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a b s t r a c t

Proteins in the haloalkaloic acid dehalogenase (HAD) superfamily, which is one of the largest enzyme
families, is generally composed of a catalytic core domain and a cap domain. Although proteins in this
family show broad substrate specificities, the mechanisms of their substrate recognition are not well
understood. In this study, we identified a new substrate binding motif of HAD proteins from structural
and functional analyses, and propose that this motif might be crucial for interacting with hydrophobic
rings of substrates. The crystal structure of TON_0338, one of the 17 putative HAD proteins identified in a
hyperthermophilic archaeon, Thermococcus onnurineus NA1, was determined as an apo-form at 2.0 Å
resolution. In addition, we determined the crystal structure TON_0338 in complex with Mg2þ or N-
cyclohexyl-2-aminoethanesulfonic acid (CHES) at 1.7 Å resolution. Examination of the apo-form and
CHES-bound structures revealed that CHES is sandwiched between Trp58 and Trp61, suggesting that this
Trp sandwich might function as a substrate recognition motif. In the phosphatase assay, TON_0338 was
shown to have high activity for flavin mononucleotide (FMN), and the docking analysis suggested that
the flavin of FMN may interact with Trp58 and Trp61 in a way similar to that observed in the crystal
structure. Moreover, the replacement of these tryptophan residues significantly reduced the phosphatase
activity for FMN. Our results suggest that WxxW may function as a substrate binding motif in HAD
proteins, and expand the diversity of their substrate recognition mode.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

The haloalkaloic acid dehalogenase (HAD) superfamily is
regarded as one of the largest enzyme families [1,2]. Though this
family was originally named after haloacid dehalogenases, the
majority of members mediate phosphoryl transfer and phospha-
tases are themost dominant among them [1e3]. HAD phosphatases
act on a variety of substrates, but, the biological functions are not
known for most of them [4]. Structural and biochemical studies on
a number of HAD proteins have provided the atomic basis of their
enase; FMN, flavin mono-
lfonic acid; b-PGM, b-
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substrate specificity [3]. However, more intensive analyses are
necessary to uncover their diversity in substrate-recognitionmodes
and physiological roles.

Structurally characterized HAD phosphatases share a unique
HAD fold in the core domain that is characterized by a three-
layered a/b sandwich consisting of repeating a/b units [3]. The
active site in the core domain is constructed of four loops with
consensus motifs (motif I-IV). Motifs I, II, and IV contain key resi-
dues involved in nucleophilic attack, phosphoryl group binding,
and Mg2þ binding, respectively [2,3]. Arg/Lys in Motif III stabilizes
the negative charge of the Asp nucleophile and phosphoryl group.

In addition to the core domain, HAD proteins contain a cap
domain that is known to mediate substrate binding. HAD proteins
are classified into subfamilies C0, C1 and C2 based on the organi-
zation and location of cap domains [3]. While C0 structure has very
small cap domains, C1 and C2 caps have a-helical bundle andmixed
a/b structures of considerable sizes, respectively. The open and
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closed conformations, defined by the relative orientation between
the core and cap domains, are required for substrate entry and
hydrolysis [5].

The genome analyses of Thermococcus onnurineus NA1, a hy-
perthermophilic archaeon isolated from a deep-sea hydrothermal
vent area, revealed 17 putative HAD proteins [6]. Their functions
cannot be predicted from the sequence alone, thus structural and
biochemical characterizations are necessary. Recent advances in
structural genomics provide an opportunity to identify molecular
functions of unknown proteins from structural information [7];
these approaches are expected to be applicable to HAD proteins.
TON_0338, annotated as one of the HAD phosphatases in T.
onnurineus NA1, contains four conserved motifs and a C1-type cap
domain (Fig. 1). Structural studies of apo-form, Mg2þ- and CHES-
bound TON_0338, combined with activity assay, revealed that
TON_0338 has phosphatase activity with a preference for sub-
strates containing hydrophobic ring moieties. Further docking and
mutational analyses confirmed that the WxxW motif in the cap
domain is crucial for substrate recognition, suggesting a novel
substrate binding mode of HAD phosphatases.

