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SUMMARY 

A new program, ASNO ('ASsign NOes'), for computer-supported NOE cross-peak assignments is 
described. ASNO is used for structure refinement in several rounds of NOESY cross-peak assignments and 
3D structure calculations, where the preliminary structures are used as a reference to resolve ambiguities in 
NOE assignments which are otherwise based on the chemical shifts available from the sequence-specific 
resonance assignments. The practical use of ASNO for proteins is illustrated with the structure determina- 
tion of Dendrotoxin K from Dendroaspis polylepis polylepis. 

Assignment of interresidual cross peaks in 1H NOESY spectra (Anil-Kumar et al., 1980) for the 
collection of NOE upper limits on IH-~H distances is an essential part of the determination of 3D 
protein structures in solution by NMR (Wiithrich, 1986). Obtaining NOESY cross-peak assign- 
ments is usually a laborious endeavour, particularly in spectral regions where chemical-shift 
degeneracies result in excessive cross-peak overlap. Were it not for these inevitable chemical-shift 
degeneracies and the usually somewhat imprecise cross-peak positional information, all assign- 
ments could of course be made automatically, from knowledge of the chemical shifts resulting 
from the sequence-specific resonance assignments (Wiithrich, 1986). In practice, however, typi- 
cally only a fraction of the NOESY cross peaks can be assigned in this direct way and subsequent- 
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ly used to generate a preliminary 'low-resolution' structure of the protein under investigation. 
Subsequently, these preliminary conformers may be used to reduce the number of heretofore 
ambiguous assignments by eliminating pairs of protons which have the chemical-shift coordinates 
of the cross peak considered but, on the basis of the preliminary solution structure, are further 
apart than a predetermined maximum distance cutoff for the observation of NOEs. The program 
ASNO uses this principle for automated removal of ambiguities arising from chemical-shift 
degeneracies, and thus supports the collection of an extensive input of NOE distance constraints 
in several rounds of NOESY cross-peak assignments and structure calculations. 

For structure determination of proteins using 2D, 3D or 4D NMR experiments, ASNO has 
been implemented in the new interactive program package XEASY (C. Bartels, T.H. Xia, 
M. Billeter, P. Giintert and K. Wtithrich, to be published), which uses the X-window system 
(MIT) and replaces the previously described program package EASY (Eccles et al., 1991). The 
ASNO routine can be obtained from the authors as part of the XEASY package. Here, the 
practical use of the program ASNO is illustrated for dendrotoxin K, a small protein of 57 amino 
acid residues, for which the structure determination was based entirely on homonuclear 2D 1H 
NMR experiments (Berndt et al., 1993). 

The function of ASNO in the context of a complete protein structure determination in our 
laboratory is outlined in Fig. l. The program XEASY supports the peak picking of the NMR 
spectra and the determination of sequence-specific resonance assignments. Once a complete (or 
in practice, nearly complete) list of ~H chemical shifts has thus been obtained, and intraresidual 
cross peaks in the NOESY spectra are identified by comparison with COSY and TOCSY spectra, 
a limited number of interresidual NOESY cross peaks can be unambiguously assigned to pairs of 
hydrogen atoms on the basis of the chemical shifts (typically 30 to 50% of all cross peaks). The 
volumes of the assigned NOESY cross peaks are converted to upper bounds on 1H-IH distances 
using the program CALIBA (Giintert et al., 1991a,b). The resulting preliminary, incomplete list 
of NOE upper distance bounds is, where applicable, supplemented with additional conformation- 
al constraints, e.g., explicit upper and lower distance bounds for maintaining the covalent struc- 
ture of disulfide bonds (Williamson et al., 1985), and constraints from spin-spin coupling con- 
stants (measured, for example, using the program INFIT (Szyperski et al., 1992); see Fig. 1). The 
program HABAS (Giintert et al., 1989) is used to analyse the local conformation on the level of 
dipeptide segments from the experimental coupling constants and the intraresidual and sequential 
NOE distance constraints, and to obtain stereospecific assignments for pairs of diastereotopic 
substituents. With this pretreated input a first set of conformers is generated with the program 
DIANA (Giintert et al., 1991a). Using this set of preliminary solution conformers as a reference, 
the program ASNO is used to help eliminate possible chemical shift-compatible cross-peak 
assignments involving pairs of protons that are further separated than a predetermined maximum 
distance cutoff for the observation of NOEs, and the program GLOMSA (Giintert et al., 1991a) 
is used for obtaining additional stereospecific assignments. The final, high-quality conformers 
obtained after several rounds of DIANA and ASNO calculations (Fig. 1) are subjected to a 
restrained energy minimization, e.g. with the program OPAL (P. Luginbtihl, P. Gfintert, M. 
Billeter and K. Wiithrich, to be published). 

