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Summary

Phylogenetic analysis of more than 4000 annotated
bacterial acid phosphatases was carried out. Our
analysis enabled us to sort these enzymes into the
following three types: (1) class B acid phosphatases,
which were distantly related to the other types,
(2) class C acid phosphatases and (3) generic acid
phosphatases (GAP). Although class B phospha-
tases are found in a limited number of bacterial fami-
lies, which include known pathogens, class C acid
phosphatases and GAP proteins are found in a vari-
ety of microbes that inhabit soil, fresh water and
marine environments. As part of our analysis, we
developed three profiles, named Pfr-B-Phos, Pfr-C-
Phos and Pfr-GAP, to describe the three groups of
acid phosphatases. These sequence-based profiles
were then used to scan genomes and metagenomes
to identify a large number of formerly unknown acid
phosphatases. A number of proteins in databases
annotated as hypothetical proteins were also identi-
fied by these profiles as putative acid phosphatases.
To validate these in silico results, we cloned genes
encoding candidate acid phosphatases from geno-
mic DNA or recovered from metagenomic libraries or

genes synthesized in vitro based on protein
sequences recovered from metagenomic data.
Expression of a number of these genes, followed by
enzymatic analysis of the proteins, further confirmed
that sequence similarity searches using our profiles
could successfully identify previously unknown acid
phosphatases.

Introduction

Phosphorous is a major component of cells in all living
organisms and all prokaryotic and eukaryotic cells have
developed mechanisms for the uptake of inorganic phos-
phate, which is used in the biosynthesis of phospholipids,
sugar phosphates, nucleotides and other molecules
(Barea and Richardson, 2015). Despite phosphorous
being one of the most abundant non-metallic elements in
the earth’s crust, it is frequently found in forms that are
not bioavailable—a reality that often leads to phospho-
rous nutrient limitation (Ågren et al., 2012; Sosa
et al., 2019). Inorganic phosphorous forms are often solu-
bilized by plants and microorganisms (bacteria and fungi)
through the production of weak acids (Barea and
Richardson, 2015). However, a number of common
organic phosphorous compounds (i.e., phytic acid, sugar
phosphates, nucleotides, phospholipids and others) must
be first hydrolysed by phosphatases to yield inorganic
phosphate, which can subsequently be taken up by
microorganisms and plants to be used as a phosphorous
source (Hayes et al., 2000; Alori et al., 2017; Thomashow
et al., 2018). Evidence suggests that phosphatase activ-
ity in soils and aquatic environments is of ecological rele-
vance and is a driver of the productivity of terrestrial
ecosystems (Turner et al., 2013; Margalef et al., 2017)
and influence primary and secondary production in fresh
waters and marine environments (Martiny et al., 2019).

There are two types of phosphatases among the phos-
phoric ester hydrolases which are defined based on their
optimal pH. Alkaline phosphatases are a broad group of
well characterized enzymes that use different mecha-
nisms and co-factors to carry out their function (Mullaney
and Ullah, 2003; Ragot et al., 2015; Lidbury et al., 2017;
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Neal et al., 2018). Acid phosphatases are, in general,
non-specific phosphatases with broad substrate specific-
ity and are often secreted across the outer membrane or
are located in the periplasmic space (Thaller
et al., 1997). At least three different types of prokaryotic
phosphatases that function at acidic pH have been distin-
guished mainly based on their sequences; they are
known as types A, B and C (Thaller et al., 1997; Lidbury
et al., 2017; Neal et al., 2018). It was noted that the B
class phosphatases are generally associated with patho-
genic microbes, whereas the other types are widely dis-
tributed in nature (Neal et al., 2018). Although the
importance of acid phosphatases to the acquisition of
phosphorous in soils, fresh waters and marine environ-
ments (Neal et al., 2018); Margalef et al. (2017) compiled
phosphatase activities from a large number studies of
natural ecosystems and made 329 observations for acid
phosphatases versus 72 for alkaline phosphatases,
highlighting the environmental importance of acid
phosphatases.
The work described here aims to contribute further to

the understanding of organic phosphorous mobilization in
the environment by acid phosphatases. To this end, we
developed three robust profiles that can unequivocally
identify the different types of acid phosphatase types. We
have empirically validated the profiles by cloning and
expression of putative acid phosphatases rescued from
genomes or recovered from functional metagenomic
libraries or genes synthesized in vitro based on protein
sequences recovered from metagenomic libraries (Fierer
et al., 2013; Berini et al., 2017; Duque et al., 2018). This
profiling methodology will serve as a valuable resource
for the identification of these important enzymes within
the preponderance of already sequenced genomes and
widely available metagenomic data. Furthermore, this
study provides a proof-of-concept for the successful use
of profiles to characterize enzymes involved in biogenic
cycles.

