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As a rule people dislike science
            - James Watson -
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ABBREVIATIONS

ADP Adenosine 5’-Diphosphate

ATP Adenosine 5’-Triphosphate

bp Basepair

CD Circular Dichroism

DCW Dry Cell Weight

EDTA Ethylenediaminetetra-acetic acid

FDA Food and Drug Adminstration

GRAS Generally Regarded As Safe

IPTG Isopropyl β-D-thiogalactopyranoside

IUPAC-IUB International Union of Pure and Applide Chemistry –

International Union of Biochemistry

kb Kilobase (pair)

MALDI-TOF Matrix-Assisted Laser Desorption Ionization-Time Of Flight

MDD-HPLC Metal Dye Detection - High Performance Liquid Chromatography

MIPP (rat hepatic) Multiple Inositol Polyphosphate Phosphatase

LB Luria – Bertani

LBDP Inorganic phosphate-depleted LB

PAR 2-(4-pyridylazo)resorcinol

PCR Polymerase Chain Reaction
31P-NMR Phosphorus-31 Nuclear Magnetic Resonance

rbs ribosomal binding site

RP-HPLC Reversed-Phase High-Performance Liquid Chromatography

SDS-PAGE Sodium Dodecyl Sulfate – Polyacryl Amide Gel Electrophoresis

TCA Trichloroacetic acid

VTT Technical Research Centre of Finland

NOTE

Myo-inostiol phosphate isomers are denotated (abbreviated) according to IUPAC rules of

nomenclature. The configurational numbering is employed when possible. D/L – prefix is

noted to indicate that the two stereoisomers are not discriminated. In those cases where no

prefix is listed the compound is a symmetric meso-compound. Where enantiomers are not

identified or known, possible isomers are given and separated by a slash.
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INTRODUCTION

Cereals, legumes and oilseed crops are grown over 90% of the world’s harvested area.

Together they serve as a major source of nutrients for the animal kingdom. An important

constituent of these crops is phytic acid (myo-inositol hexakisphosphate). The salt form, phytate,

is an anhydrous storage form of phosphate accounting for more than 80% of the total phosphorus

in cereals and legumes. Phytic acid is also a storage form of myo-inositol – an important

growth factor. In addition phytic acid, and myo-inositol derivatives derived from it, serves

several other important physiological functions in plants (Reddy et al., 1989).

Due to its chemical structure phytic acid is a very stable molecule. It differs from other

organo-phosphate molecules in having a high phosphate content, which results in a high negative

charge over a wide pH range. Under normal physiological conditions phytic acid chelates

essential minerals such as calcium, magnesium, iron and zinc. Phytic acid also binds to amino

acids and proteins and inhibits digestive enzymes (Pallauf and Rimbach, 1996). Thus, phytic

acid is an antinutritive component in plant-derived food and feed, and therefore enzymatic

hydrolysis of phytic acid is desirable.

Phosphatases are a diverse class of enzymes catalyzing the cleavage of monophosphoester

bonds in various organo-phosphate compounds. However, these enzymes are virtually unable

to hydrolyze the monophosphoester bonds in phytic acid. Since the hydrolysis of phytic acid

is of great importance a special class of enzymes hydrolyzing phytic acid has evolved – the

phytases. These enzymes (myo-inositol hexakisphosphate phosphohydrolases) hydrolyze phytic

acid to less phosphorylated myo-inositol derivatives (in some cases to free myo-inositol),

releasing inorganic phosphate. Phytase is widespread in nature, occurring in microorganisms,

plants, as well as in some animal tissues. Several phytases have been cloned and characterized,

such as fungal phytase from Aspergillus ficuum (Ullah, 1988a), bacterial phytase from

Escherichia coli (Greiner et al., 1993) and a mammalian phytase (Craxton et al., 1997). These

enzymes share a highly conserved sequence motif that is found at the active sites of acid

phosphatases (Ullah et al., 1991; Ullah and Dischinger, 1992). The reaction mechanism of E.

coli phytase has been revealed (Ostanin et al., 1992; Ostanin and van Etten, 1993) and is likely

to be common for most phytases. Therefore, these enzymes are said to form the phytase sub-

family of histidine acid phosphatases (Mitchell et al., 1997).

The ruminants digest phytic acid through the action of phytases produced by the anaerobic

gut fungi and bacteria present in their rumenal microflora. However, monogastric animals

such as pig, poultry and fish utilize phytate phosphorus poorly because they are deficient in

gastrointestinal tract phytases. Therefore, supplemental inorganic phosphate is added to their
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feed to meet the phosphate requirement and to ensure good growth. However, supplemental

inorganic phosphate does not diminish the antinutritive effect of phytic acid. The antinutritive

effect of phytic acid is especially problematic in the feeding of fish (Richardson et al., 1985),

due to their short gastrointestinal tract. This hinders the use of plant-derived protein in fish

feed.

The problems mentioned above could be solved by hydrolysis of phytate using supplemental

phytase (Simell et al., 1989). Therefore, phytase has become an important industrial enzyme

and is the object of extensive research. By working efficiently on the substrate in the prevailing

conditions, supplemental phytase could diminish the antinutritive effects of phytic acid and

reduce the cost of diets by removing or reducing the need for supplemental inorganic phosphate.

In addition, phytase would be an environmentally friendly product, reducing the amount of

phosphorus entering the environment. The Netherlands, Germany, Korea and Taiwan have

enacted or are enacting legislation to reduce the phosphorus pollution created by monogastric

livestock production (Wodzinski and Ullah, 1996).

Myo-inositol phosphates are also found in animal cells. However, the primary function of

these compounds in animal cells is not to serve as a storage form of phosphorus or myo-

inositol. Instead, their major role is in transmembrane signalling and mobilization of calcium

from intracellular reserves. Therefore, these myo-inositol phosphates can be used as enzyme

substrates for metabolic investigation, as enzyme inhibitors and therefore potentially as drugs

(Laumen and Ghisalba, 1994). Chemical synthesis of these compounds is difficult, requiring

protection and deprotection steps (Billington, 1993). Thus phytase, which converts phytic

acid to lower myo-inositol phosphates, could be used for industrial production of these special

myo-inositol phosphate derivatives.

Although several phytases have been isolated, cloned and characterized the “phytase story”

is far from being told. An optimal phytase for industrial applications is still lacking. Therefore,

there is a constant need for new phytase candidates. In this thesis a novel phytase from Bacillus

is described. Surprisingly, the enzyme differs from the well-characterized fungal phytases in

many respects - sequence, enzyme characteristics and hydrolysis pathway. The enzyme has

potential both in animal feed applications and in the production of specific myo-inositol

phosphates. The data presented in this thesis together with very the recently published 3-D

structure of Bacillus phytase (Ha et al., 2000) also implies a novel mode of phytic acid hydrolysis.

An expression system for the production of the enzyme (as well as for other enzymes) in

Bacillus is also presented in this thesis. This expression system proved to be very efficient,

resulting in production levels exceeding most of those described in the literature.

INTRODUCTION
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LITERATURE REVIEW

1 Phytic acid

Phytic acid is the major storage form of phosphorus in cereals, legumes and oilseeds. It

serves several physiological functions and also significantly influences the functional and

nutritional properties of cereals, legumes and oilseed (and food and feed derived thereof) by

forming complexes with proteins and minerals. The correct chemical description of phytic

acid is myo-inositol 1,2,3,4,5,6-hexakis dihydrogen phosphate (IUPAC-IUB, 1977). The salts

of phytic acid are described as phytates. More accurately, phytate is a mixed potassium-,

magnesium- and calcium salt of phytic acid that is present as a chelate in cereals, legumes and

oilseed.

1.1 Chemical Structure of Phytic acid

The conformational structures for phytic acid have been derived from X-ray analysis (Blank

et al., 1971) and 31P-NMR (Johnson and Tate, 1969). Johnson and Tate suggested that the

phosphate at 2-position is in axial position, the other phosphates being in an equatorial position.

In contrast, Blank et al. (1971) concluded that the phosphate groups at the 1-, 3-, 4-, 5-, and 6-

positions are axial, that at the 2-position being equatorial. Data of Costello et al. (1976) supports

the conformation suggested by Johnson and Tate (1969). This energetically most favourable

conformation of phytic acid is shown in Figure 1.

Costello and co-workers also determined pKa values for dissociating groups of phytic acid

using 31P-NMR and pH titration methods. They concluded that six groups were in the strong

acid range (pKa 1.1 to 2.1), one in the weak acid range (pKa 5.70), two with pKa 6.80 to 7.60,

and three in the very weak acid range (pKa 10.0 to 12.0). This suggests that phytic acid has a

strong potential for complexing multivalent cations and positively charged proteins, since it

exists as a strongly negatively charged molecule over a wide pH range.

1

23
4

5
6

Fig. 1. Energetically the most favourable conformation
of phytic acid (myo-inositol hexakisphosphate). Circles
represents the phosphate groups. The carbon atoms are
numbered for D-configuration.
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1.2 Physiological Functions of Phytic acid

Several physiological roles have been suggested for phytic acid in seeds and grains. These

include functioning (i) as a phosphorus store, (ii) as an energy store, (iii) as a source of cations,

(iv) as a source of myo-inositol (a cell wall precursor), and (v) initiation of dormancy. In

addition phytic acid probably serves several other unknown functions in seeds (Reddy et al.

1989). The role of phytic acid as a natural antioxidant in seeds during dormancy was suggested

by Graf et al. (1987). The antioxidant property of phytic acid is based on the assumption that

phytic acid effectively blocks iron-driven hydroxyl radical formation. Phytic acid has been

shown to exert an antineoplastic effect in animal models of both colon and breast carcinomas.

The presence of undigested phytic acid in the colon may protect against the development of

colonic carcinoma (Dvorakova, 1998).

Studies in the late 1980s and early 1990s have established the role of inositol phosphate

intermediates in the transport of materials into the cell. Their role, especially that of inositol

triphosphates, in signal transduction and regulation of cell functions in plant and animal cells

is a very active area of research (Wodzinski and Ullah, 1996). An antagonist-stimulated increase

in inositol (1,4,5)-triphosphate (and inositol (1,3,4,5)-tetraphosphate) is often associated with

an increase in cytosolic free Ca2+, which subsequently triggers a variety of physiological events.

For reviews on inositol phosphates see Billington (1993) and Ashcroft (1997).

1.3 Occurrence, Distribution and Content of Phytic acid

Phytic acid occurs primarily as salts of mono- and divalent cations (e.g. potassium-

magnesium salt in rice and calcium-magnesium-potassium salt in soybeans) in discrete regions

of cereal grains and legumes. It accumulates in seeds and grains during ripening, accompanied

by other storage substances such as starch and lipids. In cereals and legumes phytic acid

accumulates in the aleurone particles and globoid crystals, respectively (Reddy et al., 1989).

The endosperm of wheat and rice kernels is almost devoid of phytate, as it concentrates in the

germ and aleurone layers of the cells of the kernel. Ferguson and Bollard (1976) found that

99% of the phytate in dry peas was in the cotyledons and 1% in the embryo taxis.

The highest amount of phytate among cereals is found in maize (0.83 - 2.22%) and among

legumes in dolique beans (5.92 - 9.15%) (Reddy et al., 1989).

1.4 Antinutritive Effects of Phytic acid

Phytic acid has been shown to have a strong antinutritive effect (Pallauf and Rimbach,

1996). This effect is based on the unusual molecular structure of phytic acid. At complete

dissociation, the six phoshate groups of phytic acid carry a total of twelve negative charges.

LITERATURE REVIEW
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Therefore, phytic acid effectively binds different mono-, di-, and trivalent cations and their

mixtures, forming insoluble complexes (Reddy et al., 1989). The formation of insoluble phytate-

mineral complexes in the intestinal tract prevents mineral absorption. This reduces the

bioavailability of essential minerals (Davies, 1982). Zinc appears to be the trace element of

which the bioavailability is most influenced by phytic acid. Rimbach and Pallauf (1992) showed

that graduated phytic acid supplementations had a negative influence on apparent Zn2+

absorption and lifeweight gain of growing rats.

Phytic acid interacts with proteins over a wide pH range, forming phytate-protein complexes.

At a low acidic pH, phytic acid has a strong negative charge due to total dissociation of phosphate

groups. Under these conditions a negative influence of phytic acid on the solubility of proteins

can be expected because of the ionic binding between the basic phosphate groups of phytic

acid and protonized amino acid (lysyl, histidyl and arginyl) residues (De Rham and Jost, 1979;

Fretzdorff et al., 1995). Under acidic conditions phytic acid is likely to bind tightly to plant

proteins, since the isoelectric point of plant proteins is generally around pH 4.0 - 5.0. In the

intermediate pH range (6.0 to 8.0) both phytic acid and plant proteins have a net negative

charge. However, under these conditions complex formation occurs between phytic acid and

proteins. Possible mechanisms include direct binding of phytic acid to protonated α-NH2

terminal groups and ε-NH2 groups of lysine residues, and a multivalent cation-mediated

interaction (Cheryan, 1980). By binding to plant proteins, phytic acid decreases their solubility

and digestability, therefore also reducing their nutritive value.

In addition to complexing with minerals and proteins, phytic acid interacts with enzymes

such as trypsin, pepsin, α-amylase and β-galactosidase, resulting in a decrease in the activity

of these important digestive enzymes (Deshpande and Cheryan, 1984; Singh and Krikorian,

1982; Inagawa et al., 1987).

2 Phytase

Phytase (myo-inositol hexakisphosphate phosphohydrolase) catalyzes the hydrolysis of

myo-inositol hexakisphosphate (phytic acid) to inorganic monophosphate and lower myo-

inositol phosphates, and in some cases to free myo-inositol. The Enzyme Nomenclature

Committee of the International Union of Biochemistry distinguishes two types of phytase: 3-

phytase (EC 3.1.3.8) and 6-phytase (EC 3.1.3.26). This classification is based on the first

phosphate group attacked by the enzyme (see numbering in Fig. 1). 3-Phytase is typical for

microorganisms and 6-phytase for plants. Phytase is widespread in nature. Phytase activity

has been reported in plant and animal tissues and in a variety of microorganisms. Some of the

LITERATURE REVIEW
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reported phytases from various sources are summarized in Table 1.

