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a b s t r a c t

The Pfam PF04536 TPM_phosphatase family is a broadly conserved family of domains found across
prokaryotes, plants and invertebrates. Despite having a similar protein fold, members of this family have
been implicated in diverse cellular processes and found in varied subcellular localizations. Very recently,
the biochemical characterization of two evolutionary divergent TPM domains has shown that they are
able to hydrolyze phosphate groups from different substrates. However, there are still incorrect func-
tional annotations and uncertain relationships between the structure and function of this family of
domains. BA41 is an uncharacterized single-pass transmembrane protein from the Antarctic psychrotol-
erant bacterium Bizionia argentinensis with a predicted compact extracytoplasmic TPM domain and a C-
terminal cytoplasmic low complexity region. To shed light on the structural properties that enable TPM
domains to adopt divergent roles, we here accomplish a comprehensive structural and functional char-
acterization of the central TPM domain of BA41 (BA41-TPM). Contrary to its predicted function as a
beta-propeller methanol dehydrogenase, light scattering and crystallographic studies showed that
BA41-TPM behaves as a globular monomeric protein and adopts a conserved Rossmann fold, typically
observed in other TPM domain structures. Although the crystal structure reveals the conservation of resi-
dues involved in substrate binding, no putative catalytic or intramolecular metal ions were detected.
Most important, however, extensive biochemical studies demonstrated that BA41-TPM has hydrolase
activity against ADP, ATP, and other di- and triphosphate nucleotides and shares properties of cold-
adapted enzymes. The role of BA41 in extracellular ATP-mediated signaling pathways and its occurrence
in environmental and pathogenic microorganisms is discussed.

� 2016 Elsevier Inc. All rights reserved.
1. Introduction

The TPM_phosphatase Pfam family PF04536, formerly known as
‘‘DUF477” and ‘‘Repair_PSII”, is a superfamily of poorly character-

ized protein domains, named after the TLP18.3, Psb32 and

MOLO-1 proteins.
Although some progress has been made in understanding the

cellular role of TPM domains, there are very few TPM-containing
proteins functionally and/or structurally characterized to date.
The TPM containing proteins AtTLP18.3 from Arabidopsis thaliana
and Psb32 from the cyanobacterium Synechocystis sp. are homolo-
gous proteins that associate with the thylakoid Photosystem II
(PSII) complex and provide partial protection to resist photoinhibi-
tion under fluctuating high-light conditions (Sirpio et al., 2007). A
detailed biochemical and structural characterization of the TPM
domain of AtTLP18.3 showed that it has acid phosphatase activity
against different substrates, including synthetic phosphopeptides,
leading to the proposal that this protein may participate in regula-
tory dephosphorylation processes in the thylakoid lumen (Wu
et al., 2011). The crystal structure of the AtTLP18.3 TPM domain
[PDB code 3PTJ] reveals a Rossmann fold architecture with eight
a-helices and four b-strands forming a three-layer (aba) sandwich,
sharing high structural similarity with bacterial phosphotrans-
ferases and exopolyphosphatases (Wu et al., 2011). Moreover, the
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crystal structure of AtTLP18.3 in complex with serine [PDB code
3PW9] allowed for the identification of the residues involved in
ligand binding. Later, MOLO-1 was identified as a positive regulator
of levamisole-sensitive acetylcholine receptors at the Caenorhabdi-
tis elegans neuromuscular junction (Boulin et al., 2012). Three-
dimensional homology modeling for the MOLO-1 TPM domain
revealed the presence of diverging loops, which may have account
to its recent re-classification as a founder member of the new Pfam
family PF17175 (modulator of levamisole receptor-1).

NMR structures of the TPM domains of two functionally unchar-
acterized prokaryotic proteins were also described: CG2496 from
Corynebacterium glutamicum [PDB code 2KPT] and PG0361 from
Porphyromonas gingivalis [PDB code 2KW7] (Eletsky et al., 2012).
The TPM domain of CG2496 was shown to interact with methio-
thepin, a potential lead compound for antibiotics (Stark et al.,
2014). Most recently, a functional analysis of the TPM-containing
protein Rv2345 from the pathogenic bacterium Mycobacterium
tuberculosis revealed phosphatase and ATPase activities (Sinha
et al., 2015).

Later on, our group obtained the solution and crystal structures
of BA42 [PDB codes 2MPB and 4OA3, respectively] (Aran et al.,
2014), a protein from Bizionia argentinensis, a recently discovered
psychrotolerant species isolated from Antarctic surface seawater
(Bercovich et al., 2008). Interestingly, this structure is the first
one of the PF04536 Pfam family to be comprised of a stand-alone
TPM domain, where both a new topological variant of the central
b-sheet typically observed in the TPM domain structures, and a
double metal binding site stabilizing a pair of crossing loops were
revealed.

As most members of TPM_phosphatase Pfam family, all these
characterized proteins (except for BA42) are predicted to be single
pass transmembrane proteins, with their TPM domain facing either
the extracellular or luminal milieu. Despite sharing very low
sequence identities, these TPM structures present a similar aba
‘‘sandwich” fold not previously found in other protein domains.