2. Materials and methods

2.1. Protein expression and purification

The cloning and purification methods of the recombinant
TON_0338with a fused C-terminal His tagwas described previously
[8]. Briefly, The transformed Escherichia coli Rosetta(DE3)pLysS was
harvested and sonicated in 50mM TriseHCl (pH 8.0), 0.5M KCl, and
Fig. 1. Sequence alignment of TON_0338 from Thermococcus onnurineus NA1, Lactococcus la
(1ZRM). Secondary structures of TON_0338 are shown above the line. Residues in four catal
bold white and bold black letters, respectively bold black letters. Stretches of residues that ar
also indicated with grey boxes.
10% glycerol. Proteins were purified from the clarified cell lysates
using a Hi-Trap chelating column and a Superdex 200 10/300 GL
column (Amersham Biosciences) sequentially. The pooled fractions
were concentrated using a Centricon YM-10 (Millipore) in 10 mM
TriseHCl (pH 8.0) and 50 mM NaCl. Selenomethionine-substituted
protein, expressed in E. coli B834(DE3), was prepared in the same
way.

2.2. Crystallization and data collection

The initial crystallization screening for native and selenome-
thionine (SeMet)-substituted TON_0338 proteins was performed
by the microbatch crystallization method at 20 �C as described
previously [8]. The diffraction-quality crystals of native and SeMet-
substituted apo-TON_0338 were obtained using 35% t-butanol and
1.0 M trisodium citrate (pH 5.6). The Mg2þ-bound TON_0338 was
crystallized using 20% PEG 3000 and 0.1 M citrate (pH 5.5) as
precipitant. CHES-bound proteins were crystallized by mixing 1 ml
of TON_0338, preincubated with 10 mM glucose 6-phosphate
(G6P), with 1 ml of 1.0 M sodium citrate and 0.1 M CHES (pH 9.5).
Crystals were transferred to a cryo-solution containing the original
precipitant and 25% (v/v) ethylene glycol prior to flash-freezing in a
cold nitrogen stream. All diffraction data were collected at beam
line 4A of Pohang Accelerator Laboratory, South Korea. The
diffraction data from the native, Mg2þ- and CHES-bound crystals
were collected at 2.0, 1.7, and 1.7 Å resolutions, respectively, using
synchrotron radiation at a wavelength of 1.0000 Å. The crystals of
apo-TON_0338 belong to monoclinic space group C2 with unit cell
a¼ 121.2 Å, b¼ 63.0 Å, c¼ 37.5 Å and b¼ 106.5�. The crystals of the
ctis b-phosphoglucomutase (1LVH) and Pseudomonas sp. YL L-2-haloacid dehalogenase
ytic motifs are noted with asterisks. Well-conserved and similar residues are shown as
e similar across the group of sequences are shown in boxes. GxxR andWxxWmotifs are
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Mg2þ- and CHES-bound TON_0338 also belong to monoclinic space
group C2 with similar unit-cell parameters (Table 1). Multiple
wavelength anomalous diffraction (MAD) data sets from a mono-
clinic crystal of SeMet-substituted TON_0338 were collected at
three wavelengths, peak (0.9795 Å), edge (0.9796 Å) and remote
(0.9718 Å). Data were indexed, integrated, and scaled using
HKL2000 [9]. The data statistics are summarized in Table 1.

2.3. Structure determination and refinement

SOLVE and RESOLVE programs were used to trace five selenium
sites for phasing and automated model building [10]. Quality of the
final map was sufficient for model building. The model was con-
structed using Coot program [11]. The structure of a complex of
TON_0338 with Mg2þ or CHES was solved by molecular replace-
ment with the structure of apo-TON_0338 as the template using
MOLREP in CCP4 package [12]. The models were refined using
Refmac5 [13]. The stereochemistry of the model was checked using
Phenix [14]. The refinement statistics are summarized in Table 1. All
figures were drawn using Pymol [15].

2.4. Phosphatase activity assay

The phosphatase activity of TON_0338 was assayed with various
organic phosphates as substrates using a malachite green phos-
phate assay kit (Bioassay Systems, Hayward, CA, USA). Briefly,160 ml
reaction mixture containing 0.05e2.0 mM substrate, 50 mM MOPS
(pH6.5), 5 mM MgCl2, 100 mM NaCl and 5e10 mg TON_0338 in 96-
Table 1
Data collection and refinement statistics of native, Mg-bound, and CHES-bound TON_03