Results and discussion

As a first step towards the identification of bacterial acid
phosphatases, we retrieved 4644 sequences annotated
as bacterial acid phosphatases (either due to protein
name or Pfam domain composition) from the Uniprot
Database (UniProt: a worldwide hub of protein
knowledge, 2019). A phylogenetic tree was constructed
with a refined set of 3741 protein sequences (see Experi-
mental procedures), and the results are shown in Fig. 1.
The bacterial acid phosphatase tree has, as expected,
three clear branches; one represented by the outer blue
circle which corresponds to class B (Fig. 1), another rep-
resented by the outer purple circle that corresponds to
class C and the other represented by the outer green

circle that corresponds to Generic Acid Phosphatases
class A (GAP) (Fig. 1). Supplementary Table 1 contains
information collected from the Uniprot database for each
of the refined datasets of acid phosphatases. The phylo-
genetic tree from Supplementary Fig. 1 shows that acid
phosphatases from class GAP, B and C belong to three
well-defined monophyletic groups. The unrooted tree also
revealed that sequences from class A and C are closest
relatives, and therefore, sequences from class B are from
an evolutionary point of view more distant from the
other two.

The blue branch of the tree grouped 512 sequences
that corresponded with annotated acid phosphatases of
class B, the purple branch included 1701 sequences of
annotated class C acid phosphatases; whereas the other
set, which we named GAP, comprised 1528 non-specific
class A acid phosphatases. The analysis of the sequences
at the family level showed that class C and GAP proteins
were found widely distributed among microbes that inhabit
soils, fresh water and marine environments. In contrast,
class B acid phosphatases are present in a limited number
of microbial families which include Enterobacteriaceae,
Pasteurellaceae, Morganellaceae, Aeromonadaceae and
Vibrionaceae (Figs 1 and 2), of which some are pathogens
(Supplementary Tables 2A–C). Conversely, it should be
noted that class C and GAP acid phosphatases were also
present in some Enterobacteriaceae. For example, in Sal-
monella and Klebsiella genomes, GAP proteins were iden-
tified and in a number of Enterobacter species (mainly
cloacae) class C proteins were found. In contrast in the
Escherichia coli species, despite being a broad taxonomic
group (Abram et al., 2020), only class B acid phospha-
tases were identified (Supplementary Tables 2A–C).

Bacterial acid phosphatases have previously been
identified through a number of signatures; for example,
the database of families and domain proteins PROSITE
(Sigrist et al., 2002) identified bacterial acid phosphatase
sequences based on short sequence pattern motifs
defined by the signature PS01157 (pattern G-S-Y-P-S-G-
H-T). The compendium of protein fingerprints PRINTS
database (Attwood et al., 2000) contains the signature
PR00483 which corresponds to a five-element fingerprint
from bacterial acid phosphatases derived from an initial
alignment of a limited number of sequences. Four profiles
were available from TIGRFAM database that were con-
structed using a limited set of acid phosphatase
sequences (TIGR03397, 01675, 01672 and 01668); how-
ever, these profiles were found to have no discriminatory
power. Other databases, such as Pfam domain protein
database (El-Gebali et al., 2019) and Simple Modular
Architecture Research Tool (SMART) (Letunic and
Bork, 2018), contain a number of entries related to identi-
fication and classification of bacterial acid phosphatases.
Nonetheless, none of the above motifs and classifications
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distinguishes unequivocally between the three classes of
bacterial acid phosphatases.

To establish a new criterion defining the three kinds of
acid phosphatases represented in the phylogenetic tree,
we decided to explore the construction of PROSITE gen-
eralized profiles, which are not available in the PROSITE
database (https://prosite.expasy.org). Profiles are weight
matrices that are useful for grouping proteins into families
(Gromiha, 2010) and use quantitative motif descriptors
which are given as linear sequences that comprise
weighted match or mismatch residues and insert
sequences in a profile position (Sigrist et al., 2002).
Given that the phylogenetic tree defined three branches,
according to differences in their amino acid sequences,
we expected that a Profile for each of the branches would

result in a net gain in specificity for identification and
assignation of the entire collection of bacterial acid
phosphatases.