2.1 Microbial Sources

Microbial phytase activity is most frequently detected in fungi, particularly in Aspergillus

species. Shieh and Ware (1968) screened over 2000 microorganisms isolated from soil for

phytase production. Most of the positive isolates produced only intracellular phytase.

Table 1. Phytases from various sources
Phytase source Localization Reference

Fungi
  A. niger NRRL 3135 EX Shieh et al. (1969)
  A. flavus EX Shieh and W are (1968)
  A. terrus EX Yamada et al. (1968)
  A. carneus EX Ghareib (1990)
  A. oryzae EX Shimizu (1993)
  A. fumigatus EX Pasamontes (1997)
  Mucor sp. EX Shieh and W are (1968)
  Penicillum spp. EX Shieh and W are (1968)
  Penicillium caseoicolum EX Amano Pharmaceuticals (1995)
  Rhizopus oligosporus IN and EX Sutardi and Buckle (1988)

Yeast
  Saccharomyces cerevisiae EX Nayini and M arkakis (1984)
  Schwanniomyces castelii EX Lambrechts et al. (1992)
  Kluyveromyces fragilis EX Lambrechts et al. (1992)
  Candida tropicalis EX Lambrechts et al. (1992)
  Torulopsis candida EX Lambrechts et al. (1992)
  Debaryomyces castelii EX Lambrechts et al. (1992)

Bacteria
  Bacillus subtilis EX Powar and Jagannathan (1982)
  B. subtilis (natto) EX Shimizu (1992)
  B. amyloliquefaciens EX Kim et al. (1998a,b)
  Echerichia coli IN a Greiner et al. (1993)
  Klebsiella aerogenes IN Tambe et al. (1994)
  K. terrigena IN Greiner et al. (1997)
  K. oxytoca IN Jareonkitmongkol et al. (1997)
  Pseudomonas sp. EX Irving and Cosgrove (1971)
  Enterobacter sp. EX Yoon et al. (1996)
  Citrobacter freundii IN Delucca et al. (1992)

Plant
  M aize, germinated IN Laboure et al. (1993)
  Soybean seeds IN Gibson and Ullah (1988)
  Legume seeds IN Scott (1991)
  Typha latifolia, pollen IN Hara et al. (1985)

Animal
  Rat, intestinal mucose IN Yang et al. (1991a,b)
  Rat, liver IN b Craxton et al. (1997)
  Paramecium IN b Freund et al. (1992)

EX: extra cellular
IN: intracellular
a periplasmic space
b endoplasmic reticulum

LITERATURE REVIEW
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Extracellular phytase activity was observed only in 30 isolates. All extracellular phytase

producers were filamentous fungi. Twenty-eight belonged to the genus Aspergillus, one to

Penicillum and one to Mucor. Of the 28 phytase-producing Aspergillus isolates 21 belonged

to the A. niger group. Other studies (Howson and Davis, 1983; Volfova et al., 1994) confirmed

A. niger strains to be the best producers of extracellular phytase.

Phytase has also been detected in various bacteria, e.g. Aerobacter aerogenes (Greaves et

al., 1967), Pseudomonas sp. (Irving and Cosgrove, 1971), Bacillus subtilis (Powar and

Jagannathan, 1982), Klebsiella sp. (Shah and Parekh, 1990), B. subtilis (natto) (Shimizu, 1992),

Escherichia coli (Greiner et al., 1993), Enterobacter sp. 4 (Yoon et al., 1996) and Bacillus sp.

DS 11 (later designated as B. amyloliquefaciens) (Kim et al. 1998a). The only bacteria producing

extracellular phytase are those of the genera Bacillus and Enterobacter. E. coli phytase is a

periplasmic enzyme.

Some yeasts, such as Saccharomyces cerevisiae, Candida tropicalis, Torulopsis candida,

Debaryomyces castelii, Debaryomyces occidentalis, Kluyveromyces fragilis and

Schwanniomyces castelii, have also been shown to produce phytase (Nayini and Markakis,

1984; Lambrechts et al., 1992; Mochizuki and Takahashi, 1999).

2.2 Plant Sources

Phytase occurs widely in the plant kingdom. Phytase has been isolated and characterized

from cereals such as triticale, wheat, maize, barley and rice and from beans such as navy

beans, mung beans, dwarf beans and California small white beans. Phytase activity has also

been detected in white mustard, potato, radish, lettuce, spinach, grass and lily pollen (Dvorakova,

1998). Laboure et al. (1993) purified and characterized phytase from germinating maize

seedlings (Zea mays), and the cDNA coding for this phytase was cloned (Maugenest et al.,

1997). This cDNA was used to screen a maize genomic library and two distinct genes were

isolated and sequenced.

2.3 Animal Sources

Phytase has been found to exist in monogastric animals (Bitar and Reinhold, 1972; Copper

and Gowing, 1983; Yang et al., 1991a; Chi et al., 1999).Generally, however, intestinal phytase

does not play a significant role in food-derived phytate digestion in monogastrics (Williams

and Taylor, 1985).

Craxton et al. (1997) cloned and expressed a rat hepatic multiple inositol polyphosphate

phosphatase (MIPP) having phytase activity. The MIPP mRNA was present in all rat tissues

examined, but was most highly expressed in kidney and liver. A phytase-like enzyme was also

LITERATURE REVIEW
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decribed in the protozoan Paramecium (Freund et al., 1992).

2.4 Sequence Homology of Phytases

The primary sequences of several fungal phytases have been determined in recent years. A

phytase cloned from A. niger var. awamori had over 97% identity to A. niger NRRL 3135

phytase (phyA). Less homologous to the A. niger NRRL 3135 phytase are the phytases from A.

fumigatus (65%), A. terrus (62%), E. nidulans (62%), T. thermophilus (61%) and M. thermophila

(46%). The PhyB from A. niger NRRL 3135 shows 99% identity to the corresponding protein

from A. niger var. awamori. Surprisingly, two phytases (PhyA and PhyB) from A. niger NRRL

3135 are only 25% homologous.

Bacterial phytase from Escherichia coli and a mammalian phytase (rat hepatic MIPP) do

not exhibit apparent sequence similarity to A. niger NRRL 3135 phytase. However, they share

a highly conserved sequence motif - RHG - that is found at the active sites of acid phosphatases

(Ullah et al., 1991; van Etten et al., 1991). Furthermore, they contain a remote C-terminal

motif with histidine and aspartic acid residues that probably take part in the catalysis. Therefore,

these phytases are said to form the phytase subfamily of histidine acid phosphatases (Mitchell

et al., 1997).

The two plant phytases from Zea mays (PHYT I and PHYT II) are practically identical, but

do not show any homology to other phytases or to any phosphatases. However, a region of 33

amino acids was detected that showed similarity to A. niger NRRL 3135 phytase. This region

is probably the acceptor site for phosphate (Maugenest et al., 1997).

The phytase from B. amyloliquefaciens (Kim et al., 1998b) shows 72% identity to an open

reading frame revealed in the genomic sequencing of the Bacillus subtilis (Kunst et al., 1997),

but is not homologous to any phytases or to any phosphatases. Similarly, the phytase from

Enterobacter sp. 4 is not homologous to any phytases or histidine acid phosphatases. However,

it is 30-38% homologous to low molecular weight acid phosphatases from Chryseobacterium

meningosepticum and Streptococcus equisimilis. Especially certain lysine and tryptophan

residues appears to be conserved.

2.5 Induction of Phytases

Shieh et al. (1969) observed that the production of extracellular fungal phytase was induced

by a limiting concentration of inorganic phosphate in the growth medium. In contrast to fungal

phytases, B. subtilis phytase is induced by phytate in the cultivation medium (Powar and

Jagannathan, 1982). The enzyme is also induced by wheat bran extract, which is known to

contain phytate. Yoon et al. (1996) isolated and identified a phytase-producing bacterium

LITERATURE REVIEW
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using a synthetic medium containing phytate as the sole source of phosphate. Kim et al. (1998a)

also used phytate as the sole source of phosphate to isolate a phytase-producing Bacillus sp.

strain DS 11. They produced phytase in a medium containing wheat bran, casein hydrolysate

and mineral salts, and reached the maximum phytase activity after 24 hours of cultivation. On

the basis of these results it is difficult to say whether the production of these two enzymes is

induced by phytate itself or by phosphate starvation. Klebsiella phytase production is induced

by phytate (Shah and Parekh, 1990; Tambe et al., 1994; Greiner et al., 1997). This situation is

different from the production of phytate-degrading enzymes in E. coli, the synthesis of which

has been shown to be stimulated by phosphate starvation or anaerobiosis (Greiner et al., 1997;

Greiner et al., 1993).

Various investigators have reported that in plants, during seed germination, phytate is rapidly

degraded and that the levels of phytase increase by several orders of magnitude. It is not clear

whether the increase in phytase activity is a result of expression of phytase genes or simple

activation of existing enzyme. Nayini and Markakis (1986) concluded that seeds contains

both constitutive and germination-inducible phytases. Northern blot analysis and in situ

hybridization showed a high accumulation of phytase mRNA during the early steps of

germination in coleorhiza, radical cortex and coleoptile parenchyma Maugenest et al. (1999).

This indicates germination-induced synthesis of maize phytase.

3 Enzymatic Properties of Phytases

3.1 Biophysical Characteristics

Published molecular size and the calculated theoretical molecular size of the mature protein,

and the number of subunits of phytases from various sources are shown in Table 2. Most

phytases hitherto characterized are monomeric enzymes. This is the case with fungal phytases

(Wyss et al., 1999a, Ullah and Gibson, 1987; Dvorakova et al., 1997), with E. coli and K.

terrigena phytases (Greiner et al., 1993; Greiner et al., 1997), and with B. subtilis (natto)

phytase (Shimizu, 1992). However, some plant and animal phytases appear to be built up of

multiple subunits. A phytase accumulating in maize seedlings during germination is a dimeric

enzyme built up from two 38 kDa subunits (Laboure et al., 1993). Purified rat intestinal phytase

exhibited two protein bands in SDS-PAGE with estimated molecular masses of 70 and 90 kDa

(Yang et al., 1991b). However, since only the 90 kDa subunit is induced by phytic acid, it is

likely that these protein bands represent two different enzymes (alkaline phosphatase and

phytase, respectively). An inositol hexakisphosphate dephosphorylating enzyme from the

protozoan Paramecium has been proposed to have a hexameric structure (Freund et al., 1992).

LITERATURE REVIEW
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Two different forms of Klebsiella aerogenes phytase have been reported. One, possibly

the native enzyme, has an exceptionally large size (700 kDa). The other is probably a fraction

of the native enzyme, with a full complement of activity and an exceedingly low molecular

weight between 10 and 13 kDa (Tambe et al., 1994). Bacterial phytases are generally smaller

than their fungal counterparts. The predicted size of fungal phytases is around 50 kDa and the

experimental size is between 65 and 70 kDa, indicating heavy glycosylation. A. niger NRRL

3135 native phytase is 27% glycosylated. It contains a substantial proportion of N-linked

mannose chains and galactose (Ullah, 1988a). Wyss et al. (1999b) reported that glycosylation

of recombinant phytases was highly variable. Whereas glycosylation was moderate in A. niger,

it was excessive and highly variable in Hansenula polymorpha and Saccharomyces cerevisiae.

Surprisingly, glycosylation differed not only between the different expression systems used

but also between different batches of a phytase produced in the same expression system. Analysis

of the glycosylation pattern of A. niger phytase showed that the heterogeneity was due to

incomplete glycosylation of two out of ten potential N-glycosylation sites.

In general, glycosylation may have several effects on the properties of an enzyme. Firstly,

it may influence the catalytic properties or have an impact on the stability of the enzyme.

Secondly, it may influence the pI of the protein. Thirdly, by consuming metabolic energy it

may lower the level of expression of the protein. Surprisingly, different extents of glycosylation

Table 2. Biophysical characteristics of various
phytases
Phytase source Theoretical M

(kDa)
Experim ent. M

(kDa)
Num ber of

subunits
Reference

A. niger 48.423 64.890a 1 W yss et al. (1999a)
A. terrus 48.189 70.380a 1 W yss et al. (1999a)
A. fumigatus 48.276 70.740a 1 W yss et al. (1999a)
E. nidulans 49.034-49.360 67.400a 1 W yss et al. (1999a)
M . thermophila 50.524 66.150a 1 W yss et al. (1999a)
B. subtilis (natto) nsa 38.000b 1 Shim izu (1992)
B. subtilis nsa 36.500b 1 Powar and Jagannathan (1982)
B. amyloliquefaciens 39.230 44.000b 1 Kim  et al. (1998a, b)
Klebsiella aerogenes nsa 700.000c 1 Tam be et al. (1994)
K. terrigena nsa 40.000b 1 Greiner et al. (1997)
Echerichia coli 44.690 42.000b 1 Greiner et al. (1993)
Enterobacter cloacae 27.055-27.593 ND ND GenBank access no. U92439
M aize nsa 76.000b 2 Laboure et al. (1993)
Soybean nsa 59-60.000b 1+1 Gibson and Ullah (1988)
Rat, intestinal m ucosa nsa 70-90.000b 1+1 Yang et al. (1991b)
Rat, liver 50.643 ND ND Craxton et al. (1997)
Paramecium nsa 240.000 6 Freund et al. (1992)
ND: not determ ined
nsa: no sequence available
a m olecular size determ ined by analytical
ultracentrifugation
b m olecular size determ ined by SDS-polyacrylam ide gel
electrophoresis
c during purification an active fragm ent of 10-13 kDa
evolved
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had no effect on the catalytic properties, thermostability or refolding properties of A. niger

phytase (Wyss et al., 1999a). The importance of glycosylation for the structure and function of

phytase is further brought into question by the fact that only two potential N-glycolysation

sites are conserved in fungal phytases (Pasamontes et al., 1997). Han and Lei (1999) studied

the role of glycosylation in the functional expression of A. niger phytase (phyA) in Pichia

pastoris. Their results indicated an identical capacity of phytic acid hydrolysis and slightly

improved thermostability in glycosylated enzyme produced in P. pastoris compared to the

same enzyme overexpressed in A. niger. Deglycosylation of the phytase resulted in 34%

reduction in thermostability. Suppression of glycosylation by tunicamycin during expression

resulted in significant reduction of phytase production, indicating that glycosylation is vital

for the biosynthesis of recombinant PhyA in P. pastoris. However, tunicamycin might also

impair the production by other means. Because there was no accumulation of intracellular

phytase protein, the impairment did not appear to occur at the level of translocation of phytase.

