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Novel Phytases from Bifidobacterium pseudocatenulatum ATCC 27919
and Bifidobacterium longum subsp. infantis ATCC 15697
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Two novel phytases have been characterized from Bifidobacterium pseudocatenulatum and Bifidobacterium longum subsp. in-
fantis. The enzymes belong to a new subclass within the histidine acid phytases, are highly specific for the hydrolysis of phytate,
and render myo-inositol triphosphate as the final hydrolysis product. They represent the first phytases characterized from this
group of probiotic microorganisms, opening the possibilities for their use in the processing of high-phytate-content foods.

hytases are a special class of phosphatases that catalyze the

sequential hydrolysis of myo-inositol hexakis phosphate
(InsPg) or phytate, the major form of phosphorous storage in
plants, to lower myo-inositol phosphate derivatives. Based on bio-
chemical properties and amino acid sequence, phytases can be
categorized into two major classes, the histidine acid phytases and
the alkaline phytases (9). The use of commercial phytases of fungal
origin (usually Trichoderma and Aspergillus strains) is a common
practice in animal feeding for improving the bioaccessibility of
minerals (zing, iron, calcium, and magnesium) that are otherwise
chelated by InsPg and InsP; and insolubilized (4, 13). The pres-
ence of phytase activity has recently been reported to occur in the
human intestinal Bifidobacterium pseudocatenulatum ATCC
27919 and Bifidobacterium longum subsp. infantis ATCC 15697
strains (5, 7). These bacteria were included in the production pro-
cess of whole-wheat bread, showing their potential to reduce
phytate content in fiber-rich products for human consumption
(15, 16). However, no genetic information about the correspond-
ing enzymes was available.

Identification and purification of bifidobacterial phytases.
When the genomes from B. pseudocatenulatum ATCC 27919
(GenBank accession no. NZ_ABXX02000003) and B. longum
subsp. infantis ATCC 15697 (GenBank accession no. CP001095)
were being searched for the presence of genes encoding putative
phosphatases, two genes (BIFPSEUDO_03792 and BLON_0263,
designated hereinafter PhypA and PhylA, respectively) attracted
our attention. These genes encoded two proteins with 59% amino
acid identity which possessed histidine acid phosphatase (HAP)
domains (PF00328). Furthermore, PhypA and PhylA displayed
N-terminal signal peptides for secretion and a predicted C-termi-
nal sortase-dependent cell wall-anchoring domain. Initial charac-
terization of the phytase activity in both bifidobacterial strains
revealed that it was mainly located at the cell wall/membrane frac-
tions (data not shown). Hence, the identified genes were good
candidates for encoding the bifidobacterial phytases.

Sequence analysis additionally showed that the typical HAP
signature sequence of the histidine-containing catalytic site (RH
GXRXP) was replaced by RHGSRGL in PhypA and PhylA and that
the aspartate of the C-terminal HD domain was replaced by ala-
nine. Remarkably, the putative HAP homologues closer to PhylA
and PhypA found in databases, belonging to the Actinobacteria,
Betaproteobacteria, and Gammaproteobacteria, show the same
variants in their sequences (N-terminal RHGSRXX and C-termi-
nal HA-conserved motifs) (see Fig. S1 in the supplemental mate-
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rial). These results suggest the existence of a new class of bacterial
HAPs within branch 2 of the histidine phosphatase superfamily, as
the ones reported so far show the N-terminal RHGXRXP and
C-terminal HD motifs. A phylogenetic analysis revealed that the
putative HAPs with the RHGSRXX and HA motifs are in a cluster
that is closer in the first instance to the plant, vertebrate, and
fungal phytases than to a different bacterial HAP subgroup that
includes the deeply characterized Escherichia coli (8) and Klebsiella
sp. (1) phytases, among others (Fig. S2). In bifidobacteria, ortho-
logues of PhypA and PhylA were found only in the genomes of B.
longum, B. pseudocatenulatum, and Bifidobacterium dentium iso-
lates (58 to 82% amino acid identity), which correlated with the
results for previous enzymatic tests (6, 11, 12).

The PhypA and PhylA genes were amplified by PCR excluding
the sequences encoding the N-terminal signal peptides (48 amino
acids for PhypA and 31 amino acids for PhylA) and the C-terminal
hydrophobic domains (deletion of the 27 and 24 C-terminal
amino acids in PhypA and PhylA, respectively) and cloned into
the expression vector pQE80 (Qiagen) for their purification as
6 X His-tagged proteins (see Fig. S3 and Table S1 in the supple-
mental material). The enzymes were purified from Escherichia coli
M15-induced cultures grown in 1 liter of LB by chromatography
on Ni-nitrilotriacetic acid (NTA) agarose columns (1-ml bed vol-
ume) according to the supplier’s instructions (Qiagen). The frac-
tions containing the expressed proteins were dialyzed against 100
mM Tris-HCI, pH 7.4, 1 mM EDTA, 10% glycerol, 50 mM NaCl
before being applied to a Resource Q 1-ml column (GE Health-
care) installed in an Aktapurifier fast-performance liquid chroma-
tography (FPLC) system (GE Healthcare). The elution profile
consisted of a linear gradient of NaCl from 0 to 1 M in 20 mM
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FIG 1 Determination of optimal pH and temperature for 6 X (His)PhylA and
6X (His)PhypA enzymes by use of phytate as the substrate. Different pHs were
assayed at 50°C, and different temperatures were assayed at pH 5.5. Experi-
ments were run in triplicate.

Tris-HCI, pH 6.0, and the purified recombinant proteins were
stored at —80°C.