TON_0338 Mg-TON_0338 CHES-TON_0

Data collection
Space group C2 C2 C2
Cell dimensions
a, b, c (Å) 121.2, 63.0, 37.5 122.4, 61.3, 37.4 122.5, 61.7,
b (�) 106.5 107.4 107.4

Wavelength 1.0000 1.0000 1.0000
Resolution (Å) 50e2.0 (2.07e2.0) 30e1.7 (1.76e1.7) 30e1.7 (1.73
Rmerge

a 8.9 (26.2) 6.1 (25.9) 6.5 (33.9)
〈I〉/〈sI〉 17.8 (5.3) 19.8 (4.03) 21.7 (2.7)
Completeness (%) 94.7 (93.1) 98.9 (98.5) 98.3 (95.1)
Redundancy 3.1 (2.6) 2.5 (2.5) 3.5 (3.4)
Measured reflections 54,607 72,422 100,744
Unique reflections 17,464 (1691) 28,855 (2854) 28,848 (139

Refinement
Resolution (Å) 33e2.0 29.2e1.7 29.2e1.7
No. reflections 17,464 28,854 28,848
Rwork

b/Rfree 0.166/0.202 0.156/0.196 0.162/0.188

No. atoms
Protein 1794 1868 1861
Ligand/ion 5/0 14/1 27/1
Water 130 156 198

B-factors (Å2)
Protein 26.4 16.6 19.6
Ligand/ion 35.7/e 19.8/13.2 21.6/14.8

R.M.S.Dc

Bond lengths (Å) 0.007 0.006 0.007
Bond angles (�) 1.040 1.180 1.060

Ramachandran
Favored (%) 99.08 98.26 98.68
Outliers (%) 0 0 0.97

a Rmerge¼P
h
P

ijI(hi)� < I(h)〉j/Ph
P

iI(hi), where I(hi) is the single intensity of reflection h
h.

b Rwork(%) ¼
PjFo j� Fcj/PFo, where, Fo is the observed structure factor amplitude, an

c R.M.S.D. has been calculated from the values used in Phenix [14].
well microplates were incubated at 80 �C for 10 min. To stop the
reaction 40 ml of working malachite green reagent was added and
the mixture was incubated at room temperature for color devel-
opment. The production of Pi was measured by monitoring the
absorbance at 620 nm.
2.5. Docking simulation

The Mg2þ-bound structure of TON_0338 was used as the tem-
plate and Trp58 was considered as a flexible residue in the docking
procedure. AutoDock Tool [16] was used to prepare the .pdbqt files
for both the protein and the ligand. Docking searching space was
defined as 20 � 22 � 20 points around the substrate-binding site.
Other docking parameters were kept as default. Docking simulation
was performed using AutoDock Vina [17]. Among the docking
models which had substrates bound to the known active site, the
model with the lowest docking energy and reasonable distances
between the phosphate group of substrate and the active site res-
idues was used for structure analyses.
3. Results

3.1. Phosphatase activity of TON_0338

The phosphatase activity of TON_0338 was tested on repre-
sentative metabolic phosphocompounds such as flavin mono-
nucleotide (FMN), phosphotyrosine, glucose-6-phosphate, 6-
38.

338 SelMet TON_0338

C2

37.6 122.5, 62.6, 37.4
106.9

Peak Inflection Remote

0.9795 0.9796 0.9718
e1.7) 50e2.45 (2.07e2.0) 50e2.45 (2.07e2.0) 50e2.45 (2.07e2.0)

8.1 (14.1) 7.0 (14.0) 7.7 (17.7)
39.2 (12.7) 36.9 (10.8) 35.3 (8.8)
98.2 (90.2) 97.7 (86.1) 99.1 (97.3)
3.5 3.7 3.7

0)

as determined by the ithmeasurement and 〈I(h)〉 is themean intensity of reflections

d Fc is the structure factor calculated from the model.



Fig. 2. Crystal structure of TON_0338. (A) Schematic representation of the structure of
TON_0338. The core domain is colored grey and yellow, and the cap domain is colored
cyan. (B) Surface representation of TON_0338. The electrostatic surface potential
calculated using the program Pymol was contoured at �100 kT (red, most negative)
and þ100 kT (blue, most positive). (C) Topology representation of TON_0338. b-Strands
and a-helices are shown as arrows and cylinders, respectively. Conserved catalytic
residues are indicated. (D) The active site of TON_0338. Hydrogen bonds are shown as
yellow dashed lines. Mg2þ and water molecules are shown as green and red spheres,
respectively. Catalytic and Mg2þ coordinating residues are indicated.
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phosphogluconate and 3-phosphoglycerate. Among them, FMN
turned out to be the most preferred substrate (Table 2).

