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Tributyl phosphate (TBP) is extensively used in nuclear industry and is a major environmental pollutant. The
mechanism for TBP degradation is not identified in any TBP-degrading bacteria. Here, we report identification of
an acid phosphatase from Sphingobium sp. RSMS (Aps) that exhibits high specific activity towards monobutyl
phosphate (MBP) and could be a terminal component of the TBP degradation process. A genomic DNA library of

the bacteria was screened using a histochemical method which yielded 35 phosphatase clones. Among these, the
clone that showed the highest MBP degradation was studied further. DNA sequence analysis showed that the
genomic insert encodes a protein (Aps) which belongs to class C acid phosphatase. The recombinant Aps was
found to be a dimer and hydrolysed MBP with a Ky 68.1 & 5.46 s~ and Ky, 2.5 mM =+ 0.50. The protein was
found to be nonspecific for phosphatase activity and hydrolyzed disparate organophosphates.

1. Introduction

Tributyl phosphate (TBP) is extensively used in the nuclear and
automobile industry and has been a major environmental pollutant [9].
Sphingobium sp. RSMS strain has been identified for its ability to degrade
TBP efficiently [16]. The final products of TBP degradation are
n-butanol and inorganic phosphate. This degradation requires three
different phosphoryl transfer enzymes or catalytic sites. These are
phosphotriesterase, phosphodiesterase and phosphomonoesterase
(popularly called as phosphatases), which sequentially catalyze the
conversion of TBP to dibutyl phosphate (DBP), DBP to monobutyl
phosphate (MBP) and MBP to n-butanol and inorganic phosphate,
respectively. So far, the genetic pathway for TBP degradation has not
been identified in any of the TBP-degrading bacteria [[16], [18]].

Enzymes with different structural architectures and catalytic sites
have evolved to carry out phosphomonoesterase activity with different
specificity towards the R-group attached to phosphate moiety. Bacterial
non-specific acid phosphatases (bNSAP) are the subgroup of phospha-
tases known to hydrolyze the phosphomonoester bonds in disparate
organophosphates at acidic to neutral pH [[8], [24]]. bNSAP are
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periplasmic or secretory phosphatases with polypeptide components of
25-30 kDa. They typically act on a broad range of organophosphates
such as nucleotides, glucose phosphates, and glycerol phosphate but
lack activity towards diesters and cyclic nucleotides. bNSAPs are
grouped into three different families based on the sequence similarity,
namely, class A, class B and class C [24]. Class A bNSAPs are histidine
phosphatases with alpha-helical fold and belong to phosphatidyl acid
phosphatase type-2 superfamily. Class B and class C bNSAPs are
evolutionarily related and belong to haloacid dehalogenase (HAD) su-
perfamily; they are magnesium-dependent metalloenzymes and share a
Rossmannoid class of alpha-beta fold [3]. Class B, class C and some plant
class C-like phosphatases have been grouped together as a DDDD family
based on the conservation of the four aspartate residues at the four
distinct positions of the polypeptides [29]. These aspartate residues are
responsible for binding magnesium divalent cofactor into the active site.
Class C enzymes contain a signal peptide typical of bacterial lipoprotein
and anchor on the outer membrane of Gram-negative bacteria using
cysteine residue [[7], [13], [19], [21], [22]]. OlpA enzyme of Chrys-
eobacterium meningosepticum was the prototype enzyme of class C
bNSAPs [15]. Subsequently, class C enzymes were characterized from
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Haemophilus influenzae (e (P4)) [[21], [22]], Bacillus anthracis [7],
Streptococcus equisimilis (LppC) [13], Staphylococcus aureus (SapS) [6],
Clostridium perfringens [20], Mycoplasma bovis [27] and Helicobacter py-
lori (HppA) [19]. OlpA and HppA have been shown to possess activity
for both 5’ and 3’ nucleotides with preference of former over later at
acidic to neutral pH. e (P4) enzyme has been shown to possess nicotin-
amide mononucleotide (NMN) hydrolase activity [26].

Here, we report isolation and characterization of an efficient phos-
phatase from Sphingobium sp. RSMS. The recombinant protein is shown
to degrade MBP with high-specific activity. Sequence analysis suggests
that this polypeptide belongs to class C acid phosphatase; however, it
lacks the typical signature of signal sequence at the N-terminal region
for periplasmic localization or secretion. The recombinant protein was
found to be non-specific and showed catalytic activity towards a variety
of organophosphate substrates such as adenosine triphosphate (ATP),
adenosine diphosphate (ADP), adenosine monophosphate (AMP),
phenolphthalein diphosphate (PDP), para-nitrophenyl phosphate (pNP)
and p-glycerol phosphate ($-GP) besides monobutyl phosphate (MBP).