In order to gain insight into the relationship between structure
and function of this family of domains, we present here the X-ray
structure and the biophysical and biochemical characterization of
the central TPM domain of BA41 from B. argentinensis, a new mem-
ber of the TPM_phosphatase PF04536 family, hereafter renamed
BA41-TPM. The reported structure reveals that the protein folds
with a conserved a4b4 Rossmann fold previously observed in other
TPM domains, but lacking divalent metals. Remarkably, activity
assays demonstrate that BA41-TPM hydrolyze nucleotides di-
and triphosphate with broad base specificity and share properties
of cold-adapted enzymes. These findings will lead to further explo-
rations of the extracellular nucleotide signaling pathway in envi-
ronmental and pathogenic microorganisms.
2. Materials and methods

2.1. Bioinformatic analysis

Gene and protein sequences were obtained from the NCBI data-
base (www.ncbi.nlm.nih.gov). The conserved domain search was
performed using the sequence of BA41 as query against the Pfam
database (Finn et al., 2016) and the Conserved Domain Database
(CDD) (Marchler-Bauer et al., 2015). The signal peptides and trans-
membrane helices from BA41 and other TPM-containing proteins
were predicted using the Signal P4.1 server (Petersen et al.,
2011) and the TMHMM Server v. 2.0 (Krogh et al., 2001). The low
complexity regions were predicted using the SEG server
(Wootton, 1994). Sequence phylogenomic searches were run with
by BLAST-P (Altschul et al., 1997), EggNOG 4.5 (Huerta-Cepas et al.,
2016) and the Clusters of Orthologous Groups of proteins (COGs)
database (Galperin et al., 2015). The structural homologs of BA41
were identified using the Protein Data Bank (http://www.rcsb.
org/pdb/home/home.do). Amino acid sequences were aligned
using the Clustal Omega web server v1.2.1 (Goujon et al., 2010;
Sievers et al., 2011) and the alignment was visualized using Gene-
Doc v2.7. Alignment was performed considering the sequence
comprised between the signal peptides and the transmembrane
domain.
2.2. Cloning

The sequence corresponding to BA41-TPM (residues 29–178)
was amplified by PCR using B. argentinensis strain JUB59 genomic
DNA as template, 50-GAGAACCTGTACTTTCAGGGTATGCAGCCTG
TTTTAGGACAATTTAC-30 as 50-primer and 50-GGGGACCACTTTGTA
CAAGAAAGCTGGGTTAACCTTGATATT CACCTGTTAAAAC-30 as
30-primer. The PCR product was purified, amplified with the for-
ward primer 50-GGGGACAAGTTTGTACAAAAAAGCAGGCTCGGAGAA
CCTGTACTTTCAG-30 and the reverse primer 50-GGGGACCACTTTG
TACAAGAAAGCTGGGTTA-30 and recombined using the Gateway�

BP Clonase� II enzymemix into the pDONR 201 vector (Invitrogen).
The plasmid DNA from positive clones was purified, confirmed by
DNA sequencing and recombined into the pDEST-527 expression
vector using the Gateway� LR Clonase� II enzyme mix. The final
construct contained a six-histidine tag (His-tag) followed by a
Tobacco Etch Virus (TEV) cleavage site N-terminally from the
BA41-TPM sequence.
2.3. Protein expression and purification

BA41-TPM was expressed in BL21(DE3) E. coli cells. The cells
were grown at 37 �C in LB medium containing 100 lg mL�1 ampi-
cillin to an OD600 nm of 0.8 and recombinant protein expression
was induced with 1 mM isopropyl-b-D-thiogalactopyranoside for
16 h at 30 �C. Cells were centrifuged and the pellet was resus-
pended in lysis buffer (50 mM Tris–HCl, 0.5 M NaCl, 40 lg mL�1

phenylmethylsulfonyl fluoride, pH 8.0) and disrupted by sonica-
tion. The material was centrifuged and the soluble fraction con-
taining the His-tagged protein was filtered through a 0.45 lm
membrane and loaded onto a HisTrap HP column (all columns
from GE Healthcare) equilibrated with binding buffer (50 mM
Tris–HCl, 0.5 M NaCl, 20 mM imidazole, pH 8.0). The recombinant
protein was eluted using a linear gradient of elution buffer
(50 mM Tris–HCl, 0.5 M NaCl, 0.5 M imidazole, pH 8.0). The appro-
priate protein fractions were pooled and dialyzed against cleavage
buffer (25 mM Tris–HCl, 0.1 M NaCl, pH 8.0) for 2 h at 4 �C to
reduce the imidazole concentration for TEV cleavage. After this
step, 1 mM DTT and 33 lg of His-tagged TEV protease (Sigma–
Aldrich) per mg of protein were added to the dialysis bag and
the reaction was allowed to proceed for 16 h at 4 �C. After cleavage,
the TEV protease and the histidine tag were removed by passage
through the HisTrap HP column. The eluted protein was concen-
trated to approximately 4.0 mg mL�1 in Amicon devices (Milli-
pore), aliquoted and stored at �70 �C. The quality of the final
preparation was checked by SDS–PAGE (15% gel) and UV spec-
trophotometry. For the crystallographic studies, BA41-TPM was
further purified on a Superdex-75 column with isocratic elution
in gel filtration buffer (50 mM Tris–HCl, 0.25 M NaCl, pH 8.0).
The major peak was then concentrated to approx. 20 mg mL�1

and at the same time exchanged with crystallization buffer
(10 mM Tris–HCl, 25 mM NaCl, pH 8.0). The protein concentration
was estimated by measuring its absorbance at k = 280 nm. The the-
oretical molar extinction coefficient of the purified protein (e280 -
= 21,430 M�1 cm�1) was estimated from its sequence using the
ProtParam tool from the ExPASy server (Artimo et al., 2012).