3.2. Overall fold of TON_0338

The final model of apo-TON_0338, comprising all residues
except residues 216e226, was refined at 2.0 Å with an Rfactor of
0.166 and an Rfree of 0.202 (Table 1). PISA analysis of the TON_0338
structure suggested that the protein is monomeric [18], consistent
with its oligomerization status predicted from the gel-filtration
profile (data not shown). TON_0338 is composed of a cap domain
with a four-helix bundle and a core domain with a three-layered a/
b sandwich fold, thus is classified into C1 subfamily of HAD phos-
phatases [3] (Fig. 2). As found in other HAD proteins, the core
domain of TON_0338 (residues 1e12 and 88e216) has a modified
Rossmann fold that is composed of a six-stranded parallel b-sheet
(b1, b4, b5, b6, b7, b8) surrounded by four helices (a5ea8). The cap
domain (residues 13e87), placed between the strand b1 and the
helix a5 of the core domain, contains a four-helical bundle (a1ea4)
and a small two-stranded anti-parallel b-sheet. The active site of
TON_0338 is located at the interface of core and cap domains. The
volume of the cavity formed between two domains is 444 Å3,
which can accommodate phosphorylated substrates like FMN
(estimated volume ¼ 366 Å3).

Similar to other known HAD proteins [3], in its active site
TON_0338 contains key residues involved in substrate binding and
catalysis: Asp7, a nucleophile; Thr109 for phosphate binding;
Lys141 for stabilization of Asp7 and phosphate groups; and Asp166
for magnesium ion binding (Figs. 1 and 2). In the Mg2þ-bound
structure (Fig. 2D), the magnesium ion is in a hexagonal geometry
coordinated by three Asp residues (Asp7, Asp9 and Asp 166) and
three water molecules (W1, W2 and W3).

To understand the substrate specificity of TON_0338 at molec-
ular level, we attempted crystallization in the presence of various
substrates. During these attempts, a long electron density was
identified in the substrate-binding site, which was later modeled as
CHES, considering the reagents used for the crystallization and the
shape of electron density (Fig. 3). This structure, designated as the
CHES-bound structure, was further analyzed.

3.3. Structural comparison with other known HAD phosphatases

We searched for similar structures of TON_0338 in the DALI
server. Among homologous protein structures with defined func-
tions, Pseudomonas sp. YL L-2-haloacid dehalogenase (1ZRM) [19]
and Lactococcus lactis b-phosphoglucomutase (b-PGM: 1LVH) [20]
showed the highest degree of similarity with Z-scores of 23.4 and
19.7, respectively. Of these, TON_0338 was compared to b-PGM
which facilitates the interconversion of glucose 1-phosphate and
glucose 6-phosphate, since both have conserved catalytic residues
(Fig. 1) and bind to phosphorylated compounds. b-PGM has 24.4%
Table 2
Phosphatase activity of wild-type and W58A/W61A TON_0338 toward different
substrates.

Wild-type (%)a W58A/W61A (%)a

FMN 100 4.24
pTyr 3.27 0.40
G6P 2.33 0.68
6PG 1.04 0.23
3PG 0.69 0.36

a The phosphatase activity was measured using the malachite green method and
represented as the percentage relative to the activity of wild type TON_0338 for
FMN. FMN: flavin mononucleotide, pTyr: phosphotyrosine, G6P: glucose-6-
phosphate, 6PG: 6-phosphogluconate, 3PG: 3-phosphoglycerate.
sequence identity with TON_0338, and its crystal structures has
been solved in apo- [21], intermediate-bound [5,20] and inhibitor-
bound forms [5]. b-PGM was shown to undergo conformational
changes from open to closed conformations upon substrate binding
Fig. 3. Stereoview of the active site of CHES [2-(cyclohexylamino)ethanesulfonic acid]-
bound TON_0338. Shown in magenta is Trp58 in apo-TON_0338. Important residues
and CHES are depicted as ball and stick models. W58 and W61 as well as the residues
corresponding to GxxR of b-PGM (D46-E47-A48-R49) are also indicated. Metal is
depicted as a green sphere (Metal). Hydrogen bonds are shown as yellow dashed lines.
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[21]. TON_0338 overlaps with the closed and open form of b-PGM
with rmsd of 3.2 and 3.1 Å, respectively (Figs. 4 and S1). The core
domain of TON_0338, including the Mg2þ binding site and catalytic
residues, are similar to those in both forms of b-PGM. However,
they differ in the size and topology of cap domains (Figs. 4 and S1),
which are known to be involved in substrate recognition of the C1
subfamily by constituting one side of the substrate-binding pocket
in the closed conformation [22]. The most prominent difference is
found in helices a2 and a3 of TON_0338 (Figs. 4 and S1). Helix a2 of
the TON_0338 cap domain is longer and is connected to helix a3
through a longer loop. This loop creates a bigger surface interface
and increases the volume of the cavity. The helices a3 and a4 of
TON_0338 are shorter than those in b-PGM, though this does not
affect the cavity volume.