To construct the three new profiles, we proceeded as
suggested by PROSITE (https://prosite.expasy.org/prosuser.
html#meth_prf). To create these profiles, we used the
three sets of proteins identified in each of the branches
of the tree, the profile for class B phosphatases (Prf-B-
Phos) was constructed using a set of 512 seed
sequences, for the profile for class C we used 1701
sequences, whereas for the profile for GAP (Pfr-GAP),
due to the high variability in the sequence similarity and
sequence length from members of this class, we used a
filtered set of 948 of the 1528 sequences from the previ-
ous analysis (Supplementary Tables 3A–C). The three

Fig. 1. Maximum likelihood phylogenetic tree of bacterial acid phosphatases. The maximum likelihood tree was inferred from a simultaneous
comparison of 3741 protein sequences of bacterial acid phosphatases. Tree topology and branch lengths were calculated by maximum likelihood
using the WAG+F+R10 model of evolution for amino acid sequences in lQ-TREE software Nguyen et al., 2015. The tree was rooted by using
clade B as an outgroup that shows a clear separation between the three clades of acid phosphatase proteins. Colours of the branches represent
levels of significance obtained in the bootstrapping analysis using 1000 bootstrap replications. Green indicates percentages close to 100% of
confidence in the bootstraping analysis. The unrooted tree obtained using the same sample set it is shown in Supplementary Fig. 1.
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profiles obtained in this study are publicly available in
Supplementary Table 4. The generation of a profile
requires a multiple-alignment of the seed sequences as
input, which was performed using Muscle (Edgar, 2004).
The consensus sequences derived from the multiple-
alignments (Supplementary Tables 3A–C) showed con-
served regions with high-sequence identity scattered
throughout the full sequence of the proteins. This reflects
the existence of several functional constraint regions,
with lower site-specific substitution ratio distributed along
the protein sequences belonging to each of the classes.
This is in contrast with most sequence patterns where
high-sequence identity regions are restricted to active
sites, cofactor binding domains or specific DNA binding
regions (Fuglebakk et al., 2012).
The multiple-alignment revealed that the short patterns

used previously to define these acid phosphatases were
in a wider sequence identity context, and this warranted
the construction of profiles to encompass the full gamut
of acid phosphatase sequences belonging to these fami-
lies. We used the script pfmake to translate the multiple-
alignment into a matrix table of positions and convert
frequency distributions into positive specific amino acid
weights and gaps according to the original algorithms of
Sibbald and Argos (Sibbald and Argos, 1990) and
Gribskov et al. (1987). Once the profiles were con-
structed, we proceeded to calibrate and validate the pro-
files as recommended by PROSITE (described in
Experimental procedures); for this, the profiles were run
against a database to produce a list of sorted scores. It
has been previously empirically determined that cut-off
values of Z-scores equal or greater than 8.5 are biologi-
cally significant and warrant the correct assignment of a

protein to a family (Gallegos et al., 1997; Sigrist et al.,
2002; Godoy et al., 2010).

As a proof of concept, the three profiles were used as
input for pfsearch v2.3 from the PTOOLS suite to scan
the complete set of Uniref100 proteins (downloaded from
the UniProt database on May 24, 2019). As a result,
6000 proteins were matched with Pfr-GAP (Fig. 3 and
Supplementary Fig. 2), 2132 protein sequences were
matched by the Pfr-B-Phos (Fig. 3 and Supplementary
Fig. 3) and 10,494 with Pfr-C-Phos (Fig. 3 and Supple-
mentary Fig. 4).

We found that Pfr-B-Phos identified acid phosphatases
preferentially from enterobacteria, vibrios and other
microorganisms mainly from orders Pasteurellales and
Bacillales (see Supplementary Fig. 3) whose life style
indicated a close relationship with eukaryotes, as men-
tioned above, and confirming previous studies (Gandhi
and Chandra, 2012; Neal et al., 2018). Conversely, we
found that Pfr-C-Phos and Pfr-GAP identified acid phos-
phatases from a variety of different sources in a highly-
specific and sensitive manner, including Acidobacteria,
Actinobacteria, alpha, beta, gamma and epsilon prote-
obacteria, Firmicutes, Verrumicrobia and Bacterioidetes
among many others (see Supplementary Figs 2 and 4).
The results obtained with the three profiles against Uni-
ref100 database (Suzek et al., 2015) demonstrated the
ability of Pfr-GAP, Pfr-C-Phos and Pfr-B-Phos to discrimi-
nate between all classes of acid phosphatases displayed
in the phylogenetic tree and within a wide taxonomic
range. It is worth noting that although the three profiles
were developed using only bacterial sequences, pre-
sumed eukaryotic acid phosphatases were also found in
all cases. The complete set of raw hits sorted by output

Fig. 2. Taxonomic distribution of the number of sequences used to construct the three acid phosphatase profiles (Prf-GAP, Prf-B and Prf-C).
Sequences were downloaded from the Uniprot database according to their functional annotation. The number of proteins per taxonomic group
was plotted using ggplot2 library in R (Wickham, 2016).
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score is shown in Supplementary Table 5. Remarkably,
although these are non-filtered results, the high accuracy
of the three profiles allowed the identification of proteins
belonging to each of the classes at very low score numbers.
The specificity of the profiles also identified a large num-
ber of putative acid phosphatase sequences which were
annotated in the Uniref100 database as ‘uncharacterized
protein’.