On the other hand, studies by Wyss et al. (1999a) suggest that glycosylation has no or only a

minor effect on the pI of the fungal phytases tested. The only exceptions were the phytases

expressed in H. polymorpha, in which a pronounced shift to acidic pI values was observed. All

the fungal, bacterial, and plant phytases hitherto investigated have acidic pI values, with the

exception of A. fumigatus phytase, which has a basic pI. Bacterial phytases seem to be less

acidic than fungal phytases: their pI is generally above 6, whereas fungal enzymes have pI

values below 5.5.

A. fumigatus, Emericella. nidulans, A. terrus, and Myceliophthora thermophila phytases

have a tendency to undergo proteolytic degradation when expressed in A. niger and stored as

concentrated culture supernatants at 4oC (Wyss et al., 1999a). The activity of phytase from B.

subtilis is unaffected by proteases such as trypsin, papain and elastase (Powar and Jagannathan,

1982), indicating a stronger protease resistance than that of fungal phytases.

3.2 Temperature and pH Stabilities and Optima

The pH and temperature optima of phytases from various sources are presented in Table 3.

The pH optimum of phytases vary from 2.2 to 8. Most microbial phytases, especially those of

fungal orgin, have a pH optimum between 4.5 and 5.6. In contrast to most fungal phytases, A.

fumigatus phytase has a broad pH optimum; at least 80% of the maximal activity is observed

at pH values between 4.0 and 7.3. Some bacterial phytases, especially those from Bacillus,

have a pH optimum at 6.5 - 7.5. The pH optima of plant seed phytases range from 4.0 to 7.5,

most having an optimum between 4.0 and 5.6. Two alkaline plant phytases having a pH optimum

at about 8.0 have been described in legume seed (Scott, 1991) and lily pollen (Hara et al.,
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1985). A. niger NRRL 3135 and Citrobacter freundii phytases differ from other phytases in

having two pH optima.

The temperature optima of phytases vary from 45 to 77oC. Wyss and co-workers (1998)

studied the thermostability of three acid phosphatases of fungal orgin (A. fumigatus and A.

niger phytase, and A. niger pH 2.5 optimum acid phophatase) by circular dichroism (CD)

spectroscopy and fluorescence, and by measuring the enzymatic activity. They concluded that

A. niger phytase was not thermostable, neither did it have the capacity to refold after heat

denaturation. At temperatures between 50 and 55oC it underwent an irreversible conformational

change that resulted in 70-80%loss of enzyme activity. The A. fumigatus phytase was not

thermostable, but had the remarkable property of being able to refold completely into native-

like, fully active conformation after 20 min heat denaturation at 90oC. Compared to two

phytases, A. niger pH 2.5 acid phosphatase had higher intrinsic thermostability. At temperatures

up to 80oC, only minor changes in CD spectral characteristics and only slight, but irreversible

enzyme inactivation were observed. However, exposure to 90oC resulted in an irreversible

conformational change and complete loss of activity.

Bacillus sp. strain DS11 phytase (Kim et al., 1998a) had a temperature optimum at 70oC,

which is higher than the temperature optimum of phytases in general. It was also very

thermostable: 100% residual activity after 10 min incubation at 70oC (in the presence of CaCl
2
).

The enzyme stability of Bacillus sp. strain DS11 phytase was drastically reduced above 50oC

in the absence of CaCl
2
, whereas it was rather stable up to 90oC in the presence of CaCl2.

Table 3. pH and temperature optima of various phytases
Phytase source pH Temperature (oC) Reference
Aspergillus oryzae 5.5 50 Shimizu (1993)
A. niger NRRL 3135 2.2; 5.0-5.5 58 Ullah and Gibson (1987)
A. terrus 4.5 70 Yamada et al. (1968)
A. carneus 5.6 40 Ghareib 1990
A. carbonarius 4.7 53 Al Asheh and Duvnjak (1994)
Rhizopus oligosporus 4.5 55 Sutardi and Buckle (1988)
Schwanniomyces castelii 4.4 77 Sequeilha et al. (1992)
Penicillium caseoicolum 3 45 Amano Pharmaceuticals (1995)
Klebsiella sp. 6 37 Shah and Parekh (1990)
K. terrigena 5 58 Greiner et al. (1997)
Citrobacter freundii 2.7; 5.0 52 Delucca et al. (1992)
Escherichia coli 4.5 55 Greiner et al. (1993)
Bacillus sp. DS 11 7.5 70 Kim et al. (1998a)
B. subtilis (natto) 6.0-6.5 60 Shimizu (1992)
Typha latifolia, pollen 8 ND Hara et al. (1985)
Soybean seeds 4.5-4.8 55 Gibson and Ullah (1988)
Legume seeds 8 ND Scott (1991)
Maize, germinated 4.8 55 Laboure et al. (1993)
Rat, intestinal mucosa 7.5 ND Yang et al. (1991a)
ND: not determined
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After incubation at 90oC for 10 min, the residual enzyme activity was approximately 50% of

the initial activity. This indicates that the Ca2+ ion has a strong protecting effect on the enzyme

against thermal denaturation.

3.3 Modulators of Enzyme Activity

Metal ions have been shown to modulate phytase activity. However, it is difficult to

determine whether the inhibitory effect of various metals is due to direct binding to the enzyme,

or whether the metal ions form poorly soluble complexes with phytic acid and therefore decrease

the active substrate concentration. Phytase from Enterobacter sp. 4 was greatly inhibited by

Zn2+, Ba2+, Cu2+ and Al3+ (Yoon et al., 1996).Similarly, the phytase from B. subtilis (natto) N-

77 was greatly inhibited by metal ions such as Zn2+, Cd2+, Ba2+, Cu2+, Fe2+, and Al3+ (Shimizu,

1992). Both of these enzymes, as well as two other Bacillus phytases (Kim et al., 1998a;

Powar and Jagannathan, 1982), were greatly inhibited by EDTA, indicating that a metal ion

(calcium) is needed for the activity.

Wyss et al. (1999b) reported that Cu2+ considerably depressed the enzyme activities of E.

nidulans and A. terrus phytases, and that several metal ions inhibited A. fumigatus phytase.

The activity of A. fumigatus phytase was stimulated up to 50% by EDTA, whereas EDTA had

no major effects on the enzymatic activities of other fungal phytases tested (E. nidulans, A.

niger and A. terrus). The effects of metal ions and the fact that EDTA either has no effect or

even stimulates phytase activity indicates that fungal phytases clearly differ from Ca2+-dependent

Bacillus phytases that are readily inhibited by EDTA. This conclusion is supported by the lack

of metal ions in the crystal structure of A. niger phytase (Kostrewa et al., 1997). In addition to

calcium-dependent Bacillus phytases, a phytase from pollen of Typha latifolia and phytases

from some other plants require Ca2+ for optimal activity (Hara et al., 1985; Gibson and Ullah,

1988; Laboure et al., 1993; Scott and Loewus, 1986).

Reducing reagents, such as 2-mercaptoethanol, dithiotreitol and reduced glutathione have

no major effects on microbial phytases. This suggests that these enzymes either have no free

and accessible sulfhydryl groups or that the free sulfhydryl groups play a negligible role in the

enzyme activity and structure. This interpretation is supported by the fact that most mature

phytases have an even number of cysteine residues that might be implicated in disulfide bridges,

as is the case with A. niger phytase (Kostrewa et al., 1997). The function of disulfide bonds in

A. ficuum phytase was elucidated by unfolding studies performed by Ullah and Mullaney

(1996). These authors concluded that disulfide bonds are necessary for the structure and activity

of the enzyme and play an important role in the folding of the protein. Mature Bacillus phytases

appear to have no cysteine residues.
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A structural analog of the substrate, myo-inositol hexasulfate, has been shown to be a

potent competitive inhibitor of both PhyA and PhyB enzymes from A. ficuum (Ullah and

Sethumadhavan, 1998). The K
i
 of inhibiton for the PhyA and PhyB enzymes were estimated

to be 4.6 and 0.2 µM, respectively. Fluoride is a known inhibitor of different phytases and

phosphatases (Irving, 1980; Nayini and Markakis, 1986). The phytase from cotyledons of

germinating soybean seeds was strongly inhibited by fluoride, vanadate and inorganic phosphate

(Gibson and Ullah, 1988). Inorganic phosphate was a competitive inhibitor of soybean seed

phytase. The fact that soybean seed phytase is competitively inhibited by orthophosphate with

a K
i
 value of 28 µM implies that the activity of the enzyme is tightly regulated. Competitive

product -inhibiton of phytate hydrolysis caused by inorganic phosphate is recognized for

bacterial, fungal and oat spelt phytases (Greiner et al., 1993; Howson and Davis, 1983; Konietzny

et al., 1995). Fluoride also inhibited the alkaline phytase from lily pollen (Barrientos et al.,

1994; Scott and Loewus, 1986b) and competitively inhibited the phytase from K. terrigena

(Greiner et al., 1997).  K. terrigena phytase was also inhibited by phosphate, molybdate and

vanadate. Molybdate and vanadate are known to inhibit phosphatase enzymes. It has been

suggested that these transition metal oxoanions inhibit phosphomonoesterases by forming

complexes that resemble the trigonal bipyramidal geometry of the transition state (Zhang et

al., 1997).

Substrate concentrations above 300 µM have been reported to be inhibitory for the phytase-

like enzyme from Paramecium (Freund et al., 1992). The Klebsiella sp. and Rhizopus

oligosporus phytases were also inhibited by the substrate (Shah and Parekh, 1990; Sutardi and

Buckle, 1988), but only in higher substrate concentrations. Fungal phytase activity has been

shown to be inhibited by substrate concentrations exceeding 1 mM (Ullah, 1988b). Maize root

and soybean phytases were found to be inhibited at 300 µM and 20 mM substrate concentration,

respectively (Hubel and Beck, 1996; Sutardi and Buckle, 1986). In high substrate concentrations,

the charge due to the phosphate groups may affect the local environment of the catalytic

domain of the enzyme. This might inhibit conversion of the enzyme-substrate complex to

enzyme and product (Ullah and Phillippy, 1994), although inhibition due to the formation of

poorly soluble protein-phytate complex cannot be ruled out.

3.4 Substrate Specificity and Kinetic Parameters

Phytases show relatively broad substrate specificity. ADP, ATP, p-nitrophenyl phosphate,

phenyl phosphate, fructose 1,6-bisphosphate, glucose 6-phosphate, α-, and β-glycerophosphate

and 3-phosphoglycerate, that are not structurally similar to phytic acid, are frequently hydrolyzed

by phytases. Only a few phytases have been described as highly specific for phytic acid: the
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Bacillus phytases (Powar and Jagannathan, 1982; Shimizu, 1992) and alkaline phytase isolated

from lily pollen (Barrientos et al., 1994). Most phytases hitherto studied follow Michaelis-

Menten kinetics, with the exceptions of M. thermophila and E. nidulans phytases which display

non-Michaelis-Menten behavior. It should be noted that under the standard assay conditions

(i.e. 2 mM phytic acid), only the rate of the reaction from myo-inositol hexakisphosphate to

pentakisphosphate is measured. Ullah and Phillippy (1994) determined the kinetic parameters

of A. ficuum phytase and two acid phosphatases for myo-inositol hexa-, penta-, tetra, and

triphosphates. Phytate had the lowest K
m
 value for all three enzymes. They concluded that

both phytase and pH 2.5 optimum acid phosphatase effectively hydrolyzed the tested myo-

inositol phosphates. Poor hydrolysis of tested forms of myo-inositol phosphates by pH 6.5

optimum acid phosphatase was demostrated by low V
max

 and K
cat

 values. The kinetic efficiency

of an enzyme is validated by means of the K
cat

/K
m
 values for a substrate. The highest K

cat
/K

m

values for phytase and pH 2.5 optimum acid phosphatase were those for phytic acid (1.29 ×
107 and 6.10 × 106 M-1 s-1, respectively). E. coli phytase has a K

cat
/K

m
 value of 4.78 × 107 M-1

s-1 (Greiner et al., 1993), which is the highest value reported for a phytase.

The specific activities for fungal phytases with phytic acid as substrate vary almost 10-

fold, from 23 to 198 U mg-1 (A. fumigatus and A. terrus, respectively). The different extent and

patterns of glycosylation have no significant effect on the specific activities of fungal phytases

(Wyss et al., 1999b). Specific activities reported for bacterial phytases vary almost 100-fold,

from 8.7 to 811 U mg-1, (B. subtilis and E. coli, respectively). On the basis of substrate specificity,

phytases can be divided into two classes - phytases with broad substrate specificity (e.g. A.

fumigatus, E. nidulans and M. thermophila) and phytases with rather high specificity for phytic

acid (e.g. A. niger, A. terrus and E. coli). Phytases with broad substrate specificity inherently

have rather low specific activity for phytic acid (23 to 43 U mg-1), whereas phytases with

Table 4. Km values (for phytic acid) and specific activities of various phytases
Phytase source Km (µM) Specific activity

(U mg-1)
Reference

Aspergillus niger <5 103 Wyss et al. (1999b)
A. terrus 9A1 11 142 Wyss et al. (1999b)
Bacillus sp. DS 11 550 20 Kim et al. (1998a)
B. subtilis (natto) 500 8.7 Shimizu (1992)
Escherichia coli 130 811 Greiner et al. (1993), Wyss et al. (1999b)
Klebsiella sp. 2000 62.5 Shah and Parekh (1990)
K. terrigena 300 205 Greiner et al. (1997)
Rhizopus oligosporus 150a 9.47a Sutardi and Buckle (1988)
Rat, suckling 5250 ND Yang et al. (1991b)
Rat, adult 213 ND Yang et al. (1991b)
Typha latifolia, pollen 17 0.113 Hara et al. (1985)
ND: not determined
a extracellular phytase
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narrow substrate specificity have specific activities of 103 - 811 U mg-1. Bacillus phytases do

not fit into this classification. They appear to be very specific for phytic acid, but have apparently

low specific activity. The low specific activity is likely to hinder their use in industrial

applications. The K
m
 values and specific activities of some published phytases for phytic acid

are presented in Table 4.

