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Received: 23 September 2014 / Accepted: 21 November 2014 / Published online: 27 November 2014

� Springer Science+Business Media Dordrecht 2014

Abstract The NMR structure of the 206-residue protein

NP_346487.1 was determined with the J-UNIO protocol,

which includes extensive automation of the structure

determination. With input from three APSY-NMR experi-

ments, UNIO-MATCH automatically yielded 77 % of the

backbone assignments, which were interactively validated

and extended to 97 %. With an input of the near-complete

backbone assignments and three 3D heteronuclear-resolved

[1H,1H]-NOESY spectra, automated side chain assignment

with UNIO-ATNOS/ASCAN resulted in 77 % of the

expected assignments, which was extended interactively to

about 90 %. Automated NOE assignment and structure

calculation with UNIO-ATNOS/CANDID in combination

with CYANA was used for the structure determination of

this two-domain protein. The individual domains in the

NMR structure coincide closely with the crystal structure,

and the NMR studies further imply that the two domains

undergo restricted hinge motions relative to each other in

solution. NP_346487.1 is so far the largest polypeptide

chain to which the J-UNIO structure determination proto-

col has successfully been applied.

Keywords Putative phosphoglycolate phosphatase �
APSY-NMR spectroscopy � NOESY � Automatic data

analysis � Protein structure

Introduction

The NMR solution structure of a member of the haloacid

dehalogenase (HAD) protein superfamily (Aravind et al.

1998; Burroughs et al. 2006; Hisano et al. 1996), the two-

domain 206-residue putative phosphoglycolate phospha-

tase NP_346487.1, was determined with the J-UNIO pro-

tocol, which includes extensive automation of protein

structure determination in solution (Serrano et al. 2012).

J-UNIO is used routinely in our laboratory for NMR

structure determination of proteins with sizes up to about

150 amino acid residues. Here, we want to explore how

J-UNIO can deal with the increased spectral complexity of
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a significantly larger protein, which also has somewhat

broader linewidths of the NMR signals. As a target for this

study we selected the protein NP_346487.1, for which a

crystal structure (PDB code 2go7) was available for vali-

dation of the NMR structure determination. Additional

interest comes from the fact that four molecules of this

two-domain protein are contained in the crystallographic

unit cell, affording the opportunity to compare structural

variations among these four molecules with the arrange-

ment of the two domains in solution.

Methods

Protein expression and purification

The NP_346487.1 gene in the plasmid vector pSpeedET as

obtained from the JCSG Crystallomics Core, was amplified

and inserted into a modified pET-28b vector containing an

engineered TEV-protease cleavage site between NdeI and

HindIII restriction sites, and the resulting plasmid pET-28b-

TEV-NP_346487.1 was used to transform the E. coli strain

BL21(DE3) (Novagen). The protein was expressed in M9

minimal medium containing 1 g/L of 15NH4Cl and 4 g/L of

[13C6]-D-glucose (Cambridge Isotope Laboratories) as the

sole sources for nitrogen and carbon. Standard procedures

were used for the expression and purification of the protein.

The yield of purified NP_346487.1 was 40 mg per liter of

culture. NMR samples were prepared by adding 5 % (v/v)

D2O, 0.03 % (w/v) NaN3 and complete protease inhibitor

cocktail (Roche) to 500 lL of a 1.5 mM solution of either
15N-labeled or 13C,15N-labeled NP_346487.1 in NMR buffer

(20 mM sodium phosphate, 50 mM NaCl, pH 6.5).

NMR spectroscopy

NMR experiments for resonance assignment and collection

of distance restraints were conducted at 298 K on a Bruker

Avance 600 MHz spectrometer equipped with a TXI HCN

z-gradient cryoprobe, and an Avance 800 MHz instrument

with a TXI 1H-13C/15N room temperature probe with xyz-

gradient. 5D APSY-HACACONH, 4D APSY-HACANH

and 5D APSY-CBCACONH data sets (Hiller et al. 2005,

2008) were recorded at 600 MHz with 52, 57 and 46 pro-

jections, respectively, each containing 2048 9 64 acquisi-

tion points. 3D [1H,1H]-NOESY-15N-HSQC, 3D [1H,1H]-

NOESY-13C(ali)-HSQC and 3D [1H,1H]-NOESY-13C(aro)-

HSQC data sets were recorded at 800 MHz with a mixing

time of 60 ms. Chemical shifts are relative to DSS, and were

calibrated against the water signal (4.77 ppm at 298 K).

