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Abstract A fully automated method is presented for

determining NMR solution structures of proteins using

exclusively NOESY spectra as input, obviating the need to

measure any spectra only for obtaining resonance assign-

ments but devoid of structural information. Applied to two

small proteins, the approach yielded structures that coin-

cided closely with conventionally determined structures.
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Introduction

All NMR data required for a protein structure determina-

tion based on nuclear Overhauser effect (NOE) derived

distance restraints is contained in the NOESY spectrum

(Wüthrich 1986). In practice, however, the evaluation of

NOESY spectra requires sequence-specific resonance

assignments that are determined using additional spectra

to delineate through-bond connections. A considerable

amount of measurement time and interactive work is nee-

ded for spectra that are used only for the chemical shift

assignment but do not contribute structural information. To

circumvent the chemical shift assignment step, ‘‘assign-

ment-free’’ methods for NMR protein structure determi-

nation have been proposed (Atkinson and Saudek 2002;

Grishaev and Llinás 2002; Kraulis 1994; Malliavin et al.

1992) but are rarely used because their requirements on the

quality of the input NMR data are difficult to meet

experimentally. Assignment algorithms that use NOESY

data have been developed earlier, however not without

requiring information from through-bond spectra or other

sources. For instance, the ASCAN algorithm assigns side-

chain chemical shifts, provided that the backbone assign-

ments are already known (Fiorito et al. 2008). Several

algorithms for the structure-based chemical shift assign-

ment of proteins (Bailey-Kellogg et al. 2000; Dobson et al.

1984; Pristovšek et al. 2002; Stratmann et al. 2009) make

use of NOEs but cannot be applied for structure determi-

nation because they require the three-dimensional (3D)

structure as input. Here, we present a fully automated

method for protein structure determination by NMR that

relies exclusively on the NOESY spectra to simultaneously

find the chemical shift assignments, conformational

restraints, and the 3D structure. This is different from the

commonly used automated algorithms for the assignment

of NOESY cross peaks which require the sequence-specific

resonance assignments to be known (Güntert 2009;

Herrmann et al. 2002; Huang et al. 2006; Mumenthaler

et al. 1997; Nilges 1995).
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Materials and methods

NOESY-FLYA algorithm

Our approach is based on the fully automated NMR protein

structure determination algorithm FLYA (López-Méndez

and Güntert 2006), which has been adapted for use with

only the protein sequence and 3D 13C- or 15N-resolved

NOESY spectra as input (Fig. 1). Neither other spectra, nor

manually prepared peak lists, nor structural information is

needed as input.

Peak positions and intensities are identified using the

automated peak picking algorithms of the programs

NMRView (Johnson 2004) or AZARA (http://www.ccpn.

ac.uk/azara). Since no manual corrections are made, the

resulting raw peak lists may contain, in addition to the

entries representing true signals, a significant number of

artifacts. The following steps of the fully automated

structure determination algorithm can tolerate the presence

of such artifacts, as long as the majority of the true peaks

have been identified. Based on the NOESY peak positions

and peak volumes peak lists are prepared by CYANA

(Güntert 2003; Güntert et al. 1997). Depending on the

spectra, the preparation may include unfolding aliased

signals, systematic correction of chemical shift referencing,

and removal of peaks near the diagonal or water lines. The

peak lists resulting from this step remain invariable

throughout the rest of the procedure.

An ensemble of initial chemical shift assignments is

obtained by multiple runs of a modified version of the GA-

RANT algorithm (Bartels et al. 1996, 1997) with different

seed values for the random number generator (Malmodin

et al. 2003). The original GARANT algorithm was modified

for the treatment of NOESY spectra when 3D structures are

available (Ikeya et al. 2009). First a list of expected peaks is

constructed, initially based only on the amino acid sequence.

Only intraresidual and sequential connectivities can, with

certain limitations, be predicted from the sequence alone.