To further validate the new profiles, we decided to test
if Pfr-GAP, Pfr-C-Phos and Pfr-B-Phos could identify
acid phosphatases within available annotated whole
genomes, in metagenomic libraries in which proteins are
annotated as Hypothetical Proteins of unknown function,
as well as proteins recovered from functional meta-
genomic libraries after screening for positive phospha-
tase activity. We found that the Pfr-GAP, Pfr-C-Phos and
Pfr-B-Phos profiles could indeed identify a number of
potential acid phosphatases in all of these screens. Spe-
cifically, we found that in the annotated reference,
genomes collected from the NCBI database 4649 pro-
teins were identified by the Prf-A GAP profile, 862 by the
Pfr-C-Phos profile and 128 proteins by the Pfr-B-phos
profile (Fig. 3). For most type of strains, the number of
GAP acid phosphatases and class C was between 1 and
3, although we found 13 genomes with six GAP acid
phosphatases and two genomes with up to five class C
acid phosphatase. In those genomes, in which an acid
phosphatase of class B was present, a single gene was
always found, except in one case in which a duplication
was identified, and another genome which bore four
class B acid phosphatase genes. As validation of the
proof of concept, we rescued acid phosphatases from the
genomes of two microorganisms (i.e., Pyrococcus, and

Bacillus subtilis strain 168). A search using the three pro-
files with pfsearch against the genomes of Pyrococcus
furiosus DSM 3638 and Bacillus subtilis str. of note,
168 identified the protein sequences PF0040 and
BSU_36530 as putative GAP acid phosphatases,
encoded in each genome respectively. Bacillus subtilis
BSU_36530 was previously annotated as undecaprenyl
diphosphatase, whereas PF0040 from P. furiosus was
annotated as an acidic acid phosphatase. To confirm
these ‘hits’ empirically, we used whole chromosomal
DNA from these microorganisms and cloned the ampli-
fied DNA into pET28 as described in Experimental proce-
dures (Table 1).

As an initial step for confirmation of phosphatase activ-
ity, we spread the cells on LB medium supplemented with
BCIP and found that colonies turned deep blue,
suggesting that the cloned genes encoded, as expected,
phosphatases. A single random clone bearing the gene
from each of the two microorganisms was kept. Then,
cells were grown in liquid LB and acid phosphatase activ-
ity determined over a wide pH range in permeabilized
cells as described in Experimental procedures. The
results revealed that the optimal pH was in the range of
5–6 (Table 2).

Our laboratory previously screened a functional meta-
genomic library from hydrocarbon-polluted soil after land
farming and identified a clone, named FOS M2-62, that
had robust phosphatase activity (see Experimental pro-
cedures). The fosmid of this clone was sequenced, and
our profiles were used to identify it as a putative GAP
acid phosphatase. We subsequently cloned it into pET28
to generate pET28_FOS M2-62. Phosphatase assays
revealed that the AP-M2-62 protein had high activity

Fig. 3. Number of hits found by the
constructed profiles of three classes
of acid phosphatases (Prf-GAP, Prf-B
and Prf-C). Using pfscan tool on pro-
tein sequences from the Uniref100
database (the last three columns on
the right) and a local database of
proteomes of 5639 representative
bacterial and archaea genomes (the
three most left columns) downloaded
from NCBI.

© 2020 Society for Applied Microbiology and John Wiley & Sons Ltd., Environmental Microbiology, 22, 3561–3571
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between pH 5 and pH 7 (Table 2), but lower activity at
pH greater than 7 or lower than 5. This suggests that AP-
M2-62 is indeed an acid phosphatase.
We then explored the ability of our constructed profiles

to identify hypothetical proteins as putative acid phospha-
tase from metagenomic libraries. To this end, we screened
1,552,866 hypothetical proteins from soil metagenomes
and 4,925,568 sequences from marine metagenomes
(downloaded in June 2019 from the NCBI database), and
we found that the search yielded a total of 539 hypothetical
proteins from the soil metagenome and 351 hypothetical
proteins from marine metagenomes using Pfr-GAP profile
(Supplementary Table 5). The Pfr-C-Phos profile was able

to find 242 proteins frommarine metagenomes and 23 from
terrestrial metagenomes. The Pfr-B-Phos profile was able
to find only 11 proteins from marine metagenomes. These
results are in line with the initial phylogenetic tree results in
the sense that class B proteins are poorly represented in
marine and terrestrial ecosystems.

This data confirmed that among non-characterized acid
phosphatases, generic acid phosphatases and class C
phosphatases were more abundant than class B, and
that class C and GAP can be considered cosmopolitan
proteins as they can be found in a wide range of niches.
We found that among the set of non-characterized pro-
teins, one acid phosphatase could be rescued per 3000

Table 1. Strains and plasmids used in this study.

