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a minimal number of artifact peaks, and maximal correct-
ness of the chemical shift assignments and the three-dimen-
sional structure obtained by fully automated assignment 
and structure calculation.
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Introduction

Identifying signals in an NMR spectrum, also known as 
peak picking, plays a central role in biomolecular NMR 
studies and is a prerequisite for sequence-specific resonance 
assignment and structure determination. Peak lists provide 
an abstraction of the multidimensional spectra that contains 
the most essential spectral information—the position and 
intensity of the signals—in a form that is readily accessible 
by interactive or automated spectra analysis programs. The 
ease and reliability of spectrum analysis relies on the qual-
ity of the peak lists, which in turn depends mainly on three 
factors: how many of the true signals the peak lists contain, 
how few additional “artifact” peaks that do not correspond 
to true signals they contain, and how accurate they record 
the positions and intensities of the signals.

Peak lists do not have to be flawless to serve as a basis 
for chemical shift assignment and NOE assignment, fol-
lowed by structure calculation. For instance, it has been 
shown that the automated resonance assignment algo-
rithm FLYA can yield more than 90% correct resonance 
assignments even if either 60% of the true peaks are miss-
ing or five times more artifacts than real peaks are pre-
sent in the input peak lists (Schmidt and Güntert 2012). 
Automated NOE assignment and structure calculation 
with CYANA (Güntert and Buchner 2015; Herrmann 
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et  al. 2002a) can in many cases also tolerate 30–40% 
missing NOESY peaks without dramatic deterioration of 
the resulting structures (Buchner and Güntert 2015; Jee 
and Güntert 2003).

Peak picking can be achieved by visual inspection of 
the spectra or automated methods. Along with algorithms 
for resonance assignment and structure calculation, the 
demand for automated peak picking is increasing, and vari-
ous algorithms for the purpose have been proposed. Nev-
ertheless, the task remains challenging. Reasons for this 
include low signal-to-noise, overlap, and artifacts such as 
baseline distortions, intense solvent lines, ridges, or sinc 
wiggles.

Most of the existing peak picking algorithms can be 
classified as either threshold-based methods, methods that 
depend on symmetry criteria, peak-shape-based methods, 
methods that incorporate peak picking into NMR data pro-
cessing, or a combination thereof. Threshold-based meth-
ods are the most straightforward and most commonly used 
automated peak picking approaches. Interactive spectrum 
analysis programs like XEASY (Bartels et al. 1995), Sparky 
(Goddard and Kneller 2001), NMRViewJ (Johnson 2004; 
Johnson and Blevins 1994), or CcpNmr AnalysisAssign 
(Skinner et al. 2016; Vranken et al. 2005) (in the following 
abbreviated as CCPN) give the user the possibility to adjust 
a threshold manually and perform peak picking by find-
ing local extrema above the threshold. These methods are 
particularly useful as a starting point for semi-automated 
peak identification, which is refined manually. WavPeak 
(Liu et  al. 2012) employs wavelet-based smoothing of 
the spectrum prior to identifying peaks as local maxima. 
PICKY (Alipanahi et al. 2009), is a singular value decom-
position (SVD)-based automated peak picking method. 
Machine learning and computer vision methods have also 
been employed for peak picking, e.g. in the CV-Peak Picker 
program (Klukowski et  al. 2015). AUTOPSY (Koradi 
et  al. 1998) is a sophisticated automated peak picker that 
includes functions to determine a local noise level and to 
deconvolute clusters of overlapping peaks with the help of 
line shapes derived from non-overlapping peaks. ATNOS 
(Herrmann et al. 2002b) is an automated peak picker spe-
cifically for NOESY spectra that is integrated into auto-
mated NOESY assignment and structure calculation and 
makes use of preliminary structural information to guide 
the peak picking. Peak picking can be part of NMR data 
processing, e.g. in the program MUNIN (Orekhov et  al. 
2001) that uses three-way decomposition to decompose a 
three-dimensional (3D) NMR spectrum into a sum of com-
ponents defined as the direct product of three 1D shapes. 
The GAPRO peak identification algorithm (Hiller et  al. 
2005) establishes peak lists for high-dimensional (e.g. 4D, 
5D, 6D) APSY-type spectra by picking peaks in the experi-
mentally recorded tilted 2D projections.

The human approach to peak picking can be described 
as the analysis of the shape and regularity of 2D contour 
lines. Real signals are manifested by concentric ellipses and 
have common properties which artifacts do not share, e.g. 
regarding peak width, convexity, or similarity. However, 
real signals can deviate from the proposed “perfect” shape 
for a number of reasons, such as, for example, noise, spec-
tral overlap, limited digital resolution, baseline instabilities, 
and improper phasing of the spectrum. An automated peak 
picking procedure should be able to handle these imperfec-
tions and shortcomings. It is thus a promising approach to 
automated peak picking to mimic the human way of ana-
lyzing similarity and symmetry criteria of contour lines 
in 2D spectral planes. This approach has first been used 
in the CAPP algorithm (Garrett et al. 1991). Our aim was 
to develop an effective and fast automated peak picking 
procedure within the CYANA software package (Güntert 
et al. 1997) that can be linked directly to automated chemi-
cal shift assignment and/or NOE assignment, followed by 
structure calculation. We reduced the requirements for user 
intervention in setting parameters as far as possible in order 
to increase objectivity and reproducibility in comparison 
with manual peak picking. In this publication we introduce 
CYPICK, a fully automated peak picking method imple-
mented in CYANA.

The quality of peak lists can be evaluated in two dis-
tinct ways, both of which are used in this paper: directly, 
by assessing how well a peak list represents the underly-
ing spectrum, or indirectly by using the peak lists as input 
for (automated) resonance assignment and structure cal-
culation algorithms and analyzing the correctness of the 
resulting assignments and/or structures. A peak list can be 
evaluated directly by visually overlaying it on the spectrum, 
which is subjective and time-consuming, or by comparison 
with a high-quality “correct” reference peak list, which can 
be quantified by suitable scoring functions. For the indirect 
method to evaluate peak lists, we use the FLYA algorithm 
for automated chemical shift assignment (Schmidt and 
Güntert 2012) and combined automated NOESY assign-
ment and structure calculation with CYANA (Güntert and 
Buchner 2015; Herrmann et al. 2002a).

