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Abstract The J-UNIO (JCSG protocol using the software
UNIO) procedure for automated protein structure deter-
mination by NMR in solution is introduced. In the present
implementation, J-UNIO makes use of APSY-NMR spec-
troscopy, 3D heteronuclear-resolved ['H,'H]-NOESY
experiments, and the software UNIO. Applications with
proteins from the JCSG target list with sizes up to 150
residues showed that the procedure is highly robust and
efficient. In all instances the correct polypeptide fold was
obtained in the first round of automated data analysis and
structure calculation. After interactive validation of the
data obtained from the automated routine, the quality of the
final structures was comparable to results from interactive
structure determination. Special advantages are that the
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NMR data have been recorded with 6-10 days of instru-
ment time per protein, that there is only a single step of
chemical shift adjustments to relate the backbone signals in
the APSY-NMR spectra with the corresponding backbone
signals in the NOESY spectra, and that the NOE-based
amino acid side chain chemical shift assignments are
automatically focused on those residues that are heavily
weighted in the structure calculation. The individual
working steps of J-UNIO are illustrated with the structure
determination of the protein YP_926445.1 from Shewa-
nella amazonensis, and the results obtained with 17 JCSG
targets are critically evaluated.
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Introduction

This paper is focused on automated NMR structure deter-
mination of soluble proteins in the size range up to about
150 residues. In recent papers we documented that a novel,
extensively automated approach yields NMR structures
that are in close agreement with the corresponding crystal
structures, and on the basis of the NMR data sets used for
the structure determination (Fig. 1) further provides qual-
itative information on function-related conformational
equilibria and intramolecular rate processes (Jaudzems
et al. 2010; Mohanty et al. 2010; Serrano et al. 2010;
Wiithrich 2010). Here we describe the procedure that was
used for obtaining this structural data, J-UNIO (protocol of
the Joint Center for Structural Genomics (JCSG: www.
jesg.org) using the software UNIO).

Our aim in pursuing the J-UNIO project was to establish
a robust protocol for obtaining high-quality protein struc-
tures with minimal use of NMR spectrometer time and
minimal workload for interactive spectral analysis. Fol-
lowing the example provided by the JCSG high-throughput
crystal structure determination pipeline (Elsliger et al.
2010; Lesley et al. 2002), interactive intervention for
expanding and validating the results of the automated steps
was inserted at three critical points of the procedure
(Fig. 1), emphasizing that the primary goal is to efficiently

Fig. 1 J-UNIO protocol for
automation of protein structure
determination by NMR in

2D [*5N,'H]-COSY
NMR

obtain high-quality structures rather than achieving full
automation.

The manuscript starts with a survey of the J-UNIO pro-
tocol. The procedure is then illustrated with YP_926445.1,
which is representative of a group of 17 JCSG target pro-
teins for which metrics on the course of the structure
determination and its results are presented in a third section
of the paper. Two key elements of the J-UNIO protocol, i.e.,
the use of “NMR profiles” for characterization of “struc-
ture-quality” protein solutions and polypeptide backbone
chemical shift assignments with APSY-NMR, are briefly
summarized here and will be described in detail elsewhere
(B. Pedrini et al., in preparation).

Survey of the J-UNIO protein structure determination
protocol

The J-UNIO approach to automated NMR structure deter-
mination (Fig. 1) starts with characterization of “structure-
quality” protein solutions by ['°N,'H]-COSY-based “NMR-
profiles” (here we used the ['SN,"H]-HSQC experiment).
The polypeptide backbone chemical shift assignment is then
accomplished with a standard set of three APSY-NMR
experiments, i.e., 4D APSY-HACANH, 5D APSY-CBCA-
CONH and 5D APSY-HACACONH (Hiller et al. 2008).

Structure-quality Protein Solution

solution. A NMR structure-
quality protein solution, as
characterized by the NMR-

4D APSY-HACANH
5D APSY-CBCACONH ™=
5D APSY-HACACONH

profile (see text) is used to

obtain the seven NMR data sets
listed on the left. These are then md
analyzed with the software

backbone chemical shift assignments

l Software
Automated backbone chemical GAPRO
shift assignments UNIO-MATCH
X
Interactive completion and validation of
CARA

listed on the right. Following

and adaptation to NOESY spectra
|

the protocol from top to bottom,
yellow boxes represent fully

Automated [*H,*H]-NOESY-based side
chain chemical shift assignments

UNIO-ATNOS/ASCAN

automated steps and white boxes

represent interactive steps. The 3D X-resolved

latter include one or multiple
rounds of interactive
interventions to check and
complete the automatic
chemical shift assignments, and
to validate the resulting NMR
structure
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Individual analysis of each of these three APSY data sets
with the software GAPRO (Hiller et al. 2005) yields a
4-dimensional and two 5-dimensional peak lists. These three
peak lists are used as input for the software UNIO-MATCH
(Volk et al. 2008). UNIO-MATCH first assembles the dif-
ferent backbone atom correlations of the three APSY peak
lists into a single list of higher-dimensional generic spin
systems, and then uses an evolutionary optimization scheme
for placing these spin systems in unique locations along the
sequence of the protein, which results in automated assign-
ment of the chemical shifts for the atoms H*, C*, HY, N, C/
and C” (Fig. 2). It is of key importance at this point that the
chemical shifts in the NOESY spectra are adapted to those in
the APSY-NMR spectra and the UNIO-MATCH output is
interactively validated. In addition, if applicable, the back-
bone assignments are extended with the use of the same 3D
heteronuclear-resolved [IH,IH]—NOESY spectra that will
subsequently be used to obtain the amino acid side chain
assignments and to collect NOE distance constraints as input
for the structure calculation. The validated backbone
chemical shifts and the three 3D heteronuclear-resolved
['H,"H]-NOESY data sets (Fig. 1) then provide the input for
automated chemical shift assignment of the amino acid side
chains (Fig. 2) with the software UNIO-ATNOS/ASCAN
(Fiorito et al. 2008). The polypeptide backbone chemical
shift assignments and the automated amino acid side chain
assignments obtained at this point represent the input for a
first round of automated signal identification (“peak pick-
ing”) and NOE assignment in the three NOESY data sets