Subsequently, when a first preliminary structure has been

obtained, the expected NOESY cross peaks are generated on

the basis of spatial proximities in the preliminary structure,

which allows to predict also medium-range and long-range

NOEs. These expected peaks are then mapped onto the

experimentally observed peaks. While the positions of the

observed peaks are known precisely, their assignment is

initially unknown. In contrast, the expected peaks are, by

construction, always unambiguously assigned to atoms and

characterized by approximate positions from a chemical

shift database statistics and an a priori probability to be

observed. The optimal mapping of the expected peaks onto

the observed peaks implies the chemical shift assignments of

the atoms involved in the mapped expected peaks. The

search for this optimal mapping is complicated by the fact

that both peak lists may be incomplete and may contain

errors. Thus, NOE cross-peaks arising due to the close

proximity of pairs of hydrogen atoms cannot be predicted

from the sequence alone, or entries in the list of observed

peaks may be missing, for example because of spectral

overlap or limited signal to noise. Experimental lists of

observed peaks may include spurious entries resulting, for

example, from spectral noise. The GARANT algorithm

includes a scheme for evaluating the quality of non-final

assignments in order to drive the search for the optimal

mapping of expected peaks onto the observed peaks. The

optimization procedure is a combination of a genetic algo-

rithm with a local optimization routine (Bartels et al. 1997).

In analogy to NMR structure calculation in which not a

single structure but an ensemble of conformers is calcu-

lated using identical input data but different randomized

start conformers, the initial chemical shift assignment

produces an ensemble rather than a single chemical shift

value for each 1H, 13C and 15N nucleus. These initial

chemical shift assignments are consolidated by CYANA

into a single consensus chemical shift list, which is used for

NOESY peak picking and integration
(NMRView, Azara)

NOESY peak list preparation and filtering
(Cyana, Azara)

Chemical shift assignment 
(Garant) 

Consensus chemical shift assignment 
(Cyana) 

Restrained energy refinement in explicit solvent 
(OPALp) 

NOESY cross peak assignment 
(Cyana) 

Structure calculation 
(Cyana) 

Stage III 

Stages I/II 

7 Cycles 

Multidimensional NOESY spectra
Amino acid sequence 

3D protein structure 
Chemical shift assignments 

Fig. 1 Flowchart of the NOESY-FLYA algorithm
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generating angle restraints with the program TALOS

(Cornilescu et al. 1999) and for the assignment of NOE

distance restraints. The most highly populated chemical

shift value in the ensemble is computed for each 1H, 13C

and 15N spin and selected as the consensus chemical shift

value that will be used for the subsequent automated

assignment of NOESY peaks. The consensus chemical

shift for a given nucleus is the value x that maximizes the

function lðxÞ ¼
P

j expð�ðx� xjÞ2=2Dx2Þ, where the

sum runs over all chemical shift values xj for the given

nucleus in the ensemble of initial chemical shift assign-

ments, and Dx denotes the chemical shift tolerance as it is

used elsewhere in the algorithm for matching peak posi-

tions and chemical shift values. It is typically set to

0.03 ppm for the 1H dimensions and to 0.3 ppm for the 13C

and 15N dimensions. NOESY cross peaks are assigned

automatically (Herrmann et al. 2002) on the basis of the

consensus chemical shift assignments and the same peak

lists and chemical shift tolerance values used already for

the chemical shift assignment. The automated NOE

assignment algorithm of the program CYANA is used. The

overall probability for the correctness of possible NOE

assignments is calculated as the product of three proba-

bilities that reflect the agreement between the chemical

shift values and the peak position, the consistency with a

preliminary 3D structure (Güntert et al. 1993), and net-

work-anchoring (Herrmann et al. 2002), i.e. the extent of

embedding in the network formed by other NOEs.

Restraints with multiple possible assignments are repre-

sented by ambiguous distance restraints (Nilges 1995).

Seven cycles of combined automated NOE assignment and

structure calculation by simulated annealing in torsion

angle space and a final structure calculation using only

unambiguously assigned distance restraints are performed.

Constraint combination (Herrmann et al. 2002) is applied

in the first two cycles to all NOE distance restraints

spanning at least three residues in order to minimize dis-

tortions of the structures by erroneous distance restraints

that may result from spurious entries in the peak lists and/

or incorrect chemical shift assignments.

A complete FLYA calculation comprises three stages. In

the first stage, the chemical shifts and protein structures are

generated de novo (stage I). In the next stages (stages II

and III), the structures generated by the preceding stage are

used as additional input for the determination of chemical

shift assignments. At the end of the third stage, the 20 final

CYANA conformers with the lowest target function values

are subjected to restrained energy minimization in explicit

solvent against the AMBER force field (Cornell et al. 1995;

Ponder and Case 2003) using the program OPALp (Koradi

et al. 2000; Luginbühl et al. 1996). The complete procedure

is driven by the NMR structure calculation program

CYANA, which is also used for parallelization of all time-

consuming steps.