It was suggested that in b-PGM, the closure of the cap domain is
achieved by the rigid motion between two domains upon substrate
binding [21]. It is proposed that GxxRmotif in the b-PGM subfamily
performs a key role in recognizing substrates [3]. Accordingly,
Arg49 in the GxxR motif of b-PGM from Lactococcus lactis (Gly46-
Val47-Ser48-Arg49, Fig. 1) approaches toward the active site
about 6 Å during interdomain conformational change. However,
the corresponding residues in TON_0338 (Asp39-Glu40-Ala41-
Arg42, Fig. 1) do not appear to structurally overlap with Gly46-
Val47-Ser48-Arg49 of b-PGM (Figs. 3 and 4 and S1).
3.4. CHES-bound structure of TON_0338

The sulfonic group of CHES coordinates the metal ion and
forms a hydrogen bond with Gln170 (Fig. 3). The most notable
finding was the rotation of Trp58 toward CHES in the binding
pocket. Consequently, Trp58 and Trp61 form a sandwich structure
that makes a tight hydrophobic packing with the cyclohexyl ring
of CHES. This observation suggests that the tryptophan sandwich
might be a binding motif that interacts with hydrophobic moiety
of substrates. This suggestion was supported by the result that
TON_0338 showed high phosphatase activity for FMN (Table 2).
Interestingly, the Trp58-His59-Asp60-Trp61 of TON_0338 are
located near the position where the GxxR motif of b-PGM is found,
when cap domains of both proteins are superimposed (Fig. 4 and
S1). Therefore, we hypothesized that WxxW is a novel substrate-
recognition motif in HAD proteins that is functionally compara-
ble to the GxxR motif in b-PGM. This possibility was verified by
modeling of the FMN-bound structure and activity assay of Trp
mutants.
Fig. 4. Superposition of TON_0338 with the closed form of Lactococcus lactis b-phos-
phoglucomutase (b-PGM). (A) The entire Ca-traces of TON_0338 (green) and b-PGM
(magenta). (B) Close up view of the substrate-binding site. CHES and glucose-1,6-
bisphosphate (G16P) are colored cyan and orange, respectively. Important residue of
TON_0338 (black) and b-PGM (magenta) are indicated.
3.5. Docking analysis with FMN

FMN was docked into the putative substrate-binding pocket of
TON_0338 to investigate the binding mode of ligands to the active
site and the role of the WxxW motif. Trp58 was set as a flexible
residue. In the docking model, FMN fits well into the substrate-
binding pocket located at the interface between two domains.
The phosphate group of FMN was buried inside the active site
where O1P makes a hydrogen bond with Thr109 and O3P interacts
with Mg2þ (Fig. S2). The flavin moiety of FMN is packed into the
pocket formed by Thr14, Glu15, Glu16, Ile1 9, Ile49, Trp58, His59
and Trp61. Trp58 and Trp61 were shown to form a sandwich
structure with flavin, as in the crystal structure.

3.6. Structure-based mutagenesis

Both the CHES-bound structure and the FMN-bound docking
model suggested that two tryptophan residues are involved in
substrate recognition. To investigate their role in phosphatase ac-
tivity, the activity of the double-tryptophan mutant W58A/W61A
was examined (Table 2). Though the mutant showed reduced ac-
tivity for all the tested substrates, its activity for FMN was reduced
to the greatest extent (~95%).

