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Abstract

A standard set of three APSY-NMR experiments has been used in daily practice to obtain 

polypeptide backbone NMR assignments in globular proteins with sizes up to about 150 residues, 

which had been identified as targets for structure determination by the Joint Center for Structural 

Genomics (JCSG) under the auspices of the Protein Structure Initiative (PSI). In a representative 

sample of 30 proteins, initial fully automated data analysis with the software UNIO-

MATCH-2014 yielded complete or partial assignments for over 90% of the residues. For most 

proteins the APSY data acquisition was completed in less than 30 hours. The results of the 

automated procedure provided a basis for efficient interactive validation and extension to near-

completion of the assignments by reference to the same 3D heteronuclear-resolved [1H,1H]-

NOESY spectra that were subsequently used for the collection of conformational constraints. 

High-quality structures were obtained for all 30 proteins, using the J-UNIO protocol, which 

includes extensive automation of NMR structure determination.
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Introduction

Automated projection spectroscopy (APSY) was introduced nearly a decade ago (Fiorito et 

al. 2006; Hiller et al. 2005; 2008). In spite of a court injunction which blocked the use of 

APSY and related techniques for several years (Wüthrich 2011), APSY-NMR has become a 

standard technique for projects of the Joint Center for Structural Genomics (JCSG: 

www.jcsg.org). Within the J-UNIO protocol for extensive automation of protein structure 

determination (Serrano et al. 2012), APSY-NMR is routinely used for polypeptide backbone 

assignments of proteins with sizes up to about 150 amino acid residues, and significantly 

larger proteins have also been successfully studied (Jaudzems et al. 2014; Mohanty et al. 

2014). Here we report the results obtained with a representative sample of 30 JCSG target 

proteins. The paper describes the characterization of the “structure-quality” protein solutions 

used for the APSY-NMR measurements, presents the experimental conditions for the 

recording of the APSY-NMR data sets, and surveys the results obtained by automated 

analysis of the APSY-NMR data with the use of the software UNIO-MATCH-2014 (Volk et 

al. 2008; T. Herrmann, to be published).

Materials and methods

Protein samples were produced using a standard cloning, expression and purification 

protocol (Serrano et al. 2012). Protein concentrations ranged from 0.8 to 1.5 mM in NMR 

buffer (20 mM sodium phosphate at pH 6.0, 50 mM sodium chloride, 5 mM NaN3 in 

5% 2H2O/95% H2O (v/v); for proteins containing S−H groups, 2 mM [d10]-dithiothreitol 

was added). Prior to the structure determination, the targets were screened for high-quality 

NMR spectra, using μg amounts of [u-15N]-labeled protein and a 1.7 mm room temperature 
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microcoil probe (Serrano et al. 2012). Protein solutions which yielded high-quality NMR-

Profiles (Pedrini et al. 2013) were used for structure determination.

Backbone assignments were obtained from a standard set of three APSYNMR experiments: 

4D APSY-HACANH, 5D APSY-HACACONH and 5D APSYCBCACONH (Hiller et al. 

2008; Serrano et al. 2012). The APSY data were analyzed with the software GAPRO (Hiller 

et al. 2005; 2008), using standard parameters, except that the signal-to-noise threshold for 

peak identification (Herrmann et al. 2002b) was optimized for each experiment. The three 

GAPRO-generated listings of peak coordinates were then used as input for UNIO-

MATCH-2014 (Volk et al. 2008; T. Herrmann, to be published) for automated backbone 

assignment. Each UNIO-MATCH calculation included 10 independent runs of optimization 

with the same input data in order to find a self-consistent solution; the tolerances for 

chemical shift matching between the different peak lists, which were used to form generic 

spin systems and to establish sequential connectivities, were set to 0.02 ppm and 0.2 ppm for 

protons and heavy atoms, respectively. The automated backbone assignments yielded by 

UNIO-MATCH were then validated and extended interactively following the J-UNIO 

protocol (Serrano et al, 2012). In this procedure, the MATCH output and the 3D 15N-

resolved, 13Cali-resolved and 13Caro-resolved [1H,1H]-NOESY spectra, which are also used 

for automated side chain resonance assignments with the routine UNIO-ASCAN (Fiorito et 

al, 2008) and for the collection of conformational constraints, are loaded into CARA (Keller, 

2004). Erroneous UNIO-MATCH assignments are identified and corrected, and missing 

assignments are added, using primarily the sequential dNN(i,i+1) and dαN(i,i+1) NOE 

connectivities (Wüthrich, 1986). Since the extent of the backbone chemical shift 

assignments yielded by UNIO-MATCH is typically about 90%, this process requires usually 

only a few hours of work by a spectroscopist.