{ Wi
o
T
o

o—

Fig. 2 J-UNIO strategy for resonance assignment and structural
interpretation of the NMR data, illustrated with the tripeptide segment
—Ala-Thr-Phe-. Hydrogen, carbon, nitrogen and oxygen atoms are
represented by white, black, blue and red spheres, respectively. The
red line encloses the atoms considered in the APSY-based backbone
assignment, and the blue frame surrounds all the atoms considered in
the NOESY-based side chain chemical shift assignment. The overlap
of APSY and NOESY data at the backbone atom and f-carbon
positions ensures that the overall chemical shift assignment presents a
robust platform for the automated structure determination, which is
based on elucidating the NOE network among all hydrogen atoms in
the protein

(Fig. 1) with the software UNIO-ATNOS/CANDID (Herr-
mann et al. 2002a, b) and structure calculation with the
simulated annealing routine of CYANA (Giintert et al.
1997). This step yields “Structure A” (“A” refers to
“automated side chain assignments before interactive vali-
dation”). Using the Structure A as a reference, the three
['H,'H]-NOESY spectra are further interactively examined
in order to validate and extend the automated side chain
chemical shift assignments. This provides the input for the
calculation of the “Structure V” (“V” stands for “validated
interactively”), which is subjected to one or multiple rounds
of further interactive refinement, using UNIO-ATNOS/
CANDID and the simulated annealing routine of CYANA
with the updated input, before validation with an in-house
collection of tools and deposition to the Protein Data Bank

(Fig. 1).

Methods: J-UNIO NMR structure determination
of the Shewanella amazonensis protein YP_926445.1

Production of a structure-quality YP_926445.1 solution

The plasmid encoding YP_926445.1 was transformed into
the E. coli strain BL21 (DE3) (Novagen). Expression of the
uniformly  '*C,'’N-labeled 115-residue construct of
YP_926445.1 (Fig. 3a) was carried out by growing the cells
in M9 minimal medium containing 15NH4C1 (1 g/lL) and
[*Cg]-p-glucose (4 g/L) as the sole nitrogen and carbon
sources, respectively. Cell cultures were shaken at 37 °C to
an ODggg nm of 0.6 before expression of YP_926445.1 was
induced with 1 mM IPTG. The cells were then grown for
16 h at 18 °C, harvested by centrifugation, resuspended in
extraction buffer [20 mM sodium phosphate at pH = 7.5,
200 mM NaCl, 10 mM imidazole, Complete EDTA-free
protease inhibitor cocktail tablets (Roche)] and lysed by
sonication. The cell debris was removed by centrifugation at
20,000¢g for 30 min and the supernatant loaded onto a Ni**
affinity column (HisTrap HP column; GE Healthcare)
equilibrated with buffer A (20 mM phosphate at pH 7.5,
200 mM sodium chloride, 10 mM imidazole). The imidaz-
ole concentration was stepwise increased, first to 30 mM in
order to remove non-specifically bound proteins, and then to
500 mM to elute the target protein. After overnight cleavage
of the expression tag with TEV protease at room tempera-
ture, the protein was loaded onto a desalting column (Hi-
Prep' ™ 26/10, GE Healthcare) and eluted with buffer A. The
protein fractions were then passed through a Ni*? affinity
column (HisTrap HP column, GE Healthcare) equilibrated
with buffer A, in order to remove the TEV protease and the
cleaved His-tag from the target protein. Fractions containing
the target protein, as determined by SDS-PAGE, were pooled
and loaded onto a size exclusion column (HiLoadTM 26/60
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Fig. 3 Protein YP_926445.1: amino acid sequence, characterization
of a structure-quality NMR sample by recording of a ['°N,'H]-HSQC
spectrum and generation of an NMR-profile (see text), extent of the
automated backbone chemical shift assignments, and locations of
regular secondary structures in the NMR structure. a Amino acid
sequence (the N-terminal glycine in position-1 is not part of the
natural protein and its addition is a result of the cloning strategy
used). For the underlined polypeptide segments the sequential
connectivities were established by the automated UNIO-MATCH
routine, whereby for each residue the chemical shifts of at least those
atoms were automatically assigned which are needed to establish the

SuperdexTM 75, GE Healthcare) equilibrated with NMR
buffer (20 mM phosphate at pH 6.0, 50 mM sodium chlo-
ride) and eluted with the same buffer. The fractions con-
taining the target protein were concentrated to a final volume
of 550 pL for a final protein concentration of about 1.1 mM,
using 3 kDa-cut-off centrifugal filter devices (Millipore).
The NMR samples were supplemented with 5 % “H,O (v/v)
and 4.5 mM NaNs.

NMR spectroscopy

The three APSY-NMR spectra of YP_926445.1 indicated
in Fig. 1 were recorded at 25 °C on a BRUKER
AVANCE 600 MHz spectrometer equipped with a
CPTCI HCN z-gradient cryogenic probehead, which has
a sensitivity of 840:1 for observation of the DSS signal in
a standard Bruker aqueous sucrose sample. Eight scans
were accumulated, resulting in a total recording time of
27 h for the three experiments. For 4D APSY-HACANH,
27 projections were recorded with a resolution of

@ Springer

sequential connectivities (see text). b 700 MHz microcoil 2D
[®N,'H]-HSQC spectrum at 298 K. ¢ NMR-profile obtained from
the data in b, with the ['*N,'"H]-HSQC cross peaks arranged along the
horizontal axis in the order of decreasing intensity. The vertical
broken line indicates the number of backbone amide and tryptophane
indole >N-'H signals expected from the amino acid sequence. The
horizontal broken line indicates an intensity cutoff established by the
microcoil experiment. For the residues with [ISN,IH]—HSQC Cross
peak intensities above this line, we expect to observe sequential
connectivities by APSY-NMR (see text)

102 x 1,280 complex data points. For 5D APSY-CBC-
ACONH and 5D APSY-HACACONH, 36 projections
were recorded with 100 x 1,800 data points. Before
Fourier transformation the spectra were multiplied in
both dimensions with a 45°-shifted sine bell (DeMarco
and Wiithrich 1976).