http://www.ncbi.nlm.nih.gov
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X-ray diffraction data collection and refinement statistics.
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2.4. Light scattering

The average MW of BA41-TPM was determined by static light
scattering (SLS) on a Precision Detectors PD2010 90� light scatter-
ing instrument tandemly connected to an HPLC apparatus, includ-
ing a Waters 486 UV detector and an LKB 2142 differential
refractometer. The chromatographic runs were performed in a
Superdex 75 GL 10/300 column with a buffer containing 25 mM
Tris–HCl, 250 mM NaCl, pH 8.0 at a flow rate of 0.4 mL min�1.
The elution was monitored by measuring its SLS signal at 90�, its
UV absorption at k = 280 nm, and its refractive index (RI). Data
were analyzed with the Discovery32 software supplied by Preci-
sion Detectors. The MW of each sample was calculated relating
its SLS and RI signals and comparing this value with the one
obtained for Bovine serum albumin (MW 66.5 kDa). The effect of
divalent metals on the secondary structure content of BA41-TPM
was assessed by running the protein sample (120 lM) before and
after EDTA treatment. The EDTA treatment consisted in incubating
the protein with 1 mM EDTA for 15 min and its subsequent
removal by extensive dialysis.

Dynamic light scattering (DLS) measurements were performed
at 25 �C with a Zetasizer Nano-S apparatus (Malvern Instruments).
For this purpose, 50 lL of the protein were diluted to 0.5 mg ml�1

in 10 mM Tris–HCl, 100 mM NaCl, pH 8.0 and placed in a low vol-
ume quartz cuvette. Hydrodynamic diameter (DH) distributions
and MWs were calculated using the DTS v.7.11 software provided
by the supplier. Data represent an average of at least four
measurements.
Data collection
Synchrotron source SOLEIL
Beamline PROXIMA 1
Number of frames 1200
Oscillation step (deg) 0.2
Detector distance (mm) 196
Wavelength (Å) 0.8266
Exposure per frame (s) 0.2

Indexing and scaling
Cell parameters a (Å) 34.62

b (Å) 58.14
c (Å) 60.20
a = c (deg) 90.00
b (deg) 96.04

Space group P21

Resolution limit (Å) 1.40
Number of unique reflections 46,527
Average multiplicitya 4.6 (4.6)
<I/r(I)> 11.6 (2.2)
Rmeas 0.094 (0.824)
Completeness (%) 99.5 (99.5)
No. of chains per asymmetric unit 2
Solvent content (%) 33
Overall B-factor (Wilson plot, Å2) 13
2.5. Circular dichroism experiments

Far-UV circular dichroism (CD) measurements were carried out
in a Jasco J815 spectropolarimeter using a 0.1-cm path length cell.
BA41-TPM samples were diluted to 5 lM in 10 mM Tris-HCl,
50 mM NaCl, pH 8.0. Far-UV CD spectra were recorded at 5 and
90 �C, and the assessment of thermal unfolding reversibility was
performed by fast cooling back to 5 �C. Each CD spectrum is the
average of ten replicate scans. Data were converted to molar ellip-
ticity [h] per dmol of protein (in units of � cm2 dmolprot�1 ) to avoid
differences between samples. Thermal unfolding curves were fol-
lowed by monitoring ellipticity at k = 216 nm. The samples were
slowly heated with a Peltier system (Jasco) and the temperature
scanning was done on the 5–90 �C range at a 2 �C min�1 ramp rate
and 0.5 �C sampling with 5 s waiting time. The effect of divalent
metals on BA41-TPM thermostability was assessed by measuring
the unfolding curve before and after EDTA treatment. The apparent
Tm was calculated as the temperature midpoint of the thermal
transition.
Refinement
Resolution range (Å) 34.43–1.40
Number of protein atoms 2225
Number of ligand atoms –
Number of water molecules 290
R 0.176
Rfree 0.189
Rms deviations from ideal values

(Engh and Huber, 1991)
Bond lengths (Å) 0.010
Bond angles (deg) 1.0
Average B-factor (Å2) 17

MolProbity validation (Chen et al., 2010)
Clashscore 1.58
MolProbity score 0.90

Ramachandran plot
Favored (%) 98.6
Allowed (%) 1.4
Disallowed (%) –

a Values in parentheses correspond to the highest resolution shell (1.40–1.44 Å).
2.6. Crystallization, X-ray data collection and structure resolution

Initial crystallization conditions were determined on 96-well
plates using a Honeybee 963 robot (Digilab) and commercial kits
from Jena Bioscience and Hampton Research, in a sitting drop
vapor diffusion configuration and exploring different protein con-
centrations (14–28 mgmL�1). After one week of equilibration at
20 �C, two conditions out of the 480 tested showed tiny bars: (i)
24% (w/v) PEG 5000 MME, 0.1 M imidazole pH 7.0, 2% (w/v) PEG
400, and (ii) 18% (w/v) PEG 8000, 0.1 M sodium cacodylate pH
6.5, 0.2 M zinc acetate. Crystals were then optimized by the hang-
ing drop method by mixing 1 lL of the protein stock at 14 mg mL�1

with an equal amount of crystallization solution. A slightly modi-
fied condition (i) (23% (w/v) PEG 5000 MME, 0.1 M imidazole pH
6.1, 2% (w/v) PEG 400) yielded the best crystals after several weeks.
Samples were cryoprotected in mother liquor added with 10% (w/
v) PEG 400 and then cryocooled in liquid nitrogen in Hampton
Research loops.