NMR-profiles (Pedrini et al. 2013) were generated from 2D [15N,1H]-HSQC spectra 

recorded on a Bruker AVANCE 700 MHz NMR instrument equipped with a 1.7 mm TXI z-

gradient microcoil-probe. The APSY-NMR data sets were recorded on a Bruker AVANCE 

600 MHz spectrometer equipped with a 5 mm CP2 QCI-F z-gradient cryogenic probehead. 

The numbers of 2D projections measured for the three different experiments are listed in 

Table 1. All projections were acquired with 96 × 2048 complex data points, and before 

Fourier transformation the spectra were multiplied in both dimension with a 45°-shifted sine 

bell (DeMarco and Wüthrich 1976). Since the same resolution in the indirect dimension was 

used throughout, the differences in the APSY NMR recording times reflect exclusively the 

number of acquired NMR transients, which was set individually for each protein in order to 

achieve sufficient peak intensity in the 2D APSY projections for analysis with the program 

GAPRO (Hiller et al. 2005). The 3D heteronuclear-resolved [1H,1H]-NOESY experiments 

were acquired on an 800 MHz Bruker AVANCE spectrometer equipped with a 5 mm room 

temperature TXI xyz-gradient probehead.

Results

The preparation of NMR samples of the 30 proteins used in this study (Table 1) is described 

in Materials and methods. The proteins were selected for their biological interest in various 

JCSG projects, and decisions to go ahead with the NMR structure determination were based 
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on the results from screening with 1D 1H-NMR and 2D [15N,1H]-HSQC experiments. Here, 

this is illustrated with the protein ZP_02041089.1 (PDB id. 2mc8) (Fig. 1,a–c). From the 

protein sequence, 113 15N–1H backbone amide and Trp side chain indole cross peaks were 

expected in the [15N,1H]-HSQC spectrum, and 112 peaks were identified in Fig. 1b after 

excluding the Asn, Gln and Arg side-chain signals (Pedrini et al. 2013). In the NMR-Profile 

(Pedrini et al. 2013), 111 of these peaks exhibited intensities above the threshold required 

for observation of complete APSY-NMR data sets (Figure 1c). The homogeneous peak 

intensity distribution in the Profile further suggested the absence of flexibly disordered 

polypeptide segments.

Based on the high-quality data from the micro-scale NMR experiments, we decided to 

produce [13C,15N]-labeled protein for the NMR structure determination. When collecting 

the experimental data needed for the backbone assignments, 23 projections for 4D APSY-

HACANH and 20 projections for the accumulation of each of the 5D APSY-HACACONH 

and 5D APSY-CBCACONH experiments (Fig. 2) were recorded with 4 transients per 

projection. The total NMR instrument time used to measure the APSY data was 9 hours. The 

individual APSY experiments were processed with GAPRO (Hiller et al. 2005) to prepare 

the three listings of peak coordinates (Fig. 2) used as input for UNIO-MATCH-2014, which 

yielded complete or partial assignments of the atoms 15N, 1HN, Cα, Hα and Cβ for all 

residues except for the N-terminal Gly (Fig. 1d). Following the J-UNIO protocol (Serrano et 

al. 2012), the backbone assignments from UNIO-MATCH-2014 were interactively validated 

with the use of the 3D 15N-resolved and 3D 13Cali-resolved [1H,1H]-NOESY spectra. A 

single assignment, Cα of Asn108, was found to be erroneous, and the validation resulted in 

complete backbone atom assignments, with the sole exceptions of the amide moieties of 

Glu2 and Ala 27. This final backbone assignment was part of the input for the remainder of 

the structure determination, which was based on heteronuclear-resolved [1H,1H]-NOESY 

data analyzed with the software UNIO-ATNOS/ASCAN for automated side-chain chemical 

shift assignment (Fiorito et al. 2008) and UNIO-ATNOS/CANDID for automated NOE 

assignment (Herrmann et al. 2002a,b), in combination with the simulated annealing protocol 

of CYANA for structure generation (Güntert et al. 1997). The resulting structure of 

ZP_02041089.1 is precisely defined (PDB id. 2mc8), with backbone and heavy atoms 

RMSD values of 0.60 ± 0.10 Å and 1.04 ± 0.10 Å, respectively.