Proteins and NMR spectroscopy

We applied the algorithm to the 3D structure determina-

tions of Chlorella ubiquitin (76 residues) and the Thermus

thermophilus HB8 protein TTHA1718 (66 residues) (Ikeya

et al. 2010; Sakakibara et al. 2009). The ubiquitin sample

was produced by E. coli cell-free protein synthesis opti-

mized for the preparation of labeled NMR samples (Takeda

et al. 2007; Torizawa et al. 2004) using 50 mg of stereo-

array isotope labeled (SAIL) (Kainosho et al. 2006) amino

acid mixture (SAIL Technologies) (Ikeya et al. 2009).

Uniformly 13C/15N labeled TTHA1718 was expressed in E.

coli cells (Ikeya et al. 2010; Sakakibara et al. 2009). The

protein concentrations were 0.4 and 2.6 mM in sodium

phosphate (pH 6.6 and 7.0) with 10% 2H2O, respectively.

The SAIL ubiquitin sample was the same as for our earlier

study using NOESY in conjunction with different sets of

through-bond spectra (Ikeya et al. 2009). This allowed for a

comparison between the NOESY-only approach and FLYA

calculations with conventional input data sets.

3D 13C- or 15N-resolved NOESY spectra with a mixing

time of 100 ms and 1,024 9 218 9 50/36 (1H 9 1H 9
13C/15N) data points for ubiquitin and a mixing time of

80 ms and 1,024 9 256 9 64/64, data points for

TTHA1718 were recorded at 310 K on Bruker DRX and

Avance 600 spectrometers equipped with cryogenic

probes. Additional 13C-resolved NOESY spectra were

recorded for the region of the aromatic 13C resonances. 2D

maximum entropy processing with AZARA was used for

the NOESY spectra of TTHA1718 as described previously

(Ikeya et al. 2010; Sakakibara et al. 2009). The maximum

entropy processing resulted in better resolution and a

higher signal-to-noise ratio than conventional Fourier

transformation, thus facilitating the peak identification in

overlapped and complicated regions, particularly for the
13C-resolved NOESY of uniformly 13C/15N-labeled pro-

teins. The ubiquitin spectra exhibited the sharp lines as

typical for SAIL, and were processed by conventional

Fourier transformation. The chemical shift assignments and

the solution structure were compared to those from the

conventional approach based on manual peak picking,

manual chemical shift assignment, and automated NOESY

assignment (Güntert 2009; Herrmann et al. 2002), referred

to as the ‘‘reference’’ (Ikeya et al. 2009; Sakakibara et al.

2009). For ubiquitin, a crystal structure is available of the

human protein (Vijay-Kumar et al. 1987), which differs in

two sequence positions from Chlorella ubiquitin. It has a

backbone RMSD to the reference structure of 1.29 Å for

residues 1–72.
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Automated peak picking

Automatic peak picking was performed over the entire

spectra, excluding only two narrow bands along the diag-

onal and the water line. Previous manual or automatic

chemical shift assignment approaches required at least one

2D or 3D spectrum for delineating through-bond connec-

tions besides the NOESY spectra. These additional

through-bond spectra contain fewer peaks than NOESY,

which renders them also useful for filtering noise and

artifacts by checking the consistency of peak positions

among different spectra. This approach cannot be adopted

when using exclusively NOESY, and the potentially large

number of noise and artifact entries in automatically pre-

pared NOESY peak lists, which comprise only position and

intensity information, could lead to errors in the FLYA

calculations. To minimize this possible problem, we

exploited the fact that noise and artifacts are generally not

uniformly distributed in a spectrum, so that it makes sense

to determine the noise level for peak picking locally using

a similar approach as in the peak picking program

AUTOPSY (Koradi et al. 1998). A local noise level

determination and a diagonal filter were implemented into

AZARA version 2.8 as follows. For a given (potential)

peak in an n-dimensional spectrum we consider a region of

L1 � � � � � Ln data points centered at the position of the

peak. For each of the n one-dimensional slices through the

peak a sliding average of the squared spectral intensities is

computed over all stretches of length l1; . . .; ln within the

region, and its maximal values stored as a2
1; . . .; a2

n. A local

noise level for the position of the peak is then defined by

D ¼ w 1=n
Pn

k¼1 a2
k

� �1=2þDg, where w is a weighting factor

for the locally determined noise level and Dg is a user-

defined global noise level for the whole spectrum. For all

applications in this paper, l1; . . .; ln corresponded to 5% of

all data points in the given dimension, Lk ¼ 2lk k ¼ 1;ð
. . .; nÞ; and w = 3.0.

