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Abstract

Phytase (myo-inositol-1,2,3,4,5,6-hexakisphosphate phosphohydrolase, EC 3.1.3.26), which catalyses the step-wise hydrolysis of
phytic acid, was purified from cotyledons of dormant Corylus avellana L. seeds. The enzyme was separated from the major soluble
acid phosphatase by successive (NH4)>SO, precipitation, gel filtration and cation exchange chromatography resulting in a 300-fold
purification and yield of 7.5%. The native enzyme positively interacted with Concanavalin A suggesting that it is putatively glyco-
sylated. After size exclusion chromatography and SDS-PAGE it was found to be a monomeric protein with molecular mass 7242.5
kDa. The hazel enzyme exhibited optimum activity for phytic acid hydrolysis at pH 5 and, like other phytases, had broad substrate
specificity. It exhibited the lowest K, (162 uM) and highest specificity constant (V.x/Km) for phytic acid, indicating that this is the
preferred in vivo substrate. It required no metal ion as a co-factor, while inorganic phosphate and fluoride competitively inhibited

enzymic activity (K;=407 uM and K;=205 pM, respectively).
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1. Introduction

The phosphatases constitute a class of enzymes
responsible for the mobilisation of phosphate reserves.
They exhibit great heterogeneity with respect to catalytic
properties and physiological functions (Duff et al., 1994).
Of particular importance are the phytases (myo-inositol-
1,2,3.,4,5,6-hexakisphosphate phosphohydrolases, acidic
pH optimum, EC 3.1.3.26) which belong to a sub-class
of the acid phosphatases (APases, EC 3.1.3.2) (Duff et
al., 1994). Alkaline phytases have also been reported to
be present in the pollen of Lilium longiflorum (Scott and
Loewus, 1986), Typha latifolia (Hara et al., 1985) and in
legume seeds (Scott, 1991). Contrary to the majority of
APases, the phytases exhibit a quite clear preference
toward phytic acid (IP6, myo-inositol-1,2,3,4,5,6-hex-
akisphosphate). The latter exists as the K*, Mg™,
Ca?*, Zn?" salts of the free acid, collectively known as
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phytate and is present in seeds, pollen, tubers and vege-
tative organs (Lott et al., 1995). Phytase (acidic pH
optimum) specificity, however, is also not absolute, for
the enzyme can release inorganic phosphate (Pi) from a
variety of phosphorylated esters (Duff et al., 1994),
while the alkaline phytases possess a more absolute
specificity (Baldi et al., 1988).

In seeds, IP6 is the major store of phosphate. It
accounts for 1-5% of dry wt., representing 50-80% of
the total P content. Hence, it is generally assumed that
the major role of IP6 is in Pi storage (Lott et al., 1995).
It is also regarded as a store of myo-inositol which, via
the myo-inositol oxidation pathway is directed to cell
wall polysaccharide biosynthesis (Loewus and Murthy,
2000), thus being important for cell wall elongation and
growth. Myo-inositol has been also implicated in seed
desiccation, auxin physiology, biosynthesis of raffinose
and galactopinitol oligosaccharides important for osmo-
regulation and stress responses, in the synthesis of phos-
phoinositides, in protein anchoring to cellular membranes
(for a detailed discussion on myo-inositol functions refer
to Loewus and Murthy, 2000). Since IP6 is present as the
salt with cations it may represent a pool of mineral
reserves (Lott et al., 1995). It has been proposed that IP6
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may act as a potent antioxidant by virtue of its capacity
to chelate free iron, thus preventing the generation of
hydroxyl radicals (OH’) (Graf et al, 1987), which could
in turn explain the long viability of some seeds (Laboure
et al., 1993). IP6 has been also suggested to act as a
second messenger ligand (Sasakawa et al., 1995), play a
role in ATP metabolism (Safrany et al., 1999), DNA
repair (Hanakahi et al., 2000), RNA export from the
nucleus (York et al., 1999).

During pollen and seed germination phytase activity
markedly increases with a concomitant reduction of IP6
levels (Lin et al., 1987; Gibson and Ullah, 1988). Low
levels of phytase activity are usually found in dry seeds
(Laboure et al., 1993; Gibson and Ullah, 1988). How-
ever, it is not clear whether de novo synthesis of the
protein or activation of pre-existing enzyme could
explain the subsequent rise in phytase activity (Gibson
and Ullah, 1990; Laboure et al., 1993).