3.5 Kinetics and End Products of Phytic acid Degradation

Phytic acid has six phosphate groups that may be released by phytases at different rates

and in different order. Wyss et al. (1999b) investigated the kinetics of phosphate release and

the kinetics of accumulation of reaction intermediates, as well as the end products of phytic

acid degradation by various phytases. They concluded that all fungal phytases studied released

five of the six phosphate groups, the end product being myo-inositol 2-monophosphate when

excess enzyme is used. This indicates that all of these phytases have a pronounced

stereospecificity and a strong preference for equatorial phosphate groups, whereas they are

virtually unable to cleave the axial phosphate group. Only in rare cases were traces of free

myo-inositol or myo-inositol 1-monophosphate detected. A. fumigatus phytase readily degraded

phytic acid to myo-inositol 2-monophosphate, and only myo-inositol bisphophate (stereoisomer

not known) accumulated to some extent. In contrast, A. niger and A. terrus phytases had to be

used at much higher initial activities in order to obtain degradation down to myo-inositol 2-

monophoshate, and considerable amounts of myo-inositol tris- and bisphosphates accumulated

during the degradation. When E. coli phytase was used at an even higher initial activity, there

was a pronouced accumulation of myo-inositol tetrakisphosphate during phytic acid degradation.

Myo-inositol bis- and triphosphates comprised more than 90% of the end products after a 90-

min incubation period (with excess enzyme) and almost no myo-inositol monophosphate was

detected. Therefore, lower myo-inositol phosphates appears to be less suitable substrates for

A. niger, A. terrus and especially E. coli phytases than phytic acid. The stereoisomer assignment

of the reaction intermediates and degradation pathway was not determined for these enzymes.

The fact that the end products of phytic acid hydrolysis for most phytases is identical does

not necessarely mean that the degradation pathways for phytic acid are identical. 3-Phytase

starts hydrolyzing the phosphate esters at the D-3 position, giving rise to D-Ins(1,2,4,5,6)P
5
 as

the first intermediate (Cosgrove, 1980; Greiner et al., 1997). 6-Phytase starts the hydrolysis at

the L-6 (or D-4) position, yielding L-Ins(1,2,3,4,5)P
5
 as the first intermediate. An alkaline

phytase from lily pollen (Scott and Loewus, 1986) was shown to start the hydrolysis of phytic

acid at position D-5, with two subsequent dephosphorylation steps to yield Ins(1,2,3)P
3
 as the

final product (Barrientos et al., 1994). Inositol triphosphate is also the end product of phytic
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acid hydrolysis for the phytase from Typha latifolia pollen (Hara et al., 1985). Rat hepatic

multiple inositol polyphosphate phosphatase (MIPP) catabolizes inositol hexakisphosphate

without specificity towards a particular phosphate group. However, it hydrolyzed

Ins(1,3,4,5,6)P
5
 via Ins(1,4,5,6)P

4
 to Ins(1,4,5)P

3
 by consecutive 3- and 6-phytase activities

(Craxton et al., 1997). A detailed characterization of the phytase from the protozoan Paramecium

by Freund et al. (1992) revealed that this enzyme degrades phytic acid by stepwise

dephosphorylation via D/L-Ins(1,2,3,4,5)P
5
, D/L-Ins(1,2,3,4)P

4
 and Ins(1,2,3)P

3
 finally to D/

L-Ins(1,2)P
2
. Appearance of D/L-Ins(1,2,3,4)P

4
 clearly preceeds that of Ins(1,2,3)P

3
. The slow

conversion of inositol triphosphate to inositol bisphosphate indicates that Ins(1,2,3)P
3
 is the

main end product. Powar and Jagannathan (1982) showed that myo-inositol monophosphate

(phosphate position not determined) is the end product for B. subtilis phytase. Kinetics, reaction

intermediates and degradation pathways of phytic acid degradation have not been reported for

Bacillus phytases, neither is it known whether these enzymes are 3- or 6-phytases.

The strong stereospecificity for the equatorial phosphate groups over the axial phosphate

appears to be common to all phytases. This might indicate that only the phosphate groups

protruding equatorically from the inositol ring can access the catalytic sites of these enzymes.

3.6 Active Site and Reaction Mechanism

Acid phosphatases are a heterologous group of enzymes that hydrolyze phosphate esters,

optimally at low pH. A number of acid phosphatases, from both prokaryotes and eukaryotes,

share two regions of sequence similarity, each centered around a conserved histidine residue

(in bold) (van Etten et al., 1991). The consensus pattern for these two regions reported in the

SWISS-PROT protein domain data base are [LIVM]-X(2)-[LIVMA]-X(2)-[LIVM]-X-R-H-

[GN]-X-R-X-[PAS] and [LIVMF]-X-[LIVMFFAG]-X(2)-[STAGI]-H-D-[STANQ]-X-

[LIVM]-X(2)-[LIVMFY]-X(2)-[STA]. Sequence alignment of pho3 and pho5 gene products

in yeast, human prostatic and lysosomal acid phosphatase, and PhyA and PhyB from A. niger

NRRL 3153 reveals a conserved heptapeptide of RHGXRXP near the N-terminus (compare to

the former consensus pattern). The acid phosphatases containing this active site motif are

grouped as histidine acid phosphatases. This active site motif is totally conserved in all fungal

phytases and is also present in the E. coli phytase. Sequence alignment of fungal and E. coli

phytases reveals a conserved HD-motif near the C-terminus (compare to the latter consensus

pattern). Protein data base searches for the sequence motifs RHG and HD reveal that they are

present in a number of acid phosphatases. In general, two classes of acid phosphatases can be

identified in terms of molecular mass. A low molecular weight form lacks both motifs. A high

molecular form is divided into two subclasses. One exhibits either the RHG or the HD motif,
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the other both (Ullah and Dischinger, 1995). Therefore, phytases are said to form the phytase

sub-family of high molecular weight histidine acid phosphatases (Mitchell et al., 1997).

Ullah and co-workers have used amino acid residue specific modifying reagents to probe

the active sites of fungal phytases (Ullah et al., 1991; Ullah and Dischinger, 1992). Their

results clearly establish the crucial role of histidine and arginine residues for the activity of

phytase. Ullah and Dischinger (1995) showed that some tryptophan residues might also be

involved in the phosphohydrolytic cleavage of phytic acid.

The results of Ullah and co-workers correlate with the site-directed mutagenesis studies on

E. coli phytase (Ostanin et al., 1992; Ostanin and van Etten, 1993). On the basis of these

results the following two-step reaction mechanism for the high molecular weight histidine

acid phosphatases has been suggested: the positive charge of the guanido group of the arginine

residue in tripeptide RHG interacts directly with the phosphate group in the substrate, making

it more susceptible to nucleophilic attack, while the histidine residue serves as a nucleophile in

the formation of covalent phosphohistidine intermediate; the aspartic acid residue (from the

C-terminal HD-motif) protonates the group leaving the substrate. The histidine residue in the

HD-motif also has a critical role in the enzyme activity. Due to the existence of these motifs in

fungal phytases and in the E. coli phytase, the proposed reaction mechanism is likely to be

characteristic to the members of the phytase sub-family of histidine acid phosphatases.

4 Applications of Phytase

4.1 Feed Application

Ruminants digest phytate through the action of phytases produced by microbial flora in the

rumen. The anaerobic gut fungi and bacteria present in the microflora of ruminants are

responsible for the primary colonization of plant material within the rumen. The inorganic

phoshate hydrolyzed from phytate by phytases is utilized by both the microflora and the ruminant

host. The situation is different with monogastric animals. Monogastrics, such as pig, poultry

and fish are unable to metabolize phytic acid, since they lack gastrointestinal phytase. Therefore,

inorganic phosphate is added to their feed to meet the phosphate requirement. This increases

costs and contibutes to phosphate pollution problems. The supplementation of animal feed

with phytase enables the assimilation of phosphate in the feed ingredients and diminishes the

amount of phosphate in the manure and subsequently reaching the environment. The effect of

feeding phytase to animals on pollution has been quantitatively determined. If phytase were

used in the feed of all of the monogastric animals reared in the U.S., it would release phosphorus

with a value of 168 million U.S dollars and would preclude 8.23 × 104 tonnes of phosphate
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from entering the environment per annum. The use of phytase as a feed additive has been

approved in 22 countries. The FDA (The Food and Drug Administration) has approved the

phytase preparation as GRAS (Generally Regarded As Safe) (Wodzinski, and Ullah, 1996).

Finase phytase added to corn-soybean pig diet converted approximately one-third of the

unavailable phosphate to an available form (Cromwell et al., 1993). In a similar way, experiments

with Allzyme Phytase and Natuphos phytase additions to pig and chicken diet indicated

that phytase improved the bioavailability of phytate phosphorus to pigs and broilers (Cromwell

et al., 1995a, b; Yi et al., 1996; O’Quinn et al., 1997). Several experiments with pigs and

chickens confirmed the possibility to replace inorganic phosphate supplementation by the use

of microbial phytase in phytate-rich diets for monogastric animals. In Holland, A. niger phytase

has been successfully introduced as a feed supplement, leading to a 30 - 40% reduction in

phosphate pollution (Jongbloed et al., 1992). This represents a nation-wide saving that is greater

than the reduction obtained by phosphate-free detergent products (Quax, 1997).

The use of phytase as a feed enzyme sets certain demands on the properties of the enzyme.

Particularly, the enzyme should withstand high temperatures. This is because poultry and pig

feed is commonly pelleted, which ensure that the animals have a balanced diet and facilitates

the preservation of enzyme-containing product in the feed industry (Kim et al., 1999a). During

the pelleting process the temperatures may temporarily reach 90 oC (Wyss et al., 1998).

4.2 Food Application

A diet rich in cereal fibers, legumes and soy protein results in an increased intake of phytate.

Vegetarians, eldery people consuming unbalanced food with high amounts of cereals, people

in undeveloped countries who eat unleavened bread, and babies eating soy-based infant formulas

take in large amounts of phytate (Simell et al., 1989). Undigested phytate in the small intestine

negatively affects the absorption of zinc, calcium, magnesium and iron. It also reduces the

digestability of dietary protein and inhibits digestive enzymes. Using Finase phytase, Simell

and co-workers (1989) reported the preparation of a phytate-free soy protein isolate with

increased solubility at low pH (pH 3) compared to the control soy protein isolate. Anno et al.

(1985) eliminated phytate from soybean milk using wheat phytase. Additions of A. niger phytase

to flour containing wheat bran increased iron absorption in humans (Sandberg et al., 1996).

However, more studies should be performed before accepting phytase as a food additive.

4.3 Preparation of Myo-Inositol Phosphates

The increasing interest in inositol phosphates and phospholipids, which play a pivotal role

in transmembrane signalling and mobilization of calcium from intracellular reserves, has resulted
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in a need for various inositol phosphate preparations (Billington, 1993). Furthermore, specific

inositol triphosphates have been suggested to prevent or alleviate diseases or conditions

associated with abnormal levels of Neuropeptide Y (NPY) (Siren et al., 1992). Among others,

these include inflammatory diseases such as arthritis and respiratory diseases such as asthma.

The use of specific inositol triphosphates as pain killers has also been proposed (Siren, 1995).

Surprisingly, the esters of inositol triphosphate have been shown to exert significant inhibitory

effects against retroviral infections including HIV (Siren, 1998).

The above-mentioned pharmaceutical applications of specific myo-inositol phosphates have

further increased interest in the preparation of these compounds. The chemical syntheses of

myo-inositol phosphates include difficult protection and deprotection steps, and are performed

at extreme temperatures and pressures (Billington, 1993). Since phytases hydrolyze myo-inositol

hexaphosphate sequentially, the production of myo-inositol phosphate derivates and free myo-

inositol using phytase is a potential alternative to chemical synthesis. The preparation of D-

myo-inositol 1,2,6-trisphosphate, D-myo-inositol 1,2,5-trisphosphate, L-myo-inositol 1,3,4-

trisphosphate and myo-inositol 1,2,3-trisphosphate by enzymatic hydrolysis of phytic acid by

S. cerevisiae phytase has been described (Siren, 1986). Immobilized phytases have been used

to produce various myo-inositol phosphates (Ullah and Phillippy, 1988; Greiner and Konietzny,

1996). Naturally, the advantages of enzymatic hydrolysis are stereospecificity and mild reaction

conditions. In addition to usage as drugs, myo-inositol phosphate derivatives can be used as

enzyme substrates for biochemical and metabolic investigations and as chiral building blocks

(Laumen and Ghisalba, 1994).

4.4 Pulp and Paper Industry

It has been speculated that the removal of plant phytic acid might be important in the pulp

and paper industry. A thermostable phytase could have potential as a novel biological agent to

degrade phytic acid during pulp and paper processing. The enzymatic degradation of phytic

acid would not produce carcinogenic and highly toxic by-products. Therefore, the exploitation

of phytases in the pulp and paper process could be environmentally friendly and would assist

in the development of cleaner technologies (Liu et al., 1998).
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5 Bacillus Expression Systems

5.1 Bacillus as an Expression Host

For the production of secreted enzymes derived from Gram positive bacteria, Bacillus

subtilis and related bacilli are attractive expression hosts. These gram-positive eubacteria lack

an outer cell membrane and, therefore, are capable of secreting homologous proteins directly

to the culture medium at grams per litre concentrations, in particular during the post-exponential

growth phase. Bacillus species have the ability to grow rapidly to high cell density on very

low-cost carbon and nitrogen sources. Most Bacillus species are non-pathogenic and well -

known with respect to fermentation technology (Arbige et al, 1993). Knowledge of transcription

and translation mechanisms, secretion machinery and genetic manipulation of B. subtilis is

abundant. Furthermore, B. subtilis has a transparent (i.e. sequenced) genome (Kunst et al.

1997).

B. subtilis and related Bacillus species have been used for decades for the bulk production

of industrial enzymes, in particular for the production of native secretory enzymes such as

amylases and proteases (Quax, 1997; Sarvas, 1995). Despite the high secretion capacity of

Bacillus species for native enzymes, the use of these bacteria in the production of heterologous

proteins (as in the case of all other production organisms) has frequently resulted in low

expression levels (Bron et al., 1998). Molecular chaperons and targetting factors are potential

limiting factors for high-level secretion of heterologous proteins in Bacillus (Bron et al., 1998;

Kontinen and Sarvas, 1993). Hindrance in or incompatibility of the heterologous proteins with

the secretory machinery has also been suggested (Sarvas, 1995). During the long exploitation

of Bacillus species in the industrial production of native enzymes, production strains with high

secretion capacities have been developed. However, these strains have not immediately yielded

satisfactory results when used as host for homologous and particularly heterologous proteins.