Preliminary native X-ray diffraction data were collected on our
Bruker D8 QUEST microfocus diffractometer. The final datasets
were then obtained on single crystals at 100 K at the PROXIMA 1
protein crystallography beamline at the SOLEIL Synchrotron
(France) with a PILATUS 6 M detector (Dectris). Diffraction data
were processed to a maximum resolution of 1.40 Å with XDS
(Kabsch, 2010) and scaled with Aimless (Evans and Murshudov,
2013). A total of 5% of the recorded reflections were flagged for
cross validation. Detailed information on data collection parame-
ters and processing statistics are presented in Table 1.

The BA41-TPM structure was solved by the molecular replace-
ment method using the MrBUMP program (Keegan and Winn,
2007) from the CCP4 package (Winn et al., 2011). For this purpose,
the PG0361 domain from P. gingivalis (PDB code 2KW7) (Eletsky
et al., 2012) was selected as search model, and the procedure con-
tinued by automated modification of the probe with MolRep
(Vagin and Teplyakov, 2010), molecular replacement search with
Phaser (McCoy et al., 2007), and initial model building with Bucca-
neer (Cowtan, 2006). Two copies of the molecule were located in
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the asymmetric unit and their packing was checked with success.
Several cycles of manual model building and refinement were then
performed with Coot (Emsley et al., 2010) and Buster (Bricogne
et al., 2014), respectively. The final model was validated with
MolProbity (Chen et al., 2010). Detailed statistics on the refinement
process are shown in Table 1.

2.7. Activity assays

The capacity of the BA41 TPM domain to hydrolyze organophos-
phate substrates was analyzed with the use of p-
Nitrophenylphosphate (pNPP), O-phospho-L-serine (pSer), and dif-
ferent nucleotides (all of analytical quality from Sigma–Aldrich).
Reaction mixtures contained 50 mM sodium acetate pH 4.0 or
HEPES pH 7.0, 2.5 mM magnesium chloride, and the respective
substrates in a total volume of 0.1 mL. All reactions were initiated
by adding 33 lg of purified protein and then incubated at 37 �C for
2 h. For the pNPP substrate, the reactions were terminated by the
addition of 0.25 mL of 0.5 M sodium hydroxide and the absorbance
was measured at k = 405 nm. For the pSer and nucleotide sub-
strates, the release of inorganic phosphate (Pi) was measured col-
orimetrically by the modified malachite green method (Baykov
et al., 1988). The malachite green dye reagent containing 0.045%
(w/v) malachite green in 6 N sulfuric acid, 7.5% (w/v) ammonium
molybdate, and 11% Tween 20 in 1:0.25:0.02 ratio was added to
the reaction and allowed to develop for 30 min. Absorbance was
measured at k = 620 nm and the net amount of released Pi was cal-
culated from a standard phosphate curve. All reactions were mea-
sured in a DTX 880 Multimode Detector microplate reader
(Beckman Coulter). Control reactions contained all components
except the protein. The effect of temperature was determined in
the 4–65 �C range. The dependence on the divalent cation was
evaluated by the addition of different metals to the reaction mix-
ture in a concentration of 2.5 mM. The presence of residual metals
in the reaction buffer was evaluated by addition of 5 mM EDTA.
Kinetics measurements were analyzed by fitting the data to the
Michaelis-Menten equation using the nonlinear regression equa-
tion Vi = (Vmax [S])/(km + [S]), where Vi is the initial velocity and
[S] is the concentration of the substrate. To compare the hydrolysis
of different substrates, the results were normalized (when
required) to nmol Pi min�1 mg enzyme�1.

2.8. Protein Data Bank deposition

The model coordinates and structure factor amplitudes were
deposited at the Protein Data Bank under the code 5ANP.
3. Results and discussion

3.1. Functional annotation of BA41

Through a structural genomics project we have previously iden-
tified suitable targets for structure determination among the pro-
teins coded in the genome of B. argentinensis. In this context, we
have recently solved the solution and crystal structure of BA42, a
145-residue protein coded by the ORF 42 contig 3, which is the first
structure of a member of the PF04536 family comprised of a stand-
alone TPM domain as above mentioned (Aran et al., 2014). With
the aim to identify other TPM-containing proteins in the genome
of the aforementioned bacterium, we performed a computational
screen from the Conserved Domain Database at NCBI. The survey
revealed an uncharacterized gene encoding a protein with a pre-
dicted TPM-domain (E-value = 4.8 � 10�36), namely the hypotheti-
cal protein BZARG_1550, hereafter renamed BA41 (accession
number EGV44687). BA41 is a 277-residue polypeptide composed
of a predicted signal sequence (residues 1–33), an extracytoplas-
mic TPM domain (residues 47–172), a transmembrane domain
(residues 187–206), and an intracellular glycine-rich low complex-
ity region (residues 209–277) (Fig. 1A). Interestingly, BA41 has
orthologs in bacterial models, such as Escherichia coli, and relevant
pathogenic microorganisms like Bordetella pertussis, Clostridium
tetani, Brucella abortus and Pseudomonas aeruginosa (Fig. S1).

Multiple amino acid sequence alignment of BA41 against other
TPM-containing proteins such as AtTLP18.3, Rv2345, CG2496 and
PG0361, illustrates that TPM domains invariably start at a con-
served V-X-D motif from the strand b1 and end after the helix a4
(here arbitrarily set at the conserved Leu172 residue in the BA41
numbering) (Fig. 1B).