Spectra were processed with Topspin 2.1 (Bruker Biospin).

Resonance assignment and structure calculation

The J-UNIO procedure (Serrano et al. 2012) was followed.

The automated backbone assignments obtained using the

APSY-NMR results as input for the software UNIO-

MATCH (Volk et al. 2008) was extended to near-com-

pletion by interactive analysis of the 3D 15N-resolved

[1H,1H]-NOESY spectrum, using the software CARA

(Keller 2004). The backbone assignments and the afore-

mentioned three NOESY data sets were then used as input

for obtaining side chain assignments with UNIO-ATNOS/

ASCAN (Herrmann et al. 2002a; Fiorito et al. 2008), which

was followed by automated NOE assignment with UNIO-

ATNOS/CANDID 1.0.4 (Herrmann et al. 2002a, b) and

structure calculation with CYANA 3.0 (Güntert et al.

1997), using the standard 7-cycle protocol (Herrmann et al.

2002b). The two-domain architecture of NP_346487.1

previously observed in the crystal structure (PDB code

2go7) was found also in solution. During refinement, the

structures of the two domains were separately calculated,

using as input the unambiguous intra-domain constraints

from cycle 7 of the calculation for the intact protein. The

40 conformers with the lowest residual CYANA target

function values after cycle 7 for the intact protein, and after

cycle 8 for the two individual domains, respectively, were

energy-minimized in a water shell with the program

OPALp (Luginbühl et al. 1996; Koradi et al. 2000). The 20

conformers with the lowest target function values that

satisfied all validation criteria (Serrano et al. 2012) were

selected to represent the NMR structure. The structures

were analyzed and figures were generated using MOLMOL

(Koradi et al. 1996).

The chemical shift assignments have been deposited in

the BioMagResBank (Accession No. 25127; http://www.

bmrb.wisc.edu), and atomic coordinates were deposited in

the Protein Data Bank for bundles of 20 NMR conformers

of the complete protein (accession code 2msn) and the two

separately refined (see text above) individual domains

(accession codes 2mu1 and 2mu2).

Results

Considering the high expression yield of the protein

NP_346487.1 (see ‘Methods’), all exploratory NMR

experiments were performed in 5 mm NMR tubes (Fig. 1),

rather than with microscale experiments as in the standard

J-UNIO protocol (Serrano et al. 2012). These experiments

showed that a 1.5 mM ‘‘structure-quality’’ solution of the

protein (Pedrini et al. 2013) could be prepared for the

structure determination.
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Automated NMR assignment

The standard J-UNIO automated assignment with UNIO-

MATCH (Volk et al. 2008) yielded chemical shifts for the
1HN, 15N, 13C0 and 13Ca atoms of 158 residues (77 %,

Fig. 1a), the 13Cb atoms of 145 among these residues

(74 %), and the 1Ha chemical shifts of 171 residues

(83 %). Interactive validation and extension of the auto-

mated backbone assignments using the 3D 15N-resolved

and 3D 13C(ali)-resolved [1H,1H]-NOESY spectra resulted

in the identification and correction of three erroneous

assignments (backbone atoms of Phe136, 13Cb of Ala96

and Thr205), and in obtaining complete backbone

assignments for a total of 200 residues (97 %). For the six

remaining residues, Leu10, Asp11, Val50, His108, Lys139

and Gly189, the backbone 15N–1H groups were not

observed, but part of the 1Ha and 1Hb signals could be

assigned based on sequential NOEs. The final assignments

are documented in a 2D [15N,1H]-HSQC spectrum

(Fig. 1b, c). Automated side-chain assignment with the

program UNIO-ATNOS/ASCAN (Herrmann et al. 2002a;

Fiorito et al. 2008) resulted in 77 % of the expected

assignments (88 % of all non-labile hydrogens). Interactive

inspection showed that 92 % of the ASCAN assignments

were correct. The erroneous assignments were identified

and corrected, and the chemical shift lists for side chains

Fig. 1 Characterization of the solution of the protein NP_346487.1

used for the NMR structure determination and survey of the

polypeptide backbone assignments. a Amino acid sequence (resi-

dues-2 and -1 originate from the expression tag), extent of the

automated backbone assignments obtained with the software UNIO-

MATCH, which are based on APSY-NMR data alone (brown

underline; for some residues only part of the backbone chemical

shifts were assigned, as described in the text), and backbone

assignments after interactive validation and extension of the

automatic assignments with the use of 3D heteronuclear-resolved

[1H,1H]-NOESY data (green underline; green dots identify residues

with partial assignments of the backbone chemical shifts). Above the

sequence, b-strands are indicated by cyan arrows and helices by red

bars. b 600 MHz 2D [15N,1H]-HSQC spectrum of a 1.5 mM solution

of uniformly 13C,15N-labeled NP_346487.1 in 20 mM sodium

phosphate buffer at pH 6.5 and T = 298 K. The backbone amide

group assignments are indicated by the sequence numbers. c Expan-

sion of the central spectral region indicated by broken lines in (b)
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with incomplete assignments could be expanded, resulting

in about 88 % of the expected assignments.