4. Discussion

In an attempt to identify the biochemical role of TON_0338, we
solved its crystal structures in three different forms: apo-form,
Mg2þ- and CHES-complexes. TON_0338 is structurally similar to
other HAD phosphatases despite low sequence homology. When
CHES-bound TON-0338 was compared with b-PGM complexed
with glucose-1,6-bisphosphate, it was revealed thatWxxWmotif of
TON_0338 is located inside the turn region of helix2-turn-helix3 of
the cap domain, analogous to GxxR motif of b-PGM which recog-
nizes substrates (Fig. 4 and S1). Moreover, the WxxW motif seems
to interact with hydrophobic moieties of substrates by forming a
tryptophan sandwich structure; the phosphatase activity assay
showed that TON_0338 has a preference for substrates containing a
hydrophobic ring structure such as FMN. The NCBI BLAST search for
non-redundant protein sequences revealed other HAD proteins
with the WxxW motif (Table 3), suggesting that it might be a new
substrate-binding motif in HAD phosphatases.

Although WxxW of TON_0338 appears to be functionally com-
parable to GxxR of b-PGM [22], it could not be inferred from the
sequence alignment. As substrate recognition motifs cannot be
defined simply from sequence alignment, it is necessary to deter-
mine three-dimensional structures in order to predict substrate
specificity and the residues constituting substrate-binding sites.
The cap domain of b-PGM moves toward the active site when it
switches from the open to the closed structure forming a glucose
recognition motif. It is not clear if TON_0338 similarly has two
conformational states, and if the current CHES-bound structure
represents the active conformation. But, it is possible that the
current CHES-bound model represents the substrate-bound struc-
ture and WxxW motif plays a role in substrate recognition of
TON_0338, considering the structural conservation of key catalytic
residues, analogous positions of GxxR and WxxW motifs, and
structural superposition of D-glucose 1,6-bisphosphate and CHES
(Fig. 4). The substrate preference of TON_0338 and the effect of Trp-
to-Ala mutation also propose WxxW motif as a substrate filter.
Collectively, the structure-based elucidation of the mode of sub-
strate recognition, combined with phosphatase assays of wild-type
and mutant proteins, implies that WxxW motif has a unique
tryptophan sandwich structure and functions as a new substrate-
recognition motif in HAD proteins.



Table 3
List of TON_0338 homologues containing the WxxW motif.

NCBI Accession Name Species Sequence identity

YP_004762287.1 Hydrolase Thermococcus sp. 4557 82%
YP_006424368.1 Hypothetical protein with HAD-like domain 2 Thermococcus sp. CL1 83%
YP_182890.1 HAD superfamily hydrolase Thermococcus kodakarensis KOD1 75%
YP_004070956.1 2-haloalkanoic acid dehalogenase Thermococcus barophilus MP 70%
YP_002582440.1 HAD-superfamily hydrolase Thermococcus sp. AM4 72%
YP_002960255.1 HAD superfamily hydrolase Thermococcus gammatolerans EJ3 71%
YP_002993845.1 Hydrolase, HAD superfamily Thermococcus sibiricus MM 739 66%
ZP_11215238.1 HAD superfamily hydrolase Thermococcus zilligii AN1 66%
ZP_09729543.1 Hydrolase, HAD superfamily protein Thermococcus litoralis DSM 5473 64%
YP_004624248.1 Hydrolase Pyrococcus yayanosii CH1 60%
NP_143765.1 Hypothetical protein PH1936 Pyrococcus horikoshii OT3 59%
NP_127386.1 Hypothetical protein PAB1224 Pyrococcus abyssi GE5 59%
YP_006354055.1 Hydrolase related to 2-haloalkanoic acid dehalogenase Pyrococcus sp. ST04 55%
YP_004423790.1 Hypothetical protein PNA2_0870 Pyrococcus sp. NA2 56%
NP_577951.1 Hydrolase related to 2-haloalkanoic acid dehalogenase Pyrococcus furiosus DSM 3638 53%

T.D. Ngo et al. / Biochemical and Biophysical Research Communications 461 (2015) 122e127 127
4.1. Accession numbers

The atomic coordinates and structure factors were deposited in
the Protein Data Bank, www.pdb.org (PDB ID codes 4YGQ, 4YGS and
4YGR for apo-form, Mg2þ-bound, and CHES-bound structures of
TON_0338, respectively).
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