Phytase has been studied in both microorganisms and
plants (Greiner et al., 2000; Wodzinski and Ullah, 1996;
Gibson and Ullah, 1990, and references therein). The
major difficulty usually encountered is the separation of
phytase from contaminating APases, since these
enzymes share many properties in common, thus ren-
dering isolation attempts problematic. Partial purifica-
tion is often achieved or fairly crude preparations are
used, so that any conclusions on enzymic properties
should be treated with care since they could well be
attributed to any contaminating APases (Gibson and
Ullah, 1990). Additionally, most of the reports refer to
germinating seeds or pollen, while little is known about
IP6 mobilisation and its regulation during seed dor-
mancy relief, despite the importance of this unique and
critical transition phase in the life history of higher
plants.

In the course of our investigations on IP6 and Pi
mobilisation during hazel seed dormancy relief by chil-
ling we have purified a phytase enzyme, the first time
from dormant seeds. In the present communication we
report the isolation procedure and biochemical char-
acterisation of the purified enzyme, with the aim of
obtaining information regarding its biochemical prop-
erties and to allow comparison with previously well-
characterised phytases from other sources.

2. Results and discussion
2.1. Purification of phytase

The hazel phytase was purified from dormant seeds
by successive ammonium sulphate precipitation, size
exclusion and cation exchange chromatographies, as
detailed in Table 1. When the 30-75% (INH4),SO4-
saturated fraction was analysed by Native-PAGE and
the gel stained for APase activity three major bands of

activity appeared with Rr 0.24, 0.61 and 0.64. These
correspond to the activity bands indicated in Fig. 1 b.
Incubation of a duplicate gel in the presence of 20mM
NaF, a known inhibitor of APases and phytases,
showed no appreciable staining of enzymic activity. This
indicated that the bands observed in the former were
APases (results not shown).

Size exclusion chromatography of the 30-75%
(NH4),SOy4-precipitated fraction resulted in both phy-
tase and APase being included in the Sephacryl S-200
column (Fig. 1a). Electrophoretic analysis of the eluted
fractions under non-denaturing conditions and post-
electrophoresis staining for enzymic activity revealed
that the band with R; 0.24 corresponded to the major
APase, while the phytase peak corresponded to the
bands with Ry 0.61 and 0.64 (Fig. 1b). This gel filtration
step did not resolve the two enzymes (Fig. 1a) with the
protocol utilised; changing parameters, such as flow rate
and/or sample volume, did not enhance resolution.

Both phytase and APase were retained on a Mono S
cation exchange column at pH 4.5 and were released by
an increasing NaCl gradient. Phytase ecluted at ca.
80mM NaCl (Fig. 2). This phytase preparation also
exhibited activity toward p-nitrophenyl phosphate
(pPNPP), a substrate commonly used in assays of APase
activity. As judged by the yield against pNPP in the final
phytase preparation (Mono S step peak marked with *,
0.2%) and in the APase activity peak (Mono S step
peak marked with closed arrowhead, 22.5%), the two
enzymes can be considered as being resolved.

The procedure described allowed for the hazel phy-
tase to be purified ca. 300-fold with a yield of 7.5% and
specific activity 394 10~3 mmoles Pi mg~'protein. After
each purification step quite large losses of enzymic
activity were evident. These were not prevented by
addition of glycerol (Laboure et al., 1993), Triton X-100
(Nakano et al., 1999), or phytate (Hara et al., 1985) in
the buffers employed during chromatographic separa-
tions. The possibility exists that the removal of some sta-
bilising factor resulted in enzyme inactivation, however,
such an agent is yet to be found. Nevertheless, it is known
that phytases, and APases in general, are quite unstable in
dilute solutions and suffer by surface inactivation.

2.2. Biophysical properties

The molecular mass of the purified phytase was esti-
mated after gel filtration on a calibrated Sephacryl
S-200 column. As judged by the elution profile of the
Sephacryl column, the native enzyme has an apparent
molecular weight (M,) 72+2.5 kDa (Fig. la, inset).
After SDS-PAGE three closely migrating bands were
observed, a major one with M, 71 kDa and two minor
bands with M, 72.2 and 73.4 kDa respectively (Fig. 3a).
The same banding profile after SDS-PAGE was
obtained both in the presence (Fig. 3a) and in the
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Table 1
Purification scheme of the hazel phytase

Step Total protein Total activity Specific activity Purification Yield (%)
(mg) (Units) (mmoles Pi mg™! (n-fold)
protein h=1) phytase APase
Crude 174.0 226x1073 1.3x1073 1 100 100
30-75%-satd.-(NHy4),SO4 62.5 106x 1073 2x1073 1.5 48 64
Sephacryl S-200 10.5 71x1073 7x1073 5.3 31.5 59
Mono S 0.042 17x1073 394x10-3 303 7.5 0.2¢ 22.5b

2 Yield against pNPP in the final phytase preparation (activity peak marked with * in Fig. 2).
b Yield against pNPP in the fractions with the highest APase activity (activity peak marked with closed arrowhead in Fig. 2).

absence (data not shown) of B-mercaptoethanol. These
combined results suggest that the hazel phytase may be
a monomeric protein. The determined M, of the hazel
enzyme is of the same order of magnitude as values
previously reported for phytases from other plant sour-
ces (Greiner et al., 2000; Duff et al., 1994; Gibson and
Ullah, 1988). However, in maize seedlings (Laboure et
al., 1993) and roots (Hubel and Beck, 1996) the enzyme
was found to be a homodimer with subunit A, 38kDa.
The hazel protein did not cross-react with rabbit poly-
clonal antibodies raised against the purified phytase
from maize seedlings (kindly provided by Dr. A.M.
Lescure, INRA, France) after Western blotting (results
not shown).