Strains or plasmids Genotype or relevant characteristics Reference

Escherichia coli EPI 300 recA1, endA1, araD139, rpsL, nupG, trfA Epicentre
Escherichia coli BL21

(DE3)
F0/ompI, hsdS, gal, dam, met (Studier

et al., 2009)
Plasmids
pMBL Vector for cloning PCR amplicons, Ap Dominion
pET28a Expression vector, 6xHis, Km Novagen
pET28::FOS M2-62 pET28 containing the complete gene encoding acid phosphatase FOSM 2-62 This study
pET28:BSU pET28 containing the complete gene encoding acid phosphatase from Bacillus subtilis This study
pET28:PYR pET28 containing the complete gene encoding acid phosphatase from Pyrococcus furiosus This study
pET28:MET_A1 pET28 containing the complete gene encoding the MEAT_A1 GAP acid phosphatase

deduced from environmental metagenomes
This study

pET28:MET_A2 pET28 containing the complete gene encoding the MEAT_A2 GAP acid phosphatase
deduced from environmental metagenomes

This study

pET28:MET_B1 pET28 containing the complete gene encoding the MEAT_B1 class B acid phosphatase
deduced from environmental metagenomes

This study

pET28:MET_B2 pET28 containing the complete gene encoding the MEAT_B2 class B acid phosphatase
deduced from environmental metagenomes

This study

pET28:MET_C1 pET28 containing the complete gene encoding the MEAT_C1 class C acid phosphatase
deduced from environmental metagenomes

This study

pET28:MET_C2 pET28 containing the complete gene encoding the MEAT_C2 class C acid phosphatase
deduced from environmental metagenomes

This study

Ap and Km stand for resistance to ampicillin and kanamycin.

Table 2. Relative acid phosphatase activity of genes amplified from genomic DNA and recovered from metagenomic libraries at different pHs.

Enzyme source

pH MET_A1 MET_A2 MET_B1 MET_B2 MET_C1 MET_2 M2-62 Bacillus

2 1 5 30 5 3 2 2 2
3 9 15 30 59 23 8 8 15
4 41 23 41 56 77 21 21 22
5 79 90 50 55 106 30 85 90
5.5 100 100 100 100 100 100 100 100
6 97 16 73 43 61 80 98 97
7 93 7 59 35 16 10 93 81
8 71 1 39 17 7 9 47 30
9 33 2 32 5 5 6 16 9

The set of acid phosphatases were expressed in Escherichia coli, and the assays carried out as described in Materials and methods at different
pH in Britton-Robisson poly-buffer. Activities are expressed as relative activity, the maximum activity for all of the enzymes was at pH 5.5, and
the corresponding value is considered 100% in each case. Results shown are the average of at least three replicates with standard deviations
below 20% of the given values. Supplementary Table 5 shows the activity for each enzyme at pH 5.5 in nanomoles of p-nitrophenol produced
per minute per milligram of cell dry weight at 25�C.

© 2020 Society for Applied Microbiology and John Wiley & Sons Ltd., Environmental Microbiology, 22, 3561–3571

3566 Z. Udaondo et al.

 14622920, 2020, 8, D
ow

nloaded from
 https://am

i-journals.onlinelibrary.w
iley.com

/doi/10.1111/1462-2920.15138 by U
niversidad D

e G
ranada, W

iley O
nline L

ibrary on [31/01/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



sequences in soil metagenomes, whereas one acid phos-
phatase protein was found every 14,000 sequences in
marine metagenomes. Because the quality of meta-
genomic sequences is non-homogeneous and because
our data are raw hit counts, at present, we cannot make
any conclusions regarding the biogeographic distribution
of acid phosphatases based on metagenomic data.

Considering the apparent abundance of these sequences,
we explored whether the identified sequences were indeed
acid phosphatases. To this end, we choose two sequences
with the highest Z-score from each acid phosphatase
family (Supplementary Table 6) and synthesized the
corresponding genes. We then cloned and expressed
them in Escherichia coli and enzyme activity was deter-
mined in permeabilized whole cells using the Britton-
Robinson poly-buffer. We found that the six metagenomic
acid phosphatase had optimal activity at acidic pH
(Table 2 and Supplementary Table 7). These results fur-
ther validate the ability of the profiles to find acid phospha-
tase enzymes from metagenomes. It is worth mentioning
that although the MET_A1 enzyme exhibited the highest
activity at pH 5.5–6, it had significant activity pH in the pH
range between 5 and 9 (Table 2).