The input for the program ASNO consists of (i) a list of the proton chemical shifts from 
XEASY; (ii) a peak list from XEASY containing the chemical-shift coordinates of the cross-peaks 
in the NOESY spectrum; and (iii) a set of conformers calculated with DIANA using the previous, 
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Fig. 1. Outline of the computer-supported procedure currently used in our laboratory for protein structure determination 
using the software packages XEASY, INFIT, CALIBA, HABAS, DIANA, GLOMSA, ASNO and OPAL. The refine- 
ment cycle including ASNO is emphasized with thicker lines (see text for details). 

less complete input of NOE distance constraints. (This part of the input could also consist of the 
atom coordinates of a homologous protein, or the crystal structure of the protein under investiga- 
tion; however, in such applications much care must be exercised to avoid possible bias in the 
imported reference data.) In addition, the user specifies the maximally allowed chemical-shift 
differences between corresponding cross-peak coordinates and proton chemical-shift values, Ao~ 1 
and Ao)2, to be used for chemical shift-based assignments, the maximally allowed proton-proton 
distance in the molecular structure, d . . . .  that may give rise to an observable NOE, and the 
minimal number of conformers among those used to represent the solution structure, nmin, for 
which a given proton-proton distance must be shorter than dma x in order for a possible NOE 
assignment to be accepted. For a cross peak p with chemical-shift coordinates 0J~ and coP, ASNO 
first determines the set of all possible chemical shift-based assignments (a, 13), according to Eq. 1, 
where a and I~ denote entries in the proton list. 

+ <--1; cr = 1 ..... n ; ~ =  1 ..... n (o<, t A<.,,, ) t. ) (1) 
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te~ and ~ are the chemical shifts of the protons a and 1~; n is the number of entries in the proton 
list. The resulting chemical shift-based assignments are checked against the corresponding 1H-]H 
distances in the available group of preliminary conformers and retained only if the distance 
between the two protons cx and [3 is shorter than dmax in at least nmi n conformers. If  pseudo-atoms 
are used to represent groups of protons, the limit dmax is increased by the appropriate pseudoatom 
correction (Wiithrich et al., 1983). Unambiguously assigned cross peaks according to these crite- 
ria are used to derive additional distance constraints for the subsequent round of structure 
calculations. For Toxin K we used ASNO with Ate] = A ~  = 0.015 ppm, dma x = 5.0 A and nmi n = 1 
out of 20 conformers. 