Two bands of activity were evident after both Native-
PAGE (Fig. 3b) and Native-IEF (Fig. 3c). The esti-
mated pl values were ca. pH 6.1 and pH 6.2. The
observed banding profile under non-reducing conditions
could indicate that the enzyme was either not electro-
phoretically pure or there exist isoforms. The pre-
parative nature of the gel filtration chromatographic
step did not enable us to elucidate whether multiple size
isomers exist. Furthermore, the close pl values deter-
mined after Native-IEF could indicate that separation
of possible charge isomers by an ion exchange chroma-
tographic step, such as the Mono S, would not be ade-
quate. Nonetheless, multiple phytase forms have been
reported (e.g., Hubel and Beck, 1996; Greiner et al.,
2000). Gibson and Ullah (1988) in germinating soybean
determined two peaks of phytase activity after chroma-
tofocusing with estimated pl values at pH 5.5 and 5.0,
although the latter was attributed to charge modifi-
cation of the major pH 5.5 peak.

2.3. Glycosylation

It was found that the hazel enzyme interacted with
Concanavalin A-Sepharose 4B (ConA) and could be
subsequently affinity eluted from the column with
a-methyl-D-glucopyranoside (Fig. 4). Non-specific
interaction of the phytase protein with the chromato-
graphic resin is ruled out by the high ionic strength of
the buffer used. Also, a carry-over due to a possible

carbohydrate-binding domain in the phytase molecule,
which could facilitate an interaction with carbohydrate
moieties of other glycoproteins (Faye et al., 1989),
should also be dismissed due to the presence of high
levels of salt in the buffer.

No staining indicative of carbohydrates was observed
with periodic acid-Shiff (PAS) after Native-PAGE,
while the major APase stained positively (results not
shown). However, the PAS staining of carbohydrates is
not a very sensitive method of glycoprotein detection
after PAGE (Dubray and Bezard, 1982). Since the car-
bohydrate content of glycoproteins is usually low it is
often necessary to over-load the gel to obtain an accurate
positive or negative result (ibid.). This could explain both
the results of the present study and those previously
reported for purified phytases from other sources
(Laboure et al., 1993; Gibson and Ullah, 1988). The lat-
ter authors reported that ovalbumin at concentration
equivalent to the purified phytases was stained positively
with PAS. However, ovalbumin has a high carbohydrate
content e.g., 2% mannose and 1.2% glucosamine
(Dubray and Bezard, 1982; and references therein).

The positive interaction of the hazel phytase with
ConA is regarded as an indication for its putative gly-
cosylation status, while further studies are required to
fully elucidate this. However, such a post-translational
modification could have resulted in the banding profile
of the purified protein as observed after SDS-PAGE
and Native-PAGE/IEF. Hegeman and Grabau (2001)
have also isolated a phytase from soybean seeds with
sequence similarity to the purple APases, this enzyme
also interacting positively with ConA. Phytases from
microorganisms have been shown to be glycoproteins,
for example the Aspergillus niger phytase (Han and Lei,
1999; Ullah et al., 1999). Glycosylation of the 4. niger
phytase was essential for increased biosynthesis and
higher thermostability of the protein when expressed in
Pichia pastoris (Han and Lei, 1999). Yamagata et al.
(1980) have purified and characterised an APase from
rice aleurone particles which both positively interacted
with ConA and stained with PAS. This enzyme, how-
ever, could be tentatively identified as a phytase on
grounds of substrate specificity and kinetic parameters.
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Fig. 1. (a) Size exclusion chromatographic separation of ammonium sulphate precipitated proteins (30-75% cut) from cotyledons of dormant hazel
seeds on a HiPrep 26/60 Sephacryl S-200HR column. Fractions (3 ml/fraction) were analysed for protein (OD,gg,m) and enzyme activity (phytase
and total APase) which was expressed as pmoles product ml~!' and was normalised for clarity in plotting. Phytase activity corresponds to the peak
marked with (*) and that of total APase activity to the peak marked with the closed arrowhead. The void volume of the column was ca. 100 ml as
determined with Blue Dextran. Inset: plot of relative mobility (Ry) of standard proteins against the logarithm of their molecular size (logMW). The
arrow indicates the relative elution volume of the native hazel phytase. Letters A—E correspond to cytochrome C, carbonic anhydrase, bovine serum
albumin (monomer), bovine serum albumin (dimer), S-amylase respectively. (b) Electrophoretic analysis on 7.5% Native-PAGE of fractions 3649
collected from the HiPrep 26/60 Sephacryl S-200HR column. The analysed fractions correspond to ca. 125-170 ml of the chromatographic run in
(a). The gel was post-electrophoresis stained for APase activity with a-naphthyl phosphate and Fast Garnet GBC. Numbers on the left denote the
relative mobility (Ry) of the observed bands of enzymic activity, while the arrow on the right indicates the direction of electrophoresis. Results are
representative of at least three separate experiments.