2. Materials and methods
2.1. Bacterial strains and growth conditions

Sphingobium sp. RSMS strain was grown in Luria Bertani (LB) me-
dium and E. coli strains were grown in LB or 2xYT medium at 30 °C and
37 °C, respectively. Aeration for liquid medium was provided by
continuous shaking at 180 rpm. The E. coli EP1300-T1® genomic DNA
library clones were grown under chloramphenicol (33 pg ml™!) anti-
biotic selection.

2.2. Genomic DNA library preparation and screening of phosphatase
clones

Genomic DNA library (with a mean insert of 40 kb) of Sphingobium
sp. RSMS strain was constructed in E. coli EP1300-T1R strain (EP1300)
using Copy-Control Fosmid Library production kit (Epicenter Bio-
technologies, Madison, WI). Briefly, genomic DNA of Sphingobium sp.
RSMS was fragmented to 40-50 kb by repeated pipetting. The frag-
mented DNA was cloned into pCC1FOS as per the manufacturer in-
structions. Using the formula, N = In (1-P)/In (1-f), we determined the
number of genomic DNA library clones required to ensure that any given
DNA sequence is represented within the library. Here, P is the proba-
bility (expressed as a fraction), f is the proportion of the genome con-
tained in a single clone and N is the required number of genomic DNA
library clones. The number of clones required to ensure representation
of entire Sphingobium sp. RSMS genome (5.12 Mb), at 99% probability
with a mean insert size of 40 kb was found to be 590 (N =1n (1 -0.99)/In
(1 - [4 x 10* bases/5.12 x 10° bases]).

We have used PDP substrate (a phosphatase substrate) for selecting
the phosphatase positive clones. PDP carries two phosphate moieties
linked through two separate phosphomonoester bonds. Entire genomic
DNA library (30,000 clones) was screened for phosphatase (phospho-
monoesterase) clones by spreading them as isolated colonies on LB agar
medium supplemented with PDP, at 1 mg ml~! and methyl green at 50
pg ml~! [14]. The plates were incubated for one week at 37 °C for the
development of green coloration on the colonies, which indicated
presence of phosphatase activity.

2.3. Isolation of an efficient MBP-degrading clone

A single colony of EP1300-T1R-pho (35 clones) was inoculated into 5
ml of LB medium supplemented with chloramphenicol (33 pg ml~!) and
incubated overnight at 37 °C/180 rpm. The overnight grown cells were
harvested, washed and resuspended in 1 ml of 10 mM Tris-Cl (pH 8) and
1 mM phenylmethylsulfonyl fluoride (PMSF). Cell density was equalized
using ODgponm and the cells were lysed on ice by sonication (1 s on, 1 s

Biotechnology Reports 33 (2022) e00709

off for 1 min at 30% amplitude). The lysate was subjected to centrifu-
gation at 5000 rpm (4700 x g) for 10 min at 4 °C to remove unbroken
cells. The protein concentration in the cellular extract was measured
using Bradford method (Sigma). Equal amount of protein from each
clone was incubated with 10 mM Tris-Cl (pH 7) supplemented with 5
mM MBP. The reaction mixtures were incubated overnight at 30 °C and
the inorganic phosphate released due to MBP hydrolysis was estimated
using phosphomolybdate method [2]. The clones (designated as
EP1300-T1R-MBPase clones) that showed highest end product (indi-
cating MBP degradation) were studied further.

2.4. Isolation of acid phosphatase gene from MBP-degrading clones

Both ends of the genomic insert from three isolated MBP-degrading
clones (EP1300-T1R-MBPase) were sequenced using vector specific
pCC1FOS-F and pCC1FOS-R primers (Table 1). The obtained partial
sequences of genomic insert were aligned against the Sphingobium sp.
RSMS genome (GenBank accession: CP053222.1) using NCBI-BLAST
similarity search to identify the genomic region inserted into these
clones. From amongst the list of annotated genes present in this recon-
structed region of the Sphingobium sp. RSMS genome, an annotated acid
phosphatase (aps) gene was chosen for further investigation.

2.5. Similarity search and signal peptide analysis

Similarity search for Aps was carried out using NCBI-BLAST analysis
with default settings. Further, Sphingomonad strains were excluded
from search criteria in order to identify similar proteins from other or-
ganisms. Multiple sequence alignment for these sequences was carried
out using multAlin program (http://multalin.toulouse.inra.fr/multalin/)
[4]. Signal peptide prediction for the proteins was carried out using
SignalP-5.0 (http://www.cbs.dtu.dk/services/SignalP/) [1].