In most 2D and 3D NOESY spectra the non-diagonal

cross peaks are accompanied by corresponding diagonal

peaks with equal sign of the intensity. The cross peaks can

therefore be filtered with respect to the corresponding

diagonal intensities, and potential cross peaks with a

diagonal intensity below a user-defined threshold are dis-

carded. Although such a check could in principle be

applied to a preliminary peak list it was incorporated into

the peak picking to resolve diagonal peaks.

Assignment and structure calculation

Peak lists were not edited interactively. The peak position

tolerance for the GARANT and CYANA assignment

algorithms was set to 0.03 ppm for 1H, and 0.3 ppm for 13C

and 15N. Upper distance limits were derived from the

NOESY peaks according to a r-6 intensity-to-distance

relationship and confined to the range 2.4–5.2 Å. Restraints

on the / and w torsion angles were produced with TALOS

(Cornilescu et al. 1999). No hydrogen bond restraints were

applied. Structure calculations started from 500 conformers

with random torsion angles, five times more than the

default, to minimize the possible influence of erroneous

chemical shift assignments. Ten runs of the entire proce-

dure were conducted with identical input data using dif-

ferent seed values for the random number generator

(Supporting Information Tables S1 and S2). The run that

yielded the structure bundle with the lowest average

AMBER energy was selected and analyzed.

Structure analysis

The program MOLMOL (Koradi et al. 1996) was used to

visualize 3D structures. CYANA was used to obtain sta-

tistics on target function values and restraint violations, and

to compute RMSD values to the mean coordinates of a

structure bundle for superpositions of the backbone atoms

N, C and C0 or the heavy atoms for the structured regions of

the proteins. Conformational energies were calculated with

OPALp (Koradi et al. 2000; Luginbühl et al. 1996) using

the AMBER force field (Cornell et al. 1995; Ponder and

Case 2003).

Results

NOESY-FLYA assignment and structure determination

The local noise level determination and the diagonal filter

reduced the number of artifact entries in the peak list

substantially (Fig. 2). For instance, while the original

algorithm in AZARA picked 5,735 peaks in the 3D 13C-

edited NOESY spectrum of TTHA1718, the use of local

noise level determination and diagonal filtering excluded

many artifact peaks and reduced the number of picked

peaks to 2,694. This is not much more than the 2,299 peaks

that were identified by a human expert. Nevertheless, a

significant number of artifacts must have remained in the

automatically picked peak list because 1,212 of these peaks

were left unassigned by the subsequent automated NOESY

assignment for the structure calculation.

Using 5 Intel Xeon 2.8 GHz Quad-core processors, a

NOESY-FLYA run was completed in less than 6 h for

ubiquitin. The results of the calculations are summarized in

Table 1. Further details are given in Supplementary Tables

S1 and S2. Of all chemical shift assignments, 9 and 13%

were wrong for ubiquitin and TTHA1718, respectively.

These numbers decreased slightly (by less than 1%) for the

140 J Biomol NMR (2011) 50:137–146

123



residues in regular secondary structure elements. The

NOESY-FLYA calculations yielded structures in good

agreement with the reference structures (Fig. 3). The

backbone RMSDs to the reference structures were 0.87 and

1.07 Å for ubiquitin and TTHA1718, respectively. This

indicates that the automated NOE assignment algorithm in

CYANA produced self-consistent sets of correct distance

restraints on the basis of the imperfect sequence-specific

resonance assignments obtained in the preceding step of

the FLYA algorithm. The accuracy of the resulting struc-

tures in terms of the RMSD to the conventionally deter-

mined reference structure was about the same for both

proteins. The SAIL labeling of ubiquitin simplifies the task

of the NOESY-FLYA algorithm by yielding spectra with

sharper and fewer lines and reduces the number of

assignment possibilities of the remaining peaks. On the

other hand, the ubiquitin measurements were made with a

*6 times more dilute sample and on a lower-field spec-

trometer than those for the slightly smaller TTHA1718

protein.