Some of the functions of N-linked glycans include
their role in protein localisation in cellular membranes,
in seed protein storage bodies and facilitating the tight
packing of proteins within these organelles (Lamport,
1980; Spencer, 1984). Phytases are usually associated
with protein storage bodies of seeds and pollen (Gabard

and Jones, 1986; Baldi et al., 1988), which was also
shown for the hazel enzyme (Smith, 1990). Glycosy-
lation may protect the protein backbone against pro-
teolytic attack, while it is regarded as responsible for
proper folding, thermal stability, and biological activity
of glycoproteins (Rayon et al., 1998; Faye et al., 1989,
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Fig. 2. Cation exchange chromatography of the concentrated phytase active pool from the gel filtration step on a Mono S 5/SHR column at pH 4.5.
Eluted fractions were analysed for protein (ODsgonm) and enzyme activity (phytase: *; total APase: closed arrowhead) and expressed in pmoles
product ml~!. Enzymic activity was normalised for clarity in plotting. Results are representative of at least three separate experiments.
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Fig. 3. Electrophoretic analysis of the isolated hazel phytase. (a) 10%
SDS-PAGE of the final phytase preparation after Mono S chromato-
graphy. The arrow indicates the position of the 71kDa band. The
molecular weight (kDa) of markers is shown on the left. (b) 7.5% Native-
PAGE of the two fractions from the Mono S column exhibiting the
highest phytase activity. Numbers on the right indicate the Ry values of the
observed bands of enzymic activity. (c) pH 3-10 Native-IEF of the final
phytase preparation after Mono S chromatography. pl values of markers
are shown on the right. In (a) the gel was stained with silver nitrate. In (b)
and (c) the gels were stained with a-naphthyl phosphate and Fast Garnet
GBC. In all cases electrophoresis was toward the lower end of the gel.
Similar results were obtained from at least three separate experiments.

1993). The presence of N-linked glycans may also
improve the solubility properties of the glycosylated
polypeptide chain by creating a hydrophilic “overcoat”
(Lamport, 1980). In the case of hazel seeds, for which
post-harvest drying induces secondary embryo dor-
mancy that is subsequently alleviated upon chilling, the
possibility exists that glycosylation, through its effect on
protein solubility, could affect the activity of phytase in
an environment with potentially limited water content.

2.4. Biochemical properties

24.1. pH optimum

The optimum pH for IP6 hydrolysis was found to be
pH 5.0. Phytase activity rapidly decreased at the acidic
side of the optimum (Fig. 5). No significant activity
could be observed above pH 8. The pH values for half-
maximal activity were determined at pH 3.5 and 6.5.
Two main types of plant phytases have been identified
to date: acidic enzymes (pH optimum 4.5-6.0) and
alkaline phytases (pH optimum around 8). The hazel
enzyme belongs to the former category together with
phytases from a range of seeds (Greiner et al., 2000;
Laboure et al., 1993; Gibson and Ullah, 1988). In the
second class belong phytases from the pollen of Lilium
longiflorum Thunb. (Scott and Loewus, 1986; Baldi et
al., 1988) and Typha latifolia L. (Hara et al., 1985) and
detergent extracts of legume seeds (Scott, 1991). We
have also determined a pH 8.6 optimum phytase activity
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Fig. 4. Concanavalin A-Sepharose 4B (ConA) affinity chromatography of hazel glycoproteins. The concentrated phytase-active pool after the
Sephacryl gel filtration step was loaded on a 5/SHR column packed with ConA (column volume ca. 1 ml), as described in Section 3.8. Eluted frac-
tions (1 ml fraction™") were assayed for protein (OD»gony) and phytase activity. The arrow indicates the application of a-methyl-D-glucopyranoside
to affinity elute resin-bound proteins. No phytase activity could be detected in the flow through during sample application on to the column. The
experiment was performed in triplicate with similar results.
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Fig. 5. Effect of pH on hazel phytase activity. Results are expressed as % of maximum activity. Buffers used were glycine/HCI (circles) and acetic
acid/NaOH (triangles). Assays were performed in triplicate and bars represent standard errors.