2.6. Cloning, expression and purification of Aps

Coding DNA for full-length Aps (NCBI accession:
WP_137709535.1) and truncated Aps (Aps-t; deletion of 19 residues at
N-terminus, which could be a periplasmic tag) were PCR amplified
(using the primers mentioned in Table 1) from Sphingobium sp. RSMS
strain. The amplified PCR products were purified, digested with BamHI
and HindIII and cloned into the same restriction sites of pST50Tr. This
formed an in-frame fusion construct of the aps/aps-t with N-terminal
Streptavidin-His6x-TEVtag (3.8 kDa). The identity and integrity of the
Aps encoding region in the constructs were verified by DNA sequencing.
The cloned constructs were transformed into an expression host, E. coli
Rosetta (DE3) pLysS strain. The expressing clone for both the constructs
(Rosetta-aps and Rosetta-aps-t) were grown in 2 L of 2xTY broth con-
taining ampicillin (50 pg ml™!) and chloramphenicol (34 pg ml™1) at
37 °C till ODggonm reached to ~0.6 and the culture was induced for four
hours by addition of 0.2 mM isopropyl p-p-1-thiogalactopyranoside
(IPTG) at 37 °C. The cells were harvested at 4 °C by centrifugation at
9500 x g for 5 min. The cell pellet was suspended in T200-MgCl, buffer
(20 mM Tris-Cl pH 8.0, 200 mM NacCl, 2 mM MgCl,). Suspended cells
were flash frozen in liquid nitrogen, thawed and then subjected to probe
sonication on ice (pulse 3 s on/off; 40% amplitude; frequency-20 kHz;
750 W) for cell lysis. The lysate was subjected to centrifugation at 4 °C
on 28,000 x g for 30 min to separate the soluble fraction from the pellet.
SDS-PAGE analysis concluded the presence of Aps and Aps-t in pellet
fractions as inclusion bodies. The pellet was suspended and washed
twice using T200-MgCl, containing 0.1% Triton-X100 (v/v); followed
by washing using T200-MgCl, to remove traces of Triton-X100. The
pellet was then solubilized in T200-MgCl, containing 8 M urea. SDS-
PAGE showed that the pellet was largely composed of Aps. The urea
soluble fractions were subjected to Ni-affinity chromatography by batch
method at 37 °C. The solutions were passed several times through 3 ml
manually packed Ni-Sepharose resin column (GE Healthcare)
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Table 1
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Strains, plasmid vectors and oligonucleotide sequences used in this study.

Strain/primer/vector

Purpose

source

Oligonucleotide primers

PCCIFOS-F (GGATGTGCTGCAAGGCGATTAAGTTGG)
PCCIFOS-R (CTCGTATGTTGTGTGGAATTGTGAGC)
aps-F (cgtggatccATGTTGGC GGGCTGTTCGGCC)
aps-t-F (cgtggatccACGCCCC CGGCCGGGATG)

aps-R (cgtaagcttaTTTCTCC CCA TCGGCAGGCGC)
Plasmids

pCC1FOS

pCC1FOS-MBPase

pST50Tr

pSTS50Tr-aps

pST50Tr-aps-t

Bacterial strains

Sphingobium sp. RSMS strain (RSMS strain)

forward primer for partial sequencing of insert from pCC1FOS-MBPase epicenter
reverse primer for partial sequencing of insert from pCC1FOS-MBPase epicenter
Forward primer for amplification of aps gene This study
Forward primer for amplification of aps-t gene This study
Reverse primer for amplification of aps and aps-t gene This study
plasmid vector used for genomic DNA library preparation epicenter
pCC1FOS plasmid carrying genomic insert of RSMS strain responsible for MBP degradation This study
Used for the expression of Aps [28]
pST50Tr carrying aps gene This study
pST50Tr carrying aps-t gene This study

TBP-degrading bacterial strain

Rangu et al. .,2014

E. coli EP1300-T1® (EP1300)
EP1300-T1R-pho
EP1300-T1"-MBPase

E. coli XL-1 blue

E. coli Rosetta (DE3) pLysS
Rosetta-aps

Rosetta-aps-t

an E. coli strain used for the construction of genomic library of RSMS strain
35 phosphatase clones isolated from genomic DNA library of RSMS strain.
E. coli EP100 carrying pCC1FOS-MBPase