The three 3D heteronuclear-resolved [lH,]H]-NOESY
spectra (Fig. 1) were acquired on an 800 MHz Bruker
Avance spectrometer equipped with a 5 mm room tem-
perature TXI probehead. The mixing time was 65 ms, and
the following values for t; max, t2.max and t3 max Were used:
3D ’N-resolved NOESY, 11.7 ms, 20 ms, 96 ms; 3D
PC*-resolved NOESY: 12 ms, 5.9 ms, 98 ms; 3D "*C*"°-
resolved NOESY: 9.0 ms, 7.6 ms, 98 ms. The ISN-, 13ali_
and "*C*™-resolved spectra were recorded with resolutions
of 220 x 100 x 2,048, 240 x 100 x 2,300 and 200 x
80 x 2,200 complex data points, respectively. The total
measurement time for the three data sets was 7 days. Prior
to Fourier transformation the time domain data were mul-
tiplied with a sine-squared window.
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NMR-profile monitors structure-quality YP_926445.1
solution

The protein solutions were initially assessed by the recording
of a700 MHz 2D ['°N,'H]-COSY spectrum (Fig. 3b) with a
microcoil probehead. A series of samples with different
solution conditions could thus be screened with minimal
expense of '°N-labeled protein. For selected samples a
“NMR-profile” was then generated by arranging the cross
peaks in the 2D ['°N,'H]-COSY spectrum in the order of
their intensities along a horizontal axis (Fig. 3c). The anal-
ysis of the NMR profile includes two key steps. First, the
number of peaks observed is compared with the number of
backbone amide group and tryptophan indole group peaks
expected from the amino acid sequence (Fig. 3a), showing
whether or not we observe the complete polypeptide chain.
For uniformly '*C,"’N-labeled YP_926445.1 the expected
108 *N—"H cross peaks, which include 3 indole ring signals,
were observed in the 2D ['°N, lH]-HSQC spectrum (Fig. 3b).
Second, the signal intensities in the micro-coil 700 MHz 2D
['°N,"H]-COSY spectrum are related to those in the exper-
iments used to obtain polypeptide backbone chemical shift
assignments. In the present work these were the APSY-NMR
experiments listed in Fig. 1, which were recorded with a
5 mm cryogenic probehead at 600 MHz. From the NMR-
profile of YP_926445.1 generated with the data of Fig. 3b we
concluded that the set of three APSY experiments listed in
Fig. 1 would provide sequential connectivities for 103 of the
108 residues, i.e., for all residues with signal intensities
above the broken horizontal line in Fig. 3c. Overall,
screening with NMR profiles enables to select NMR struc-
ture-quality protein solutions based on microscale produc-
tion of '"N-labeled protein, and to predict the extent of
polypeptide backbone chemical shift assignments that can be
obtained with the use of a given selection of NMR
experiments.

APSY-based backbone chemical shift assignment using
UNIO-MATCH

Analysis of the three APSY-NMR data sets listed in
Fig. 1 with the program GAPRO (Hiller et al. 2005)
yielded one 4-dimensional and two 5-dimensional peak
lists as input for the software UNIO-MATCH (Volk et al.
2008). UNIO-MATCH generates a list of higher-dimen-
sional generic spin systems, which are then assigned to
their sequence locations by an evolutionary algorithm
(Volk et al. 2008). For YP_926445.1, UNIO-MATCH
provided chemical shifts for 92 % of the atoms H*, C?,
HN, N, C’ and C* (Fig. 2). Complete assignments of all
six chemical shifts were obtained for 89 residues, for 16
additional residues at least the chemical shifts needed to
establish the sequential connectivities were assigned, and

for 9 residues no sequential connectivities were estab-
lished. UNIO-MATCH failed to assign His 8 and Leu 73,
which are located between prolines and for which no
connectivities are available from APSY-NMR (Hiller
et al. 2008), the prolines, and three of the residues with
SN-"H signal intensities below the cut-off indicated in
Fig. 3c. Interactive completion of the backbone assign-
ments (Fig. 1) resulted in extension of the assignment to
98 % of the aforementioned chemical shifts. There
remained four gaps in the sequential connectivity path-
way at the amide groups of residues Glnl0, Leul6, Gly21
and Cys92, but all residues exhibited at least one
sequential connectivity.

Chemical shift adaptation and automated UNIO-
ATNOS/ASCAN side chain chemical shift assignment

The input for automated side chain chemical shift assign-
ment consisted of the 3D °N-, *C. and 3C*°-resolved
['H,'"H]-NOESY spectra and the previously derived back-
bone chemical shifts. As a first step, the backbone chemical
shifts in the NOESY spectra were interactively adapted to
the corresponding shifts in the APSY data sets. Thereby the
'H and "°N chemical shifts in the 3D ’N-resolved [lH,lH]-
NOESY spectrum were adjusted until all the (HN,HN,ISN)
diagonal peaks and (H*HY,'"’N) cross peaks appeared at
the positions defined by the high-precision chemical shifts
derived from the APSY-NMR data. A corresponding pro-
cedure was applied to the H* and '*C* chemical shifts in
the 3D "*C*-resolved ['H,'H]-NOESY spectrum. It then
turned out that the same calibration for '*C—"H fragments
could be applied for the aliphatic region and the 3D '3C*°-
resolved ['H,'H]-NOESY data. The backbone chemical
shift list and the thus chemical shift-calibrated NOESY
spectra were used as the input for the software UNIO-
ATNOS/ASCAN to obtain side chain chemical shift
assignments. For YP_926445.1, 73 % of the non-labile
hydrogen atoms were thus automatically assigned.