in dormant and chilled hazel seeds, which is currently evident in hazel embryonic axes during dormancy
under further investigation. breakage by chilling (Ross, 1984). These vaculations are

The low pH optimum of phytase is characteristic of a the primary site of IP6 accumulation in the cell (Lott et
vacuolar protein. Vacuoles in plant cells typically have al., 1995) and among the enzymes shown to be asso-
acidic pH (Taiz, 1992) and in seeds may be formed by ciated with protein bodies are proteases, phytases and
the fusion of protein body membranes, after digestion APases. For example, the major phytase in barley

of the storage proteins (Pernollet, 1978). This is also aleurone layers was associated with the protein bodies
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(Gabard and Jones, 1986) a result also reported for the
pH 5 enzyme from lily pollen (Baldi et al., 1988).
Swanson and Jones (1996) showed that barley aleurone
cells respond to the addition of gibberellic acid by acid-
ifying their vacuoles through changes in the activity of
tonoplast H* pumps. Moreover, a decrease in pH of
the IP6-containing compartment, to a value as low as
pH 4, was evident by 3'P NMR spectroscopy in germi-
nating maize seeds (Barba et al., 1997). Acidic condi-
tions appear to be essential for solubilisation of IP6
(ibid.) and for catalytic activity of both acidic proteases,
APases and phytases. Therefore, a role of pH in the reg-
ulation of lytic metabolism in vivo is evident. This is also
supported by the pH optimum of the hazel phytase, the
acidic pH optimum of the hazel protease complement
(Ratanakosum, 1986) and the fact that both enzymes
were shown to be associated with hazel seed protein
storage bodies (Ratanakosum, 1986; Smith, 1990).

2.4.2. Substrate selectivity

In order to determine the substrate selectivity of the
hazel phytase several phosphorylated substrates were
utilised for K, and V., determinations (Table 2). The
hazel phytase exhibited typical Michaellis-Menten
kinetics for all compounds tested. The enzyme had
broad substrate specificity and IP6 was not the com-
pound with the highest relative rate of hydrolysis.
However, it exhibited the lowest K, value for IP6 (160
pM). It has to be noted that after the initial hydrolysis
of IP6 the system becomes multi-substrate, since phy-
tases catalyse the release of Pi from IP6 in a step-wise
manner. Thus, the reported kinetic parameters should
be referred to as apparent values and can only be cor-
rect when the true initial rates are determined (Reddy et
al., 1989). The K, value for IP6 is significantly lower

Table 2
Substrate specificity and kinetic parameters of the isolated hazel phy-
tase

Substrate Relative K, Vinax Vinax/ K
activity  (mmoles) (mmoles
() mg~!
protein
h~1)
Phytic acid 100 0.16 0.7 44
ATP(5) 250 0.55 1.3 2.4
Fructose 1,6-diphosphate 146 1.1 1 0.8
Ribose-5-phosphate 50 1.2 0.3 0.3
1-naphthyl phosphate 130 1.6 1 0.6
p-nitrophenyl phosphate 101 2.2 1.6 0.7
Glucose 6-phosphate 78.5 2.3 0.7 0.3
Na-Pyrophosphate 438.5 2.4 3.7 1.5

For determination of relative activity hydrolysis rate of phytic acid
(2.5 mM) (dodecasodium salt from rice) was taken as 100%. For K,
and V. estimation, phytase activity was assayed with increasing
concentration of each compound and the data was subsequently
transformed to double-reciprocal plots.

than the K, estimates for the other compounds tested.
Moreover, the hazel phytase exhibited the highest spe-
cificity constant (V,.x/Ky) for IP6 compared to the
various substrates tested, thus indicating that IP6 is the
preferred substrate. The results presented allow us to
classify the hazel phytase as a specialised APase with a
clear, though not absolute substrate specificity. Alkaline
phytases, conversely, exhibit almost absolute specificity
(Baldi et al., 1988).

The kinetic parameters we determined for IP6 are of
the same order of magnitude as those reported for the
phytase from other plant sources (Greiner et al., 2000;
Laboure et al., 1993; and references therein). Gibson
and Ullah (1988) estimated a K, value of 48 uM for the
soybean phytase, which is among the lowest reported.
The hazel enzyme exhibited substrate inhibition with
activity being reduced ca. 20% at 5 mM IP6. Substrate
inhibition at high IP6 levels could indicate a two-point
attachment of the substrate to the enzyme. Irving (1980)
also reported this for phytases from Pseudomonas sp.,
dwarf beans and corn endosperm-scutellar tissue. The
broad substrate specificity of phytase in vitro implies
that the enzyme would be able to catalyse the release of
Pi from a wide range of phosphorylated substrates in
vivo. This is of particular importance during the transi-
tion from the resting to the metabolically active and
germinating seed as the demand in Pi, ATP and energy
could be met by the hydrolysis of a wide range of
phosphorylated substrates. Phytases and APases have
been attributed such a role (Duff et al., 1994) however,
the former would preferentially hydrolyse IP6.