Previous studies showed that the TPM domains of M. tuberculo-
sis Rv2345 and A. thaliana AtTLP18.3 are capable of hydrolyzing
phosphate groups from different substrates (Sinha et al., 2015;
Wu et al., 2011). The crystal structure of the TPM domain of
AtTLP18.3 in complex with serine [PDB code 3PW9] identified
three key residues as to be involved in substrate binding, namely
Val101, Asp102 and Lys112. Although the structure of the TPM
domain of Rv2345 is currently unknown, the corresponding con-
served residues Thr36, Asp37 and Arg48 were suggested to be
responsible for the observed hydrolase activity (Sinha et al.,
2015). Likewise, the triad (V/T)D(R/K) of putative catalytic residues
present in these two TPM domains is also conserved in B. argenti-
nensis BA41, corresponding to the residues: Tyr48, Asp49 and
Lys59 (Fig. 1B).

Despite these observations suggest that BA41 could exhibit
phosphoric hydrolase activity, phylogenomic databases classify
this protein as a member of the cluster of the orthologous group
COG1512, whose functional annotation is as a methanol dehydro-
genase or as beta-propeller domains of methanol dehydrogenase
type. Methanol dehydrogenases are quino-enzymes found in the
periplasm of many Gram-negative methylotrophic or autotrophic
bacteria (Anthony, 1986). They belong to the broad class of
eight-bladed b propeller quinoproteins comprising a range of alco-
hol and aldehyde dehydrogenases enzymes that are involved in
distinctive catabolic pathways (Keltjens et al., 2014). Thus, given
this functional annotation is inconsistent with the TPM_phos-
phatase Pfam classification, we decided to carry out a complete
set of structural, biophysical and biochemical studies with a trun-
cated form of the BA41 protein that were suitable for crystallo-
graphic experiments: BA41-TPM (Fig. 1A).

3.2. Biophysical characterization of BA41-TPM

With the aim of determining the oligomeric state of BA41-TPM
in solution, the purified protein was analyzed by light scattering
techniques. The SEC-SLS analyses demonstrated that BA41-TPM
elutes as a single and symmetric peak with an average MW of
15.8 kDa (Fig. 2A), in good agreement with the MW calculated
from its amino acid sequence (16.7 kDa). Complementary DLS
measurements were also consistent with the expected value for a
globular monomer, giving an average particle size diameter of
3.96 nm (Fig. 2A, inset).

To date, BA42 from B. argentinensis is the only protein compris-
ing a TPM domain for which an extensive biophysical characteriza-
tion has been performed. CD thermal unfolding experiments
demonstrated that BA42 presents a reversible thermal unfolding-
folding process, and that its thermal stability is modulated by
Ca2+, being incremented upon metal binding (Aran et al., 2014).
Thus, we subsequently evaluated the secondary structure and ther-
mal stability of BA41-TPM and compared it to the behavior of the
stand-alone BA42 domain. The far-UV CD spectrum of BA41-TPM
showed a negative plateau between k = 209–220 nm, which is
compatible with a mixed a-helical and b-sheet secondary structure



Fig. 1. Sequence alignment of BA41 with other characterized TPM-containing proteins. (A) Schematic domain organization of BA41. SP: Signal peptide, TPM: TPM domain,
TMD: Transmembrane domain, LCR: Low complexity region. The region corresponding to the truncated form of BA41 used in this work is indicated as BA41-TPM. (B). Multiple
sequence alignment of BA41 and other well characterized TPM-containing proteins: BA41, hypothetical protein BZARG_1550 from Bizionia argentinensis (accession number
EGV44687); PG0361, conserved domain protein from Porphyromonas gingivalis (accession number AAQ65571); AtTLP18.3, thylakoid lumen protein 18.3 from Arabidopsis
thaliana (accession number AEE33146); Rv2345, transmembrane protein from Mycobacterium tuberculosis (accession number CMA73573); CG2496, chromosome segregation
ATPase from Corynebacterium glutamicum (accession number BAB99668). TPM domains (boxed) were defined as the region comprising the Val47 residue of the V-X-D motif
and the conserved Leu172 residue in the BA41 numbering. Black, grey and light grey backgrounds represent 100, 80 and 60% conservation within similarity groups,
respectively. The location of the secondary structure elements at the top of the alignment refers to the BA41 crystal structure obtained in this work. Red triangles indicate the
residues involved in substrate binding as reported for AtTLP18.3 (Wu et al., 2011). (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
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content (Fig. 2B, inset). Contrary to the process observed in BA42,
heating BA41-TPM to 90 �C produced an irreversible denaturation
of the protein, as assessed by the absence of recovery of ellipticity
upon cooling back to 5 �C (Fig. 2B, inset). The apparent melting
point temperature (Tm) of BA41-TPM was calculated to be 59 �C
(Fig. 2B).

The crystal structures of BA42 and the TPM domain of
AtTLP18.3 revealed the presence of structural Ca2+ ions. Therefore,
in order to evaluate the effect of divalent metals on the BA41-TPM
structure, a series of SEC-SLS and CD experiments were carried out
in the presence and absence of EDTA. Overall, no changes in the
SEC pattern nor in the thermal unfolding curves after EDTA treat-
ment were observed (Fig. 2A and B), thus indicating that either
the protein does not contain any metals in its structure or these
metals are not important for maintaining the structural stability.
Thus, in order to discern between these two possibilities crystallo-
graphic studies on BA41-TPM were accomplished.