Automated UNIO-ATNOS/CANDID NOE assignment
and calculation of ‘Structure A’

The input for a first round of seven cycles of NOESY peak
picking and NOE assignments with UNIO-ATNOS/CANDID
(Herrmann et al. 2002a, b) in combination with structure cal-
culations using the simulated annealing routine of CYANA
(Giintert et al. 1997) consisted of the validated chemical shift
assignments for the polypeptide backbone, the UNIO-AT-
NOS/ASCAN output of side chain chemical shift assignments,
and the three NOESY data sets listed in Fig. 1. The resulting
bundle of twenty NMR conformers, representing the Structure
A of YP_926444.1 (Fig. 1), is shown in Fig. 4a, and the sta-
tistics of the structure determination are given in Table 1.

@ Springer



346

J Biomol NMR (2012) 53:341-354

Fig. 4 NMR structures of the
protein YP_926445.1 at
different stages of the J-UNIO
protocol (Fig. 1). a Stereo view
of the bundle of 20 NMR
conformers representing
Structure A, which was obtained
based on using the side chain
chemical shift assignments from
the automated UNIO-ATNOS/
ASCAN routine and the
validated backbone chemical
shift assignments. These
chemical shifts were included in
the input for automated NOESY
peak picking and NOE
assignment with UNIO-
ATNOS/CANDID in
combination with structure
calculation using the CYANA
simulated annealing routine.
Residues located in a-helices
and f-strands are colored red
and green, respectively, where
the identification of the regular
secondary structures was taken
from Structure V in b. b Stereo
view of the bundle of 20 NMR
conformers representing
Structure V, which was obtained
after interactive validation and
extension of the side chain
chemical shift assignments
obtained from UNIO-ATNOS/
ASCAN. ¢ All-heavy-atom
stereo view of the conformer
closest to the mean coordinates
of the bundle of 20 Structure V
conformers, with the side chains
color-coded following their
global displacement values:
green <0.4 A, blue 0.4-0.9 A,
red >0.9 A. d Stereo ribbon
representation of the same
conformer as in ¢. The red balls
indicate side chains of residues
for which UNIO-ATNOS/
ASCAN yielded erroneous
chemical shift assignments that
were then part of the input for
the determination of Structure A
(see text)

Interactive extension and validation of the side chain
chemical shift assignments, and calculation
and validation of ‘Structure V’

The chemical shift list obtained with UNIO-ATNOS/
ASCAN was corrected and extended by interactive exam-
ination of the 3D "PN-, 3C%L. and '3C*°-resolved ['H,'H]-
NOESY spectra with the software CARA (Keller 2004).
The thus updated chemical shift assignments were used in

@ Springer

the input for a new round of NOE assignments with UNIO-
ATNOS/CANDID and structure calculation with the sim-
ulated annealing routine of CYANA. As indicated in
Fig. 1, this step may be performed repeatedly in order to
obtain the “final” Structure V (Table 1; Fig. 4b, c¢). In our
practice this includes that all chemical shift assignments
are at this stage checked by a spectroscopist who has not
been involved in the previous structure determination steps.
If errors in the chemical shift or NOE assignments are
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Table 1 Input for the structure calculations A and V, and validation of the bundles of 20 energy-minimized conformers used to represent the
NMR structure of YP_926445.1 at the stages of “Structure A” and “Structure V” of the J-UNIO protocol (Fig. 1)

Quantity® Structure A® Structure V° Validation threshold®
NOE upper distance constraints 1,454 1,910 >5/residue
Intraresidual 413 507
Short-range 430 506
Medium-range 246 343
Long-range 365 554
Dihedral angle constraints 461 462
Residual CYANA target function value (19\2) 1.44 £ 0.27 1.52 £ 0.32 <3.0
Residual NOE violations
Number >0.1 A 11+3 135 <0.10/residue
Maximum (A) 0.13 £ 0.10 0.15 £ 0.09
Residual dihedral angle violations
Number >2.5° 1+1 1+1 <0.02/residue
Maximum (°) 2.05 £ 0.70 2.98 £ 1.09
Amber energies (kcal/mol)
Total —3,829 + 85 —4,236 + 130
Van der Waals —295 £ 15 —401 £ 79
Electrostatic —4,530 + 82 —4,971 + 85
RMSD from ideal geometry
Bond lengths (A) 0.0055 £ 0.0002 0.0054 £ 0.0002 <0.008/bond
Bond angles (°) 1.69 £+ 0.037 1.53 £ 0.07 <2.1/angle
RMSD to the mean coordinates (10\)“l
bb (1040, 44-113) 1.75 £ 0.37 0.64 £ 0.14 <0.75
ha (1040, 44-113) 2.26 £ 0.36 0.92 £ 0.10
Core precision® 1.08 &+ 0.20 0.54 + 0.09
Ramachandran plot statistics (%)*
Most favored regions 69.8 82.4 >93.0 &
Additional allowed regions 253 14.8 >97.5
Generously allowed regions 2.6 1.8
Disallowed regions 2.2 1.0
Structure quality scores
Procheck global quality score (Z-score)” —4.32 —3.64 —4 < Z-score < 4
Verify3D (raw-score)! 0.18 0.28 >0
Side chain planarity (Z-score)” 1.96 1.97 RMS Z-score < 2
PDB validation suite! OK OK