Algorithm

A simplified overview of the different steps and pick-
ing modes available for the contour peak picker CYPICK 
is shown in Fig. 1. The first step is to read the processed 
NMR spectrum. It is currently possible to read spectra in 
XEASY, BRUKER, UCSF, and AZARA format. After stor-
ing the spectrum in memory, an estimate of the intensity 
of the lowest contour level is required. This can either be 
the global noise level of the spectrum (CYANA command: 
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spec noise) or the local noise level at each data point (com-
mand: spec localnoise). The following step is to find local 
extrema and to compute the contour lines in their vicinity. 
This can either be done over the complete spectrum (com-
mand: spec pick contour) or restricted by a frequency filter, 
defined by a 2D peak list (command: spec pick filter). The 
contour lines belonging to local extrema are subsequently 
filtered and analyzed. The remaining local extrema are 
stored in a peak list (command: write peaks). Details are 
explained in the following subsections.

Noise level determination

The global noise level Lglobal is determined by estimating 
the median of the absolute intensity values of the data 
points as implemented in the program PROSA (Güntert 
et al. 1992), which assumes that most of the data points 
in a multidimensional NMR spectrum are at locations not 
occupied by signals. The local noise level Llocal(ω) at a 
given position ω = (ω1,…,ωD) in the spectrum is com-
puted by the method used in the program AUTOPSY 
(Koradi et  al. 1998). For this purpose, each one-dimen-
sional slice of the spectrum is subdivided into segments 
comprising 5% of its data points. The minimum over 
all segments of the standard deviation of the spectral 

intensities represents the noise level for a given slice. 
A base noise level δb is defined as the minimal noise 
level of any slice in the spectrum. The local noise level 
Llocal(ω) is calculated from the noise levels δi(ω), i = 1,…, 
D, of the slices that pass through the data point ω and the 
base noise level δb as follows:

Determination of local extrema

A data point is checked for being a local extremum if its 
intensity exceeds a spectrum-specific base level, B = βL, 
where L denotes either the global noise level Lglobal or 
the local noise level Llocal at this position, depending on 
the desired peak picking mode. The baseline factor β is a 
user-defined parameter, typically chosen between 2 and 3 
(Koradi et al. 1998). Throughout this paper, we used the 
same value, β = 3.0, for reasons of objectivity and repro-
ducibility. A data point is considered a local extremum if 
the  3D–1 neighboring data points have an absolute inten-
sity lower than or equal to the central data point.

Llocal(�) =

√√√√ D∑
i=1

�i(�)
2 − (D − 1) �2

b

Fig. 1  Flowchart of the CYPICK peak picking algorithm imple-
mented in CYANA. The algorithm needs as input a processed 
NMR spectrum. Three picking modes are available for the con-
tour approach: First, the global noise level is determined and used 
as intensity of the first contour line (CYPICK command spec pick 
global). Second, a restricted peak picking with a 2D frequency filter 
that can be provided in the form of a peak list (CYPICK command 
spec pick filter). The position of the 2D peaks is used as a filter for 

local extrema which are considered in the contour approach. Third, 
a local noise level is determined for every data point in the spectrum 
(CYPICK command spec pick local). The local noise level is used as 
a first filtering step for local extrema and creation of contour lines. 
In the restricted peak picking mode the global noise level is needed 
for the selection of local extrema and the estimation of contour level 
intensities
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Creation of contour lines

For reasons of efficiency, contour lines are computed in 
regions around each local extremum rather than for the 
entire spectrum. The size of this regions can in principle be 
changed by the user. However, the algorithm is insensitive 
to the size of the peak region, as long as it is chosen suf-
ficiently large.

The height of successive contour levels is set by mul-
tiplying the previous contour level by a contour level fac-
tor γ, starting from the base level B, i.e. the n–th contour 
level is at height Bγn. Typical values for γ are in the range 
of 1.2–1.4. With γ = 1.4 the contour level is approximately 
doubled every 2 contour lines, whereas with γ = 1.2 it is 
approximately doubled every 4 contour lines. We used 
γ = 1.3 for all calculations in this paper.

The number of contour lines encircling a local extremum 
depends on its absolute intensity. After having defined the 
peak area and the height of the contour lines, the actual 
positions of the points that define the contour lines, which 
are (open or closed) polygons, are determined by an algo-
rithm that was first used for plotting spectra in the pro-
gram PROSA (Güntert et al. 1992). It is very similar to the 
marching squares algorithm (Lorensen and Cline 1987) 
that is perfectly suited for this situation because the spec-
tral data points are already rasterized on a regular grid. The 
peak area is further subdivided into sets of 4 data points 
(2 × 2 squares). The four data points of these sub-squares 
are checked for having an intensity higher or lower than the 
desired height of the contour line. 16 cases can be distin-
guished, which reduce to four cases under consideration of 
fourfold rotational symmetry. These four cases are depicted 
in Fig. S1. Based on these cases, 0, 1 or 2 linear pieces of 
contour line are determined by linear interpolation. For 
each local extremum above the base level, the vertices of 
all closed contour lines that encircle the local extremum are 
stored.

Scaling of contour lines

In order to achieve approximately circular contour lines for 
peaks, the chemical shift coordinates of the points defining 
the contour lines are divided by a scaling factor σi that is set 
by the user for each dimension i = 1,…,D of the spectrum 
according to the approximate line widths.

Filtering of contour lines

These contour lines are subjected to a preliminary filtering 
process:

• The local extremum of interest has to be inside the 
contour line.

• No other local extremum except the local extremum of 
interest may be enclosed by the contour line.

• The contour line must have at least 5 points. Shape cri-
teria (see below) cannot be evaluated meaningfully for 
contour lines with fewer points.

• At least two contour lines that fulfil all preceding con-
ditions must encircle the local maximum.

In order to test whether a local extremum is within a 
given closed contour line, we use the ray casting algorithm 
(Shimrat 1962) that relies on Jordan’s polygon theorem. In 
this procedure, a ray is sent out from the point of interest, 
in this case the local extremum, and the number of intersec-
tions with the edges of the contour line are counted. Odd 
numbers of intersections imply that the point of interest is 
inside of the contour line, whereas even numbers imply that 
the point is outside of the contour line.

Analysis of contour lines

After filtering, the remaining contour lines that enclose a 
given local extremum are analyzed starting from the con-
tour line with the highest absolute intensity. If the high-
est contour line does not fulfill the requirements, the next 
lower contour line is analyzed. At least two contour lines 
have to fulfill the following conditions.