For cloning aps and aps-t genes

For overexpression of Aps-t

E. coli Rosetta (DE3) pLysS carrying pST50Tr-aps

E. coli Rosetta (DE3) pLysS carrying pST50Tr-aps-t

epicenter
This study
This study
Lab collection
Novagen

This study
This study

equilibrated with T200-MgCl, containing 8 M urea. The column was
washed using T200-MgCl, containing 8 M urea and 50 mM imidazole for
removing weakly bound proteins. The bound proteins were eluted using
20 ml of T200-MgCl; containing 8 M urea and 500 mM imidazole and
immediately diluted using 20 ml of 20 mM Tris-CI pH 8.0, 400 mM NacCl,
2 mM MgCl, to reduce the urea concentration to 4 M and to increase
NaCl concentration to 300 mM. The 40 ml solution was subjected to
overnight dialysis at 4 °C against 2 L refolding buffer (20 mM Tris-Cl pH
8.0, 200 mM NacCl, 2 mM MgCl,, 5 mM 2-mercaptoethanol and 200 mM
L-arginine). The refolded 40 ml protein solution was subjected to high-
speed centrifugation 30,000 x g for 30 min at 4 °C. and the superna-
tant was concentrated using stirred cells containing ultrafiltration
membrane of 10 kDa molecular weight cut-off (Amicon). The protein
solubility (after refolding steps) was verified using analytical size-
exclusion chromatography with T200-MgCl, buffer using Superdex
200, 10/300 GL column on AKTA purifier system (GE Healthcare). The
refolded Aps-t was used for all further experiments. Glycerol (v/v con-
centration 20%) was added as a cryoprotectant to the purified protein
before storing at —70 °C until further use.

2.7. Enzymatic analysis

The general phosphatase activity of refolded Aps-t was measured by
PNPP assay. The pNPP assay was also used to find the other optimum
parameters (temperature and pH). All enzymatic assays were performed
at 37 °C in buffer containing 50 mM MES (pH 6), 100 mM NacCl and 1
mM MgCl,. The Malachite green (MG) phosphate assay [[9], [11]] was
used to evaluate the enzymatic activity for the substrates, AMP, ADP,
ATP, 2'-deoxyadenosine 5'-triphosphate (dATP), monobutyl phosphate
(MBP) and B-GP. Both pNPP and MG phosphate assays were performed
as previously described, with some modifications. The substrate for the
PNPP assay was prepared by dissolving pNPP (Sigma-Aldrich) in 0.1 M
sodium acetate buffer at pH 4.5 and the assay was performed in a re-
action volume of 500 pl with 5 mM pNPP substrate and 80 ng of purified
Aps-t. The enzymatic reaction was stopped after 5 min of incubation by
adding 1 ml of 0.2 M NaOH to the reaction mixture. The amount of
product (paranitrophenylate, pNP) was estimated by colorimetric mea-
surement at 405 nm (extinction coefficient of 18,000 M~ 1 cm™ V). For
MG phosphate assay, the MG reagent (300 ml) was prepared by mixing
350 mg malachite green pigment along with 3.2 g of ammonium
molybdate in 4.5 to 5 M HCI followed by filtration of the solution
through 0.4 um filter. The enzymatic reaction was performed in a re-
action volume of 100 pl with 2 mM substrate and 40 to 120 ng of purified

Aps-t. The enzymatic reaction was stopped after 5 min of incubation by
adding 1 ml of MG reagent in the reaction mixture. The dark green color
developed within 5 min and remained stable for 30 min. The intensity of
the coloured product was measured at 660 nm by using the “POLARstar
OMEGA microplate reader” (read volume 200 ul). The specific activity
of the enzyme was expressed as umoles of phosphate equivalent (sodium
phosphate) mg™! min~!. Kinetic studies were performed by changing
substrate concentration between 0.1 to 8 mM in buffer containing 50
mM MES (pH 6), 100 mM NaCl and 1 mM MgCl,. The kinetic parameters
were deduced by curve fitting to Michaelis Menten enzyme kinetics
model through Graphpad Prism™ software.

2.8. Sequence conservation and structure prediction of Aps

Aps polypeptide sequence was used to retrieve its sequence homo-
logs from Uniprot, NCBI and PDB databases. To explore the evolutionary
aspect, a BLAST similarity search for Aps was conducted against the
Uniref 50 database. This resulted in about 450 protein sequences, each
representing a particular cluster of amino acid sequences that are not
more than 50% identical thus avoiding any bias that could arise due to
over or under representation of any particular organism (as model or-
ganisms tend to have more recurring sequences in the database).

Clustal Omega [25] was used to perform multiple sequence align-
ment (MSA) of Aps homologs that were either enzymatically or struc-
turally characterized. Further, three-dimensional structures of Aps-t was
predicted using the AlphaFold2 server [10]. AlphaFold2 is a deep
learning algorithm that incorporates physical and biological informa-
tion about protein structure using multi-sequence search/alignments
(MMSeqs2). This accurately predicts the three-dimensional monomeric
structure of a protein. The structure was analyzed using PyMol [5]. The
Mg?" was incorporated into active site of Aps-t model by structural
overlap with Haemophilus influenzae e (P4) acid phosphatase (PDB:
30CY). The superpositions of the Aps-t model with that of other class C
phosphatases and root mean square deviation (RMSD) were computed
using PyMol software.

3. Results
3.1. Genomic DNA library preparation
Genome size of the Sphingobum sp. RSMS strain is 5.12 MB [17].

About 30,000 genomic DNA library clones (with a mean insert size of 40
kb) were obtained using the Copy Control Fosmid Library production
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kit. About 590 clones represent the entire genome of Sphingobium sp.
RSMS strain with 0.99 probability. Hence, 30,000 genomic DNA library
clones which represent a 50 X coverage of the Sphingobium sp. RSMS
strain genome would cover the entire genome.