Automated NOE assignment and structure calculation

A total of 4222 NOE upper distance limits were collected

with the combined use of UNIO-ATNOS/CANDID

(Herrmann et al. 2002a, b) and CYANA (Güntert et al.

1997; Table 1). A two-domain structure was obtained, with

a ‘‘core domain’’ of residues 1–10 and 88–206, and a ‘‘cap

domain’’ of residues 17–80, which are linked by two short

polypeptide segments (residues 11–16 and 81–87). The

relative orientation of the two domains is variable among

the bundle of NMR conformers (Fig. 2), but the Fig. 2b, c

clearly show that the core domain and the cap domain are

individually well defined (see also Table 1). To further

investigate the convergence of the structure calculation for

the intact protein (Fig. 2a), we computed the structures of

the individual domains by adding an 8th cycle of structure

calculation to the standard J-UNIO protocol, which used an

input of intra-domain constraints only (Table 1). The

resulting domain structures (Fig. 3) are closely similar to

those resulting from the calculation with the intact protein

(Figure S1), with RMSDs between the mean coordinates of

the corresponding bundles of 20 conformers in Figs. 2b, c,

3a, c, of 0.58 Å for the backbone heavy atoms and 1.03 Å

for all heavy atoms of the cap domain, and 0.59 and 1.00 Å

for the core domain. This shows that the computational

tools used in J-UNIO handled the structure calculation of

the intact protein quite well in spite of the implicated

plasticity of the structure.

No NOEs between the two domains could be identified,

but the hydrogen atoms in the two linker polypeptide

segments are involved in 80 NOE constraints (Table 1),

i.e., 13 sequential NOEs, 9 intra-chain medium-range

NOEs, and 58 long-range NOEs with hydrogen atoms in

the other linker peptide segment or one of the two domains.

The NOEs with the linker polypeptides significantly

restrict the accessible relative domain orientations (Fig. 2b,

c), as was verified by a structure calculation for the intact

protein based on an input without these 80 linker-associ-

ated NOE constraints.

NMR structure of NP_346487.1

The NMR structure of the core domain (residues 1–10 and

88–206) consists of a strongly twisted six-stranded parallel

b-sheet (b3–b2–b1–b4–b5–b6) formed by the polypeptide

segments 126–130, 102–106, 5–8, 159–163, 178–181 and

190–192. The b-sheet is flanked on one side by the helices

a6, a7 and a10, and by a8 and a9 on the other side, and

there are three 310-helical turns at both ends of b3 and

preceding b4 (Figs. 1a, 3b).

The NMR structure of the cap domain (residues 17–80)

shows an antiparallel four-helix bundle with a1, a2, a3 and

a4, which is typical for the subfamily I of phosphohydro-

lases (Griffin et al. 2012; Strange et al. 2009). A short

helix, a5, at the C-terminal end of the cap domain forms a

helix–kink–helix motif with a4.

The two linker polypeptide segments (residues 11–16

and 81–87) connect the strand b1 and the helix a6 of the

core domain to the helices a1 and a5 of the cap domain.

Discussion

The J-UNIO protocol for automated structure determina-

tion (Serrano et al. 2012) is used routinely in our laboratory

for studies of proteins with up to about 150 amino acid

residues (for example, Jaudzems et al. 2010; Mohanty et al.

2010; Serrano et al. 2010, 2014; Wahab et al. 2011). Here,

the protein NP_346487.1 was selected from the list of

JCSG targets to explore how J-UNIO, with the use of

APSY-NMR and 3D heteronuclear-resolved [1H,1H]-NO-

ESY experiments, would cope with the complexities of the

spectra of larger proteins. As Table 1 and Figs. 1, 2, 3

show, the result is comparable to those obtained with

smaller proteins. This was possible because a structure-

quality protein solution (Pedrini et al. 2013) could be

obtained for the NMR experiments, which is a condition

that has to be met also when working with smaller proteins.