The first condition to be fulfilled by a contour line 
belonging to a real signal is that its shape must be approxi-
mately circular. As mentioned earlier, the shape of contour 
lines can be described by concentric ellipses. Contour lines 
consist of contour points. Connecting contour points by a 
line, results in a polygon. The area enclosed by the contour 
line is determined via Gauss’s area formula:

where n denotes the number of vertices in the contour line, 
xi and yi are the coordinates of the i-th vertex, and xn+1 and 
yn+1 are assumed to be identical to x1 and y1, respectively. 
The circumference of a contour line is given by

For a circle, the area-to-circumference-squared ratio is

The area-to-circumference-squared ratio is determined 
for each contour line that survives the aforementioned fil-
tering steps. This ratio should equal 1/4π in case of a per-
fect circle. We therefore define a quality factor

A =
1

2

|||||

n∑
i=1

(xi + xi+1) (yi+1 − yi)
|||||

C =

n∑
i=1

√(
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)2
+
(
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in the range of [0,1]. The maximal value Qrad = 1 is real-
ized by a perfect circle. Figure 2a visualizes ellipses with 
varying eccentricities and their corresponding Qrad values.

As a second condition, a contour line around an 
extremum is required to form an approximately convex 
polygon with all interior angles less than 180°. Neverthe-
less, for some of the real signals a slight deviation from 
perfect convexity should be tolerated. Therefore, a qual-
ity factor Qcon similar to Qrad, within the range [0,1] is 
defined as Qcon =

n∏
i=1

Qcon,i with

where αi denotes the interior angle at vertex i of the poly-
gon. All convex polygons have Qcon = 1. Polygons with at 
least one interior angle αi ≥ 270° have Qcon = 0. Figure 2b 
shows different polygons with convex and concave angles α 
and the corresponding Qcon values.

On the basis of the Qrad and Qcon values for real and 
erroneous signals in numerous spectra we set thresholds 
of Qrad ≥ 0.7, Qcon ≥ 0.7, and Qrad ⋅ Qcon ≥ 0.6 that were 
applied throughout this paper.

Qrad = e
−750 ⋅

(
A

C2
−

1

4�

)2

Qcon,i =

⎧
⎪⎨⎪⎩

1, 𝛼i ≤ 𝜋�
2𝛼i

𝜋
− 3

�2

, 𝜋 < 𝛼i < 3𝜋∕2

0, 𝛼i ≥ 3𝜋∕2

Interpolation of the local extremum.

A local extremum in a D-dimensional spectrum is accepted 
as a peak if it fulfills the contour-based criteria in one of 
the 2D planes at its location. The digital resolution of an 
NMR spectrum, given by the quotient of the spectral sweep 
width and the number of data points in the given dimen-
sion, limits the accuracy with which NMR signals can be 
described. Accordingly, the true position of a NMR sig-
nal is rather somewhere between data points than exactly 
on a measured data point. The exact peak position plays a 
crucial role in chemical shift assignment and NOE assign-
ment. Therefore, it is important to determine the location 
of a peak as accurately as possible. In CYPICK, the exact 
position of the local extremum is estimated by cubic spline 
interpolation (Press et al. 1986) along each 1D slice pass-
ing through the local extremum of interest.

Materials and methods

Evaluation dataset

The performance of CYPICK was first analyzed on the 
basis of peak lists obtained for 16 different spectra of the 
ENTH-VHS domain At3g16270(9–135) from Arabidopsis 
thaliana (referred to as ENTH; PDB code 1VDY; BMRB 
code 5928, 140 residues) that are described in (López-
Méndez and Güntert 2006; López-Méndez et al. 2004). We 

Fig. 2  a Influence of ellipse 
deformation on the Qradvalue. b 
Polygons with varying degree of 
concavity and their Qconvalues
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converted the spectra to UCSF (Sparky) format, which can 
be read by all peak picking programs used in this study. 
Manually picked peak lists and lists picked automatically 
by AUTOPSY were available for the ENTH spectra from 
an earlier study (López-Méndez and Güntert 2006). The 
manually picked peak lists served as the reference in deter-
mining score values for finding real peaks or artifact peaks, 
as well as an overall score which combines both. The exact 
definition of these scores is given below. The score values 
of the CYPICK peak lists relative to the reference peak 
lists were then compared to score values of peak lists deter-
mined by other programs, namely AUTOPSY, NMRViewJ, 
CCPN, and CV-Peak Picker.

We further used spectra for the Arabidopsis thaliana 
rhodanese domain At4g01050 (referred to as RHO; PDB 
code 1VEE; BMRB code 5929, 134 residues) (Pantoja-
Uceda et  al. 2004, 2005) and the Src homology domain 
from the human feline sarcoma oncogene FES (referred to 
as SH2; PDB code 1WQU; BMRB code 6331, 114 resi-
dues) (Scott et al. 2004, 2005) together with the ENTH data 
set to evaluate CYPICK. The spectra for SH2 and RHO are 
also summarized in (López-Méndez and Güntert 2006). 
Chemical shift assignments and NMR solution structures 
of the three proteins ENTH, RHO, and SH2 have been 
determined earlier by conventional techniques and their 
data sets have previously been used to evaluate the auto-
mated assignment algorithm FLYA (Schmidt and Güntert 
2012). The available manual assignment and manually 
picked 13C- and 15N-NOESY peak lists were used to recal-
culate the structures with CYANA. Structure calculation 
was performed with 10,000 torsional angle dynamic steps 
and 100 starting structures. The 20 conformers with the 
lowest target function values were selected as the reference 
structure bundle for comparison with automatically deter-
mined structures. Here, we performed a completely auto-
mated protocol consisting of peak picking, chemical shift 
assignment, NOE assignment, and structure calculation. 
We evaluated the resonance assignments and structures 
obtained from peak lists automatically picked by the pro-
grams CYPICK, AUTOPSY (only for ENTH), NMRViewJ, 
CCPN, and CV-Peak Picker.

In addition, CYPICK was tested on ten data sets from 
the CASD-NMR project (Rosato et  al. 2012, 2009): the 
human NFU1 iron-sulfur cluster scaffold homolog, North-
east Structural Genomics Consortium (NESG) target 
HR2876B (PDB code 2LTM; BMRB code 18489, 107 
residues), the CTD domain of the human NFU1 iron-
sulfur cluster scaffold homolog, NESG target HR2876C 
(PDB code 2M5O; BMRB code 19068, 97 residues), the 
N-terminal domain of the human mitotic checkpoint serine/
threonine-protein kinase BUB1, NESG target HR5460A 