3.3. High-resolution crystal structure of BA41-TPM

The BA41-TPM crystal structure was determined at 1.40 Å reso-
lution by means of the molecular replacement method in the mon-
oclinic P21 spacegroup, as described in Materials and Methods. The
final model was refined to R = 0.176 and Rfree = 0.189 with excel-
lent stereochemistry (Table 1). In this sense, Ramachandran statis-
tics show that almost 99% of the residues lie in the favored region
of the plot without outliers. The asymmetric unit contains two
individual molecules (A and B) that are essentially identical, with
a root mean square deviation (rmsd) of 0.67 Å for 139 aligned Ca

atoms. An analysis of the existing interfaces in the crystal packing
of BA41-TPM did not reveal specific interactions that may yield
stable quaternary structures, as judged by the PDBePISA server
(Krissinel and Henrick, 2007). This result confirms the expected
behavior of the protein as a monomer as seen in the SLS-SEC and
DLS experiments. In both chains, there is lack of electron density
for the first 5–6 residues. Additionally, the residue range 105–
108 from molecule B, which corresponds to an exposed loop, could
not be traced in the crystal model. With the exception of these
regions, the rest of the polypeptide chain presents continuous den-
sity that is consistent with the high resolution of the diffraction
data. At the end of the refinement process, a total of 290 water
molecules were located in the model. Neither cofactors nor metal
ions were found in the electron density. Detailed statistics of the
refinement process can be found in Table 1.

The polypeptide chain of BA41-TPM adopts a compact Ross-
mann fold with an approximate size of 45 � 40 � 35 Å (Fig. 3A),
which is compatible with the expected TPM domain predicted by
the Pfam database. The protein bears a central mixed four-
stranded b-sheet with "b1"b2"b3;b4 topology that is surrounded
by three a-helices on one side (a1, a3 and a4) and a single
a-helix on the opposite side (a2). The near equivalent content of
a-helical and b-sheet elements is in strong agreement with the
recorded far-UV CD spectra in solution above described.

A search for homologue proteins with known three-
dimensional structures using the PDBeFold server (Krissinel and
Henrick, 2004) revealed only four hits (rmsd values ranging from
1.43 to 2.04 Å), which are all members of the PF04536 family: (i)
PG0631 domain from P. gingivalis, (ii) AtTLP18.3 from A. thaliana,
(iii) BA42 from B. argentinensis, and (iv) CG2496 from C. glutamicum
(Table S1).

The high structural similarity between BA41 and the AtTLP18.3
TPM domain, together with the conservation of the residues
involved in the binding of the serine ligand in AtTLP18.3 (Val101,
Asp102 and Lys112, Fig. 3B), suggest that BA41may present hydro-



Fig. 2. Biophysical characterization of BA41-TPM. (A) SEC-SLS analysis of BA41-
TPM. The trace of the calculated MW is shown in red. The number above the peak
corresponds to the estimated MW. Inset. Hydrodynamic diameter distribution of
BA41-TPM measured by DLS. The number above the peak corresponds to the
estimated DH. (B) Thermal unfolding of BA41-TPM. The secondary structure
transitions were measured in the presence (closed circles) and absence (open
circles) of EDTA. All measurements were carried out in 10 mM Tris–HCl, 50 mM
NaCl, pH 8.0. Inset. Irreversible thermal-induced denaturation of BA41-TPM. Far UV
CD spectra of the protein (5 lM) recorded at 5 �C (blue line), 90 �C (red line), and
after cooling back form 90 �C to 5 �C (black line). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

Fig. 3. Crystal structure of BA41-TPM. (A) Cartoon representation (a-helices, green; b-s
termini are indicated. The molecular surface is depicted in the background in light green
substrate binding site, in a similar orientation to (A). The most relevant side chains are re
are depicted in green. The figure was prepared using PyMOL (Schrödinger, 2010). (For in
the web version of this article.)
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lase activity like the other members of this Pfam family. As a diver-
gence, the single Ca2+ ion located about 10 Å from the substrate
binding site in AtTLP18.3 was not found in the electron density
in the BA41 structure.

In addition, we were also able to obtain well-diffracting crystals
(approx. 1.70 Å maximum resolution, data not shown) in the pres-
ence of 200 mM zinc acetate among other chemicals (see crystal-
lization condition (ii), Section 2.6 in Materials and Methods).
Once the structure was solved, the electron density maps for this
particular crystallization condition showed the presence of several
Zn2+ cations, however, all of them corresponded to intermolecular
bridging ions without any putative catalytic or intramolecular role.
Additionally, DLS experiments demonstrated that Zn2+ cations
induce BA41-TPM oligomerization (Table S2), which confirms that
the metal acts as a key reagent in nucleation for crystal growth
rather as a specific ligand. In fact, metal ions, such as Cu2+ and
Zn2+, are well known to promote protein oligomerization, as in
the case of the amyloid-b peptide (reviewed in (Hane and
Leonenko, 2014)).