To further characterize in more detail, the kinetics prop-
erties of the metagenomic acid phosphatases, we puri-
fied three proteins (see Experimental procedures) and
the kinetics parameters determined using isothermal titra-
tion calorimetry (ITC) (Watt, 1990; Williams and
Toone, 1993). The initial rate of reaction (Vo) with differ-
ent concentrations of pNPP was determined from the
slope of the linear portion of the curve of integrated heats
versus time as described by Bianconi (2003). We found
that values for Vo followed typical Michaelis–Menten
kinetics and Kcat and KM were calculated by fitting the
curve to the Michaelis–Menten kinetics equation using
non-linear regression (Ababou and Ladbury, 2006). For
MET_A_1, M2-F62 and MET_C_1, values of KM were
49.3 ± 2.6 μM, 29.7 ± 0.02 μM and 23.8 ± 6.9 μM respec-
tively; and Kcat were 0.63 s−1, 0.55 s−1 and 0.26 s−1

respectively. Our results revealed that the substrate affin-
ities were in the low micromolar range with up to twofold
differences; Kcat values differed by up to 2.5-fold. The KM

values we determined are lower than those measured for
acid phosphatases from different sources using classical
spectrophotometric assays (Reilly et al., 2009; Zhang
et al., 2013; Wang et al., 2018).

Conclusions

In conclusion, we have constructed a phylogenetic tree
for acid phosphatases that grouped them into three bra-
nches. For each of the branches, a Prosite profile was
constructed and validated; the three profiles were shown
to be effective in the differentiation of the three sets of

acid phosphatases. These profiles were able to assign a
set of proteins annotated as hypothetical proteins in data-
bases as being acid phosphatases (Supplementary
Table 4). We tested our ‘hits’ empirically and confirmed
phosphatase activity at acidic pH. Use of these profiles and
the underlying strategy could serve as a powerful approach
to explore the role that acid phosphatases play in primary
productivity in edaphic and aquatic environments.

Experimental procedures

Phylogenetic tree construction

Sequences were downloaded from the Uniprot database
by filtering proteins that belong to the Domain = bacteria
and the annotation = acid phosphatase and 50 nucleotid-
ase lipoprotein ep4 family; the later corresponds to class
C acid phosphatases. Using these filters (on April
26, 2019), we retrieved 4644 protein sequences. Muscle
v3.8.1551 (Edgar, 2004) alignment software with
parameter—maxiters 1000—was used to align the set of
4644 protein sequences and construct the phylogenetic
tree. Very divergent sequences were filtered and
removed from the alignment until a final set of 3741
amino acid sequences were kept. The final set of
sequences was aligned again using Muscle v3.8.1551
with the same parameters. Aligned sequences were used
as input for the IQ-TREE software v1.6.10 (Nguyen
et al., 2015) with parameters -nt AUTO, -bb 1000 -m
TESTMERGE. The maximum likelihood tree was con-
structed following the model of evolution WAG with
parameters F+R10 (IQ-TREE uses ModelFinder). Phylo-
genetic trees were plotted using the Interactive Tree of
Life (iTOL) suite software v4 (Letunic and Bork, 2016).

Profile construction

To construct PROSITE ‘generalized’ profiles, first, we
established the ‘seed protein sequences’ that would
determine the sensitivity and average quality of the
profiles.

Once visualized, the phylogenetic tree branches anno-
tated as class B phosphatases, class C and generic acid
phosphatases were aligned separately and filtered
according to observed divergences in the alignment.
Then pfw and pfmake scripts from PFTOOLS v2.3
(Gribskov et al., 1987; Sigrist et al., 2002; Bucher et al.,
2015) were used to compute new weights for each indi-
vidual sequence from the multiple sequence alignment
and to construct the profile respectively. The matrix
BLOSUM 45 was selected for the construction of the
profile.

Pfsearch and pfscan were used to calibrate each pro-
file against a calibration database. The calibration
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database was made from the entire collection of Swiss-
Prot protein sequences filtered by Taxonomy = bacteria.
The database contained a total of 334,009 sequences
that where shuffled randomly with a sliding window of
20 residues using the script fasta-shuffle-letters from
MEME suite v5.0.2 (Bailey et al., 2015).
Searches with the three profiles using Uniref100 database,

a local database of representative bacterial and archaea
sequences and hypothetical protein databases from meta-
genomic samples, were all done using pfscan script from
PFTOOLS v2.3 with parameters -z -f (Sigrist et al., 2002).

Sequences in databases

Uniref100 database was downloaded to be used locally in
May, 2019. The set of protein FASTA sequences from rep-
resentative strains was downloaded from the NCBI data-
base in August, 2019. The set of representative strains
was obtained via genome browse from NCBI https://www.
ncbi.nlm.nih.gov/genome/browse#!/overview/ and then fil-
tered by ‘archaea’ AND ‘bacteria’ AND ‘representative
genome’. The two sets of hypothetical proteins used in
these analyses were obtained from NCBI protein database
using filters: ‘soil metagenome’ AND ‘hypothetical protein’
and ‘marine metagenome’ AND ‘hypothetical protein’.