2.4.3. Inhibition by inorganic phosphate

Inorganic phosphate, a product of IP6 hydrolysis,
completely inhibited phytase activity at 5 mM. The
nature of the inhibition was studied and found to be of
the competitive type. A K; of 407 uM was estimated. In
soybean cotyledons the inhibition of phytase by Pi had
a K; of 28 pM (Gibson and Ullah, 1990), while in wheat
bran and mung beans the reported K; values were of the
same order of magnitude as in the present report (ibid.).
In the case of the hazel enzyme we suggest that the low
Vmax for IP6 hydrolysis and the competitive inhibition
by Pi constitute a controlled mechanism of Pi release
from IP6 hydrolysis during dormancy breakage, so that
the embryonic axis is supplied with a constant amount
of Pi. This would indicate that IP6 is broken down at a
rate high enough to support growth during resumption
of metabolic activity by the resting seed, while at the
same time leaving appreciable amounts of Pi reserves to
be utilised during seed germination and seedling growth.

2.4.4. Effect of metal ions

Different divalent cations and metal ions were inclu-
ded in the standard phytase assay in order to determine
their effect on enzymic activity (Table 3). Among the
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Table 3
Effect of ions, divalent cations, metals and metal chelators on hazel
phytase activity

Concentration (mM)

Agent 0.1 1 2.5
Control 100 100 100
FeCl;-6H,0? 83 () 71 (3) 32 (3)
NaF Nd® 51.(3) 39 (2)
CaCl, 95 (1) 95 (1) 101 (3)
MgCl,-6H,0* 89 (0.5) 87.5(0.5) 80 (4)
MnCl,-4H,0 82 (1) 81 (0.5) 83 (2)
Zn,S0,4-7TH,0* 44 (1.5) 38 (1) 41 (0.5)
CuS0,4-5H,0 80 (2) 40 30 (2)
Na,Mo0,4-2H,0 15 (1) 13 13
Naz;Voy- 14H,0 21 (1) 15 (1) 10
EGTA nd nd 108 (2.5)
Tartrate nd nd 102 (2.5)
Citrate nd nd 116 (2)

Results are expressed as% of the control (no additive) and numbers in
brackets are standard errors (£) (n=3).

4 Formation of visible precipitate.

® nd =not determined.

divalent cations, calcium had no significant effect, while
Mg?* and Mn?" exhibited moderate inhibition. These
results are different from those reported by Gibson and
Ullah (1988) for the soybean-purified protein showing
that enzymic activity was stimulated almost 50% over
the control. Calcium was also reported to effect a slight
activation of the maize phytase (Laboure et al., 1993).
This could be attributed to the removal of Pi from
solution as calcium phosphate, thus effectively reducing
Pi levels in the in vitro assay mixture so that the enzyme
would be able to act in a less inhibiting environment.
Heavy metals such as copper, molybdenum and vana-
dium caused a reduction of enzymic activity between
70-90% at the 2.5 mM level. Fluoride was found to be a
competitive inhibitor of the hazel enzyme (K;=205uM),
typical of other phytases and APases (Duff et al., 1994).
Metal ion chelators had a slightly activating effect on phy-
tase activity. These results show that the hazel phytase
does not require a metal as a co-factor, in line with Greiner
et al. (2000) for the phytase from seeds of barley and other
cereals. However, the present results could also reflect the
ability of IP6 to act as a strong chelating agent. Thus the
inhibition observed could be attributed to alteration of the
substrate to an insoluble metal-IP6 form, effectively redu-
cing the amount of IP6 for the enzyme to act upon.

2.5. Conclusion

In the present communication we report the purifica-
tion of phytase for the first time from dormant seeds.
The isolated enzyme appears to be a monomeric protein
having biochemical characteristics similar to other phy-
tases purified from various plant sources. However, it
differs from the majority of plant phytases in that it

interacts with ConA, thus suggesting that it is putatively
glycosylated.