Taken together, the biophysical and structural results demon-
strate that the TPM domain of BA41 behaves as a stable monomer,
which does not contain a pyrroloquinoline quinone prosthetic
group, nor it ensembles into the oligomeric structures typically
found in b-propeller alcohol dehydrogenase proteins. Additionally,
no alcohol dehydrogenase activity for BA41-TPM was detected on
standard assays against a mix of alcohols and aldehydes (data
not shown), providing further evidence of an inaccurate functional
annotation for this protein.
3.4. Enzymatic activity of the BA41 TPM domain

As mentioned before, the TPM domains of Rv2345 and
AtTLP18.3 are capable of removing phosphate groups from differ-
ent substrates (Sinha et al., 2015; Wu et al., 2011). The TPM
domain of AtTLP18.3 was shown to have phosphatase activity
against pNPP, pSer and several synthetic phosphorylated oligopep-
tides. Its optimal activity was found to be at pH 4.0 and 37 �C and
poorly dependent on the presence of divalent metals. In addition,
trands, pink; loops, brown). Secondary structure elements as well as the N- and C-
. (B) Superposition between BA41-TPM (salmon) and AtTLP18.3 (cyan) at its serine
presented in sticks. The calcium ion and the serine ligand molecule from AtTLP18.3
terpretation of the references to color in this figure legend, the reader is referred to
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the TPM domain of Rv2345 revealed hydrolase activity against
pNPP but also against ATP (Sinha et al., 2015).

Based on these previous experimental data, we decided to eval-
uate the hydrolase properties of BA41-TPM against the substrates
pNPP, pSer and ATP at neutral and acidic pH conditions. Interest-
ingly, BA41-TPM displayed the highest activity with ATP at pH
7.0 and 4.0, respectively (Fig. 4A). However, the protein showed
Fig. 4. Biochemical characterization of BA41-TPM. (A) Hydrolase activity with
different substrates and pH conditions. pNPP, pSer and ATP substrates were assayed
at pH 4.0 (dashed bars) and 7.0 (closed bars). Values are expressed as the
means ± standard deviations and are relative to the highest activity (ATP at pH 7.0).
(B) Effect of the temperature on the activity of the psychrophilic BA41 and the
mesophilic AtTLP18.3 TPM domains. BA41-TPM activity (closed symbols) was
assayed in the presence of 2 mM ATP, 2.5 mM MgCl2, pH 7.0. The results are the
means of at least three experiments performed in duplicate. The activity of the
AtTLP18.3 TPM domain (open symbols) was estimated by extrapolating the data
reported by Wu et al. (Wu et al., 2011). Values are expressed relative to the activity
at 37 �C for each enzyme. (C) Effect of divalent metals on the BA41-TPM activity.
ATPase enzymatic assays were done in the absence or presence of 2.5 mM divalent
cations at pH 7.0. EDTA (5 mM) was added to the reaction buffer in absence of
metals. The results are the means of at least three independent experiments
performed in duplicate. Error bars represent SD.
no activity against pNPP, and 40–65% lower activity with pSer
against the observed with ATP at pH 4.0 and 7.0, respectively. Thus,
indicating that BA41-TPM behaves more as an ATPase than a phos-
phatase enzyme.

In order to compensate for the slow reaction rates at low tem-
peratures, psychrophiles enzymes exhibit up to tenfold higher
specific activity in this temperature range than their mesophilic
counterparts (Gerday et al., 1997). BA41-TPM displays this typical
peculiarity of cold-adapted enzymes, with high activity at low to
middle temperatures (4–37 �C). By contrast, the TPM domain from
the mesophilic AtTLP18.3 shows virtually no activity below 20 �C
and a marked maximum at 37 �C (Fig. 4B). Although the highly
spontaneous hydrolysis of ATP at temperatures over 50 �C invali-
dated measurements beyond this value, activity assays with the
more stable pSer substrate demonstrated that BA41-TPM has no
activity at 70 �C (Fig. S2), which is in line with the observed irre-
versible denaturation of the protein in this range of temperature
(see Fig. 2B). Given that no information on the thermal unfolding
of the TPM domain of AtTLP18.3 is currently available, it can be
inferred that either both proteins have similar global stability or,
even if they had differential stability, their active sites are disas-
sembled in a similar temperature range.

As most ATPases, BA41-TPM activity is modulated by divalent
cations (Fig. 4C). Although it exhibited a basal activity in the
absence of metals ions in the reaction buffer, the addition of
Mn2+, Co2+ or Mg2+ induced a significant increase in its ATPase
activity (3.3, 2.8, and 1.6-fold, respectively). In contrast, the ATPase
activity of BA41-TPM in the presence of Ca2+ or Zn2+remained
invariable.

In seawater, Mg2+ is one the fourth most abundant ion
(1290 ppm), while Mn2+ and Co2+ are present at only 0.0004 ppm
(Turekian, 1968). Considering BA41 is synthetized by a marine
microorganism, we presumed that the physiological role of Mn2+

or Co2+ as its cofactors could be irrelevant. In this sense, as activa-
tion exerted by the non-physiological Sr2+, Zn2+, Cd2+ and Co2+

cations have been reported for recombinant cellular nucleoside
triphosphate diphosphohydrolases (NTPDases) (Zebisch and
Strater, 2007), we continued our biochemical characterization by
using magnesium as cofactor in the enzymatic reaction.

We subsequently assayed the ability of BA41-TPM to hydrolyze
different nucleotides (Table 2). The order of the relative hydrolase
activity was found to be ribonucleosides diphosphate (NDPs)
> ribonucleosides triphosphate (NTPs) > ribonucleosides
monophosphate (NMPs) � deoxynucleotides triphosphate (dNTPs),
indicating a greater efficiency in the hydrolysis of beta-phosphate
groups of nucleotides. In this regard, it is important to note that in
enzymatic assays with NTPs we could not discriminate between
the hydrolysis of gamma and beta phosphate groups and, there-
fore, the efficiency of BA41-TPM to hydrolyze gamma phosphate
groups may be lower than the experimentally observed. Addition-
ally, the enzyme hydrolyzed both purine and pyrimidine nucleo-
tides with similar efficiency revealing no base specificity.
Interestingly, low relative activity was observed against dNTPs,
suggesting selectivity for ribose. In addition, BA41-TPM showed
less efficiency to hydrolyze NMPs, pNPP and pSer suggesting that
the sugar or aromatic rings adjacent to the oxygen atom of the
phosphoester bond to be hydrolyzed produce a steric hindrance
effect that inhibits or drastically reduces enzyme catalysis.