* Except for the top six entries, which describe the input generated in the final cycle of the different rounds of structure calculation with UNIO-
ATNOS/CANDID and the simulated annealing routine of CY ANA, the entries refer to the 20 conformers selected after energy minimization with
OPALp to represent the Structure A and the Structure V (see text)

® Where applicable, the average value for the bundle of 20 conformers and the standard deviation are given
¢ Validation thresholds as described in the text

4 bb indicates the backbone atoms N, C* and C’, and ha stands for “all heavy atoms”. Numbers in parentheses indicate the residues for which the
RMSD was calculated

¢ Average all-heavy-atom global displacements for the residues with solvent accessibility below 15 %, as computed with MOLMOL (see text)
' As determined by PROCHECK. The data for all 20 NMR conformers have been taken into account

¢ Indicates the sum for the most favored and the additional allowed regions

" Determined with PROCHECK. A single value is given to characterize the bundle of 20 conformers

! Determined with Verify3D. A single value is given to characterize the bundle of 20 conformers

I “OK” indicates that all criteria of the PBD validation suite have been satisfied
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detected, a new structure calculation is performed. The
resulting Structure V is validated using an in-house com-
bination of tools, as described in the “Appendix”. Selected
validation parameters are included in the Table 1, where a
column has been added that lists our current validation cut-
offs. The “Appendix” describes additional procedures that
we use to monitor the course of the automated structure
calculation. We also check relations between Structure V
and some raw NMR data, such as the agreement of sec-
ondary '*C chemical shifts and patterns of medium-range
'"H-'"H-NOEs with the locations of regular secondary
structures in Structure V, and comparison of observed ring
current shifts with ring current shifts calculated using the
atom coordinates of Structure V. The thus validated
Structure V is deposited in the PDB (accession code for the
protein YP_926445.1: 2160).

Results and discussion

NMR structure of YP_926445.1 determined
with J-UNIO

The data for the Structure V (PDB accession code 2160) in
Table 1 show that the automated J-UNIO procedure
(Fig. 1) yielded a high-quality NMR structure, which is
comparable to structures determined by conventional
interactive approaches. Comparison of the panels (a) and
(b) in Fig. 4 documents that the Structures A and V have
the same global fold, but that the Structure V is defined
with much higher precision (Table 1). The improved pre-
cision is primarily due to the interactive expansion of the
side chain chemical shift assignments, which resulted in a
larger number of long-range NOE constraint identifications
by UNIO-ATNOS/CANDID when preparing the input for
the calculation of Structure V (Table 1).

The molecular architecture of YP_926445.1 contains a
5-stranded f sheet and three o-helices, with the regular
secondary structures in the sequential order 1-f2-o1-[3—
pa—f5-02—03 (Figs. 3, 4). There are three long polypeptide
segments devoid of regular secondary structure, i.e., the
N-terminal tetradecapeptide segment and two loops of resi-
dues 40-50 and 90-101. The protein forms a globular
architecture with a precisely defined core of primarily
hydrophobic residues and a surface layer of significantly less
well-defined side chains (Fig. 4c). Comparison of the
YP_926445.1 structure with the deposits in the Protein Data
Bank indicated that this protein adopts a novel fold. There-
fore, after the NMR structure was deposited in the PDB, the
amino acid sequence of YP_926445.1 was used to generate a
new Pfam protein family, PF13642 (alternatively included as
DUF4144 in the list of “domains of unknown function™).
PF13642 presently includes 82 members from 52 different
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bacterial species, with YP_9264451.1 as the only represen-
tative with known three-dimensional structure.

Applications of J-UNIO with JCSG target proteins

The Table 2 lists metrics about J-UNIO structure deter-
minations for 17 JCSG target proteins, which all have been
investigated as described in the preceding section for
YP_926445.1 (during the past few months J-UNIO was
used to determine an additional 10 protein structures of
targets from various PSI:biology projects, with similar
results as described here). In the following we discuss the
data of Table 2 in the order of the individual steps of the
J-UNIO protocol (Fig. 1).

In implementing J-UNIO (Fig. 1) we gave due consid-
eration to the fact that screening of potential targets and the
preparation of protein solutions for NMR structure deter-
mination (or of diffracting crystals for X-ray structure
determination) is by far the most work-intensive part of
each project, which also imposes the main limitations on
the number of structures solved. For each successful sam-
ple preparation we were therefore very liberal when
deciding on the measurement times for the individual NMR
data sets. Both the APSY-NMR and NOESY data sets
could have been obtained with shorter total recording times
than used here. However, the improved signal-to-noise
ratio and spectral resolution achieved with the generously
selected recording times contributed significantly to high
reliability of the results of the automated steps in J-UNIO
(Fig. 1). In future applications one might also consider to
select longer NOE mixing times than 65 ms, as used here,
which could result in further improved, “cleaner” NOESY
data sets (Wiithrich 1986).

The preparation of the YP_926445.1 NMR sample is
described at the outset of the “Methods” section. This
biochemical work was started after observing that
YP_926445.1 represented a “hit” in a microscale screen of
potential targets (Page et al. 2005; Peti et al. 2005; B.
Pedrini et al., in preparation). For all the proteins in
Table 2, a structure-quality protein solution was similarly
obtained and used for the recording of the seven NMR data
sets listed in Fig. 1. Based on the NMR-profile it was also
known from the start (Fig. 1) to which extent the poly-
peptide chain would be observable in the experiments used
for the chemical shift assignments, which resulted in fur-
ther improved efficiency.