3.2. Isolation of MBP-degrading gene from genomic DNA library

The genomic DNA library was screened to identify clones containing
phosphatases from Sphingobium sp. RSMS. Our histochemical screening
using PDP as a substrate identified 35 phosphatase positive clones
(EP1300—T1R—pho) from the genomic DNA library (Fig. 1a). The host
strain, E. coli EP1 300-T1R (N1, N2 and N3) showed very less/nil green
coloration on histochemical plates (Fig. 1a). E. coli strains can have
periplasmic phosphatases (such as PhoA) which are usually expressed
under phosphate limiting conditions [31]. The low background signal
observed in the control strain (EP1300-T1%) could be due to the use of LB
medium (which have sufficient amount of inorganic phosphate) for the
screening.

Nineteen of the 35 isolated phosphatase clones showed insignificant
MBP degradation, equivalent to negative controls carrying empty vec-
tors (N1 and N2) (data not shown). Sixteen out of 35 clones showed
significant MBP degradation activity (Fig. 1b). MBP degradation was
observed to be significantly higher for three clones (EP1300-T1%-
MBPase clones 1, 7 and 18) than the other MBP-degrading clones. Two
clones (clones 8 and 14) displayed very high phosphatase activity for
PDP substrate but exhibited much lower MBP hydrolysis activity than

115 1

(b)

75 1

55 1

35 1

Relative activity (%)

DO PR DD P VY %S CENEC I
clone Q?“'

Fig. 1. Isolation of an efficient MBP-degrading clone. (a) For the isolation of
phosphatase clones, the genomic DNA library clones were spread plated on to
LB agar medium supplemented with PDP (1 mg ml™!), methyl green (50 ug
ml~!) and incubated at 37 °C. The positive clones for phosphatase activity were
identified by the green coloration of the colony after one week. Here, 1-35
represent isolated phosphatase clones and N1, N2 and N3 (negative controls)
represent E. coli EP1300-T1R strain carrying empty pCC1FOS vector. (b) Equal
amount of protein extracts from each clone was incubated with 10 mM Tris-Cl
(pH 7) supplemented with 5 mM MBP, incubated overnight at 30 °C and the
inorganic phosphate released due to MBP hydrolysis was estimated. Cellular
extracts from Sphingobium sp. RSMS strain was used as control. Graph repre-
sents relative activity of each clone with respect to clone 1, which showed the
maximum activity (100%). The values are average of three independent ex-
periments. Fig. 1b shows data of the clones (a total of 16 clones) which showed
more activity than the negative controls (N1 and N2).
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the best MBP active clones (Fig. 1a). Thus, clones 1, 7 and 18 were
selected for further analysis. Partial sequencing (using vector specific
primers, Table 1) of these three clones (pCC1FOS-MBPase) confirmed
that they harboured identical genomic region.

Using similarity search (NCBI-BLAST) these partial sequences were
mapped to chromosome 1 of Sphingobium sp. RSMS genome (GenBank
accession: CP053222.1). Sequence analysis of the insert suggested
presence of a 45,578 bp genomic insert (3,411,013 bp-3,456,591 bp of
Chromosome 1) in these clones having 53 annotated ORFs (Table ST1),
out of which one was annotated as acid phosphatase (NCBI accession:
WP_137709535.1). This gene was considered as the putative MBP-
degrading candidate (Aps). One of the EP1300-T1®-MBPase clones
(clone 1) was investigated further.

3.3. Similarity search and signal peptide analysis

Aps showed significant sequence similarity (67-100%) to several an-
notated acid phosphatases from Sphingomonad strains with query
coverage of 90-100% (data not shown). Sphingomonads include organisms
from four closely related genera, namely Sphingobium, Sphingomonas,
Sphingopyxis, Novosphingobium. Notably, when Sphingomonads were
excluded from the search criteria, an acid phosphatase from Nostoc sp.
3335mG (NCBI accession: WP_110156888.1) showed significant identity
(59.7%) with 96% query coverage.

The SignalP-5.0 program predicts presence of conventional signal
peptides (from Archaea, Gram-positive bacteria and Gram-negative
bacteria) used by three known pathways, namely, 1) Sec/SPI, 2) Sec/
SPII, 3) Tat/SPI. Signal peptide prediction by SignalP-5.0 revealed that
Aps does not possess any conventional signal peptide. But, 86 out of 100
similar proteins (first 100 hits from BLAST search for Aps) from other
Sphingomonad strains were predicted to have signal peptide by SignalP-
5.0 (data not shown). Multiple sequence analysis of these 100 proteins
suggested that the remaining 14 proteins (predicted to have no signal
peptide) and Aps are shorter by a few amino acids at N-terminus, which
corresponds to a part of the signal peptide for other 86 proteins (Fig. S1).
All the characterized class C acid phosphatases reported till date exhibit
signal peptide (Table ST2).