One of the impediments using these strains as expression hosts is that most of them are

recalcitrant to genetic manipulations (Ferrari et al., 1993). Furthermore, numerous proteases

secreted by these expression hosts are often responsible for the degradation of most heterologous

and even homologous secreted gene products (Doi, 1991; Kunst et al., 1997).

5.2 Bacillus Promoters and Signal Sequences in Biotechnology

The most straightforward approach to achieve the secretion of heterologous (and

homologous) proteins in Bacillus is to insert the structural gene of the protein of interest

downstream from the promoter and the signal sequence of a bacillar gene encoding an exported

protein. Thus, most known expression systems for Bacillus are based on the genes of
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exoenzymes that are secreted at high levels in many species of Bacillus (Sarvas, 1995). One

expression system which has been thoroughly explored is based on the α-amylase of B.

amyloliquefaciens. Palva (1982) initially cloned the amyE gene of an industrial strain to the

plasmid pUB110 – a multicopy vector of staphylococcal origin. Up to 1 g l-1 of α-amylase was

secreted into the growth medium when this hybrid plasmid was expressed in B. subtilis (Palva,

1982). This is 2500-fold more than the endogenous level of α-amylase secretion in B. subtilis.

This indicates both the effectiveness and the compatibility of the expression signals of B.

amyloliquefaciens in B. subtilis. However, the yields with heterologous protein secretions

have frequently been much lower (Bron et al., 1998).

Proteases are another class of bacillar exoenzymes secreted at high levels in many Bacillus

species, thus providing a potential source of promoters and secretion signals for the construction

of expression systems. The expression sytems based on these genes have also resulted in high

secretion levels of the appropriate proteins in B. subtilis (Wells et al., 1983; Honjo et al.,

1984).

A potential drawback of the expression systems mentioned above is that they are activated

in the stationary growth phase, especially the systems based on proteases, and are subject to

glucose repression – complicating the use of very rich media (Weickert and Chambliss, 1989;

Nagarajan et al., 1993). Furthermore, they are only moderately repressible, which might

contribute to the problem of instability of recombinant hosts. These problems can be

circumvented using expression systems with controlled gene expression.

An artificial spac-1 promoter (Yansura and Henner, 1984) is a genetically engineered

promoter that is strong and and tightly regulated in Bacillus. This promoter is a hybrid of the

B. subtilis phage SPO1 promoter and the operator site of the E. coli lac operon. The presence

of the lacI repressor in the expression host represses the spac-1 promoter by binding to the

operator site. Lactose, or the inducer analog IPTG (isopropyl β-D-thiogalactopyranoside),

can be used to induce the spac-1 promoter. Lactose is cheap but needs to be actively transported

into the cell, and therefore the inductivity is coupled to the expression of the gene encoding the

lactose transporter. Two open reading frames encoding a protein similar to a lactose transporter

have been revealed from the genomic sequencing of Bacillus subtilis (Kunst et al., 1997).

However, the use of lactose as an inducer in Bacillus is hampered by the presence of the

lactose-metabolizing β-galactosidase. IPTG is not metabolized by β-galactosidase and diffuses

readily across the cell membrane It is however, very expensive which may significantly influence

the costs of fermentation.

Another E. coli system, the T7 system, has been implemented in B. subtilis by Conrad et al.

(1996). In this system the T7 RNA polymerase gene (rpoT7) was integrated into the host
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chromosome under the control of a xylose-inducible promoter. In conjuction with a plasmid

carrying the gene of interest under the control of the T7 promoter, this expression system

resulted in high induction and production levels of both intracellular and extracellular

heterologous proteins.

The xylA promoter (xylose isomerase) of the xylose-utilization operon of B. megaterium

(Rygus, and Hillen 1991) has been shown to be tightly regulated and 200-fold induced by

xylose (β-galactosidase as the reported gene) in a multi-copy plasmid in B. megaterium WH320

(Rygus et al., 1991). The sacB expression system is based on the promoter of the levansucrase

gene (sacB). The sacB promoter is induced by sucrose. A region (sacR) between the sacB

promoter and the structural gene contains a transcription terminator. This stem-loop structure

is modulated by sucrose via the function of the product of sacY, involving its presumed

phosphorylation and binding to sacR, thus providing antitermination and induction of sacB

(Sarvas, 1995). Both the xylA and sacB promoters are repressed by glucose - one of the major

carbon sources used in biotechnology.

During starvation of external inorganic phosphate, microorganisms induce a phosphate-

starvation response, during which various genes are expressed. The promoters of these genes

have many attractive features: they tend to be tightly regulated, rather strong and not repressed

by glucose. The promoter of the acid phosphatase gene (pho5) of yeast (Hinnen et al., 1989)

and the promoter of alkaline phosphatase gene (phoA) of E. coli (Keasling, 1999) have been

widely used for production of heterologous proteins. Lee et al. (1991) reported the successful

use of a B. licheniformis alkaline phosphatase promoter in a model system expressing the E.

coli β-galactosidase gene in Bacillus. The pst operon involved in phosphate transport in B.

subtilis (Qi, et al., 1997) is strongly induced (>5,000 fold) in response to phosphate starvation,

as initially reported by Eymann et al. (1996). The pst operon is a member of the Pho regulon

and is controlled by the PhoP-PhoR two-component regulatory system. Genetic evidence

indicates that the two-component system regulates the phosphate-starvation response by

activating Pho regulon promoters at the transcriptional level (Seki, et al., 1988). The PhoR is

a histidine kinase which phosphorylates the response regulator PhoP. The phosphoryled PhoP

binds to TT(A/C)ACA direct repeats present in the Pho regulon promoters, enhancing the

transcription (Liu and Hulett, 1998). Despite intense study of Pho regulon promoters, no

biotechnological applications of these promoters have hitherto been reported.

Bacillus expression systems for homologous protein production generally yield 1-3 g l-1.

The yields of industrial systems are not disclosed, but are believed to be much higher. An

excellent host-vector system for producing foreign proteins, using protein-hyperproducing B.

brevis as the host, has been developed in the laboratory of S. Udaka. This efficient expression
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system is based on appropriate signals of a constitutive B. brevis cell wall protein -operon.

These structural proteins form a hexagonal lattice on the surface of B. brevis. In an unusual

way these proteins are shed from the cell in the stationary phase. However, the synthesis of

these proteins continues and they are secreted to the culture medium for hours, resulting in

concentrations over 10 g l-1. By combining the powerful promoter and the signal peptide-

encoding sequence of one of these cell wall proteins in an expression-secretion vector,

heterologous production levels exceeding 1 g l-1 have been achieved (Ebisu et al., 1996; Takagi

et al., 1989).

Constitutive promoters should become extremely important for metabolic engineering of

Bacillus when an inducible promoter is not needed nor wanted. The P43 is a strong constitutive

promoter that is induced during growth and the early stages of sporulation in rich media (Wang

and Doi, 1984).

Most of the promoters described above require trans- and cis-acting regulatory factors for

optimal function. Many of the cis elements that participate in controlling σ70 gene expression

are a considerable distance away from the actual RNA polymerase binding site and such remote

control regions are usually not utilized in plasmid constructs. In a high-copy number plasmid

there is a risk of saturating the limited amount of endogenous regulatory proteins, which might

result in a high basal activity of the promoter. Similarly, the titering out of endogenous positive

regulatory factors affects the performance of a promoter when present in a high-copy plasmid.

Therefore, regulation of a given promoter on a high-copy number plasmid can be considerably

different from that which takes place in a single copy on the chromosome (Stader, 1995).

Thus, not only is the promoter an important factor, but it is also necessary to consider regulatory

factors when designing and using expression systems for Bacillus. However, the problems

encountered when using high-copy number plasmids can be circumvented by using low-copy

number plasmids and/or chromosomal expression systems. The latter are especially useful in

avoiding the structural and segragational instability often encountered with extrachromosomal

expression systems.
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AIMS OF THE STUDY

The aim of the present study was to isolate a new phytase. The genus Bacillus was chosen

because it was known from the literature that certain Bacillus species produce phytase. However,

the corresponding genes had neither been cloned nor recombinantly expressed and the enzymes

had not been thoroughly characterized.

The specific aims of the study were:

- To isolate a phytase-producing Bacillus strain and to purify the enzyme

- To characterize the functional and structural properties of the enzyme

- To clone the corresponding gene

- To develop an efficient and biologically safe production system for the enzyme
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MATERIALS AND METHODS

The materials and methods used in this study are essentially described in the supplemented

published papers I-IV. Here only the essential materials and methods are briefly described.

The microbial strains used and the phytase expression vectors constructed in this study are

summarized in Table 5 and Table 6, respectively.

Screening of phytase producers (I)

Strains were tested for phytase production in LB broth, in LB broth supplemented with

phytate, and in wheat bran extract medium described by Powar and Jagannathan (1982). Samples

were withdrawn from the culture medium at different time points, clarified by centrifugation,

passed through a PD-10 gel filtration column and assayed for phytase activity.

Table 5. Microbial strains used in the study
Strain Original code; source Usage in this studya

Bacillus amyloliquefaciens
   VTT E-71014 K-152; Markkanen (1971)
   VTT E-71015 K-160; Markkanen (1973)
   VTT E-80124 F; ATCC 23350
   VTT E-90408 P; ATCC 23844
B. coagulans
   VTT E-82150 ATCC 7050
B. licheniformis
   VTT E-80117 ATCC 27811
   VTT E-80118 RH 309; ATCC 9945a
   VTT E-80119 RH 305; ATCC 25972
   VTT E-83175 NRRLc B-3723
B. stearothermophilus
   VTT E-81128 ATCC 12980
   VTT E-81129 ATCC 29609
   VTT E-84208 -
   VTT E-88318 ATCC 7953
B. subtilis
 VTT E-68012 K; Markkanen (1971)
 VTT E-68013 NCIMBd 8646 source of phyC gene
 VTT E-70009 ATCC 6051
 VTT E-83176 NRRLc B-3751
 VTT E-83177 ATCC 21394
 VTT E-83178 ATCC 21228
 VTT E-84207 ATCC 23059
 VTT E-85178 ATCC 6633
  BD170 Bacillus Genetic Stock Center expression host
  ATCC 6051 ATCC 6051 source of DNA elementsb

Escherichia coli
  XL-1 Blue MRF Stratagene Inc. cloning/expression host
  JM109 E. coli Genetic Stock Center cloning
  SOLR Stratagene Inc. phagemid excision
  RV308 K. Takkinen, VTT, Biotech. expression host
Lactobacillus plantarum 755 S. Tynkkynen, Valio Ltd. expression host
a All Bacillus VTT E-strains were used in screening of phytase producing strain
b used as a source of DNA elements in pGT-serie plasmid constructions
c Agricultural research service culture collection, National center for agricultural utilization research,
Peoria, Illinois, USA
d National Collection of Industrial and Marine Bacteria ltd., Aberdeen, Scotland
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Phytase assays (I-IV)

Phytase assays were routinely assayed by incubating an appropriate amount of enzyme at

37oC for 30 min with the substrate in appropriate buffer. After incubation, reactions were

stopped by adding an equal volume of 5% TCA and the released inorganic phosphate was

measured spectrophotometrically at 700 nm by mixing equal volumes of sample and colour

reagent and following the production of phosphomolybdate. The colour reagent was prepared

prior to use by mixing four volumes of 1.5% ammonium molybdate in 5.5% sulphuric acid

and one volume of 2.7% ferrous sulphate solution. One unit of enzyme activity was defined as

the amount of enzyme hydrolyzing 1 µmol of P
i
 per minute under the assay conditions. The

specific activity was expressed in units of enzyme activity per milligram of protein.

Molecular cloning of phytase gene (I)

Phytase purified by ammonium sulfate fractioning was further purified by RP-HPLC on a

0.21- by 10-cm TMS-250 (C
1
) column by elution with a linear gradient of acetonitrile. The

purified protein was alkylated and treated with Lysylendopeptidase C. The peptides generated

were separated by narrow-bore RP-HPLC on a 1.0- by 15-cm Vydac C
8
 column using linear

gradient of acetonitrile. The collected peptides were subjected to MALDI-TOF mass

spectroscopy. Protein N-terminal sequencing and internal peptide sequencing were performed

with a Procise 494A sequencer. On the basis of protein N-terminal and internal peptide sequences

several degenerate PCR primers were designed. The PCRs were performed with these primers

using B. subtilis VTT E-68013 chromosomal DNA as template. The largest PCR fragment,

labelled with digoxigenin, was used as the hybridization probe to screen a B. subtilis VTT E-

68013 genomic library constructed in Lambda ZapII. Positive Lambda clones were cored and

excised with a helper phage to obtain plasmid clones. Sequences from these clones were

determined with the ABI Prism Dye Terminator Cycle Sequencing kit with an ABI 377 DNA

sequencer.

Heterologous phytase expression (I, III)

For expression in E. coli, a phyC gene fragment encoding mature phytase was cloned

downstream from the IPTG-inducible tac-promoter and the signal sequence of an Erwinia

carotovora gene encoding pectate lyase to obtain the phytase expression vector pKKtacBs.

This construct was used to transform the E. coli RV308 expression host. The phytase expression

was carried out in LB broth using IPTG as inducer. For expression in Lactobacillus, the phyC

gene fragment encoding mature phytase was inserted under the control of Lact. amylovorus

α-amylase promoter and fused with 65 N-terminal amino acids of a Lact. amylovorus α-
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amylase. The corresponding pLPM(phyC) was used to transform the Lact. plantarum 755

strain. The phytase expression was carried out in MRS medium in which glucose had been

replaced by cellobiose to eliminate the glucose repression of the α-amylase promoter.

Homologous phytase expression (IV)

For homologous phytase expression in B. subtilis, the phyC gene fragment encoding phytase

with its natural signal sequence was inserted in a constructed pGT44 expression vector to

obtain the phytase expression vector pGT44[phyC]. The pGT44 vector contains a pst-promoter

and a ribosomal binding site optimal for Bacillus expression. The transcription terminator of

the Bacillus enolase gene was inserted to the pGT44 to improve the plasmid stability. The

pGT44[phyC] was used to transform the B. subtilis BD170 strain. The phytase was expressed

in late exponential and stationary phase by allowing the inorganic phosphate level to drop

below the induction threshold of the pst-promoter. The homologous phytase expressions were

performed both in shake-flask cultivations and in a bioreactor. Phytase production in the

bioreactor was carried out using a glucose-controlled fed-batch strategy in a semi-defined

medium.

