheet 
region of CSA is more flexible than the loop. A second 
study using distance geometry [18] alone and in com- 
bination with molecular dynamics also failed to find the 
alternative conformation. 

Discussion 

Our studies of the solution conformation of cyclosporin 
suggest that commonly employed computational methods 
fail to identify all structures consistent with NMR obser- 
vations While the 2.5 million conformations found may 
seem a startlingly large number, if one assumes only two 
values for each torsional variable, a total of over 4 million 
combinations (2”) is possible. Thus, individual variables 
in CSA were actually tightly constrained. Any application 
of systematic search to proteins will require many precisely 
known constraints-a limitation that is rapidly disappearing 
as efforts to rigorously interpret NMR data continue. 
Refinement of distance constraints by spectral simulation 
[ 191 and incorporation of realistic motional models, stereo- 
specific assignments [20] and determination of hetero- 
nuclear coupling constants [21] may result in cases where 
structures are actually overdetermined. Even so, there will 
still be situations in which the data are insufficient to 
dictate convergence to a single structure. In those cases, 
the inherent inability of NMR to resolve an ensemble of 
conformations can be ameliorated by a knowledge of the 
conformational preferences of amino acids. Databases are 
undoubtedly better at defining local conformation in the 
absence of experimental data than algorithms currently in 
use. 
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