3.4. In-silico analysis of Aps

The Aps open reading frame codes for a 28.9 kDa (277 residues)
protein with a theoretical plI of 5.67. Protein sequence analysis suggested
that Aps belongs to class C acid phosphatases of haloacid dehalogenase
(HAD) like hydrolases superfamily (Fig. 2). Analysis of the Aps showed
the presence of VF(D)V(D)ETVMLNIGY and IAMGG(D)QLG(D)F
sequence motifs respectively at the amino- and carboxy- terminals of the
protein with highly conserved four aspartate residues (Fig. 2& 3), which
is characteristic of class C acid phosphatases and DDDD family proteins.
As indicated by previous studies the first aspartate of the conserved
motif is known to act as a nucleophile to attack the phosphorus center of
the substrate during reaction and others are essential for magnesium
cofactor binding [12]. Aps appears to have a 20 amino acid long
insertion towards the N-terminal of the protein (Fig. 2). The implications
of such insertion remain elusive. Structural superpositions of predicted
Aps-t structure with crystal structures of Haemophilus influenzae e (P4)
acid phosphatase (PDB ID: 30CY) and class C acid phosphatase from
B. anthracis (PDB ID: 3I33) were carried out (Fig. S2). RMSD of about
145 C-alpha aligned atoms between the structures are 1.15 and 1.3 ;\2,
respectively. In all the three structures the active site is open and highly
solvated. Aps-t structure is rather unusual in two respects: a) C-terminal
region of Aps-t does not show regular secondary structures and the re-
gion is involved in the dimer formation in other two structures. b) A
unique insertion of a loop (magenta color in Fig. 3 and residues high-
lighted in blue in Fig. S2) is seen in Aps-t structure which is absent in
other two structures.
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Sphingobi JDPRF VP CGAKP LA R . X X . .
phingedium = amino acid residues in the box (filled with
yellow color) represent the consensus se-
quences of class C acid phosphatases. The
Haemophilus cysteine residue at N terminal (first 15-35 res-
idues) is highlighted in green color. Motif 1-4
Haemophilus D
Pasteurella D represent the conserved sequences of HAD su-
Helicobacter y D 3 3 : 3 3 H
Chryseobacterium © | [ perfamily proteins. Tl‘{e res1.dues highlighted in
Streptococcus v blue color represent insertion. The secondary
Staphyl D .
B.:fl’{u:c”cu' D structures are overlaid at the top of MSA. The
Sphingobium — analysis was carried out using CDD-NCBI and
X ESPript 3.0 [23]  (https://espript.ibcp.
motif 1 fr/ESPript/ESPript/).
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3.5. Purification and oligomeric state of Aps

Full-length protein was over expressed in different E. coli expression
hosts including BL21(DE3), BL21(DE3) pLysS, Rosetta, Origami, but the
protein was observed in inclusion bodies. Lowering the induction tem-
perature to 28 °C and 18 °C, varying IPTG concentration and changing
the expression host did not help to yield the protein in the soluble form
in appreciable quantity. Aps belongs to class C acid phosphatase which
usually have 20-30 residues N-terminal signal sequence. We decided to
clone an alternative construct which excluded 19 N-terminal residues
(Aps-t) which might hamper the solubility of the protein in E. coli
cytoplasm. Aps-t too was observed in inclusion bodies. We therefore
decided to purify the Aps and Aps-t from the inclusion bodies using
refolding protocol. We could not obtain the full-length Aps in soluble

form by refolding protocol. However, Aps-t was obtained in soluble
form. A total of about 30 mg of Aps-t was purified from a 2-liter culture.
The refolded protein was found to be pure as adjudged from SDS-PAGE.
Aps-t showed a single band corresponding to molecular mass of 30.6 kDa
on SDS-PAGE (Fig. S3). This matches very well to its calculated molec-
ular mass, 31 kDa (including Streptavidin-His6x-TEVtag). Further, on
the size-exclusion chromatography, the protein was eluted as a major
peak corresponding to molecular mass of ~55 kDa (Fig. S3) which is
reasonably close to its calculated dimeric mass (62 kDa). This indicates
that the Aps-t exists as a dimeric assembly in solution. The protein is
eluted slightly later than the exact dimeric mass; this may be due to some
weak interactions of the protein with Superdex column matrix.
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Insertion
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Fig. 3. Three-dimensional monomeric structure of Aps-t predicted by Alpha-
Fold2 server. The structure of Aps-t was predicted using AlphaFold2 server
(https://colab.research.google.com/github/sokrypton/ColabFold/blob/main/
AlphaFold2.ipyn). The Local Distance Difference Test (LDDT), a confidence
score, is shown in the right panel. Score >90 are expected to be modelled with
very high accuracy and score 90-70 is predicted with reasonably good accu-
racy. The structural cartoon is shown in spectrum color (blue to red). The Mg2+
(sphere) was incorporated into active site by structural overlap with Haemo-
philus influenzae e (P4) acid phosphatase (PDB ID: 30CY). It is showing strictly
conserved aspartate residues (shown in sticks) near to Mg>* (sphere) binding
site. Multiple sequence alignment with the structurally or enzymatically char-
acterized class C acid phosphatase shows presence of an insertion in Aps
(magenta coloured).