Overall, the present work shows that J-UNIO can be used

for structure determination of non-deuterated proteins with

molecular weights up to at least 25 kDa.

While 3D heteronuclear [1H,1H]-NOESY experiments

are known to yield good results for larger proteins (Horst

et al. 2006), APSY-NMR has so far been used mainly with

smaller proteins (Dutta et al. 2014). For proteins of similar

size to NP_346487.1, Gossert et al. (2011) described an

alternative approach for automated NMR assignment with

APSY-NMR, which is based on the use of fractionally

deuterated proteins. In addition to polypeptide backbone

assignments, this protocol enabled also the chemical shift

assignments for peripheral side chain methyl groups. The

two protocols are complementary, since the combination of

APSY-NMR with fractional deuteration has been intro-

duced for providing chemical shift assignments needed for

studies of protein–ligand interactions, whereas the present

approach provides data needed for de novo protein struc-

ture determination.

The two individual domain structures of NP_346487.1

(Table 1; Fig. 3) fit near-identically with the corresponding

parts of the protein in crystals. For the core domain, the

backbone and all-heavy-atom RMSD values between the

mean atom coordinates of the bundle of 20 NMR con-

formers and the bundle of four molecules in the
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crystallographic unit cell are 1.2 and 1.8 Å, respectively,

and the corresponding values for the cap domain are 1.3

and 2.3 Å, where the somewhat larger all-heavy-atom

RMSD value for the cap domain can be rationalized by its

smaller size and concomitantly larger percentage of sol-

vent-exposed amino acid residues (Jaudzems et al. 2010).

Previously introduced additional criteria for comparison of

crystal and NMR structures (Jaudzems et al. 2010; Moh-

anty et al. 2010; Serrano et al. 2010) showed that the values

of the backbone dihedral angles / and w of the crystal

structure are outside of the value ranges covered by the

bundle of NMR conformers for \10 residues. Both the

Table 1 Determination of the NMR structure of the protein NP_346487.1 in aqueous solution containing 20 mM sodium phosphate and 50 mM

NaCl at pH 6.5: input for the structure calculations of the intact protein and the two individual domains, and characterization of bundles of 20

energy-minimized CYANA conformers representing these structures

Quantity Intact protein

(residues 1–206)

Valuea

Core domain

(residues 1–10, 88–206)

Cap domain

(residues 17–80)

NOE upper distance limitsb 4,222 2,650 1,492

Intra-residualb 1,008 607 401

Short-rangeb 1,051 658 393

Medium-rangeb 1,037 561 476

Long-rangeb 1,046 824 222

Linker-to-linker and linker-to-domainc 80 – –

Dihedral angle constraints 848 564 284

Residual target function value (Å2) 3.59 ± 0.47 2.41 ± 0.47 1.35 ± 0.34

Residual NOE violations

Number C0.1 Å 49 ± 10 30 ± 7 19 ± 5

Maximum (Å) 0.24 ± 0.28 0.17 ± 0.09 0.17 ± 0.12

Residual dihedral angle violations

Number C2.58 1 ± 1 1 ± 1 0 ± 1

Maximum (8) 3.27 ± 0.90 3.52 ± 1.86 2.25 ± 0.89

AMBER energies (kcal/mol)

Total -8,468 ± 155 -5,363 ± 122 -3,058 ± 66

Van der Waals -692 ± 27 -455 ± 17 -199 ± 12

Electrostatic -9,365 ± 112 -5,962 ± 100 -3,368 ± 69

RMSD from mean coordinatesd (Å)

Backbone (3–205) 2.04 ± 0.83

All heavy atoms (3–205) 2.30 ± 0.78

Backbone (3–10, 88–205) 0.62 ± 0.11

All heavy atoms (3–10, 88–205) 1.06 ± 0.10

Backbone (17–80) 0.58 ± 0.16

All heavy atoms (17–80) 1.03 ± 0.12

Ramachandran plot statisticse

Most favored regions (%) 83.0 80.0 85.0

Additional allowed regions (%) 16.6 18.8 13.5

Generously allowed regions (%) 0.2 0.9 1.3

Disallowed regions (%) 0.2 0.3 0.2

a Except for the top seven entries, average values and standard deviations for the 20 energy-minimized conformers are given
b Excludes NOEs with hydrogen atoms of the linker peptides
c There are two polypeptide segments linking the two globular domains, with residues 11–16 and 81–87. For the calculation of the individual

domain structures, we divided the intact protein sequence in two parts so that each part contained half of each linker. NOEs between hydrogen

atoms within the two linker polypeptide segments, and between the linker region attributed to one domain and hydrogen atoms in the other

domain were included in the structure calculations of the intact protein, but not in those of the individual domains
d The numbers in parentheses indicate the residues for which the RMSD was calculated
e As determined by PROCHECK (Laskowski et al. 1993)
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high-precision of the individual domain structures

(Table 1) and the close fit with the crystal structure docu-

ment the success of the use of J-UNIO with this larger

protein.