Backbone chemical shift assignments with the software
UNIO-MATCH yielded results for between 75 and 100 %
of the amino acid residues, with all but three proteins being
in the range 81-96 % (Table 2). Interactive validation
based on the ['H,'H]-NOESY spectra confirmed that with
input from APSY-NMR experiments, UNIO-MATCH may
yield incomplete assignments but very rarely generates
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Table 2 Results of J-UNIO structure determinations of 17 JCSG target proteins

Protein sample (PDB id)* Size (aa) Chemical shift assignments Precision (bb RMSD, 1&) RMSDhy

H*, C*, HY, N, C', C (%) All-atoms” (%)
MATCH® Final ASCAN®  Final’ Residues' ASCANE  Final"

TM1112 (2k9z) 89 96 100 72 90 2-89 0.79 0.43 1.45
TMO0212 (2ka7) 124 100 100 66 92 1-110 0.69 0.51 1.16
TM1367 (2ka0) 124 92 98 80 92 2-123 0.80 044 228
A2LDI1 (2kI2) 149 85 97 83 94 2-100, 106-144 1.27 0.61 1.78
YP_001336205.1 (211s) 83 82 99 89 95 4-82 0.73 0.44 1.23
TMO0320 (2kyz) 67 91 97 80 96 1-67 0.57 045 0.81
YP_510488.1 (2kzc) 85 93 96 76 94 1-85 1.17 0.68 1.41
NP_415897.1 (2kts) 117 81 100 76 93 3-117 1.65 0.62 1.64
YP_399305.1 (211n) 120 82 99 67 94 1-34, 43-92, 97-117 2.03 0.58 1.75
NP_954075.1 (211t) 109 91 98 78 95 7-103 0.80 0.64 1.14
NP_253742.1 (216p) 124 81 95 76 91 2-38, 49-117 1.08 0.61 1.17
YP_001092504.1 (216n) 132 76 96 78 93 844, 56-120 242 0.70 2.82
YP_926445.1 (2160) 114 92 98 67 95 10-40, 44-113 1.98 0.64 232
NP_888769.1 (2125) 141 87 99 78 93 3-50, 66-136 1.78 0.71 2.01
YP_546394.1 (219d) 108 95 99 75 95 8-108 1.89 0.67  2.01
YP_557733.1 (21a7) 145 75 100 80 96 18-144 1.37 0.58 1.97
YP_001302112.1 (21g7) 129 92 100 81 93 11-81, 91-129 1.45 0.75 220

* The concentration was 1.0-1.5 mM for the different proteins. The aqueous solutions contained 20 mM sodium phosphate and 50 mM NaCl at
pH 6.0, except for A2LD1 (25 mM sodium phosphate, 50 mM NaCl, pH 6.8)

° In calculating the percentage for “all atoms”, the side chain amide groups have been included, but side chain quaternary carbons, oxygens,

sulfurs, and non-amide labile protons have not been counted

¢ This column lists the extent of the automated backbone assignments with the routine UNIO-MATCH
9 These columns list results achieved after interactive extension and validation of the automatic chemical shift assignments
¢ This column lists the extent of the side chain chemical shift assignments obtained with the automated routine UNIO-ATNOS/ASCAN

' This column lists the residues considered in the RMSD calculations. These were selected such that “structurally disordered” polypeptide
segments (i.e., typically those with low density of medium-range and long-range NOE distance restraints) are not included

€ Structure A obtained with an input of validated backbone chemical shift assignments and the automatic side chain chemical shift assignments

from UNIO-ATNOS/ASCAN (see text and Fig. 1)

" Structure V submitted to the PDB, as obtained after interactive extension of the chemical shift assignments and validation of the structure (see

text and Fig. 1)

i RMSD calculated between the mean coordinates for the Structure A and Structure V bundles of 20 conformers (Fig. 4a, b)

errors in its output when used with the recommended
standard set of parameters (Volk et al. 2008). Obtaining
nearly complete correct backbone chemical shift assign-
ments, including the C” atoms, by interactive supplemen-
tation of the results from UNIO-MATCH is of key
importance with regard to both the subsequent automated
amino acid side chain chemical shift assignment with
UNIO-ATNOS/ASCAN and the automated NOE assign-
ment with UNIO-ATNOS/CANDID. Since the large
majority of the chemical shifts are known from the output
of UNIO-MATCH, the extension of the assignments has
been achieved with only a few hours of interactive work for
each of the proteins in Table 2.

There are important advantages of the presently used
APSY-NMR techniques when compared with conventional

triple-resonance experiments: (1) Savings of instrument
time. For the proteins in Table 2 the three APSY-NMR
data sets (Fig. 1) were recorded with total measurement
times of 6-96 h (B. Pedrini et al., to be published). (2)
Higher digital resolution (Hiller et al. 2008). (3) 4- and
5-dimensional APSY-NMR experiments generate data of
outstanding quality as input for automated chemical shift
assignment with UNIO-MATCH (Volk et al. 2008). This is
due to the high accuracy of the chemical shifts in 4- and
5-dimensional APSY data sets, which enables almost
complete correct spin system identification by UNIO-
MATCH. This key intermediate result is the basis for the
high completeness of the assignments obtained by the
subsequent optimization scheme for placing the thus
identified spin systems into their positions in the protein
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sequence. This contrasts with the experience gained
when using conventional triple-resonance data, which
typically yield extensive degeneration of spin systems and
consequently less complete and less reliable resonance
assignments.

With the use of "H-'"H-NOE data for both, the amino
acid side chain chemical shift assignment and as the major
source of constraints for the structure calculation input, the
J-UNIO protocol is reminiscent of earlier attempts at NMR
structure determination based on the fact (Wiithrich 1986)
that '"H-'H-NOE experiments contain, in principle, all the
information needed to determine a protein structure (Ikeya
et al. 2011; Kraulis 1994). However, in contrast to this
earlier work, supplementing the NOESY data with verified
chemical shift assignments for the polypeptide backbone
and the 3C’ positions makes J-UNIO robust and none-
theless highly efficient, since with the use of APSY-NMR
the polypeptide backbone assignments are a small part of
the overall effort.