(PDB code 2LAH; BMRB code 17524, 160 residues), the 
RRM domain of the human RNA-binding protein FUS, 
NESG target HR6430A (PDB code 2LA6; BMRB code 
17504, 99 residues), the homeobox domain of the human 
homeobox protein Nkx-3.1, NESG target HR6470A (PDB 
code 2L9R; BMRB code 17,484, 69 residues), the SANT 
domain of human DNAJC2, NESG target HR8254A (PDB 
code 2M2E; BMRB code 18909, 73 residues), a de novo 
designed protein, IF3-like fold, NESG target OR135 (PDB 
code 2LN3; BMRB code 18145, 83 residues) (Koga et al. 
2012), a de novo designed protein, P-loop NTPase fold, 
NESG target OR36 (PDB code 2LCI; BMRB code 17613, 
134 residues), TSTM1273 from Salmonella typhimu-
rium LT2, NESG target StT322 (PDB code 2LOJ; BMRB 
code 18214, 63 residues), and the NifU-like protein Sac-
charomyces cerevisiae, NESG target YR313A (PDB code 
2LTL; BMRB code 18487, 119 residues). For all proteins, 
13C-edited and 15N-edited NOESY spectra were provided. 
The spectra were automatically picked by CYPICK. The 
resulting peak lists were used, together with the reference 
chemical shift assignments from the BMRB, as input for 
automated NOESY assignment and structure calculation 
with CYANA. The performance of CYPICK was evalu-
ated by comparison with reference peak lists that had been 
prepared with the structure-based NOESY peak picker 
ATNOS (Guerry et  al. 2015; Herrmann et  al. 2002b), as 
well as by comparison of the structures with the reference 
structures deposited in the PDB.

Peak list comparison

To quantify the agreement between a trial peak list of N 
peaks and a reference peak list of N0 peaks, corresponding 
peaks are identified with the Hungarian algorithm (Bour-
geois and Lassalle 1971; Munkres 1957; Silver 1960) that 
finds an exact solution of the assignment problem (of com-
binatorial optimization; not to be confused with the prob-
lem of finding chemical shift assignments in NMR) and has 
a polynomial complexity of O(n3). The “cost” of assigning 
a peak i in the trial peak list to peak j in the reference peak 
list is defined as

where

is the squared scaled distance between the two peak posi-
tions (ωi1,…,ωiD) and (ωj1,…,ωjD) in the D-dimensional 

Cij = 1 − exp
(
−min(d2

ij
, d2

cut
)∕2

)

d2
ij
=

D∑
k=1

(
�ik − �jk

�k

)2
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spectrum, scaled by the chemical shift scaling factors σk. 
The cutoff dcut implements the idea that all deviations larger 
than a certain value dcut indicate that the two peaks cannot 
originate from the same atoms. All such peak pairs should 
carry the same, high cost, regardless of the actual deviation 
dij ≥ dcut. We used dcut = 3 for all calculations in this paper. 
The Hungarian algorithm assign each of the M = min(N0,N) 
peaks in the shorter peak list to a peak in the longer peak 
list, such that the total cost 

∑M

k=1
Cikjk

is minimized. The 
result is a list of k = 1,…,M pairs (ik,jk) of corresponding 
peaks in the two peak lists. Using Cij instead of the distance 
dij reduces drastically the computation time for the Hungar-
ian algorithm by avoiding pointless optimizations for pairs 
of peaks that cannot originate from the same atoms. To fur-
ther speed up the calculations, the peaks are first grouped 
into as small as possible clusters such that all pairs of peaks 
in different clusters have dij ≥ dcut, and the Hungarian algo-
rithm is applied to each cluster separately.

The quality of peak correspondence is rated by

H represents the number of corresponding peak pairs, 
weighted by the deviation of the peak positions; 0 ≤ H ≤ M.

H can be used to define a find score F = H/N0 and an 
artifact score A = 1 – H/N. Both scores take values between 
0 and 1 (or 0–100%). The find score gives the fraction 
of “true” peaks in the reference peak list that have a cor-
responding peak in the trial peak list. The artifact score 
gives the fraction of “artifact” peaks in the trial peak list 
that do not have a corresponding peak in the reference peak 
list. If the trial and reference peak lists are identical, F = 1 
and A = 0. Except for the exact definition of the number 
H of corresponding peak pairs, F and 1 − A are identical 
to ‘recall’ and ‘precision’ as defined by (Alipanahi et  al. 
2009), respectively.

It is possible to define an overall score S = (H − w (N 
− H))/N0, given by the number of found peaks, H, minus 
the number of artifact peaks, N − H, weighted by a factor 
w that specifies the relative detrimental effect of artifacts 
in comparison to real peaks. In this paper, we used w = 0.2, 
assuming that 5 additional artifact peaks are as severe as 
one missing true peak, as suggested by observations on 
their effect on automated resonance assignment (Schmidt 
and Güntert 2012) and structure calculation (Buchner and 
Güntert 2015). The overall score combines the found and 
artifact scores according to S = F − w (N/N0) A and reaches 
a maximum value of 1 in the ideal case of identical peak 
lists. It never exceeds the find score and can become nega-
tive if very many artifacts are present.

The calculation of these scores has been implemented in 
the new CYANA command peaks compare.

H =

M∑
k=1

exp
(
−d2

ikjk
∕2

)

Automated peak picking

Automated peak picking by CYPICK was performed as 
described in the "Algorithm" section. Parameters used for 
the individual spectra are given in Table  S1 for ENTH, 
RHO, and SH2, and Table  S2 for the CASD-NMR data 
sets. Parameters not given in Tables S1 and S2 were kept at 
their aforementioned constant values.

CYPICK results were compared to those from other 
well established peak picking programs. In case of the 
proteins ENTH, RHO, and SH2, we used the automated 
peak picking routines of the CCPN (Table S3) and NMR-
ViewJ (Table S4) software packages, for which the user has 
to define a global noise level that is used as threshold for 
peak picking. All local extrema above the specified cutoff 
value are picked and stored. NMRViewJ additionally com-
prises methods to determine local thresholds, which allow 
e.g. the exclusion of solvent lines. We further employed 
the CV-Peak Picker as an example of a sophisticated algo-
rithm based on image recognition techniques (Table  S5) 
to pick peaks in the ENTH, RHO, and SH2 data sets. For 
ENTH, automatically picked peak lists from the program 
AUTOPSY and manually picked ENTH lists were avail-
able from an earlier study. Spectral unfolding and removal 
of peaks in a narrow region (4.70 ± 0.08 ppm) around the 
water line was performed equally for the peak lists from all 
programs.

Chemical shift assignment calculations

Automated chemical shift assignment was performed by the 
FLYA algorithm (Schmidt and Güntert 2012). The toler-
ances for chemical shift matching and comparison with the 
reference chemical shift assignment were set to 0.03 ppm 
for 1H and 0.4 ppm for 13C and 15N. The population size of 
the evolutionary algorithm was 50 except when performing 
solely NOESY-based chemical shift assignment, for which 
it was increased to 200. The number of local optimization 
steps per generation of the evolutionary algorithm was lim-
ited to 15,000. The chemical shift assignment was consoli-
dated from 20 independent runs. The side-chain terminal 
amide groups of arginine and lysine were excluded from 
the assignment calculations.