Characterization of the phytase activity of the purified en-
zymes. Both enzymes displayed phytase activity that could be ev-
idenced by measuring the release of inorganic phosphate from
phytate as previously described (6). The activity was determined
with a range of buffers (sodium citrate-NaOH buffer for pH 3.0,
sodium acetate/acetic acid buffer for the pH range of 3.6 to 5.5,
bis-Tris-HCI buffer for the pH range of 6.0 to 7.3, and Tris-HCl
for pH 8 at a final concentration of 100 mM) containing 0.2 to 0.3
pg/ml of the purified enzymes and 1.2 mM potassium phytate
(Sigma). While both enzymes showed their optimum activities at
pH 5.5 and 50°C, PhypA displayed a broader activity range, con-
serving more than 90% activity at pH 6.5 and 55°C (Fig. 1). The
two enzymes showed a remarkable thermal stability at 80°C, pre-
serving 44% (PhylA) and 73% (PhypA) of their activities after 15
min. The activities were negatively affected by all the assayed com-

TABLE 1 Effects of different compounds on phytase activity

% phytase activity (mean = SD)*

Compound (5 mM) PhypA PhylA
None 100 £ 0.90 100 £ 1.04
CoCl, 79.8 * 3.14 84 + 1.04
MnCl, 71+ 0.27 76 * 2.5
EDTA 85.3 £ 0.1 69.2 = 3.8
Phenylmethylsulfonyl fluoride 92.1 £0.1 65.1 £34
3-Mercaptoethanol 61 +0.2 64.1 £ 0.26
Todoacetic acid 100 + 0.3 99.9 £ 1.43
Potassium fluoride 70.3 * 0.63 79.3 * 1.16

“ The reactions were carried out in triplicate in 100 mM acetate buffer, pH 5.5, with 1
mM phytate at 50°C.
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TABLE 2 Activity of bifidobacterial phytases on different
phosphorylated substrates

% phytase activity (mean = SD)*

Substrate (1 mM) PhypA PhylA
Phytate 100 = 0.25 100 * 0.34
p-Nitrophenyl-phosphate 0.9 = 0.42 1.05 = 0.11
Phosphoenolpyruvate ND ND
Acetyl-phosphate 6.7 1.8 2.3 *£045
AMP ND 0.4 = 0.11
ADP ND ND

ATP ND ND
Glyceraldehyde-3-phosphate ND ND
Glucose 1-phosphate ND ND
Glucose 6-phosphate ND ND
Fructose 1-phosphate ND ND
Fructose 1,6-bisphosphate 49*0.1 1.45 + 0.45

“ The reactions were carried out in triplicate in 100 mM acetate buffer, pH 5.5, at 50°C.
ND, no activity detected.

pounds to a low extent (less than 40% inhibition) (Table 1), and
both enzymes were very specific for phytate (Table 2). Thus, PhylA
and PhypA were closer to the E. coli phytase (3) than to other
fungal HAP phytases, which are able to hydrolyze a wide range of
phosphorylated compounds (9).

Strict dependence for Ca** is typical for alkaline phytases,
where the phytate-Ca®" complex is the molecule which is accom-
modated at the active center (10). In contrast, a negative effect of
Ca”" on phytase activity is the general rule for phytases belonging
to the HAP family, which act on metal-free phytate (9). PhypA
and PhylA were equally inhibited by Ca** at concentrations above
4 mM. However, at low concentrations (2 mM), PhylA displayed
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FIG 2 Phytase activity of 6X(His)PhylA and 6X(His)PhypA in the presence
of different concentrations of Ca®>" (as CaCl,) at different pHs. Values are
means of results from at least three replicates.
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FIG 3 Time course analysis of phytate (InsP,) hydrolysis by 6X(His)PhylA

and 6 X (His)PhypA at pH 5.5 and 50°C. Reactions were carried out in tripli-
cate.

activation by Ca**, which was more pronounced at pH 7 (Fig. 2).
In PhypA, such Ca’"-dependent activation was not produced.
Chelating agents such as EDTA generally have a positive effect
ranging from a 10 to a 50% increase in activity (18, 19). This was
not the case for bifidobacterial phytases, where a slight negative
effect of EDTA on activity was monitored (Table 1). Calcium ac-
tivation in HAP phytases is not unprecedented. As an example,
similar to PhylA, the phytase from the pollen grains of Lilium
longiflorum is activated by Ca®>" at 2 mM and inhibited by EDTA
(17).

A time course evaluation of phytate hydrolysis was carried out,
analyzing the different products by HPLC as previously described
(14). As can be seen in Fig. 3, both phytases produced a transient
accumulation of InsP; and InsP, that were rapidly hydrolyzed to
InsP;, which remained over the experimental period. These re-
sults are in agreement with the #yo-inositol phosphate products
generated from phytate by B. longum subsp. infantis ATCC 15697
(5) and B. pseudocatenulatum ATCC 27919 (7) and suggest that, in
contrast to other histidine acid phytases (e.g., fungal phytases [9]),
the bifidobacterial enzymes do not completely hydrolyze phytate
to myo-inositol. This could be of particular interest, because lower
myo-inositol phosphate derivatives generate soluble and absorb-
able chelates with minerals and crucial biological functions have
been postulated for specific isomers of InsP, and InsP; (2).

These are the first phytases identified in Bifidobacterium. They
are probably surface anchored in these bacteria and may play a
role in phosphate scavenging from phytate in the gastrointestinal
habitat. The qualified presumption of safety/generally regarded as
safe (QPS/GRAS) status and the probiotic characteristics of this
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group of microorganisms enable their phytases to be used to re-
duce phytate contents in products possibly fit for human con-
sumption.
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