Figures 2 and 3 illustrate the use of the program ASNO for the N M R  structure determination 
of Toxin K (Berndt et al., 1993). Figure 2 shows how the chemical shift-based assignments and 
their ASNO assessment, based on the preliminary conformers, can be displayed and interactively 
checked or edited within the program XEASY. The overall effect of increasing the number of 
NOE upper distance constraints in successive rounds of structure refinement has been visualized 
in Fig. 3, where four groups of 10 Toxin K conformers each are displayed, which were selected at 
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Fig. 2. Illustration of the use of the program ASNO in conjunction with the program package XEASY (C. Bartels, 
T.H. Xia, M. Billeter, P. Ginter t  and K. Wiithrich, to be published) for interactive spectral analysis. (A) Contour plot of 
a spectral region containing two cross peaks in the NOESY spectrum of Toxin K (Bern& et al., 1993) in H20 solution. The 
cross peaks are displayed by XEASY together with the corresponding assignment matrices. In each matrix the rows and 
columns are identified with the type of hydrogen atom and the sequence position of the amino acid residue, the hatched 
squares denote chemical shift-based assignments, and black squares denote assignments by ASNO using the parameters 
Am~ = A0~ z = 0.015 ppm, dmax = 5.0 A and nmi a = 1 out of 20 conformers (see text). The figure shows that ASNO yielded 
unique assignments for both peaks, whereas the chemical-shift information alone led to sixfold and eightfold degenerate 
assignments, respectively. (B) View of the Toxin K conformer with the lowest final DIANA target function value (Berndt 
et al., 1993), produced with the program MIDAS (Ferrin et al., 1988). All backbone atoms N, C ~ and C', the backbone 
amide protons of residues I0, 38 and 50, and the side chains of the residues C y s  ]4 and Tyr 2~ have been drawn. All possible 
chemical shift-based assignments of the upper NOESY cross peak in A are identified by dashed lines, and the averages of 
the corresponding distances in the 20 final DIANA conformers are indicated. The arrow points to the distance corre- 
sponding to the unique assignment by ASNO. 
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different stages of the structure refinement process (Berndt et al., 1993). The initial dataset, 
obtained using only chemical-shift information for the assignment of NOESY cross peaks, con- 
tained a total of 322 NOE upper distance constraints (excluding NOEs corresponding to distanc- 
es that are independent of the conformation), i.e., approximately 40% of the final number. Using 
this data combined with nine upper and nine lower distance constraints for the three disulfide 
bonds (Williamson et al., 1985) and the hitherto identified dihedral angle constraints from the 
program HABAS, a structure calculation was started with 100 randomized starting conformers, 
using the program DIANA. Although the resulting 10 best conformers do not form a tight 
bundle, the global polypeptide fold is nonetheless clearly defined (Fig. 3A). These conformers 
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Fig. 3. View of the polypeptide backbone of the 10 best DIANA conformers of Toxin K at four stages of structure 
refinement using the program ASNO (Fig. 1). (A) Structure calculated on the basis of 322 NOE upper distance con- 
straints, assigned from chemical-shift information only (213 intraresidual and sequential; 109 mediam-range and long- 
range; average RMSD (McLachlan, 1979) for the backbone atoms N, C a and C' to the mean structure = 1.66 + 0.40 A). 
(B) Structure calculated from an input of 657 NOE upper distance constraints assigned using ASNO with the structure 
from (A) (359 intraresidual and sequential, 298 medium-range and long-range backbone; RMSD to the mean structure = 
0.65 + 0.10 .hi). (C) Structure calculated from an input of 747 relevant NOE upper distance constraints assigned using 
ASNO with the structure from (B) (373 intraresidual and sequential, 365 medium-range and long-range; backbone RMSD 
to the mean structure = 0.38 _+ 0.09 ,/~). (D) 'Final' structure calculated from 809 NOE upper distance constraints (398 
intraresidual and sequential, 411 medium-range and long-range; backbone RMSD to the mean structure = 0.32 + 0.07 A). 
At all four stages (A) - (D), additional constraints for the three disulfide bonds as well as the available dihedral angle 
constraints were added to the input (see text). 
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were then used as input to the program ASNO to assign additional NOESY cross peaks with 
heretofore ambiguous assignments due to chemical-shift degeneracies. The resulting 'second 
cycle' dataset now contained a total of 657 constraints from NOESY cross peaks. With the 
exception of some chain-terminal residues, the resulting structure was already quite well defined 
(Fig. 3B). Further improvement of the structure by additional cycles of refinement (Figs. 3C and 
D) is mostly confined to the polypeptide segments linking the regular secondary-structure ele- 
ments. For the final DIANA calculation with 809 NOE upper distance limits, the REDAC 
strategy (Giintert and Wiithrich, 1991) was used, which resulted in 47 out of 50 starting con- 
formers having a final target function value of less than 2.0 A 2 (Berndt et al., 1993). 
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