Structure calculation

The chemical shift assignment established by FLYA or the 
reference assignment was used to obtain torsional angle 
restraints using TALOS+ (Shen et  al. 2009). Combined 
automated NOE assignment and structure calculation was 
performed by the standard CYANA protocol (Güntert 
and Buchner 2015), using as input the protein sequence, 
assigned chemical shifts, torsional angle restraints, and 
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unassigned NOESY peak lists. Tolerances for chemi-
cal shift and peak position matching were set to 0.03 ppm 
for 1H and 0.4 ppm for 13C and 15N. NOESY peak inten-
sities were converted into upper distance limits according 
to a 1/r6 dependence. Structure calculation was performed 
starting from 200 conformers using 10,000 torsion angle 
dynamic steps. The 20 best conformers in terms of CYANA 
target function were selected to represent the structure bun-
dle. No energy refinement was performed on the resulting 
structures.

The accuracy of the structure was evaluated on the basis 
of the RMSD bias to the reference structure (Güntert 1998). 
To this end, the conformers of the structure bundle were 
first superimposed for lowest RMSD within their ordered 
regions, which were determined by CYRANGE (Kirch-
ner and Güntert 2011) in case of ENTH, RHO, and SH2, 
or applied as specified in the CASD-NMR publication 
(Rosato et al. 2015). Then the average structure is obtained 
by averaging, for each atom, the coordinates in the super-
imposed conformers. The backbone RMSD between this 
average structure and the (mean) reference structure yields 
the RMSD bias. The precision of calculated structure bun-
dles is expressed by the RMSD radius (Güntert 1998), i.e. 
the average RMSD between individual conformers and the 
mean coordinates of the structure.

Results and discussion

Dependence of peak picking scores on the number 
of peaks

Automated peak picking involves to some extent a trade-
off between finding a maximal number of true peaks and 
minimizing the number of artifact peaks. As an example, 
Fig. 3 illustrates the behavior of the scores, used to evaluate 
peak picking, upon varying the number of real signals and 
artifacts for 13C-resolved NOESY peak lists of the protein 
ENTH. Peak lists with different numbers of real and arti-
fact peaks where produced with CYPICK by varying the 
baseline factor, which determines the height of the lowest 
contour line, over a wide range. Decreasing the lowest con-
tour line leads to a steep increase in the number of picked 
peaks, N, and a—much smaller—increase in the number 
of picked real peaks, H (Fig. 3a). At low baseline factors, 
the number of picked peaks exceeds by far the number of 
reference peaks, indicating that most of the peaks that are 
picked close to the noise are in fact artifacts. Consequently, 
the artifact score A = 1 − H/N and the find score F = H/N0 
increase with decreasing noise level (Fig. 3b). Both scores 
approach but do not reach their ideal values of A = 0 and 
F = 1, i.e. some strong artifacts are always picked and a 
small fraction of the manually identified peaks can never 
be found by the algorithm. Strong artifacts can be attributed 

Fig. 3  Influence of the baseline 
factor on the number of peaks 
picked by CYPICK in the 3D 
13C-edited NOESY spectrum of 
the protein ENTH. a Number 
of peaks picked by CYPICK 
(N, blue), constant number 
of manually picked reference 
peaks (N0, grey), and weighted 
number of matches between 
the two peak lists (H, green). 
b Find score (green), artifact 
score (red), and overall scores 
(black, blue, grey). The latter 
are shown for different values of 
the weighting factor w
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mainly to truncation artifacts of strong peaks, axial peaks, 
and a few putative real peaks missing in the manually pre-
pared reference peak list.

The overall score S = (H – w (N − H))/N0 = F – w 
(N/N0)A combines the find and artifact scores in order to 
express the quality of a peak list in a single number, which 
takes into account that one strives towards maximizing 
the number of real peaks while minimizing the number of 
artifacts. The overall score includes a weighting factor, w, 
to account for the fact that a missing real peak has a more 
detrimental effect than an incorrect peak on the resonance 
assignment (Schmidt and Güntert 2012) and structure cal-
culation (Buchner and Güntert 2015). Lower values of w 
reduce the weight of artifacts in the overall score (Fig. 3b). 
Based on earlier observations (Buchner and Güntert 2015; 
Schmidt and Güntert 2012), we used w = 0.2 throughout 
this paper. For this value of w, the overall score has its 
maximum at a baseline factor of 3.0, which was applied 
throughout this paper.

Scores for automated peak picking of spectra 
for the protein ENTH

Automated peak picking of the 16 different spectra of 
various types that are available for the protein ENTH 
was performed with CYPICK, AUTOPSY, NMRViewJ, 

CCPN, and CV-Peak Picker. The computation times 
for CYPICK varied between 1  s for the 15N-HSQC and 
31  s for the 13C-resolved NOESY spectrum on a stand-
ard desktop computer. The resulting peak picking scores 
are shown in Table  1 and Fig. S2. Over all spectra, the 
average find scores for the different algorithms were sim-
ilar, ranging from 72 to 76%, whereas the average arti-
fact scores displayed a higher degree of variation, from 
29 to 49% (Table 1). Also the average overall scores vary 
appreciably from 55 to 68% for the different algorithms. 
CYPICK obtained the highest values.

Considering only the two 2D HSQC spectra, CYPICK 
produced peak lists with an acceptable find score and 
one of the lowest artifact scores, together with CV-Peak 
Picker, both share similar overall scores. CCPN peak lists 
achieved the highest find and artifact scores, indicative of 
an underestimation of the noise threshold. Consequently, 
their overall score was lowest. The standard deviations 
within the ‘2D’ group was relatively high on account of 
the significant differences in resolution and overlap of the 
15N-HSQC and 13C-HSQC spectra. Automatic peak pick-
ing on the 15N-HSQC spectrum is in general performed 
more accurately with find scores around 90% (Fig. S2). 
This can be explained by the fact that the 15N-HSQC is 
among the most sensitive experiments with well resolved 
peaks and very few artifacts. Automatic peak picking 

Table 1  Peak picking scores 
[%] for automated peak picking 
relative to manually prepared 
reference peak lists for the 
protein ENTH

Mean and standard deviation are calculated over the score values of the given sets of peak lists

CYPICK AUTOPSY NMRViewJ CCPN CV-Peak Picker

All available peak lists
 Find score 75 ± 14 72 ± 15 76 ± 12 74 ± 14 72 ± 14
 Artifact score 29 ± 11 49 ± 15 44 ± 9 49 ± 18 35 ± 19
 Overall score 68 ± 14 56 ± 18 63 ± 11 55 ± 17 61 ± 19