When evaluating the extent of the automated side chain
chemical shift assignments (Table 2), one has to consider
that the percentage of assignment completeness after
UNIO-ATNOS/ASCAN does not have the same weight as
the assignment completeness reported for automated or
interactive procedures based on NMR experiments that
delineate through-bond connectivities. UNIO-ATNOS/
ASCAN assigns chemical shifts for side chain hydrogen
atoms involved in '"H-"H-NOE connectivities that yield
NOE signal intensities above a user-defined threshold for
assignment acceptance (Fiorito et al. 2008). Therefore, the
side chain atoms with chemical shift assignments from
UNIO-ATNOS/ASCAN will subsequently generate mean-
ingful distance restraints. On the other hand, hydrogen
atoms at or near the protein surface may be left unassigned
or possibly even be erroneously assigned.

In the present study, UNIO-ATNOS/ASCAN provided
assignments for 67-89 % of the atoms, with all but three
proteins in the range from 72 to 89 % (Table 2). Interac-
tive validation and extension of these assignments resulted
on the one hand in an increased extent of the assignments
to 90-96 % of the atoms for the individual proteins
(Table 2), and on the other hand revealed that the results
from the automated UNIO-ATNOS/ASCAN procedure
contained up to 5 % erroneous assignments, depending on
the protein. As shown previously (Fiorito et al. 2008), most
of these erroneous assignments are highly permissive with
regard to the outcome of the structure calculation, and the
extent and quality of the UNIO-ATNOS/ASCAN assign-
ments was for all proteins sufficient to achieve the correct
fold in the Structure A (Figs. 1, 4a). The small impact of
the erroneous assignments on the global fold can be
rationalized from the observation that they are located
almost exclusively on peripheral, solvent-accessible side
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chains (Fig. 4d). Overall, the NOE-based side chain
chemical shift assignment strategy is thus highly efficient
in providing nearly complete assignments for those
hydrogen atom positions which are important for the def-
inition of the three-dimensional protein structure. It further
ensures efficient use of NMR instrument time, and requires
minimal chemical shift calibrations when compared to
using experiments that delineate through-bond connectiv-
ities for obtaining the side chain chemical shift assign-
ments (Cavanagh et al. 2007).

The structure calculations with UNIO-ATNOS/CAN-
DID and the simulated annealing routine of CYANA
converged well, and the quality of the resulting protein
structures compares favorably with the results of structure
determinations based on interactive analysis of the NMR
data. The J-UNIO protocol is an addition to a rapidly
growing collection of procedures with more or less
extensive automation of protein structure determination by
NMR (for example, Atreya et al. 2000; Bartels et al. 1997;
Crippen et al. 2010; Lemak et al. 2008; Lescop and Brut-
scher 2009; Moseley et al. 2001; Schmucki et al. 2008;
Staykova et al. 2008; Zimmermann et al. 1997), which all
result in improved efficiency and reduced bias when
compared to interactive procedures. J-UNIO differs from
most of the other presently available procedures in that
automation starts with the peak picking of the raw NMR
spectra, rather than with interactively prepared peak lists. It
will now be of interest to observe which ones of the
presently available procedures, or possibly upcoming new
additions, will find broader application over the coming
years.
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Appendix: Validation of J-UNIO NMR structures

Our validation strategy makes use of quantitative criteria to
qualify the Structure V (Fig. 1), including the publically
available tools Procheck (Laskowski et al. 1993), Verify3D
(Liithy et al. 1992) and the PDB validation suite. In-house
threshold values for acceptance of the individual criteria
(Table 1) were established based on past high-quality
interactive protein structure determinations in our labora-
tory. Furthermore, some qualitative tools are used for ini-
tial checks of the final Structure V, in order to guide the
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spectroscopist during the early stages of the validation
procedure, and additional tools are used to monitor the
course of the automated structure determination. In the
following we comment on the validation tools represented
in Table 1, and then on the additional criteria.

A first criterion considered in Table 1 enables an eval-
uation of the input for the protein structure calculation, i.e.,

RCS,.
[ppm]

-2 L L L L L
2 15 -1 05 0 0.5

RCS,,. [ppm]

Fig. 5 Plot of observed methyl hydrogen ring current shifts (RCSgps)
for the protein YP_926445.1 versus the corresponding ring current
shifts calculated from the atomic coordinates of the NMR structure
(RCSpre). RCS,y is the difference between corresponding observed
and random coil chemical shifts. RCS,.. was computed with the
Johnson-Bovey model implemented in the software MOLMOL
(Koradi et al. 1996), and the average over the 20 NMR conformers
of Structure V (Fig. 4b, c) is given

A,

we request that the number of long-range NOE constraints
per residue must be higher than the threshold of five. In our
experience, satisfying this sole criterion is sufficient to
document that nearly complete chemical shift assignments
have been obtained and that there is also a dense network
of sequential and medium-range NOE distance constraints,
thus qualifying an input for the structure calculation that is
of high overall quality.

A second group of criteria is used to document accept-
able convergence of the structure calculation, with small
residual violations of the experimental input data and small
distortions of the covalent structure geometry. These are
the residual target function value, the number of residual
NOE distance constraint violations, the number of residual
dihedral angle violations, and the RMSD from standard
covalent structure geometry.

In a third group of criteria, the precision of the Structure
V (Fig. 1) is characterized by RMSDs to the mean coor-
dinates of the bundle of conformers (Fig. 4b) calculated for
the backbone heavy atoms and all heavy atoms, respec-
tively. In addition, we introduce the “core precision” as the
all-heavy-atom RMSD calculated for all the residues with
solvent accessibility below 15 %. Initial experience with
this parameter indicates that it is useful for comparison of
the core packing in different protein structure types. The
overall quality of the Structure V is monitored also by the
PROCHECK global quality score, the Verify3D raw score,
and the side chain planarity Z-score, with the acceptance
threshold values listed in Table 1. In addition, a structure is
accepted only if all criteria of the PDB validation suite are
satisfied.