In the case of ubiquitin, fully automated structure

determinations with FLYA had been performed earlier

using different selections of through-bond spectra in

addition to the NOESYs (Ikeya et al. 2009). For instance,

when the NOESY spectra were complemented by 12

through-bond spectra (Supplementary Table S3), the per-

centage of chemical shifts that agreed with the reference

was about 10% higher than with the exclusively NOESY-

based approach (Ikeya et al. 2009). Nevertheless, the sub-

sequent CYANA calculation yielded with both sets of input

spectra a similar number of long-range distance restraints,

and structures in equally good agreement with the

Fig. 2 Automated peak picking

of the 3D 13C-edited NOESY

spectrum of the protein

TTHA1718 with the program

AZARA using the standard

algorithm based on a constant

noise level (left; picked peaks in
blue) and an improved

algorithm that employs a local

noise level determination and

diagonal filter functions (right;
picked peaks in green). Excerpts

from the spectral planes at

x(13C) = 27.8 ppm (top) and

16.9 ppm (bottom)
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reference structure. The backbone RMSDs to the reference

structure were 0.87 and 0.93 Å for the lowest average

AMBER energy structures, which is comparable to the

estimated accuracy of 0.8 Å of the reference structure

(Ikeya et al. 2009).

It has been shown earlier that about 90% correct

chemical shift assignments are required for successful

combined automated NOESY assignment and structure

calculation with CYANA (Jee and Güntert 2003). The

NOESY-only approach with 9–13% wrong assignments is

at the limit of this rule. In fact, not all of the 10 NOESY-

FLYA calculations converged to an accurate structure. The

backbone RMSDs to the reference structure were 0.75,

0.87, 1.15, 1.35, 1.82, 3.27, 4.00, 7.03, 7.68, and 11.0 Å in

the case of ubiquitin (Supporting Information Table S1)

and 1.03, 1.07, 1.09, 1.12, 1.13, 1.17, 1.47, 1.68, 1.93, and

2.48 Å in the case of TTHA1718 (Supporting Information

Table S2). Recognizing correct structures is thus crucial for

the reliability of the NOESY-only approach.

Structure validation

The 4 out of 10 ubiquitin structures with less than 1.5 Å

backbone RMSD to the reference structure could be dis-

tinguished correctly from the others either by the number

of assigned NOESY cross peaks, the number of long-

range distance restraints (Supporting Information Table

S1), the AMBER potential energy (Ponder and Case

2003), the Verify3D score (Lüthy et al. 1992), the packing

score of the Whatcheck program (Hooft et al. 1996), the

LGscore of the ProQ program (Wallner and Elofsson

2003), or the score of the ProSa 2003 program (Sippl

1993). An overall Z-score (Ikeya et al. 2009) that

Table 1 Statistics of fully automated FLYA structure determinations of ubiquitin and TTHA1718 using as input only NOESY spectra

Quantity ubiquitin TTHA1718

Equal 1H/13C/15N assignments (%)a 85.8 78.7

Different 1H/13C/15N assignments (%)a 13.1 20.7

Wrong 1H/13C/15N assignments (%)a 9.3 13.0

Assigned NOESY cross peaks 1,701 2,343

Long-range (|i-j| C 5) distance restraints 264 441

CYANA target function (Å2)b 0.287 ± 0.001 2.780 ± 0.046

AMBER energy (kcal/mol)c -3,119 ± 60 -1,928 ± 73

Backbone RMSD to mean (Å)d 0.28 ± 0.05 0.20 ± 0.03

Heavy atom RMSD to mean (Å)d 0.66 ± 0.07 0.65 ± 0.05

Backbone RMSD to reference (Å)e 0.87 1.07

Heavy atom RMSD to reference (Å)e 1.32 1.72

a Chemical shift assignments were classified as ‘equal’ if they coincided, within tolerances of 0.03 ppm for 1H and 0.3 ppm for 13C/15N, with the