2D: 2D  [15N,1H]- and  [13C,1H]-HSQC
 Find score 73 ± 18 65 ± 1 76 ± 16 79 ± 13 71 ± 18
 Artifact score 19 ± 1 33 ± 8 36 ± 4 54 ± 37 14 ± 5
 Overall score 69 ± 17 58 ± 1 67 ± 13 48 ± 46 69 ± 18

Backbone: CBCANH, CBCA(CO)NH, HNCA, HN(CO)CA, HNCO, HN(CA)CO
 Find score 84 ± 14 86 ± 10 87 ± 10 84 ± 13 83 ± 15
 Artifact score 28 ± 10 40 ± 12 46 ± 8 49 ± 18 26 ± 9
 Overall score 77 ± 10 73 ± 9 71 ± 8 63 ± 11 76 ± 12

Side-chain: HBHA(CO)NH, (H)CC(CO)NH, H(CCCO)NH, HCCH-COSY, (H)CCH-TOCSY, HCCH-
TOCSY

 Find score 65 ± 9 61 ± 13 66 ± 8 66 ± 7 60 ± 7
 Artifact score 38 ± 9 62 ± 9 45 ± 12 50 ± 10 46 ± 15
 Overall score 56 ± 10 39 ± 14 55 ± 11 50 ± 12 47 ± 11

NOESY: 3D 13C-edited and 15N-edited NOESY
 Find score 79 ± 4 72 ± 5 74 ± 10 67 ± 20 73 ± 1
 Artifact score 19 ± 9 51 ± 2 41 ± 4 41 ± 29 53 ± 32
 Overall score 75 ± 2 56 ± 2 64 ± 7 52 ± 4 46 ± 27
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of 13C-HSQC spectra, on the other hand, is much more 
demanding due to the high degree of overlap usually 
being present (Fig. S3).

Automatic peak picking of the triple resonance ‘back-
bone’ spectra for backbone assignment yielded uniformly 
high average find scores of 83–87% (Table 1). Within this 
group CYPICK and CV-Peak Picker achieved the lowest 
average artifact score of 28 and 26%, respectively, com-
pared to 40–49% for the other algorithms. Due to their 
higher sensitivity and better resolution, backbone assign-
ment spectra are in general more straightforward to pick 
than side-chain experiments. HNCO and HN(CO)CA 
spectra were picked with find scores close to 100% by 
CYPICK (Fig. S2), which reflects the high sensitivity and 
resolution of these spectra. In HNCA, HN(CA)CO and 
CBCANH, CYPICK missed some weak peaks (approxi-
mately 50 peaks in HNCA and HN(CA)CO, and 150 peaks 
in CBCANH) that are buried in noise and show irregular 
peak shapes. Artifacts within these lists from CYPICK can 
be attributed mainly to sinc wiggles.

‘Side-chain’ spectra peak picking was performed with 
average find scores of 60–66% and relatively high aver-
age artifact scores of 38–62% (of these 15–25% can be 
attributed to solvent signals that were not filtered out), 
which in case of AUTOPSY did even exceed the find score 
(Table 1). The highest average find score was achieved by 
the NMRViewJ, CCPN, and CYPICK peak lists. CYPICK 
peak lists showed the lowest average artifact score among 
the programs, resulting again in the highest overall score 
of 56%, closely followed by NMRViewJ, whereas the 
other algorithms have overall scores that are 5–17% lower. 
TOCSY- and COSY-type sidechain assignment spectra usu-
ally exhibit a high degree of overlap, which makes auto-
matic peak picking challenging and leads to the omission 
of many real signals by CYPICK because these peaks show 
deviations from the expected peak shape.

Automatic peak picking of the 3D NOESY spectra of 
ENTH was best performed by CYPICK which produced 
the highest mean find score of 79 vs. 67–74% for the other 
programs, as well as the lowest average artifact score (19 
vs. 41–53%), leading to a significantly higher average over-
all score (75 vs. 46–64%).

When comparing automatic peak picking by CYPICK 
to the other programs, the higher robustness manifested 
by consistently highest overall scores is mainly due to the 
fact that CYPICK picks considerably fewer artifacts than 
other methods (Table  1, Fig. S2). Approximately 20% of 
the CYPICK artifacts in the 13C-NOESY spectrum were 
localized in a region of 4.7 ± 0.5 ppm and can accordingly 
be attributed to solvent signals. The find scores are more 
uniform; those from CYPICK are usually among the high-
est. CYPICK performs particularly well in the automated 
peak picking of NOESY spectra, which is promising for 

NOE distance restraint-based structure calculation and for 
the solely NOESY-based chemical shift assignment proce-
dure in FLYA (Schmidt and Güntert 2013). The individual 
scores for each spectrum and program in Fig. S2 show a 
stable performance of CYPICK without outliers for indi-
vidual spectra.

Automated resonance assignment, NOE assignment 
and structure calculation

Automatically established peak lists for the proteins ENTH, 
RHO, and SH2 were used as input for automated chemical 
shift assignment with FLYA, followed by combined NOE 
assignment and structure calculation with CYANA.

Table 2 summarizes the assignment and structure calcu-
lation results obtained using all available peak lists as input 
for FLYA. Structure bundles are presented in Fig. S4 a–c. 
Despite the abovementioned variations in the peak pick-
ing scores, the overall correctness of the chemical shift 
assignments by FLYA was relatively uniform over the 
different peak picking methods that were used to prepare 
the input peak list: 86–90% for ENTH, 87–91% for RHO, 
and 87–88% for SH2. In all cases, the CYPICK peak lists 
yielded a result within 1% of the best assignment.

For ENTH, the assignment correctness was best for 
AUTOPSY and CYPICK, and about 4% lower for CCPN, 
which is in line with the CCPN peak lists showing the low-
est overall score (Table 1). On the other hand, the fact that 
AUTOPSY yielded the most correct assignment could not 
have been discerned from the peak picking score values. 
The correctness of the resonance assignment was reflected 
in the structural statistics. The backbone RMSD to the 
reference was 0.90  Å for the structure obtained using the 
CYPICK peak lists, and 0.99  Å for AUTOPSY, whereas 
NMRViewJ, CV-Peak Picker, and CCPN yielded RMSD 
bias values well above 1 Å.

For RHO, NMRViewJ, CYPICK and CV-Peak Picker 
achieved a similar overall chemical shift correctness of 
89–91%, whereas CCPN yielded 87%. The resulting struc-
tures were closest to the reference for CYPICK with a 
backbone RMSD of 1.35 Å, followed by NMRViewJ and 
CV-Peak Picker with RMSD bias below 1.75  Å. In case 
of CCPN, however, the structure calculation converged to 
an incorrect structure bundle. This can be explained by a 
lack of structural information that could be deduced from 
the NOESY peak lists. Automated NOE assignment based 
on the CYPICK peak lists led to 2392 distance restraints, 
of which 725 were long-range, whereas automated NOE 
assignment with CCPN peak lists resulted in a significantly 
lower number of 1192 distance restraints, of which only 
214 were long-range.