The BA41-TPM activity against varying concentrations of ADP
and ATP substrates displayed a typical Michaelis-Menten kinetic
(Fig. S3). The Km values for ATP and ADP were similar (Table 3),
suggesting no differences in substrate affinities. However, the Vmax

was �100% higher for ADP than for ATP, which explains the prefer-
ence for NDPs as above noted.

Most of the ecto-ATPases that occur on the cell surface and
hydrolyze extracellular nucleotides belong to the ecto-nucleoside



Table 2
Substrate specificity of BA41-TPM.

Substrate Base

A C G U/T

Ribonucleotides
NMP 48 47 47 39
NDP 163 ND 166 ND
NTP 100 ND 94 100

Deoxyribonucleotides
dNTPs 34 60 47 46

Miscellaneous
pNPP 2
pSer 40
AMP-PCP 21

The Pi released from ATP was set at the 100% level.
ND: not determined.

Table 3
Kinetics parameters of BA41-TPM.

Substrate Km (mM) Vmax (nmol min�1 mg�1) kcat (s�1) kcat/Km (s�1 M�1)

ATP 0.17 ± 0.07 0.53 ± 0.07 0.44 ± 0.06 2.59 � 103

ADP 0.24 ± 0.06 0.99 ± 0.09 0.83 ± 0.08 3.45 � 103

AMP LA LA

LA, low activity.
The Vmax and Km (mean ± SD) were obtained from the nonlinear regression fit of data on Fig. S3. The kcat was calculated assuming a MW of 16.7 kDa.
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triphosphate diphosphohydrolases (NTPDases) family. NTPDases
are ubiquitously found in higher eukaryotes, but they have also
been identified in a wide range of human parasites. These proteins
comprise a family of membrane-bound enzymes characterized by
the presence of five apyrase conserved regions and by the ability
to catalyze the hydrolysis of di- and triphosphate nucleosides to
the monophosphate form, with varying specificity for the nucle-
obase (Zimmermann et al., 2012). In this sense, it is interesting
to highlight that BA41 presents Km values that fall among those
observed in the highly efficient ecto-nucleotidases ATPases
(Sansom et al., 2008b; Stroppolo et al., 2001). In contrast, the Vmax

and turnover rates of BA41 are several orders of magnitude lower
than those reported for these proteins. In fact, the catalytic effi-
ciency of BA41-TPM resembles that reported for the thylakoidal
AtTLP18.3 TPM domain, whose Vmax values ranged between 3
and 14 nmol min�1 mg�l (Wu et al., 2011).

Given this background, TPM domains do not seem to be opti-
mized for high hydrolase activities. They would rather play roles
in sensing pathways or be modulated by yet undiscovered factors.
In this regard, members of the ecto-NTPDase family were shown to
form oligomeric complexes with increased catalytic activity in
membrane fractions and to interact with other transmembrane
proteins, positively affecting ATP transport and extracellular
hydrolysis (reviewed in (Zimmermann et al., 2012).

The high-resolution structure of some NTPDases in complex
with substrate showed that their dual ATP/ADP specificity is
achieved at the expense of base promiscuity, engaging the same
catalytic site for hydrolysis of di- and triphosphate nucleosides
(Zebisch et al., 2013). Although BA41 shares characteristics with
members of this family of ATPases, unfortunately all co-
crystallization and soaking attempts to obtain the crystal structure
of BA41-TPM in complex with different nucleotides (ATP, ADP,
AMP-PNP) and divalent cations (Mg2+, Mn2+) were unsuccessful,
thus preventing further analysis of the active site of BA41.

Another striking feature in BA41 is its predicted intracellular
Gly-rich low-complexity region (see Fig. S1). Low-complexity
regions (LCRs) are regions of disorder resulting from little diversity
in the amino acid sequence composition that are predicted to cor-
respond to disordered structures (Simon and Hancock, 2009;
Tompa, 2003). Inquiringly, these Gly-rich stretches are not only
present in BA41 orthologues, but in the C-terminal LCR regions of
the PG0361 and CG2496 proteins. In general, terminal LCRs are
expected to be involved in flexible and rapidly reversible binding,
as those occurring in stress responses, translation and transport
processes (Coletta et al., 2010).
4. Concluding remarks

Extracellular nucleotides are potent signal molecules in a wide
variety of organisms. In mammals, ATP and ADP act as signal mes-
sengers of the named purinergic pathway, mediating neuronal pro-
cesses, host inflammation and immune responses. Parasites, such
as Toxoplasma gondii, Schistosoma mansoni, Trypanosoma spp., and
the bacterium Legionella pneumophila are believed to utilize this
same pathway to weaken the host response to infection (Sansom
et al., 2008a). Additionally, extracellular ATP was also involved in
bacterial adhesion and biofilm formation in some pathogenic
strains (Xi and Wu, 2010).

Further in vivo experiments with BA41 mutants in Bizionia
argentinensis and pathogenic bacterial microorganisms would help
to elucidate the putative role of this protein in extracellular
nucleotide signaling transduction pathways and its potential
implications in their mechanisms of virulence.
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