Metal-dye detection high-performance liquid chromathography (MDD-HPLC)

(unpublished)

Samples for MDD-HPLC were prepared as follows: the standard enzyme reaction was

stopped at different time points by adding equal volume of 5% TCA. The halted enzyme

reaction samples were lyophilized. The lyophilized samples were dissolved in water and

centrifuged to pellet the protein precipitate. The supernatants were treated with active charcoal

to remove remaining impurities. The isomer-specific analysis of inositol phosphates was

conducted using the MDD-HPLC method described by Mayr (1990). Samples were applied

automatically. Acidic elution was performed on a chemically inert HPLC-system using a

Table 6. Phytase expression vectors constructed
Phytase expression
vector (host)

Promoter (resistance
markers)

Signal sequence
(special features)

Derivate of (Source)

pBsm (E. coli)
pBss (E. coli)

T5/lac operator (bla)
T5/lac operator (bla)

none (C-term. His6-tag)
phyCa (C-term. His6-tag)

pQE-70 (Qiagen GmbH
pQE-70 (Qiagen GmbH)

pKKtacBs (E. coli) tac (bla) pelBb (C-term. His6-tag) pKKtac (K. Takkinen,
VTT Biotechnology)

pLPM(phyC) (Lact.
plantarum  E. coli)

α-amy (bla, ery) α-amyc (29 extra N-term.
amino acids of α-amy)

pLPM11 (R. Leer, TNO
Nutrition)

pGT44[phyC]
(B.subtilis  E. coli)

pst (cat) phyCa pGT44 (This study)

a native phyC signal sequence
b Erwinia carotovora pectate lyase signal peptide
c Lact. amylovorus α-amylase signal peptide
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concave gradient. Detection of inositol phosphates was performed by mixing PAR-reagent (2-

(4-pyridylazo)resorcinol) into the eluent. Compound detection at 546 nm was performed and

peaks were assigned using a reference spectrum of known inositol phosphate isomers (Dr. F.

Hatzack, unpublished). Stereoisomers were assigned using reference spectra (Mayr, 1990;

Freund et al., 1992).

MATERIALS AND METHODS
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RESULTS AND DISCUSSION

1 A Novel Phytase from Bacillus

1.1 Screening of Phytase Producers (I)

Several strains (Table 5) from the genus Bacillus were tested for extracellular phytase

production in LB broth, LB broth supplemented with phytate and in wheat bran extract medium.

These strains included four B. amyloliquefaciens, one B. coagulans, four B. licheniformis,

four B. stearothermophilus and eight B. subtilis isolates. None of the bacteria produced phytase

activity in LB broth, whether or not it was supplemented with phytate. However, in the wheat

bran medium two B. amyloliquefaciens and one B. subtilis strain produced significant amounts

of phytase activity. B. subtilis strain VTT E-68013 showed the highest phytase activity

production and was chosen for further studies.

1.2 Induction of Phytase (I)

The induction of phytase from B. subtilis VTT E-68013 was studied in wheat bran extract,

LB broth and LB broth supplemented with phytate. Phytase activity was detected only after

cultivation on wheat bran extract. LB broth (with or without supplemented phytate) did not

support phytase production even in prolonged cultivation (50 h), indicating that phytate itself

did not induce phytase production. To exclude the possibility that the phytase from B. subtilis

strain VTT E-68013 was readily expressed in LB broth (and/or LB broth supplemented with

phytate), but became proteolytically cleaved when secreted to media other than wheat bran,

purified phytase was incubated with LB broth spent medium. There was no decrease in the

phytase activity after one hour of incubation, indicating that phytase was stable against

extracellular proteases.

Induction was studied further with defined medium. Defined medium containing both

inorganic phosphate and phytate did not induce phytase production, but a defined medium in

which phytate was the sole source of phosphate did support phytase production. Potato-dextrose

medium, which contains less inorganic phosphate than LB broth also supported phytase

production. These induction studies suggested that the production of phytase is repressed by

inorganic phoshate and consequently induced by phosphate starvation. In fact some TT(T/

C)ACA-like sequences, known to be present in the promoters of the Pho regulon genes in

Bacillus, can be detected in the upstream sequence of phyC. Furthermore, these sequences are

also present in the promoter of B. amyloliquefaciens phytase. Therefore, the Bacillus phytase

gene could be a member of the Pho regulon.
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1.3 Phytase Gene (phyC) (I)

The Bacillus phytase was purified to homogeneity for the preparation of N-terminal and

internal peptides (see section 1.4.1). On the basis of these peptide sequences, degenerated

primers were designed for PCR. The largest PCR fragment was cloned and sequenced. This

resulted in determination of a partial phytase gene sequence (989 bp). This partial gene fragment

contained an open reading frame of 330 amino acid residues which corresponded to the peptide

sequences obtained from N-terminal and internal peptide sequencing.

Southern hybridisation, using the partial phytase gene as a probe, revealed two fragments

of 6 and 2.4 kb. The same probe was used to screen a genomic B. subtilis VTT E-68013

library, and positive clones carrying 6 and 2.4 kb inserts were isolated. Sequencing of these

CACATTTGACAATTTTCACAAAAACTTAACAC  TGACAATCATGTATATATGTTACAATTGAAGTGCACGTTCATAAAAGGAGGAAGTAAA  
      -35                  -10                                                 rbs

ATGAATCATTCAAAAACACTTTTGTTAACCGCGGCGGCCGGACTGATGCTCACATGCGGTGCGGTGTCTTCCCAGGCAAAGCATAAGCTG
M  N  H  S  K  T  L  L  L  T  A  A  A  G  L  M  L  T  C  G  A  V  S  S  Q  A  K  H  K  L   30
                                                                             ↑
TCCGATCCTTATCATTTTACCGTGAATGCAGCGGCGGAAACGGAACCGGTTGATACGGCCGGTGACGCGGCTGATGATCCTGCGATTTGG
S  D  P  Y  H  F  T  V  N  A  A  A  E  T  E  P  V  D  T  A  G  D  A  A  D  D  P  A  I  W   60

CTGGACCCCAAGACTCCTCAGAACAGCAAATTGATTACGACCAATAAAAAATCAGGTTTAGTCGTTTACAGCCTTGATGGTAAGATGCTT
L  D  P  K  T  P  Q  N  S  K  L  I  T  T  N  K  K  S  G  L  V  V  Y  S  L  D  G  K  M  L   90

CATTCCTATAATACCGGGAAGCTGAACAATGTCGATATCCGTTATGATTTTCCGTTGAACGGCAAAAAAGTCGATATCGCGGCAGCATCC
H  S  Y  N  T  G  K  L  N  N  V  D  I  R  Y  D  F  P  L  N  G  K  K  V  D  I  A  A  A  S   120

AATCGGTCTGAAGGAAAAAATACCATTGAGATTTACGCTATTGATGGAAAAAACGGCACATTACAAAGCATGACAGATCCAGACCATCCG
N  R  S  E  G  K  N  T  I  E  I  Y  A  I  D  G  K  N  G  T  L  Q  S  M  T  D  P  D  H  P   150

ATTGCAACAGCAATTAATGAGGTATACGGTTTTACCTTATACCACAGTCAAAAAACAGGAAAATATTACGCGATGGTGACAGGAAAAGAG
I  A  T  A  I  N  E  V  Y  G  F  T  L  Y  H  S  Q  K  T  G  K  Y  Y  A  M  V  T  G  K  E   180

GGTGAATTTGAACAATACGAATTAAAGGCGGACAAAAATGGATACATATCCGGCAAAAAGGTACGGGCGTTTAAAATGAATTCCCAGACG
G  E  F  E  Q  Y  E  L  K  A  D  K  N  G  Y  I  S  G  K  K  V  R  A  F  K  M  N  S  Q  T   210

GAAGGGATGGCAGCAGACGATGAATACGGCAGGCTTTATATCGCAGAAGAAGATGAGGCCATTTGGAAGTTCAGCGCCGAGCCGGACGGC
E  G  M  A  A  D  D  E  Y  G  R  L  Y  I  A  E  E  D  E  A  I  W  K  F  S  A  E  P  D  G   240

GGCAGTAACGGAACGGTTATCGACCGTGCCGACGGCAGGCATTTAACTCGTGATATTGAAGGATTGACGATTTACTACGCTGCTGACGGG
G  S  N  G  T  V  I  D  R  A  D  G  R  H  L  T  R  D  I  E  G  L  T  I  Y  Y  A  A  D  G   270

AAAGGCTATCTGATGGCATCAAGCCAGGGAAACAGCAGCTACGCCATTTATGACAGACAAGGAAAGAACAAATATGTTGCGGATTTTCGC
K  G  Y  L  M  A  S  S  Q  G  N  S  S  Y  A  I  Y  D  R  Q  G  K  N  K  Y  V  A  D  F  R   300

ATAACAGACGGTCCTGAAACAGACGGGACAAGCGATACAGACGGAATTGACGTTCTGGGTTTCGGACTGGGGCCTGAATATCCGTTCGGT
I  T  D  G  P  E  T  D  G  T  S  D  T  D  G  I  D  V  L  G  F  G  L  G  P  E  Y  P  F  G   330

ATTTTTGTCGCACAGGACGGTGAAAATATAGATCACGGCCAAAAGGCCAATCAAAATTTTAAAATCGTGCCATGGGAAAGAATTGCTGAT
I  F  V  A  Q  D  G  E  N  I  D  H  G  Q  K  A  N  Q  N  F  K  I  V  P  W  E  R  I  A  D   360

CAAATCGGTTTCCGCCCGCTGGCAAATGAACAGGTTGACCCGAGAAAACTGACCGACAGAAGCGGAAAATAAACATGCAAAAAGCAGCTT
Q  I  G  F  R  P  L  A  N  E  Q  V  D  P  R  K  L  T  D  R  S  G  K  ∗  -----------------> 383

ATACAAGCTGCTTTTTGCATGTGAAGAACG
    <-----------------

Fig. 2. Nucleotide sequence and deduced amino acid sequence of the phyC gene (I). The putative 35 and
10 sequences are underlined. The possible ribosomal binding site (rbs) is indicated in bold. The signal

peptide cleavage site according to von Heijne rule is indicated by a vertical arrow. The determined N-
terminal peptide is shown in italics. A possible transcription terminator is indicated by reverse horizontal
arrows under the sequence. The sequence is deposited under accession no. AF029053 in GeneBank.
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clones by using both vector-specific and gene-specific primers revealed the entire phytase

gene. The phytase gene (phyC) is presented in Figure 2. The -35 sequence proved to be the

concensus sequence for Bacillus expression. However, the -10 sequence was not similar to

any known Bacillus -10 sequences, suggesting a specific sigma factor. The stop codon was

followed by a sequence of dyad symmetry (18-nucleotide perfect inverted repeat) which could

form a stem-loop structure of ∆G = -28.7 kcal mol-1 and could therefore act as a transcription

terminator. The putative ribosomal binding site contained a canonical -AGGAGGA- concensus

sequence, and was optimally (7 bp upstream) spaced from the start codon.

The primary amino acid sequence revealed a peptide of 383 amino acid residues. Its 26 N-

terminal amino acid residues showed typical features for the sequence corresponding to the

secretion of the protein. The putative signal peptide cleavage site, according to Nielsen et al.

(1997), was located between residues 26 and 27 (SQA-KHK). However, the N-terminal

sequence analysis of purified phytase indicated that the first 29 amino acids were cleaved.

Residues 27 to 29 might be analogous to a propeptide because of the positively charged residues

(KHK). However, three amino acids would be very short for a propeptide. The predicted

molecular masses of phytase preprotein and mature phytase (i.e. without the first 29 amino

acid residues) were 41.9 and 39 kDa, respectively.

When the sequence of B. subtilis VTT E-68013 phytase gene (designated as phyC) was

first compared to the sequences in GenBank it did not show any homology to phytases or to

any phosphatases. However, 72% identity with the yodV gene of unknown function in the

Bacillus subtilis chromosome (Kunst et al., 1997) was observed. Later, the sequence of B.

amyloliquefaciens phytase was released, which proved to be over 90% identical to PhyC in

itsamino acid sequence. The yodV gene product was later designated as a 3-phytase precursor.

None of these Bacillus phytases have the RHGXRXP motif, which is the most conserved

sequence in the active site of known phytases. Thus, PhyC and Bacillus phytases in general are

unlikely to be members of the phytase sub-family of histidine acid phosphatase but novel

enzymes having phytase activity. Figure 3 shows the amino acid sequence alignment of PhyC

(this study), B. amyloliquefaciens (Kim et al., 1998b) and Bacillus subtilis (Kunst et al., 1997)

phytases.

The sequence aligment brings into question whether the B. subtilis VTT E-68013 isolate

really is a. subtilis strain. Furthermore, the isolate has previously been shown to produce α-

amylase (Markkanen, 1971), which is more common to amyloliquefaciens species than to

subtilis species. The other two isolates producing phytase in this study were both

amyloliquefaciens species. Therefore, it is more likely that the B. subtilis VTT E-68013 is

actually a B. amyloliquefaciens strain.
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1.4 PhyC Phytase

1.4.1 Purification of the Enzyme (I)

The PhyC proved to be very instable in commonly used chromatographic methods such as

ion exchange. A combination of ethanol and two-step ammonium sulfate precipitation was

found to be the best purification method. Ethanol precipitation was used to concentrate the

sample. The impurities of the redissolved ethanol precipitate were removed by adjusting

ammonium sulfate to 65% saturation and pelleting by centrifugation. The phytase was

precipitated from the 65% supernatant by adjusting the ammonium sulfate saturation to 85%.

This resulted in an almost homogenous preparation. This preparation was used in enzyme

characterization, and after RP-HPLC purification, in N-terminal and internal peptide sequencing.