Analogous procedures to those illustrated in Fig. 1 for ZP.02041089.1 were applied with all 

the other proteins in Table 1. The table shows that the protein size varied from 62 to 152 

residues, and that the protein concentration in the NMR samples varied between 0.8 and 1.5 

mM, with most solutions containing 1.2 mM protein. For the 4D APSY-HACANH 

experiments, 23 to 31 projections were acquired, and 20 to 44 projections were recorded for 

each of the two 5D APSY experiments (Table 1). The recording time was adjusted so as to 

obtain sufficient signal intensity for reliable data processing with GAPRO (Hiller et al. 

2005; 2008). For YP_001298242.1, 24 transients were acquired, and for the other proteins, 4 

to 16 transients were accumulated per projection. The NMR time thus used to measure the 

APSY data ranged from 9 to 75 hours, and for most of the proteins it was less than 30 hours. 

The extent of the assignments obtained is presented in Fig 3. For all proteins, at least 89.7% 

of all the residues were completely or partially assigned automatically with UNIO-

MATCH-2014, and for most proteins the extent of the automated assignments was above 
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95% (Table 1; red and pink bars in Fig. 3a). The listed measurement times were chosen 

based on the intensities observed in the NMR-Profiles, the decisions being largely at the 

discretion of the individual spectroscopists. The extent of automated assignments obtained 

depends obviously largely on the performance of UNIO-MATCH-14, which will be 

discussed elsewhere (Herrmann et al. private communication), and can be affected by 

conformational exchange line broadening in discrete polypeptide segments, and by peak 

overlap. Important features of the automated assignment procedures are of course the 

percentages of missed and erroneously assigned residues (Fig. 3b). The number of residues 

with erroneous partial or complete assignments, which are contained in the pink and red bars 

of Fig. 3a, was below 10% for all proteins (green bars in Fig. 3b), with an average of 3.4 ± 

2.7 % over all 30 data sets (a residue is counted as erroneously assigned if at least one of the 

five backbone atoms of interest is wrongly assigned). For all 30 proteins, at most 10% of the 

residues remained unassigned (yellow bars in Fig. 3b), with an average of 4.5 ± 3.0 %. After 

validation and extension with the use of the NOESY experiments recorded for the collection 

of conformational constraints (see Materials and Methods), the polypeptide backbone 

assignments obtained automatically from the APSY-NMR experiments (blue bars in Fig. 3) 

provided the basis for high-quality NMR structure determinations with the J-UNIO protocol, 

with RMSD values among the 30 proteins of Table 1 ranging from 0.42 to 0.74 Å for the 

backbone atoms, and from 0.77 to 1.21 Å for all heavy atoms (see the PDB deposits listed in 

Table 1).

Discussion and conclusions

The JCSG is a PSI:Biology high-throughput protein structure determination center. Work in 

this environment confirmed the previously discussed advantages of APSY-NMR (Fiorito et 

al. 2006; Hiller et al. 2005; 2008) and its use with the JUNIO protocol (Serrano et al. 2012) 

in daily practice. Specifically, the use of APSY-NMR ensures important savings of 

instrument time when compared with the use of conventional triple resonance experiments 

for obtaining corresponding information. Table 1 shows that the total measuring time for the 

presently used combination of three APSY-NMR experiments was shorter than 15 h for 12 

proteins, and shorter than 30 h for 22 of the 30 proteins studied. Furthermore, the high 

digital resolution of the 2D APSY projections facilitates automated analysis of the data, as 

illustrated with the presently used software UNIO-MATCH-2014. Another significant 

advantage is that the APSY-based automated assignments can efficiently be validated with 

the use of 3D heteronuclear-resolved [1H,1H]-NOESY spectra, due to the fact that most of 

the backbone chemical shifts are precisely known and correctly assigned from the APSY-

NMR measurements. In the overall structure determination procedure, validation against the 

NOESY data sets is efficient because no data need to be recorded in addition to the 

measurements required for the collection of conformational constraints (Serrano et al. 2012). 