3.6. Enzymatic activity

Aps-t showed enzymatic activity in a broad range of pH from 4.5 to 7
with maximum activity at pH 6 (Fig. 4b). As expected from an acid
phosphatase, the activity of the Aps-t drops rapidly at the basic pH. The
enzyme also showed activity in a broad range of temperatures (Fig. 4a).
The enzymatic activity of Aps-t increased with an increase in reaction
temperature with maximum activity at 55 °C, followed by a rapid
decline in enzymatic activity with further increase in temperature. Since
the optimum growth condition of the Sphingobium (alpha proteobac-
teria) is in the range of 30 to 37 °C, we performed rest of the enzymatic
assays at 37 °C. The Aps-t showed no inhibition of activity by either
EDTA (up to 20 mM) or inroganic phosphate (up to 500 mM) in the assay
buffer (Fig. S4).

Bioinformatic studies suggested that the Aps belongs to class C acid
phosphatase of haloacid dehalogenase (HAD) superfamily. Type C acid
phosphatase represents a sub-group of phosphatases with a very broad
range of substrate specificity known as nonspecific acid phosphatases
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Fig. 5. Specific activities of Aps-t for various substrates. Average values are
represented in bar graph with individual measurements in red dots. The error
bars depict standard deviation between the replicates. 100% corresponds to
specific activity of 69.2 ymol min~! mg~!. The inorganic phosphate released
due to hydrolysis of AMP, ADP, ATP and MBP was estimated using Malachite
green assay and the para-nitrophenol (pNP) released due to pNPP hydrolysis
was estimated by pNPP assay.

(NSAPs). As expected from the representative member of NSAPs, Aps-t
showed a broad range of substrate specificity. The enzyme had the
ability to hydrolyze mono-phosphate, diphosphate, as well as triphos-
phate salts of adenosine nucleoside (Fig. 5). Among the tested nucleo-
tides ADP was the most preferred substrate whereas ATP was the least
preferred (Specificityconstant; Table 2). Surprisingly, the active site of
the enzyme was capable of binding with a highly charged molecule like
ATP. This signified either a highly solvated active site or the presence of
a positive charge center like Mg?"at the active site. This supported the
bioinformatics finding of Aps being a metalloenzyme with Mg?" as
cofactor. The enzyme had shown significant activity for MBP. However,
no enzymatic activity for di- and tri- butyl phosphate was observed. The
enzyme showed the highest specific activity for substrate ADP (67.7 +
0.79 ymole min~! mg™1), followed by AMP and MBP with almost similar
substrate specificity of 50 ymole min~' mg~! (Fig. 5). Kinetic studies
showed that Aps-t exhibits highest turnover number 68.1 + 5.46 s ~  for
MBP but has relatively higher K, value 2.503 + 0.5007 mM. Among all
the tested substrates, Aps-t had the least enzymatic activity for §-GP. Due
to poor enzymatic activity for §-GP, we could not perform kinetic studies
with this substrate.
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Fig. 4. Optimization of pH and temperature for Aps activity. The phosphatase activity was measured using the pNPP substrate at different temperature (A) and pH
values (B). The activity was measured various pH values using buffers (each at 50 mM), sodium acetate (pH 4.0 to 5.5); MES (pH 6.0 and 6.5); Tris-Cl (pH 7.0 to 9.0);

CAPS (pH 9.5 to 11).
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Table 2
Enzyme kinetics of Aps-t with various substrates.

Sr. Substrate Vi, (umol K (mM) Keat Keat/Km (571
No min—Y) s mM 1)
1. AMP 55.7 £ 1.41 0.27 +£0.02 29.3 £ 108.4 + 10.84
0.74
2. ADP 65.0 + 1.36 0.19 +0.01 34.2 + 178.5 + 16.83
0.71
3. ATP 33.1+1.25 1.0 £ 0.12 17.4 + 17.4 £ 2.78
0.65
4. PNPP 29.7 £ 1.26 0.094 + 15.6 + 166.0 £+ 32.70
0.014 0.66
5 MBP 129.5 +10.39 2.503 + 68.1 + 27.2 +£7.62
0.5007 5.46

Purified Aps-t (40-120 ng) was incubated with increasing concentration of AMP,
PNPP, ADP, ATP and MBP and incubated at 37 °C for 5 min. The inorganic
phosphate released due to hydrolysis of AMP, ADP, ATP and MBP was estimated
using Malachite green assay and the para-nitrophenol (pNP) released due to
PNPP hydrolysis was estimated by pNPP assay. The rate of the reaction was
plotted against substrate concentration and K, K and K,/K, were
calculated.