Comparison of the complete structures of NP_346487.1

in crystals and in solution shows that the range of relative

spatial arrangements of the two domains is significantly

larger in solution than in the crystal. The four molecules in

the asymmetric crystallographic unit cell have nearly

identical inter-domain orientations, as shown by the

superposition of the four structures (black lines in Fig. 2).

In solution, the superpositions shown in Fig. 2 indicate that

the two domains undergo limited-amplitude hinge motions

about the double-linker region. The limited range of these

motions is due to restraints from NOEs between the linker

peptide segment and the globular domains, whereas no

NOEs were identified between the two domains. There are

indications from line broadening of part of the linker res-

idue signals (missing amide proton signals, see Fig. 1a)

that the hinge motions are in the millisecond to micro-

second time range. Measurements of 15N{1H}-NOEs

showed uniform values near ?0.80 for the two domains

and across the linker region, documenting the absence of

high-frequency backbone mobility.

Homologous proteins to NP_346487.1 have been shown

to interact weakly with magnesium ions (the crystal

structure of NP_346487.1 contains one magnesium ion per

molecule) and phosphate ions. Exploratory studies indi-

cated that the addition of either phosphate or Mg2? to the

NMR sample did not visibly affect the structures of the

individual domains, and had at most very small effects on

the plasticity of the intact NP_346487.1. These function-

related ligand-binding studies will be described elsewhere

(K. Jaudzems, personal communication).

A recent structure determination of a b-barrel fold

200-residue protein with an integrative approach, ‘‘reso-

lution-adapted structural recombination (RASREC)

Rosetta’’, used a wide array of different NMR experiments

with multiple differently isotope-labeled protein prepara-

tions measured under different solution conditions (Sgo-

urakis et al. 2014). This result was highly acclaimed (Lloyd

and Wuttke 2014) and, as was correctly stated by one of the

reviewers, it should not be directly compared with the

present work because Sgourakis et al. (2014) performed

Fig. 2 NMR structure of

NP_346487.1 in phosphate

buffer calculated for the

complete two-domain protein

and comparison with the crystal

structure (PDB 2go7). Bundles

of 20 NMR conformers were

superimposed for best fit with

their mean coordinates, and the

mean crystal structure was

superimposed for best fit with

the mean NMR atom

coordinates. a Structure

presentation by a bundle of 20

conformers superimposed for

best fit of residues 3–205

(green). The crystal structure is

represented by a superposition

of the four molecular structures

per unit cell (black).

b Superposition of the

polypeptide backbone heavy

atoms for best fit of the core

domain residues 3–10 and

88–205. c Best fit superposition

for the cap domain residues

17–80
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their experiments with a dilute protein solution of limited

stability. Nonetheless it is important to demonstrate to the

biochemistry community that NMR structures of this size

can efficiently be determined using routine NMR experi-

ments, provided that a structure-quality protein solution

(Pedrini et al. 2013) is prepared (see also Mohanty et al.

2014). Similar to obtaining diffracting crystals for protein

crystallography, obtaining structure-quality solution NMR

samples may require major efforts of protein engineering

and optimization of solution conditions. As illustrated in

this paper and also by Mohanty et al. (2014), with the

availability of a structure-quality protein sample, the

J-UNIO protocol (Serrano et al. 2012) applied to a

200-residue protein requires the recording of only 7

experiments, i.e., one [15N,1H]-HSQC spectrum, three

APSY-NMR data sets and three heteronuclear-resolved

[1H,1H]-NOESY spectra, which can all be measured at

identical solution conditions with about 10 days of spec-

trometer time (or \7 days when using non-uniform sam-

pling of the NOESY spectra; to be published) and a few

days of work by a spectroscopist for the data analysis.

Acknowledgments This work was supported by the Joint Center for

Structural Genomics (JCSG) through the NIH Protein Structure Ini-

tiative (PSI) grant U54 GM094586 from the National Institute of

General Medical Sciences (www.nigms.nih.gov). Kurt Wüthrich is
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