corresponding reference assignment, as ‘different’ if they differed by more than the tolerance from the reference assignment, and as ‘wrong’ if

they did not match any conventionally assigned shift within the same residue. The wrong assignments are a subset of the different ones. In

addition, the algorithm yielded assignments for a small number of 0.6–1.1% of the chemical shifts for which no reference assignment was

available, and that could thus not be classified. In the case of ubiquitin, the unstructured C-terminal region of residues 73–76 was excluded
b For the 20 CYANA conformers with lowest target function values
c For the 20 energy-refined CYANA conformers that represent the solution structure
d Between the 20 energy-refined conformers and their mean coordinates for the backbone atoms N, Ca and C0 or for all heavy atoms in the

structured regions of residues 1–72 in ubiquitin and 1–66 in TTHA1718
e Between the mean coordinates of the 20 energy-refined conformers and the conventionally determined reference structure

Fig. 3 Structures of ubiquitin (top) and TTHA1718 (bottom)

obtained using exclusively NOESY spectra for chemical shift

assignment and structure calculation (blue) superimposed on the

conventionally determined NMR solution structures (red)
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combines the latter five validation scores, the RMSD to

the mean coordinates, and the percentage of residues in

the most favored region of the Ramachandran plot, as

defined by the program Procheck (Laskowski et al. 1993),

shows for both proteins a particularly clear correlation

with the RMSD to the reference structure (Fig. 4). The

J Biomol NMR (2011) 50:137–146 143
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overall Z-score was computed from the seven individual

validation parameters as Z ¼ 1=7
P7

i¼1 Si � �Sið Þ=r Sið Þ,
where Si is the value of an individual validation score

with the sign chosen such that lower values represent

better scores, �Si its mean value, and r Sið Þ its standard

deviation. Correct structures can thus be discriminated

reliably from seriously wrong ones. For both proteins the

overall Z-scores were about -1.2 in the best case and

below 0.0 for the good structures. These absolute values

may not be universally valid for other proteins. However,

the overall Z-score was used here only for a relative

ranking of the structures obtained by multiple runs of the

same algorithm for the same protein, a less difficult task

for which the overall Z-score gave consistent results.

Discussion

Our results show that NOESY spectra alone can yield suf-

ficiently accurate chemical shift assignments to obtain high-

quality solution structures of proteins. This constitutes a

significant conceptual advance by concentrating the whole

NMR measurement effort on the spectrum type that provides

the structural data. In practice, it enables faster structure

determination. The NOESY-only chemical shift assign-

ments are still less reliable than those of the conventional

approach, but improving the NOESY spectra and assignment

algorithms may in the future close the gap and make the

approach applicable to larger proteins, for which the algo-

rithm in its present form failed to yield correct structures. It

would be difficult to give a clear-cut size limit because the

performance of the algorithm depends as much on the quality

of the NMR data, which determines how reliably peaks can

be identified, as on the size of the protein, which determines

the number of ambiguous assignment possibilities for NOEs.

Higher effective dimensionality, non-linear sampling, and

alternatives to Fourier transformation can be expected to

provide NOESY spectra with better resolution and less

overlap (Luan et al. 2005; Malmodin and Billeter 2005), thus

helping the algorithm to cope with its main challenge,

namely that a priori peak assignments are more ambiguous in

NOESY than in through-bond spectra. The observations that

in the present calculations still significant fractions of the

automatically picked peaks remain unassigned and that

despite relatively similar chemical shift assignments the

accuracy of the structures resulting from different NOESY-

FLYA runs varied considerably suggest two promising

directions for future developments of the FLYA algorithm.

One may target the automated peak picking with the (com-

peting) aims of reducing the number of artifacts picked and

enhancing the identification of weak peaks, which include

many long-range NOEs with strong impact on the quality of

the resulting structure. The other direction of development

may lead to a more robust combined NOESY assignment and

structure calculation algorithm that is less susceptible to

erroneous chemical shift assignments than the CANDID

algorithm (Herrmann et al. 2002) and the current algorithm

in CYANA (Güntert 2009), which require about 90% correct

chemical shift assignments (Jee and Güntert 2003).

Improvements in the automated chemical shift assignment

part (Bartels et al. 1997) of the FLYA algorithm are also

conceivable.