In a subsequent paper we will describe the purification
and characterisation of three soluble hazel APase iso-
zymes and compare them with the purified phytase.
That we were able to separate these enzymic activities
will facilitate future studies to be directed toward the
isolation and identification of the intermediate products
of IP6 hydrolysis during hazel dormancy alleviation.
Lower phosphorylated esters of myo-inositol, particu-
larly myo-inositol-1,4,5-trisphosphate (IP3) and myo-
inositol-1,2,3,6-tetrakisphosphate (IP4), have been
implicated in the induction of Ca?™* fluxes in mamma-
lian and plant systems in response to environmental sti-
muli (Clark et al., 2001). Previous studies in hazel seeds
have demonstrated that the Ca?>* -calmodulin system is
operating early in the dormancy breakage period, in
agreement with its proposed role as a signal transduc-
tion mechanism (Ross and Smith, 1992). Therefore, it is
of great interest to determine whether IP3, such as that
produced by the action of phospholipase C on phos-
phatidylinositol-4,5-bisphosphate, or some other biolo-
gically active compounds, such as IP4, are present as
products of IP6 dephosphorylation.

3. Experimental
3.1. Plant material

Fruits of Corylus avellana L. were obtained from a
commercial source. The lobed involucra was removed
and the nuts left to dry to a constant wt. at room
(ambient) temperature. They were then dry stored in
airtight containers at 5 °C. When required, hazelnuts
were removed from dry storage and either used directly,
after pericarp and testa removal, or stratified at 5 °C for
0—6 weeks as previously described (Li and Ross, 1988).

3.2. Chemicals, other material and equipment

All chemicals used were of the highest purity available
and purchased from Sigma-Aldrich (UK) and Bio Rad
Laboratories (UK). The AKTA™-purifier 10/100 FPLC
system and the HiPrep 26/60 Sephacryl S-200HR, Mono
S 5/SHR and PD-10 (Sephadex G-25, coarse) columns
were products of Amersham Pharmacia Biotech (UK).

3.3. Enzyme activity assay

The standard phytase assay contained, in a total
volume of 300 pl, 0.1 M acetate buffer (pH 5), 2.5 mM
phytic acid (dodecasodium salt from rice) and enzyme
preparation. Reactions were held at 37 °C for 4 h and
terminated by the addition of ice-cold trichloroacetic
acid (TCA) to a final concentration 10% (w/v). Activity
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was expressed in mmole Pi mg~!protein h—! and in the
case of column chromatographies as pmoles Pi ml~!.

APase was assayed with p-nitrophenyl phosphate
(pPNPP) as the substrate (5 mM) in 0.1 M citrate buffer
(pH 5.6) and appropriately diluted enzyme preparation,
to a total reaction volume of 1 ml. After 30 min at 37 °C
reactions were stopped by adding 400 ul 0.5M NaOH
and the liberated p-nitrophenol was quantified at 405
nm against appropriate enzyme blanks.

3.4. Protein and inorganic phosphate determination

Protein content was determined at 620 nm according
to Sedmak and Grossberg (1977). BSA was used as the
standard protein. Inorganic phosphate was determined
according to Fiske and Subbarow (1925) with KH,PO4
as a standard.

3.5. Purification of phytase

Experiments with samples prepared from cotyledons of
6-week-chilled hazel seeds (non-dormant seeds) exhibited
similar chromatographic patterns and no appreciable
differences in catalytic properties compared with those
from dry (dormant) seeds. Therefore, unless otherwise
stated, the following purification protocol will be con-
cerned with samples from dry (dormant) seeds, due to the
relative ease of preparation of the experimental material.

Unless otherwise specified, subsequent operations
were performed at 5 °C except for column chromato-
graphy that was carried out at room temperature. Ace-
tone powders of cotyledonary tissue were prepared
according to Loomis (1959) and stored at —20 °C with
no loss of enzymic activity.

Soluble proteins were extracted with 0.1 M acetate
buffer (pH 5.5), 1 mM DTT, 0.5 mM PMSF, 3% (w/w)
PVPP (Buffer A) (1 g material/10 ml extraction buffer).
The homogenate was mechanically shaken for 2 h and
then filtered through 4 layers of muslin. The filtrate was
centrifuged at 13,000xg for 20 min. Proteins precipitat-
ing between 30-75% with respect to (NH,4),SO, were
collected after centrifugation and re-suspended in a
small volume of 50 mM acetate buffer (pH 5.5), 100
mM NaCl (Buffer B). The sample was de-salted through
a PD-10 column previously equilibrated with Buffer B
and the eluate centrifuged as before to remove pre-
cipitated proteins. The pellet that had formed was found
to contain no appreciable phytase activity. The clear
sample was loaded onto a HiPrep 26/60 Sephacryl
S-200HR gel filtration column equilibrated with Buffer
B. The column, connected to an AKTATM-purifier
10/100 FPLC system, was developed with the same buffer
at a flow rate of 1 ml min—!. Fractions (3 ml) were col-
lected and those exhibiting phytase activity were pooled
and concentrated by means of (NH4),SO, precipitation.
Proteins were recovered by a further centrifugation as