Construction of a functional soil metagenomic library

Soil samples were taken from hydrocarbon polluted soil
after land farming. High-molecular-weight DNA extraction
was performed from the soil using the commercial
GNOME DNA kit (MP, Biomedicals) according to the
manufacturer’s instructions. DNA fragments of approxi-
mately 40 kb were recovered and ligated into the
pCC1FOS vector (Epicentre®), and the product was
transduced into E. coli EPI300 (Raleigh et al., 2002)
according to the manufacturer’s protocol. Screening for
phosphatase activity was performed by replicating the meta-
genomic library onto agar LB plates with 40 mg per mL of
5-bromo-4-chloro-3-indolyl phosphate (BCIP Applichem,
Darmstadt, Germany) as substrate, supplemented with
12.5 μg per mL chloramphenicol and 0.01% L-arabinose.
Following replication, the colonies were incubated for 24 h
at 37�C. A total of 64 clones with phosphatase activity were
identified and detected as pale to dark blue colonies. A sin-
gle clone, named M2-62, that turned deep blue on these
plates was used for further analysis in this study.

Cloning of putative acid phosphatases
in Escherichia coli

DNA from Pyrococcus furiosus DSM 3638 and Bacil-
lus subtilis DSM 204 were obtained from the DSMZ
culture collection. The Bacillus subtilis gene was

PCR amplified with the following primers 50-
TTGAACTACGAAATTTTTAAAGCAATCC-30 and 50-
TTCTTAGAAATTTTGATCGGTTGG-30, whereas the
Pyrococcus gene was amplified using the following pair
of primers 50-ATGCTGGCAATACTTACGGCAA-30 and
50-TCACTTATCCACTTTAAAAAAGATGCGC-30; ampli-
fied DNA was subsequently cloned into pTOPO and fur-
ther subcloned into pET28 after digestion with NdeI and
EcoRI. Plasmids were transformed into E. coli BL21
(DE3) (Studier et al., 2009). For amplification of the open
reading frame encoding the AP-M2-62 protein, fosmid
DNA was prepared and the following primers: 50-CATA
TGAAAAAAATACCTGAACCCTTC-30 (forward) and 50-
GGATCCTCAGTGCTGGGTCAG-30 (reverse) were used.
Following PCR amplification, under standard conditions,
the fragment was cloned into the pMBL vector to yield
pMBL_FOSM2-62. The plasmid was subsequently
digested with NdeI/BamHI, and the 806 bp fragment
bearing the ORF AP-M2-62 was cloned into pET28b (+)
digested with the same enzymes (Table 1).

Cloning of putative metagenomic acid phosphatases
in Escherichia coli

Protein sequences retrieved from metagenomic libraries
with a high Z-score for GAP, class B and class C were
manually curated. The protein sequences were then
translated into DNA sequences with optimized codon
usage for E. coli, synthesized in vitro by Genescript,
cloned into pET28 and expressed from the Plac.

Growth of Escherichia coli and in vivo acid phosphatase
activity

Escherichia coli BL21 (DE3) transformed with the
corresponding plasmid was grown in 100 ml conical
flasks containing 25 ml of LB supplemented with
0.025 mg/ml kanamycin (pET28). Cultures were incu-
bated at 37 �C with shaking until they reached a turbidity
at 660 nm (OD660) of 0.6, at which point 0.1 mM
isopropyl-α-D-thiogalactopyranoside (IPTG) was added,
to induce expression, incubation was continued over-
night. After growth of E. coli, the turbidity of the cultures
was adjusted to 1 in 600 μl of lysis buffer (100 mM ace-
tate, pH 5.5, CaCl2, 1 mM, and Tween 80, 0.01% or a
drop of toluene) (Lassen et al., 2001). The assay was
performed by combining 100 μl of permeabilized cells
with 10 μl of a solution of 100 mM p-nitrophenyl phos-
phate (pNNP) dissolved in 0.1 M Na-acetate buffer,
pH 5.5. The reaction mixture was incubated for 30 min at
25�C. Subsequently, 100 μl of 0.5 M sodium hydroxide in
water was added to stop the reaction. The samples were
then centrifuged in a bench centrifuge (5 min at
10000 rpm), and the absorbance at 405 nm was
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measured in a spectrophotometer. To determine the opti-
mal pH range, the Britton-Robinson poly-buffer (40 mM
boric acid, 40 mM acetic acid and 40 mM phosphoric
acid) was adjusted with NaOH to a pH between 2 and
9 (Souri et al., 2013). Other conditions for the acid phos-
phatase assays are those mentioned above.