Besides the identification of residues with erroneous assignments generated by the 

automated procedure (Fig. 3b), the NOESY data also enable to determine the correct 

chemical shifts for these residues, and to close gaps in the sequential assignments that may 

be left by the automated data analysis (Fig. 3).

In conclusion, considering the aforementioned unique assets, the use of APSY-NMR 

experiments in combination with a suitable automated assignment routine, as exemplified 
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here with UNIO-MATCH-2014, is a valid alternative to the many previously proposed 

approaches for automated polypeptide backbone NMR assignment in proteins (e.g., Atreya 

et al. 2000; Bartels et al. 1997; Crippen et al. 2010; Fredriksson et al. 2012; Lee et al. 2014; 

Lemak et al. 2008; Lescop and Brutscher 2009; Moseley et al. 2001; Schmidt and Güntert 

2012; 2013; Schmucki et al. 2009; Staykova et al. 2008; Tikole et al. 2012; Zawadzka-

Kazimierczuk et al. 2012; Zimmermann et al. 1997). The Figure 3 illustrates that within the 

range covered by the 30 proteins of Table 1, the result of polypeptide backbone assignments 

based on the present protocol of using APSY-NMR and UNIO-MATCH-2014 does not 

depend critically on the protein size. Based on these results, it is not surprising, that the same 

approach has successfully been applied for proteins with about 200 amino acid residues 

(Jaudzems et al. 2014; Mohanty et al. 2014).
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Fig. 1. 
Characterization of the solution of the protein ZP_02041089.1 used for APSY-NMR 

experiments, and result of the automated backbone assignment with UNIO-MATCH-2014. 

(a) Amino acid sequence (Gly-1 results from the cloning strategy). The red line indicates 

residues with complete automated backbone assignment by UNIO-MATCH-2014, and red 

dots identify residues with incomplete assignments. The blue line and the blue dots indicate 

the corresponding information obtained after interactive validation of the assignments, 

which are complete except that for E2 and A27 only the chemical shifts of Cα, Hα and Cβ 

were assigned. (b) [15N,1H]-HSQC spectrum of the 15N- labeled protein recorded at 700 

MHz with a 1.7 mm micro-coil probehead. Red color identifies folded peaks of arginine side 

chain 15N−1H moieties. (c) NMR- profile obtained from the data in (b); the dotted 

horizontal and vertical lines indicate, respectively, the intensity threshold for detection of 

APSY-NMR signals (see text) and the number of backbone amide and tryptophan 

indole 15N−1H correlation signals expected from the amino acid sequence. (d) UNIO-

MATCH-2014 output. The dark blue and light blue bars represent the number of assigned 

and unassigned 1HN, 15N, Cα, Hα and Cβ atoms per residue, respectively.
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Fig. 2. 
Scalar connectivities detected by the three APSY-NMR experiments used and consolidated 

peak list generated by UNIO-MATCH-2014. The three upper panels show the correlations 

obtained from the individual APSY experiments. The higher-dimensional correlation 

generated by UNIO-MATCH-2014 is indicated at the bottom. Magenta vertical bars delimit 

the individual residues. Correlated atoms are highlighted in red and connected by red lines. 

The 4D HACANH experiment yields interresidue (broken line) and intraresidue 

correlations. Overlaps of the resonances from the atoms in the green rectangles are used by 

UNIO-MATCH-2014 to identify sequential connectivities between neighboring residues.
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Fig. 3. 
Survey of the assignment results for 30 JCSG target proteins. Backbone assignments 

obtained automatically by UNIO-MATCH-2014, and final assignments after interactive 

validation using a 3D 15N-resolved [1H,1H]-NOESY spectrum are shown. (a) Histograms 

showing the percentages of residues assigned. Residues assigned completely and partially by 

UNIO-MATCH-2014 are represented by red and pink bars, respectively. Blue and cyan bars 

represent the corresponding results after interactive validation and extension of the backbone 

assignment with the use of 3D 15N-resolved and 13Cali-resolved [1H, 1H]- NOESY data. (b) 
Percentages of residues that were erroneously assigned by UNIO-MATCH-2014 are 

indicated with green bars (these are contained in the red and/or pink bars), and those that 

were left unassigned are represented by yellow bars. From left to right, the proteins are 

arranged according to molecular weights, showing that the assignment results are not 

correlated with the protein size over the range from 62 to 152 residues, but rather with the 

quality of the NMR spectra (see also the text).
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