before and the pellet resuspended in 20 mM acetate
buffer (pH 4.5, Buffer C) and de-salted through a PD-10
column equilibrated with the same buffer. The eluate
was loaded onto a Mono S 5/5HR cation exchange col-
umn, pre-equilibrated with Buffer C, connected to an
AKTA™. purifier 10/100 FPLC system. The column was
washed with Buffer C for 25 min after sample application
to remove unbound material and then developed with a
linear gradient of 0-0.5 M NaCl in Buffer C at a flow rate
of 1 ml min~! within 30 column volumes (CV, 1CV ca. 1
ml). Fractions (1 ml) were collected and those exhibiting
phytase activity were pooled and loaded onto a PD-10
column equilibrated with 0.1 M acetate buffer (pH 5).
This final preparation showed no loss of enzymic activity,
if subjected to experimental conditions within 48 h.

3.6. Biochemical characterisation of phytase

In order to study the biochemical characteristics of
the purified phytase the standard activity assay was
performed with the following modifications. For pH
studies, two buffer systems were used at final concen-
tration 0.1 M: glycine/HCI buffer for pH 2.5-3.6, acetic
acid/NaOH buffer for pH 3.5-6.5. For pH stability
determinations the purified enzyme was incubated in the
above buffers for 4 h at 37 °C before performing the
standard phytase assay. For kinetic studies, activity of
purified phytase was assayed using pNPP, 1-naphthyl
phosphate, Na-pyrophosphate, ATP, glucose 6-phos-
phate, fructose 1,6-diphosphate, ribose 5-phosphate
alongside appropriate enzyme blanks, at final con-
centrations in the range 0—5 mM. Metal ions were also
included in the standard phytase assay as the salt forms
and at the levels indicated in Table 3.

3.7. Estimation of molecular weight

In order to estimate the molecular weight of the
native hazel phytase a HiPrep 26/60 Sephacryl S-200HR
column was calibrated with protein standards of known
molecular weight (Sigma-Aldrich) consisting of cyto-
chrome C (horse heart, 12.4 kDa), carbonic anhydrase
(bovine erythrocytes, 29 kDa), bovine serum albumin
(monomer: 66 kDa; dimer: 132 kDa), g-amylase (sweet
potato, 200 kDa). The void volume of the column was
estimated with Blue Dextran (2000 kDa). The column
was operated as described above and the elution volume
of the hazel protein was determined after assaying the
fractions collected for enzymic activity.

3.8. Interaction of phytase with Concanavalin A

Ammonium sulphate concentrated proteins after the
Sephacryl S-200 gel filtration step were loaded onto a
PD-10 desalting column previously equilibrated with 0.1
M sodium acetate/acetic acid (pH 6) buffer containing
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0.5 M NaCl, I mM CacCl,, | mM MnCl, (ConA binding
buffer). The eluate was centrifuged at 13,000xg for 20
min at 4 °C (SS 34 rotor) and the clarified supernatant
was loaded, at a flow rate of 0.3 ml min—!, to Con-
canavalin A- Sepharose 4B packed in a 5/5SHR column
(Amersham Pharmacia Biotech). The column was con-
nected to an AKTA™-purifier 10/100 FPLC system
and equilibrated with ConA binding buffer. The column
was washed with the same buffer until the absorbance at
280 nm returned to baseline, in order to remove
unbound material. Resin-bound proteins were affinity
eluted with 0.5 M a-methyl-D-glucopyranoside in ConA
binding buffer. Fractions (1 ml) were collected and
assayed for phytase activity.

3.9. Protein electrophoresis

SDS-PAGE was performed in 0.75 mm thick 10%
separating gels with 4% stacking gels according to Laemmli
(1970). Electrophoresis was performed with a Mini-PRO-
TEAN® II Electrophoresis Cell (Bio Rad Laboratories) at
50 mA constant current until the bromophenol blue track-
ing dye had reached ca. 1 cm from the bottom of the gel.
Gels were stained for protein with silver nitrate according to
Wray et al. (1981) and calibrated with SDS-PAGE stan-
dards (broad range, Bio Rad Laboratories).

Native-PAGE was performed in 7.5% separating gels
as for SDS-PAGE but omitting SDS at 100 V at 5 °C
until the bromophenol blue dye had reached ca. 1 cm
from the bottom of the gel. Native-IEF was carried out
in pH 3-8 IEF Ready Gels (BioRad) according to the
manufacturer’s instructions. For pl estimation the IEF
gels were calibrated with pl markers (broad range: pl
4.45-9.6 IEF standards, Bio Rad).

Staining for enzymatic activity after Native-PAGE
and Native-IEF was performed according to Hubel and
Beck (1996) using 1-naphthyl phosphate and Fast Gar-
net GBC (sulphate salt).
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