For SH2, the chemical shift assignment accuracy was 
essentially the same with the peak lists from all programs, 
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showing only 1.2% variation. The structural accuracy 
was also very similar. RMSD bias values below 1 Å were 
achieved with CYPICK and NMRViewJ peak lists, whereas 
CV-Peak Picker and CCPN yielded RMSD bias values 
slightly above 1.0 Å.

We also tried to obtain the resonance assignments by 
automated chemical shift assignment with FLYA using as 

input exclusively the 3D NOESY spectra. This approach 
is generally challenging for FLYA and requires good input 
NOESY peak lists (Ikeya et  al. 2011; Schmidt and Gün-
tert 2013). Using the NOESY peak lists from CYPICK, 
77–80% correct assignments could be achieved for the 
three proteins ENTH, RHO, and SH2 (Table 3). Structure 
bundles are presented in Fig. S4 (d)-(f). The peak lists from 

Table 2  Results of FLYA 
automated chemical shift 
assignment using all available 
peak lists and CYANA structure 
calculation

‘Backbone’, ‘Side-chain’ and ‘All atoms’ refers to the chemical shift assignment correctness with respect 
to a manual chemical shift assignment. ‘Backbone’ includes the atoms N,  HN, C’,  Cα, and  Cβ, ‘Side-chain’ 
includes all atoms except ‘Backbone’ atoms, ‘All atoms’ includes all atoms. RMSD radius is the average 
backbone RMSD of the 20 individual conformers to their mean coordinates. RMSD bias is the backbone 
RMSD between the mean coordinates of the structure bundle and the reference structure. Residue ranges 
for RMSDs calculation, determined with CYRANGE (Kirchner and Güntert 2011): 9–102 and 113–130 of 
ENTH, 6–125 of RHO, and 8–109 for SH2

CYPICK AUTOPSY NMRViewJ CCPN CV-Peak Picker

ENTH
 Backbone (%) 95.4 96.0 94.9 92.7 94.9
 Side-chain (%) 85.2 85.3 83.5 80.7 82.8
 All atoms (%) 89.4 89.7 88.2 85.5 87.7
 RMSD radius (Å) 0.48 0.33 0.41 0.77 0.70
 RMSD bias (Å) 0.91 0.99 1.20 1.78 1.55

RHO
 Backbone (%) 96.4 – 95.0 92.6 95.3
 Side-chain (%) 86.2 – 88.5 85.5 84.3
 All atoms (%) 90.6 – 91.3 87.4 89.1
 RMSD radius (Å) 0.27 – 0.35 1.49 0.37
 RMSD bias (Å) 1.35 – 1.61 6.41 1.74

SH2
 Backbone (%) 96.1 – 91.6 97.1 97.1
 Side-chain (%) 81.4 – 83.4 81.4 81.6
 All atoms (%) 87.3 – 86.7 87.7 87.9
 RMSD radius (Å) 0.21 – 0.22 0.22 0.31
 RMSD bias (Å) 0.98 – 0.91 1.23 1.07

Table 3  Results of FLYA 
automated chemical shift 
assignment using exclusively 
13C-edited and 15N-edited 
NOESY peak lists and CYANA 
structure calculation

See Table 2 for details on RMSD calculation. AUTOPSY peak lists were available only for ENTH from an 
earlier study (López-Méndez and Güntert 2006). For technical reasons, the program could not be run for 
the other proteins

CYPICK AUTOPSY NMRViewJ CCPN CV-Peak Picker

ENTH
 All atoms (%) 79.3 71.8 75.4 66.0 73.6
 RMSD radius (Å) 0.51 0.61 0.44 4.39 2.98
 RMSD bias (Å) 1.43 3.58 2.40 10.31 4.86

RHO
 All atoms (%) 79.5 – 76.1 72.2 78.7
 RMSD radius (Å) 0.29 – 0.55 4.60 0.43
 RMSD bias (Å) 2.11 – 4.46 8.95 3.49

SH2
 All atoms (%) 77.0 – 70.8 80.3 79.0
 RMSD radius (Å) 0.29 – 0.31 0.38 0.41
 RMSD bias (Å) 1.56 – 1.73 1.50 2.20
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the other programs yielded in general fewer correct assign-
ments, except for CCPN in the case SH2, where 80% cor-
rect assignments were achieved, as compared to 77% for 
CYPICK. This is reflected also in the accuracy in the struc-
tures obtained by automated NOESY assignment based 
on the FLYA chemical shifts. CYPICK yielded backbone 
RMSDs to the reference structure of 1.4–2.1  Å, i.e. for 
all three proteins an essentially correct structure, whereas 
most of the structures obtained for ENTH and RHO using 
the peak lists from the other programs were incorrect with 
RMSD bias values of 2.4–10.3  Å (Table  3). Only for the 
smaller SH2 protein the peak lists from all programs were 
sufficient to yield a structure with 1.5–2.2  Å backbone 
RMSD to the reference. For ENTH, these results can be 
compared with the NOESY peak list scores of Table 1. The 
best overall scores for the NOESY peak lists were achieved 
with CYPICK (75%), followed by NMRViewJ (64%), and 
the other programs (46–56%). The different quality of these 
NOESY peak lists is clearly reflected in Table 3: CYPICK 
peak lists yielded the highest assignment correctness (79%) 
and lowest RMSD bias (1.4  Å), followed by NMRViewJ 
(75%/2.4 Å), and the other programs (66–74%/3.6–10.3 Å).

Structure calculation of CASD‑NMR proteins using 
NOESY peak lists from CYPICK

Critical Assessment of automated Structure Determina-
tion of proteins by NMR (CASD-NMR) is a project for 
the blind testing of routine, fully automated determination 
of protein structures from NMR data (Rosato et  al. 2009, 
2012). From the most recent round of CASD-NMR, NMR 
data sets are available for ten proteins (Rosato et al. 2015), 
comprising NOESY spectra, NOESY peak lists, manually 

determined reference chemical shift assignments, and ref-
erence structures. We performed automated peak pick-
ing using CYPICK with default parameters for all these 
NOESY spectra. Together with the protein sequence, the 
reference chemical shift assignment, and torsion angles 
restraints derived from the reference assignment, the peak 
lists from CYPICK were then used as input for combined 
automated NOE assignment and structure calculation 
by CYANA. Results are given in Table  4. Structure bun-
dles are presented in Fig. S5. Automatic peak picking of 
the CASD-NMR NOESY spectra led to overall scores of 
53–84% with respect to the structure-based ATNOS cycle 7 
peak lists (Guerry et al. 2015) that were used as a reference. 
In most cases, these scores were lower than those observed 
above for the NOESY peak lists of the protein ENTH 
(Table 1). One reason for this are the significantly higher 
artifact scores of the CYPICK peak lists. These were com-
puted with respect to the final ATNOS peak lists, which 
were filtered based on the known chemical shift assignment 
and the 3D structure and thus contain very few artifacts. 
However, CYPICK and ATNOS peak lists share to a large 
extent the same peaks, as expressed by high find scores 
ranging from 70 to 93%. It is also possible that CYPICK 
identified true peaks that ATNOS peak lists lack. In most 
cases, scores for the 15N-resolved NOESY peak list are bet-
ter than for the 13C-resolved NOESY, which is complicated 
by a high degree of signal overlap.