1.4.2 Enzyme Properties (I)

The biochemical and biophysical properties of the PhyC are very similar to those of the B.

subtilis phytases described by Powar and Jagannathan (1982) and Shimizu (1992). The PhyC

shows maximal activity at pH 7 and 55oC. It has a relatively narrow pH optimum: 60% of the

maximal activity between pH 6 and 8. The enzyme is highly specific for phytic acid. However,

unlike other Bacillus phytases, it shows activity toward ATP and ADP. The PhyC has a K
m

value of 200 µM, which is smaller than that of other Bacillus phytases, and a V
max

 value of 125

µmol min-1 as determined from a Lineweaver-Burke plot (see Figure 4). The highest specific

activity of 88 U mg-1 was first determined for the supernatant from 65% ammonium sulfate.

        1               16              31              46              61              76           90 
      A MNHSKTLLLTAAAGL MLTCGAVSSQAKHKL SDPYHFTVNAAAETE PVDTAGDAADDPAIW LDPKTPQNSKLITTN KKSGLVVYSLDGKML     
      B MNHSKTLLLTAAAGL MLTCGAVSSQAKHKL SDPYHFTVNAAAETE PVDTAGDAADDPAIW LDPKNPQNSKLITTN KKSGLAVYSLEGKML     
      C MKVPKTMLLSTAAGL LLSLTATS-VSAHYV NEEHHFKVTAHTETD PVASGDDAADDPAIW VHEKHPEKSKLITTN KKSGLVVYDLDGKQL     

        91              106             121             136             151             166         180 
      A HSYNTGKLNNVDIRY DFPLNGKKVDIAAAS NRSEGKNTIEIYAID GKNGTLQSMTDPDHP IATAINEVYGFTLYH SQKTGKYYAMVTGKE    
      B HSYHTGKLNNVDIRY DFPLNGKKVDIAAAS NRSEGKNTIEIYAID GKNGTLQSITDPNRP IASAIDEVYGFSLYH SQKTGKYYAMVTGKE    
      C HSYEFGKLNNVDLRY DFPLNGEKIDIAAAS NRSEGKNTIEVYAID GDKGKLKSITDPNHP ISTNISEVYGFSLYH SQKTGAFYALVTGKQ    

        181             196             211             226             241             256         270 
      A GEFEQYELKADKNGY ISGKKVRAFKMNSQT EGMAADDEYGRLYIA EEDEAIWKFSAEPDG GSNGTVIDRADGRHL TRDIEGLTIYYAADG    
      B GEFEQYELNADKNGY ISGKKVRAFKMNSQT EGMAADDEYGSLYIA EEDEAIWKFSAEPDG GSNGTVIDRADGRHL TPDIEGLTIYYAADG    
      C GEFEQYEIVDGGKGY VTGKKVREFKLNSQT EGLVADDEYGNLYIA EEDEAIWKFNAEPGG GSKGQVVDRATGDHL TADIEGLTIYYAPNG    

        271             286             301             316             331             346         360 
      A KGYLMASSQGNSSYA IYDRQGKNKYVADFR ITDGPETDGTSDTDG IDVLGFGLGPEYPFG IFVAQDGENIDHGQK ANQNFKIVPWERIAD    
      B KGYLLASSQGNSSYA IYERQGQNKYVADFQ ITDGPETDGTSDTDG IDVLGFGLGPEYPFG LFVAQDGENIDHGQK ANQNFKMVPWERIAD    
      C KGYLMASSQGNNSYA MYERQGKNRYVANFE ITDGEKIDGTSDTDG IDVLGFGLGPKYPYG IFVAQDGENIDNGQA VNQNFKIVSWEQIAQ    

        361             376         Identity Similarity
      A QIGFRPLANEQVDPR KLTDRSGK    
      B HLGEMPDLHKQVNPR KLKDRSDG    90% 94%
      C KIGFHPQVNKQVDPR KMTDRSGK    72% 84%

Fig. 3. Amino acid sequence alignment of A) PhyC phytase, B) B. amyloliquefaciens phytase and C) B.
subtilis phytase. The amino acid residues different from PhyC are indicated in bold. Identities and
similarities were calculated using the algorithm by Tatusova and Madden (1999).
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Unfortunately, this value turned out to be erroneous and the actual specific activity of PhyC

for phytic acid is only 15 U mg-1. However, this is still higher than the specific activities of B.

subtilis phytases described by Powar and Jagannathan (1982) and Shimizu (1992) (8.5 and 8.7

U mg-1, respectively), but lower than that of B. amyloliquefaciens (20 U mg-1), (Kim et al.,

1998a). Reducing agents such as β-mercaptoethanol, dithiotreitol and reduced glutathione did

not significantly affect the enzyme activity. This was not surprising since the mature PhyC

does not contain any cysteine residues. The strong phosphatase inhibitor vanadate inhibited

the enzyme 40% but only at high concentration (10 mM), whereas no inhibition was detected

with another strong inhibitor, fluoride, even at a concentration of 10 mM. Unlike other phytases,

PhyC was only moderately inhibited by high substrate concentrations – less than 30% inhibition

at 16 mM phytic acid (data not shown). This further suggests a different chemical environment

in the enzyme active site compared to other phytases.

1.4.3 Role of Calcium in Enzyme Structure and Functionality (II)

Calcium has an important role in the PhyC enzyme. Firstly, the enzyme is completely

inhibited by chelating agents (such as EDTA) in molar concentrations exceeding the

concentration of calcium. The inhibition is most probably caused by the removal of Ca2+ ion(s)

from the enzyme. The apoenzyme can be significantly reactivated only with Ca2+ (42% of the

original activity regained), indicating that other metals cannot, or can only partially, substitute

calcium to form active enzyme. Calcium concentrations exceeding the concentration of phytic

acid inhibit the enzyme. Therefore, phytate consisting of phosphate anions saturated with Ca2+

is not a substrate for the enzyme.

Secondly, circular dichroism (CD) spectroscopy of holoenzyme, apoenzyme and calcium-

reactivated enzyme reveal the role of calcium in the protein conformation. The removal of

Ca2+ causes a change in the CD-spectrum. The spectrum of apoenzyme is similar in overall

shape to that of holoenzyme. However, there is a clear difference in the 210-200 nm region

that might indicate local conformational changes. The CD-spectra of holo- and calcium-

reactivated enzyme are practically superimposable; particularly, there is no intensity difference

between these two spectra. However, a slight difference in the 210-200 nm region is still

observed. As earlier mentioned no more than 42% residual activity was gained by reactivating

calcium-depleted enzyme with calcium. According to these results calcium removal induces a

conformational change in the protein and inactivated enzyme can only partially refold into

active conformation by incubation in the presence of calcium.

Thirdly, the thermostability of the enzyme is strongly Ca2+ dependent. The enzyme retains

over 90% of its activity after 10 min incubation at 60oC in the presence of 5 mM Ca2+, whereas
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in the absence of Ca2+ no enzyme activity is detected after this treatment. After 10 min incubation

at 100oC in the presence of 5 mM Ca2+ the enzyme still shows a residual activity of 20%.

Furthermore, the enzyme is able to restore 44% activity when allowed to refold at 25oC for

one hour after the treatment at 100oC. However, no higher residual activity is gained by

prolonged a refolding time. These results indicate that (i) unlike most phytases, the PhyC is a

thermostable enzyme, (ii) calcium has a very strong stabilization effect and (iii) the enzyme

has the capability to partially refold after heat-induced denaturation. However, the activity of

the enzyme that is denatured in the absence of Ca2+ is not restored in the refolding experiment

in the presence of Ca2+.

Although calcium -depletion causes a change in the secondary structure, diminishing the

active conformation, the change is not great enough to make phytase more susceptible to

protease. The phytase proved to be resistant to papain, pancreatin and trypsin both in the

presence and in the absence of calcium. However, the phytase was susceptible to pepsin both

in the absence and in the presence of calcium. The pepsin sensitivity is most probably due to

denaturation of the enzyme as a result of low pH, making it more susceptible to pepsin.

It is clear that calcium is needed for maintenance of the enzyme activity, conformation and

thermostability. However, no calcium-binding domains were recognized in PhyC when

compared to the domain signatures at the ProSite database of protein families (SWISS-PROT

at http://www.expasy.ch/sprot), indicating that the calcium-binding site(s) for PhyC are different

from those known for many other proteins. The mechanism by which calcium modulates the

enzyme could not be concluded from the data. However, the recently published crystal structure

of the B. amyloliquefaciens phytase (Ha et al., 2000) indicates the role of calcium ions in

Bacillus phytase. The structure indicates an unusual folding topology of a six-bladed propeller

with six calcium binding sites. The calcium ions have both a structural role (high-affinity

calcium sites) and a role in enzyme activity (low-affinity calcium sites). Two of the high-

affinity calcium sites bind calcium ions that join three different loops together that are remote

on the primary sequence of the enzyme. The calcium at the third high-affinity calcium site

directly joins two inner β-strands from the first and second blades, and indirectly joins the

others through the coordinated water molecules (Ha et al., 2000). Binding of three calcium

ions to three low-affinity binding sites turns the predominantly negatively charged shallow

cleft in the top of the molecule into a more favourable electrostatic environment for the binding

of the substrate (Ha et al., 2000).
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1.5 Phytic acid Hydrolysis by PhyC

1.5.1 End Product and Kinetics of Phytic acid Degradation

The kinetics of inorganic phosphate released per mole of phytic acid are shown in Figure

5. The stoichiometric data indicated that three phosphate groups are released per molecule of

phytic acid substrate, which strongly suggests that the PhyC cleaves three out of six availiable/

possible monophosphoester bonds. Even after prolonged incubation the substrate:product ratio

of 1:3 did not change.

The time course of the action of PhyC on phytic acid is shown in Figure 6 as the relative

abundance of inositol hexa-, penta-, tetra-, and triphosphate (InsP
6
, InsP

5
, InsP

4
 and InsP

3
,

respectively). Different inositol phosphate isomers are not discriminated. Phytic acid (InsP
6
)

is hydrolyzed in a stepwise manner. It can be seen that InsP
6
 is rapidly degraded to InsP

5
 and

then to InsP
4
, both of which clearly preceed the appearance of InsP

3
. The slow conversion of

InsP
5 
to InsP

4
 and of InsP

4
 to InsP

3
 indicates that these lower myo-inositol phosphates are less

suitable substrates for the enzyme than phytic acid. After 30 min, more than 50% of reaction

products are in the form of InsP
4
, whereas only 10% are in the form of InsP

3
. After 60 min all

of the substrate is consumed and the reaction intermediates have been converted into InsP
3
.

The reaction does not proceed to lower inositol phosphates in a prolonged incubation, indicating

that InsP
3
 is the true end product of phytic acid hydrolysis by PhyC. This is different from the

B. subtilis phytase studied by Powar and Jagannathan (1982). Their results indicated that inositol

monophosphate is the end product of phytic acid hydrolysis, which is also the case with fungal

phytases studied by Wyss et al (1999b).
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Fig. 5. Time course of inorganic phosphate release from phytic acid by PhyC. The molar amount of
inorganic phosphate released per mole phytic acid is presented. After 60 min approximately 2.8 moles
inorganic phosphate is released per mole phytic acid. Prolonged incubation does not release more
phosphate, indicating that PhyC hydrolyzes three out of six phosphate groups in phytic acid.
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In order to identify the InsP
3
 isomer the enzymatic reaction end products (time point 90

min) were analyzed by MDD-HPLC (see below). A single peak was identified as Ins(1,3,5)P
3
/

Ins(2,4,6)P
3
 (the HPLC system cannot discriminate between the two stereoisomers). Only

insignificant amounts of other InsP
3
 isomers were detected. Both Ins(1,3,5)P

3
 and Ins(2,4,6)P

3

appears to be extremely rare InsP
3
 isomers. The existence of Ins(2,4,6)P

3
 in Entamoeba

histolytica has been reported by Martin et al. (1993) and very low amounts of Ins(1,3,5)P
3
/

Ins(2,4,6)P
3
 in the protozoan Paramecium were reported by Freund et al. (1992). No other

phytase producing these InsP
3
 isomers is reported.

1.5.2 Reaction Intermediates and Hydrolysis Pathway

In order to reveal the hydrolysis pathway and the reaction intermediates of phytic acid

hydrolysis by the PhyC phytase, samples from different time points were analyzed by MDD-

HPLC. Inositol phosphate isomer assignment from different time points during phytic acid

dephosphorylation is shown in Figure 7. The major InsP
5
 reaction intermediate was identified

as D/L-Ins(1,2,4,5,6)P
5
/D/L-Ins(2,3,4,5,6)P

5
. Only minor amounts of other InsP

5
 reaction

intermediates, D/L-Ins(1,2,3,4,5)P
5
 and Ins(1,2,3,4,6)P

5
, were detected. This might indicate a

preference for phosphate groups in the 3- or 1-positions. Therefore, the enzyme could be

classified as a 3-phytase. However, two different isomers appear as InsP
4
 intermediates. These

isomers were identified as Ins(2,4,5,6)P
4
 and Ins(1,2,3,5)P

4
. As indicated above, Ins(1,3,5)P

3
/

Ins(2,4,6)P
3
 are formed as the end product(s) of phytic acid hydrolysis. Both of these end

products can be formed from the preceding InsP
4
 reaction intermediates.
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Fig. 6. Kinetics of the action of PhyC on phytic acid. The enzymatic reaction products were separated
and analyzed by MDD-HPLC. The relative abundances of InsP6 (white squares), InsP5 (black triangles),
InsP4 (white triangle) and InsP3 (black squares) as the function of time are shown.
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On the basis of data presented in Figure 7 the following hydrolysis pathways from phytic

acid to Ins(2,4,6)P
3
 can be suggested (Pathway I): the enzyme removes phosphates stepwise

from the 3- and 1-position. The hydrolysis sequence (3/1 or 1/3) cannot be elucidated from the

data. However, the result is the same for both hydrolysis sequences, i.e. formation of

Ins(2,4,5,6)P
4
. It is likely that after hydrolysis of the first phosphate the substrate is released

from and rebound to the active site, with consequent hydrolysis of the second phosphate to

yield Ins(2,4,5,6)P
4
. Removal of phosphate in the 5-position in Ins(2,4,5,6)P

4
 clearly results in

the formation of the end product Ins(2,4,6)P
3
. However, the formation of Ins(1,2,3,5)P

4
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Fig. 7. Isomer assignment of the inositol phosphate generated by PhyC phytase. Superposed
chromatograms of the reaction products obtained from phytic acid after 0, 10, 30 and 90 min of
incubation. Reference spectrum of assigned peaks (Mayr, 1990) in below. The peaks were identified as
follows: (A) Ins(1,3,5)P3/Ins(2,4,6)P3; (B) D/L-Ins(1,4,5)P3; (C) Ins(1,2,3,5)P4; (D) D/L-Ins(1,2,4,5)P4;
(E) Ins(2,4,5,6)P4; (F) Ins(1,2,3,4,6)P5; (G) D/L-Ins(1,2,3,4,5)P5; (H) D/L-Ins(1,2,4,5,6); (I) phytic acid;
(P) inorganic phosphate. D/L  is noted to indicate that the HPLC system cannot discriminate between
the stereoisomers. See text for details.
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intermediate (and Ins(1,3,5)P
3
 end product) cannot be explained by stepwise hydrolysis of 3-

and 1-phosphate from phytic acid. A plausible explanation for the formation of Ins(1,2,3,5)P
4

intermediate (and Ins(1,3,5)P
3
 end product) might be the following (Pathway II): Ins(1,2,3,5)P

4

is formed from phytic acid via stepwise hydrolysis of phosphates in the 6- and 4-positions.