Additional qualitative criteria for structure validation
are used to directly assess the agreement between selected

[ppm] ] [ [a] [63] [p4 [ps] [ w2 ]

6 1

-3

-6 1

'9 T L] T L]
1 " 21 31

Fig. 6 Sum of the secondary 13c* and *C? chemical shifts, Ad;, in
the protein YP_926445.1 plotted versus the amino acid sequence. The
Ad; value for residue i represents the average over the three
consecutive residues i — 1, i and i+ 1: A = 1/3 (ASCY ;| +
ASCY + ASCE ., + ASCE | + ASCP + ASCE) (Metzler et al.
1993). The ASC* and ASC” values were determined with the program

T L T I T T

amino acid sequence 81 91 101 111

package UNIO-ATNOS/CANDID (Herrmann et al. 2002a, b) by
subtracting the random coil shifts from the experimentally determined
chemical shifts. Positive Ad; values indicate that the residue i is located
in a helical structure, while a negative value indicates a location in a
f-strand. The positions of the regular secondary structures in the
Structure V are indicated at the fop of the figure
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raw experimental NMR data and corresponding data
derived from the Structure V bundle of conformers
(Fig. 4b). First, comparison of the structure-derived and the
observed ring current shifts provides qualitative checks on
possible local errors in amino acid side chain arrangements.
The Fig. 5 shows a plot of the observed methyl hydrogen
ring current shifts (RCS,,s) versus the corresponding ring
current shifts calculated from the atomic coordinates of the
NMR structure (RCSp..) for the protein YP_926445.1.
Prior to structure validation with the tools listed in Table 1,
methyl groups with entries located far from the diagonal in
this presentation would be singled out for further interac-
tive analysis until a satisfactory fit is attained, or a rationale
is found to explain the apparent discrepancy. Second,
comparison of the regular secondary structures in Structure
V and those predicted from the '*C* and 13¢P chemical
shift values (Fig. 6) afford a check of the agreement
between experimental NMR data for the polypeptide
backbone and the final Structure V (Wishart and Sykes
1994), and the same applies to analysis of the agreement
between experimental patterns of sequential and medium-
range 'H-"H-NOEs and the locations of regular secondary
structures in Structure V (Fig. 7) (Wiithrich 1986). Similar

Fig. 7 Sequential and medium-
range 'H-'H NOE constraints
observed for YP_926445.1. The

amino acid sequence and the dyn(i,i+1)
regular secondary structures don(i,i+1)
identified by MOLMOL (Koradi d;murh"')
et al. 1996) in Structure V are dyy(i,i+2)
indicated at the fop. Residues d(i,i+2)
are included in the regular don(i,i+3)
secondary structures if the d(i,i+3)
criteria are satisfied for at least don(i,i+4)

15 conformers in the bundle of
20 conformers (Fig. 4b). In the
notations for the '"H-'H NOEs
on the left, N, o and f3 indicate
the H™ H* and H” atoms,

respectively. Sequential NOEs :""g':::}}
are indicated by continuous alb
horizontal lines extending over dyn(i,F1)
. dyn(iiH2)
the connected polypeptide
segments, where thick and thin :“"g'zgi
lines represent strong and weak d"" v
) : an(ihi+3)
NOE:s, respectively. Medium- d.p(i,i+4)
range NOEs are indicated by alls
horizontal lines linking the two
residues that are connected by
the NOE (Wiithrich 1986)
dyn(i,i+1)
d (i,i+1)
din(ii+1)
dyn(i,i+2)
don(i,i+2)
doy(i,i+3)
d (i,i+3)
d n(i,i+4)
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to the aforementioned handling of the ring current shift
data, apparent discrepancies between the locations of reg-
ular secondary structures, the corresponding '>C* and Bk

Table 3 Validation criteria used to monitor the course of structure
calculations with the J-UNIO protocol, illustrated with data for the
protein YP_926445.1

Parameters Threshold® YP_926445.1

CYANA target function values

Cycle 1 (A% <300 110

Cycle 7(A%) <10 3.0
Percentage of covalent 'H-"H-NOEs assigned

3D N-resolved NOESY (%) >80 82

3D Ciresolved NOESY (%) >80 84

3D 13C-resolved NOESY (%) >75 76
Residual Unassigned NOE peaks

3D "N-resolved NOESY (%) <20 10

3D BC¥i_resolved NOESY (%) <20 11

3D BC¥_resolved NOESY (%) <20 16

% In-house thresholds, as described in the text
® As determined by the ATNOS module (see text)
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chemical shift values and/or the NOE patterns are followed
up prior to the structure validation reported in Table 1.

The Table 3 lists the three principal criteria that we use
to monitor the course of the calculation of Structure V with
the software UNIO-ATNOS/CANDID and the simulated
annealing routine of CYANA (for the initial round of
calculations which result in Structure A, we only evaluate
the final result obtained after cycle 7 (Herrmann et al.
2002a), since the criteria of Table 3 would be dominantly
affected by the obvious limitations of the input used, as is
described in the main text). The CYANA target function
value must be below the threshold of 300 A? after the first
cycle, should then monotonously adopt smaller values after
cycles 2—-6, and be below the threshold of 10 A2 after cycle
7. The percentage of covalent NOEs assigned (Herrmann
et al. 2002b) is automatically recorded by the ATNOS
module in UNIO-ATNOS/CANDID. Obtaining high
completeness of these “covalent assignments” assures
robustness of the 'H-'H-NOE-based approach used by
J-UNIO. Finally, checking the extent to which the NOE
cross peaks in the three NOESY data sets (Fig. 1) have
been assigned serves primarily to evaluate the success of
the effort made for the interactive completion of the
assignments from the automated routines. Rationales for
choosing the rather permissible threshold of <20 % are
given in the main text.
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