For five out of ten proteins, i.e. HR2876B, HR2876C, 
HR6430A, HR6470A, and OR135, structure calculation 
with automatic picked NOESY peak lists by CYPICK was 
successful, yielding structures with a backbone RMSD to 
the reference structure of 0.6–1.1 Å (Table 4). Also for the 
other proteins correctly folded structures were found, albeit 

Table 4  Peak picking and 
structure calculation results for 
CASD-NMR proteins

Residues ranges for RMSD calculation (Rosato et al. 2015): 13–105 for HR2876B, 17–91 for HR2876C, 
14–25 and 33–158 for HR5460A, 14–99 for HR6430A, 15–56 for HR6470A, 554–608 for HR8254A, 4–74 
for OR136, 2–46 and 53–125 for OR36, 23–63 for StT322, and 17–41 and 45–115 for YR313A. ATNOS 
peak lists are not available for HR8254A and StT322 (Guerry et al. 2015)

Protein Residues Scores [%] of CYPICK versus ATNOS 
cycle 7
(13C-/15N-resolved NOESY)

Backbone RMSD to reference 
[Å]

Find Artifact Overall CYPICK Raw Refined

HR2876B 107 76.7/91.1 46.8/35.0 63.2/81.3 0.89 0.95 0.79
HR2876C 97 85.5/93.4 52.0/68.8 67.0/52.5 0.98 0.88 0.71
HR5460A 160 77.5/88.8 54.2/48.1 59.2/72.4 2.95 3.38 1.38
HR6430A 99 72.3/86.9 47.3/35.5 59.4/77.4 1.07 1.15 0.92
HR6470A 69 70.3/82.5 49.7/42.8 56.4/70.1 0.60 0.61 0.37
HR8254A 73 1.95 7.43 0.77
OR135 83 82.3/87.3 46.8/58.7 67.8/62.5 0.95 1.13 0.89
OR36 134 88.0/87.1 58.7/35.7 63.0/77.5 3.02 1.03 0.98
StT322 63 2.08 6.73 1.49
YR313A 119 73.9/89.7 43.8/24.4 62.4/83.9 3.22 1.64 1.59
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with slightly higher RMSD biases of 2.0–3.2 Å. For com-
parison, the RMSD bias of the structures obtained by the 
same approach but based on refined manual peak lists was 
0.4–1.6 Å (Table 4). In addition to manually refined final 
peak lists, the CASD-NMR data sets include also uncu-
rated, “raw” peak lists from earlier stages of the original 
structure determination. These “raw” peak lists yielded 
structures with RMSD bias values of 1.0–7.4 Å (Table 4). 
In general, the peak lists from CYPICK thus yielded struc-
tures with an accuracy between those obtained from the 
manually curated and uncurated peak lists provided by 
CASD-NMR.

Computation time

The computation time for CYPICK is short and depends 
mainly on the size of the spectrum and the number of local 
extrema that are analyzed. For instance, peak picking of 
the ENTH spectra of Table 1 required between 1 s for the 
15N-HSQC spectrum and 31 s for the 13C-resolved NOESY 
spectrum on an Intel Core i7 3.2 GHz processor.

Conclusions

In this paper we introduced the CYPICK algorithm as an 
automated peak picking method that analyzes geometric 
criteria for contour lines. The approach uses only local 
spectral information to identify peaks at a given location 
in a multidimensional spectrum. This makes it universally 
applicable to any type of multidimensional NMR spectrum, 
requiring as input only the spectrum of interest. In gen-
eral, the relative scaling factors for the spectral dimensions 
are the only parameters to be set by the user. Despite the 
straightforward mode of use of CYPICK, the results are in 
the majority of cases comparable or better than those from 
other, also more sophisticated peak picking algorithms. 
CYPICK achieves a good balance between picking real 
signals and rejecting artifacts, and the resulting peak lists 
are sufficiently good to determine the resonance assign-
ments and 3D structures of proteins by a fully automatic 
approach.

Experience with these applications indicates several 
future directions to improve the reliability of CYPICK: (i) 
Peak picking by CYPICK requires a local extremum as start 
point for peak identification. Signals that do not present a 
local extremum, such as “shoulders” located on the slope 
of a stronger, overlapping peak, are currently discarded and 
not further analyzed. Relaxing the requirement for a local 
extremum can improve the completeness of peak lists for 
crowded spectra, such as 13C-HSQC, HCCH-TOCSY and 
NOESY. (ii) Very weak signals that do not sufficiently 
exceed the noise level are currently discarded. Refined 

criteria on the regularity of peak contours may enable the 
identification of very weak but “well-shaped” signals with-
out unduly increasing the picking of artifacts. (iii) Most 
of the picked artifacts originate from small regions of the 
spectrum, typically narrow bands. Their number may be 
reduced significantly by a better recognition and exclusion 
of these problem regions. (iv) Peak picking by CYPICK 
does not take into account other information than the local 
features of the spectrum at and near the location of inter-
est. It has been shown that especially the number of arti-
fact peaks can be reduced by considering self-consistency 
within a spectrum or between spectra (Hiller et al. 2005), 
or by guiding peak picking by external information, such as 
known chemical shift assignments or a known 3D structure 
(Herrmann et al. 2002b). (v) In situations of strong overlap 
more real signals could be identified by visual inspection 
than by CYPICK. Deconvolution methods for overlapping 
peaks may improve this situation. In addition, it is conceiv-
able to make use of the contour-based quality factors Qrad 
and Qcon in automated resonance assignment and NOESY 
assignment in order to treat reliable and tentative peaks dif-
ferently in these algorithms.

In conclusion, with CYPICK a stable and versatile auto-
mated peak picking method has been integrated into the 
CYANA software package that removes a bottleneck in its 
otherwise fully automated pipeline of resonance assign-
ment, NOESY assignment, and structure calculation.
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