4. Discussion

In this study we identified a novel non-specific acid phosphatase
(Aps) from the alpha-proteobacterium, Sphingobium sp. RSMS strain.
Screening of Sphingobium sp. RSMS strain genomic clones revealed three
clones showing high specific activity for MBP hydrolysis. Sequence
analysis of the clones showed that these three clones have identical
insert from Sphingobium sp. RSMS genome and the insert harbors an in
silico annotated phosphatase gene. This gene encodes polypeptide, Aps,
which belongs to class C acid phosphatases of haloacid dehalogenase-
like hydrolase (HAD) superfamily [29]. Aps possesses all the essential
residues of class C motif including four aspartate residues which are
required for binding to Mg?* cofactor (Fig. 2 and Fig. 3). However, Aps
lacks typical N-terminal signal sequence for periplasmic localization or
lipoprotein as predicted by SignalP-5.0 server [1]. Aps orthologs are
present in most of the known species of the genus Sphingobium and some
related genera of alpha-proteobacteria. Majority of these proteins (86
out of 100) were predicted to have signal peptide, and those which do
not (along with Aps), have short of few amino acids at N-terminal.
Further, all the characterized class C acid phosphatases were predicted
to have signal peptide by SignalP-5.0 server (Table ST2). Aps could have
a non-canonical signal sequence, not recognized by the SignalP-5.0
server.

Purified recombinant Aps-t showed high specific activity for MBP
hydrolysis and could be a candidate for MBP hydrolysis during TBP
degradation process. Aps-t hydrolyses MBP with a turnover number of
about 68 s~1, highest among all the tested organophosphates. However,
Km of 2.5 mM for MBP is relatively higher. This could be due to struc-
tural simplicity of n-butyl group of MBP or non-physiological nature of
MBP substrate. Aps was found to be a non-specific phosphatase enzyme
since it hydrolyses terminal phosphate moieties of MBP, AMP, ADP,
ATP, pNPP and B-GP. R-group attached to terminal phosphate moiety is
structurally quite distinct from each other in all the organophosphates. It
appears that Aps largely recognizes the terminal phosphate moiety of
organophosphates in its active site with little attention to R-group
attached to this phosphate moiety, suggesting that this protein could
have potential applications in industry.

Aps shows significant sequence homology with two class C acid
phosphatases in protein data bank (PDB) (PDB entries: 3PCT, 2133) with
about 28% and 24% sequence identity, respectively. Aps is dimeric in
nature as suggested by size-exclusion chromatography result which is
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also consistent with the crystal structures of the published two proteins.
Four highly conserved aspartate residues (Fig. 2) which defines DDDD
family to which class C acid phosphatases belong, requirement for the
magnesium cofactor binding are close enough to the predicted structural
model of Aps (Fig. 3). In spite of having magnesium ion as cofactor for
class C acid phosphatases, Aps activity is not inhibited by presence of up
to 20 mM EDTA. Such kind of resistance to the inhibition by EDTA was
earlier observed for at least two other class C acid phosphatases [[13],
[30]]. The crystal structures of these two enzymes are not available.
Structural superposition of Aps-t model with that of Haemophilus influ-
enzae e (P4) acid phosphatase which is inhibited by EDTA (PDB: 30CY;
[26]) does not provide any obvious clue for resistance to EDTA inhibi-
tion (Fig. S2). Multiple sequence alignment with other class C acid
phosphatases which are either enzymatically or structurally character-
ized reveals the presence of a 20 amino acid insertion in Aps (Ala 50 to
Leu 69). In the predicted model, this insertion lies near a3 helice (Fig. 2
and 3; Fig. S2). Crystal structure of Aps will shed light on as to how Aps
active site could accommodate structurally unrelated organophosphates
including MBP and catalyze their hydrolysis. The crystal structure of any
EDTA-resistant class C acid phosphatase structure is not yet available.
Hence, the crystal structure of Aps may provide structural clue for its
EDTA-resistance. Only such study could reveal exact monomeric and
quaternary structures of this novel class C acid phosphatase.

Sphingobium sp. RSMS has been identified for its ability to efficiently
degrade TBP [18]. It is likely that this process is completed by three
different enzymes, phosphotriesterase, phosphodiesterase and phos-
phomonoesterase, which sequentially catalyze the conversion of TBP to
DBP, DBP to MBP and MBP to n-butanol and inorganic phosphate,
respectively. Here, we report a novel phosphatase form Sphingobium sp.
RSMS strain which exhibits high specific activity for monobutyl phos-
phate (MBP) and could be a terminal component of the TBP degradation
process.
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