Although already the original homonuclear sequence-

specific resonance assignment method for proteins relied

on NOESY data (in conjunction with COSY and TOCSY)

(Wüthrich 1986), so far all manual or automated assign-

ment strategies required low ambiguity through-bond data.

Only the present NOESY-FLYA approach uses exclusively

NOESY data. Since reliable algorithms for the automated

assignment of distance restraints (Güntert 2009; Herrmann

et al. 2002) and the structure calculation (Güntert et al.

1997) were already available in CYANA, the principal

obstacle that had to be overcome by the present NOESY-

FLYA method was the exclusively NOESY-based auto-

mated sequence-specific resonance assignment. The reason

for its success can be rationalized as follows. Existing

automated resonance assignment algorithms generally

work by unambiguously assembling small groups of reso-

nances into ‘‘spin systems’’ which are subsequently map-

ped to the primary structure of the protein (Baran et al.

2004; Gronwald and Kalbitzer 2004). Characteristically,

the assignment process is divided into distinct steps, e.g.

spin system identification, backbone assignment, and side-

chain assignment, each of which assumes the results from

the preceding steps to be given and correct. In fact, these

algorithms work best for the backbone assignment of uni-

formly 13C/15N-labeled proteins on the basis of triple res-

onance spectra (Moseley et al. 2001), which have a low

inherent ambiguity. This ‘‘build-up approach’’ cannot be

followed with NOESY spectra alone because the simulta-

neous presence of short-range, medium-range and long-

range NOEs makes it impossible to unambiguously group

resonances into spin systems that remain fixed for the

remainder of the algorithm. Instead, the assignment can

Fig. 4 Validation scores for NOESY-FLYA structures of ubiquitin

(top) and TTHA1718 (bottom) plotted against the backbone RMSD

deviation from the reference structure. For both proteins 10 runs of the

entire procedure were conducted with identical input data using

different seed values for the random number generator. Each run

produced a bundle of 20 conformers and is represented by one dot in

the panels. a Backbone RMSD to the mean coordinates. b AMBER

potential energy. c Percentage of residues in the most favored region

of the Ramachandran plot, as defined by the program Procheck.

d Verify3D score. e Packing score of the Whatcheck program.

f LGscore of the ProQ program. g Score of the ProSa 2003 program.

h Overall Z-score, computed from the seven individual validation

parameters

b
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only be established by simultaneously considering corre-

lations for the backbone and the side-chains of spatially

neighboring residues. This is achieved by a general for-

mulation of the resonance assignment problem as finding

an optimal match between the experimental NOESY cross

peaks and those that are expected given the protein

sequence (Bartels et al. 1997; López-Méndez and Güntert

2006). In the case of NOESY-FLYA these expected peaks

are generated in stage I from the protein sequence by

applying empirical rules that describe which atom pairs

commonly give rise to identifiable NOESY cross peaks

(Bartels et al. 1997; Billeter et al. 1982; Wüthrich 1986).

At this stage, all expected cross peaks are intraresidual or

sequential. In the following NOESY-FLYA stages II and

III, the expected NOESY cross peaks are generated on the

basis of spatial proximity in preliminary structures,

whereby NOEs of any sequence range are included natu-

rally into the assignment process. This approach takes into

account all data—backbone and side-chain, short-, med-

ium- and long-range—simultaneously and does not require

any particular peak to be present in the input experimental

peak list. A second crucial feature of our method is an

effective algorithm (Bartels et al. 1996, 1997) to score and

optimize the agreement between the experimental peaks,

whose position and intensity but not their assignment are

known, and the expected peaks, which are assigned but

whose precise location is unknown, under the high-ambi-

guity condition of NOESY spectra.

In this paper we have given a proof of principle that

NMR structures can be solved exclusively from NOESY

spectra. To our knowledge, this had never been achieved so

far, and is thus of interest even though the NOESY-only

approach remains at present less robust than the conven-

tional one and recording additional through-bond spectra

for the backbone and side-chain chemical shift assignment

would not be unfeasible.
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Güntert P, Berndt KD, Wüthrich K (1993) The program ASNO for

computer-supported collection of NOE upper distance con-

straints as input for protein structure determination. J Biomol

NMR 3:601–606

Güntert P, Mumenthaler C, Wüthrich K (1997) Torsion angle
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