Protein purification

For protein purification, cells were suspended in 25 ml
of buffer A (50 mM Hepes pH 6.9; 300 mM NaCl; 1 mM
dithiothreitol) with EDTA-free protease inhibitor mix-
ture. Cells were lysed by two passes through a French
Press at a p.s.i. of 1000. The cell suspension was then
centrifuged at 20,000g for 1 h. The pellet was dis-
carded and the supernatant was filtered and loaded
onto a 5 ml His-Trap chelating column (GE Healthcare,
St. Gibes, UK). The proteins were eluted with a
10–500 mM gradient of imidazol in buffer A. The purity
of the eluate was determined by running 12% SDS-
PAGE gels. Homogenous protein preparations were
dialyzed overnight against buffer A but supplemented
with 10% [v/v] glycerol. Dialyzed protein was collected
at a concentration of about 1 mg/ml and stored in 1 ml
aliquots at −80�C.
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version of this article at the publisher’s web-site:

Supplementary Table 1. Metadata obtained from Uniprot
database for sequences used to construct acid phosphatase
profiles. Sequences were obtained according to their func-
tional annotation and were filtered as described in materials
and methods.
Supplementary Table 2A. Identification of GAP acid phos-
phatases in enterobacteria. The basic information of the set
of identified GAP phosphatases in enteric bacteria was
determined using the complete set of sequences in Supple-
mentary Table 1.
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Supplementary Table 2B. Identification of class B acid
phosphatases in enterobacteria. The basic information of the
set of identified class B phosphatases in enteric bacteria
was determined using the complete set of sequences in
Supplementary Table 1.
Supplementary Table 2C. Identification of class C acid
phosphatases in enterobacteria. The basic information of the
set of identified class C acid phosphatases in enteric bacte-
ria was determined using the complete subset of sequences
in Supplementary Table 1.
Supplementary Table 3A. Summary of the sub-alignment
utilized to construct the profile of 1528 sequences identified
as Acid Phosphatase GAP. The consensus sequence
derived from the multiple-alignment of the 948 members of
the GAP Class is shown at the bottom of the table.
Supplementary Table 3B. Summary of the sub-alignment
utilized to construct the profile of 512 sequences identified
as Class B Acid Phosphatase. The consensus sequence
derived from the multiple-alignment of the 512 members of
the Class B is shown at the bottom of the table.
Supplementary Table 3C. Summary of the sub-alignment
utilized to construct the Profile of 1701 sequences identified
as Class C Acid Phosphatase. The consensus sequence
derived from the multiple-alignment of the 1701 members of
the Class C is shown at the bottom of the table.
Supplementary Table 4. Acid phosphatase profiles for clas-
ses GAP, B and C. The three generalized profiles were con-
structed using pfsearch v2.3 from the PFTOOLS suit. They
can be find concatenated in the same file in order (GAP, B,
C). These profiles are ready to be used using PFTOOLS soft-
ware (https://prosite.expasy.org/prosuser.html).
Supplementary Table 5. Summary of hits found using data-
bases of soil and marine proteins from metagenomic samples
annotated as hypothetical proteins. Databases were scanned
using pfscan script from PFTOOLS v2.3 (20,21) and the three
acid phosphatase profiles (Prf-GAP, Prf-B, Prf-C).

Supplementary Table 6. Amino acid sequences of acid
phosphatases identified among ‘uncharacterized proteins’ in
screening of metagenomic libraries. Two high Z-score pro-
teins of each class were converted into DNA sequences
using optimized codon usage for Escherichia coli. The syn-
thesized genes were cloned into the pET28a plasmid and
transformed into E.coli BL21 (DE3) for overexpression.
Supplementary Table 7. Acid phosphatase activity in
permeabilized whole cells. Assays conditions are detailed in
Materials and Methods; related data is also presented in
Table 2. The enzymatic activity was determined at pH 5.5
and 25 �C for 15 to 30 min. Activity is expressed as
nanomoles of p-nitrophenol produced per mg of cell dry
wieigth per min.
Supplementary Fig. 1. Unrooted maximum likelihood phylo-
genetic tree of bacterial acid phosphatases. The tree was
inferred from a simultaneous comparison of 3741 sequences
of bacterial acid phosphatases. Tree topology and branch
lengths were calculated using IQ-TREE software (18) and
the WAG+F + R10 model of evolution for amino acid
sequences. Colours of the branches represent levels of sig-
nificance obtained in the bootstrapping analysis using 1000
bootstrap replications. Green indicates percentages close to
100% of confidence.
Supplementary Fig. 2. Number of hits found in Uniref100
database using pfscan script from PFTOOLS v2.3 and Prf-
GAP profile. Bar plots were performed using ggplot2 library
in R (Wickham et al., 2016).
Supplementary Fig. 3. Number of hits found in Uniref100
database using pfscan script from PFTOOLS v2.3 and Prf-B
profile. Bar plots were performed using ggplot2 library in R
(Wickham et al., 2016).
Supplementary Fig. 4. Number of hits found in Uniref100
database using pfscan script from PFTOOLS v2.3 and Prf-C
profile. Bars plots were performed using ggplot2 library in R
(Wickham et al., 2016).
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