Again, the hydrolysis sequence (6/4 or 4/6) cannot be elucidated. However, unlike in

Ins(2,4,5,6)P
4
 formation, no preceding InsP

5
 intermediate accumulates. Only a minor amount

of D/L-Ins(1,2,3,5,6)P
5
/D/L-Ins(1,2,3,4,5)P

5
 is detected. This might suggest that the substrate

remains tightly enzyme-bound until phosphates both in the 6- and 4-position are removed.

After the dephosphorylation of these two phosphates the Ins(1,2,3,5)P
4
 reaction intermediate

is released from the enzyme. This reaction intermediate binds the enzyme active site again,

with consequent hydrolysis of phosphate in the 2-position, resulting in formation of the

Ins(1,3,5)P
3
 end product. The cleavage of the axial phosphate group in the 2-position is very

uncommon to phytases. However, the Ins(1,2,3,5)P
4
 reaction intermediate is clearly hydrolyzed

and, since no other major end products are formed other than Ins(1,3,5)P
3
/Ins(2,4,6)P

3
, the

PhyC probably hydrolyzes the axial phosphate. Characteristic for the formation of both InsP
4

isomers and consequent end products is the hydrolysis of every second phosphate instead of

adjacent ones, as is common to other phytases. This is the first report of such a behavior. The

plausible hydrolysis pathways (Pathway I and II) are presented in Appendices.

1.6 Indications of a Novel Mode of Phytic acid Hydrolysis

The results presented in this study imply a novel reaction mechanism for phytic acid

hydrolysis. Firstly, PhyC does not show any sequence homology to other phytases. Particularly,

it does not have the conserved active site motif of histidine acid phosphatases. Secondly,

unlike other phytases, PhyC is a calcium-dependent metallo-enzyme. Thirdly, it is not severely

inhibited by strong phosphatase/phytase inhibitors or high substrate concentrations. The

substrate inhibition in most phytases is probably due to inhibition caused by released inorganic

phosphate competing for the enzyme active site. This was not detected with PhyC. Fourthly,

unlike most phytases, PhyC is highly specific for phytic acid. Surprisingly, it was found that

the enzyme hydrolyzes only three out of six phosphates in phytic acid. Moreover, the enzyme

preferred the hydrolysis of every second phosphate groups rather than adjacent ones.

Furthermore, two different InsP
4
 intermediates, and the resulting InsP

3
 end products thereof,

imply two different hydrolysis pathways. These results of phytic acid hydrolysis studies further

suggest a novel mode of hydrolysis.

Strong evidence in favour of this suggestion was recently provided when the crystal structure

of the B. amyloliquefaciens phytase was published (Ha et al., 2000). As mentioned above
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these two Bacillus phytases share the same enzyme characteristics and are highly homologous.

Thus, the enzymes are also likely to share the same 3D - structure. The structure reveals a new

folding architecture of a six-bladed propeller for phosphatase activity. There are six calcium

ions present in the enzyme. Three of the ions have high-affinity binding sites and are needed

for the enzyme stability. Three low-affinity calcium ions regulate the catalytic activity of the

enzyme. These calcium ions turn the predominantly negatively charged shallow cleft into a

favourable electrostatic environment for the binding of phytic acid. Ha and co-workers (2000)

suggest that the low-affinity calcium sites comprise the active site and are responsible for the

calcium-dependent catalytic activity of Bacillus phytase. They further suggested that three

calcium ions in the active site participate directly in the catalysis by binding the phosphate

group(s) of the substrate and stabilizing the pentavalent transition state intermediate.

In order to obtain further implications of the mode of action of the Bacillus phytase the

following questions should be answered (i) How does the substrate bind to the active site? (ii)

Why does the enzyme cleave every second phosphate group and not adjacent phosphates? (iii)

Why are InsP
5
 and InsP

4
 intermediates released from the enzyme during hydrolysis? (iv) Why

does the enzyme hydrolyze only three phosphates? By combining the phytic acid hydrolysis

results presented in this study and the knowledge obtained from the 3D – structure the following

mode of action can be proposed: the substrate binds to the shallow cleft sideways using e.g.

phosphate groups in the 2- and 4-positions. These phosphates are likely to bind to Ca2+ ions

and to positively charged amino acid residues present in the cleft. The phosphate moiety in the

middle (in this case the one in the 3-position) would then face the active site and could

consequently be cleaved (Dr. Juha Rouvinen, personal communication). The formed

Ins(1,2,4,5,6)P
5
 intermediate is then released from the enzyme as experimentally observed.

The Ins(1,2,4,5,6)P
5
 intermediate could then bind to the cleft again, now using phosphate

groups in the 2- and 6-positions for binding. Now the phosphate in 1-position would face the

active site and could consequently be cleaved, resulting in the formation of the Ins(2,4,5,6)P
4

intermediate as experimentally observed. Analogously, the phoshate in the 5-position would

be cleaved resulting in the formation of Ins(2,4,6)P
3
. The Ins(2,4,6)P

3
 could still bind to the

enzyme but there would be no more phosphate groups facing the active site, and thus Ins(2,4,6)P
3

would be the end product of phytic acid hydrolysis, as experimentally detected. The reaction

intermediates may compete for the active site with the phytic acid, as they may bind in such a

way that no phosphate groups would face the active site. Therefore, the intermediates would

slow down the enzyme reaction. This is actually observed as a slower conversion of these

compounds to lower myo-inositol phosphates than is the case with phytic acid.

A question remaining is the formation two different InsP4 reaction intermediates and the
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resulting two different end products – Ins(2,4,6)P
3
 and Ins(1,3,5)P

3
. Phytases are generally

divided into 3- and 6-phytases. Furthermore, no cleavage of axial phosphate in the 2-position

has been reported for any phytase. The formation of the Ins(2,4,6)P
3
 and Ins(1,3,5)P

3
 end

products would require hybrid 3-/6-phytase activity, including the cleavage of axial phosphate

in the 2-position in the latter case. A plausible explanation for the formation of two different

end products and for the cleavage of axial phosphate could be that the enzyme twists the

inositol ring of the bound substrate into a more planar conformation. Thus, the concept of

axial and equatorial phosphate would be diminished. Therefore, substrate could bind in two

ways: either using phosphates in the 2-, 4- and 6-positions or phosphates in the 1-, 3- and 5-

positions to dock to the substrate binding pocket. This would explain the two different hydrolysis

pathways (Pathways I and II) and the two different end products. The first binding and hydrolysis

step would determine the end product of hydrolysis. The phosphate groups in the substrate

used in docking to the substrate binding pocket are those remaining in the InsP
3
 end product –

Ins(2,4,6)P
3
 and Ins(1,3,5)P

3
, respectively. Thus, it could be said that the enzyme has both 3-

and 6-phytase activities. However, the 3- and 6-phosphates are not cleaved from the same

molecule. The difference between these two pathways is that in Pathway II the InsP
5
 intermediate

is not released from the enzyme, as it does not accumulate. The non-accumulation of InsP
5

intermediate is probably not due to a rapid InsP
5
 → InsP

4
 reaction, since the InsP

4
 intermediates

– Ins(2,4,5,6)P
4
 and Ins(1,2,3,5)P

4
 –evolve and diminish at the same rate (although not in the

same amounts). Therefore, in Pathway II, the InsP
5
 intermediate probably remains enzyme-

bound until the second phosphate is cleaved. The cleavage of Ins(1,2,3,5)P
4
 to Ins(1,3,5)P

3

further indicates the preference for every second phosphate group - even over an equatorial

phosphate.

An alternative pathway of Ins(1,2,3,5)P
4
 formation could also be the isomeration of

Ins(2,4,5,6)P
4
. However, this would require two enzyme-catalyzed secondary reactions – the

migration of phosphate from 4-position to 3-position and the migration of phosphate from 6-

position to 1-position to yield Ins(1,2,3,5)P
4
. It is rather hard to imagine how this kind of

enzyme-catalyzed “P
i
-flip-flopping” isomeration could be accomplished in the substrate binding

site of the enzyme, although it cannot be ruled out.

At this point the catalytic residues involved in the monophosphoester cleavage can only be

speculated. However, some indications come from the mutagenesis studies by Ha et al. (2000)

– substitutions of both Glu211 and Glu260 by alanine resulted in loss of the enzyme catalytic

activity. An important feature of the structure of Bacillus phytase appears to be the tunnel

passing through the enzyme. The tunnel leads exactly to the cleavable phosphate moiety in the

active site (Dr. Juha Rouvinen, personal communication). In the crystal structure water
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molecules were present in the tunnel (Ha et al., 2000). The cleaved phosphate could be

transferred away from the enzyme through the tunnel.

The mode of action suggested in this study is novel for phytic acid hydrolysis and is

corroborated by two lines of evidence, namely the phytic acid hydrolysis data presented in this

study and the 3D – structure of Bacillus phytase. The inhibition studies and high substrate

specificity of Bacillus phytase coincide with the substrate binding mode suggested – the enzyme

active site might accommodate practically the whole substrate and not just the phosphate moiety

as in most phytases (and phosphatases). In order to confirm the mode of action suggested here,

work is continuing on complex-crystals of PhyC with a substrate analogue, myo-inositol

hexasulfate and with the end products, as well as in the form of mutagenesis studies.

2 Expression of phyC in Heterologous Hosts

The phyC expression vectors and their features are presented in Table 6 (Materials and

Methods).

2.1 Expression in Escherichia coli (I)

Intracellular expression of a gene fragment encoding mature PhyC (pBsm expression vector)

in the E. coli strain XL-1 Blue MRF’ resulted in the formation of inclusion bodies. This was

also the case with the construct pBss containing phyC with its own signal sequence. Therefore,

the natural PhyC signal peptide was not functional to direct PhyC to the periplasmic space in

E. coli strain XL-1 Blue MRF’. To circumvent the problems of inclusion body formation and

the incapability of the natural phytase signal sequence, another cloning strategy was chosen. A

phytase gene fragment without a natural signal sequence was cloned downstream of the pectate

lyase signal sequence from Erwinia carotovora as a C-terminal His
6
-tag fusion protein under

the control of the tac promoter. This construct (pKKtacBs) expressed catalytically active phytase

to the culture medium of E. coli RV308 at a level of approximately 80 mg l-1.

2.2 Expression in Lactobacillus plantarum (III)

The phytase gene was expressed in Lactobacillus plantarum strain 755. The phyC without

its own signal sequence was cloned into the pLPM11 plasmid to obtain the phytase expression

vector pLPM(phyC). In this construct phytase is under a glucose repressable α-amylase

promoter. Furthermore, the construct contains the translation initiation region, ribosomal binding

site and the first 65 N-terminal amino acid residues of Lact. amylovorous α-amylase. The first

36 amino acids represent a secretion signal peptide and the remaining 29 encompass the mature

end. These 29 extra N-terminal amino acids are needed for efficient production of heterologous
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proteins in lactobacilli using the pLPM11 plasmid (Dr. Rob Leer, personal communication).

No phytase production was detected in MRS-glucose cultivation at any time point, indicating

glucose repression. In MRS-cellobiose cultivation catalytically active phytase fusion protein

was expressed as the predominant extra-cellular protein in the culture medium. However,

pulse labeling experiments showed that the recombinant phytase was secreted at a lower rate

in comparison to the native secreted proteins of L. plantarum 755. Furthermore, Western-Blot

analysis revealed unprocessed and processed enzyme in the cell fraction. The presence of

processed phytase in the cell fraction might represent the folding intermediates transiently

trapped in the cell wall, or may indicate, that a portion of the secreted phytase remains cell

wall-bound. The expression and secretion level of phytase was very low (2 mg l-1). Furthermore,

acidification of the culture medium as a result of lactic acid fermentation is likely to decrease

the activity of PhyC enzyme. However, no optimization of production or of the medium was

attempted.

3 A New Expression System for Bacillus and its Application to PhyC Production (IV)

In order to obtain larger quantities of PhyC enzyme in a biologically safe manner a new

expression system was developed for Bacillus. The expression system is based on an efficient

and tightly regulated phosphate starvation inducible promoter and a glucose concentration

controlled fed-batch cultivation. This expression system has several advantages. Firstly, no

special inducer, such as IPTG, is needed. Secondly, expression of the target gene is very

strong, tightly regulated and not repressed by glucose. Thirdly, the expression host (B. subtilis)

has GRAS status, which allows use of the proteins produced in nutraceutical and pharmaceutical

applications. Fourthly, the expression system is designed to secrete the target protein into the

growth medium, which simplifies protein purification and consequently reduces the costs of

downstream processing.

3.1 Phosphate Starvation Inducible Expression Vector (IV)

The pst operon involved in phosphate transport in B. subtilis is strongly induced in response

to phosphate starvation, as initially reported by Eymann et al. (1996). The pst operon is

transcribed from a single promoter (pst) and it is regulated by the PhoP-PhoR two-component

regulatory system. Expression from the pst promoter is induced over 5,000 fold as a results of

phosphate starvation (Qi et al., 1997). Against this background a pst promoter-based phytase

expression vector pGT44[phyC] was constructed. The map of this vector is shown in Figure 8.

The pGT44[phyC] phytase expression vector is relatively small (4.6 kb). It is an E. coli -

RESULTS AND DISCUSSION



53

Bacillus shuttle plasmid and is stably maintained at a high -copy number in both organisms. It

contains a transcription terminator downstream from the phyC gene to improve plasmid stability.

The wild type ribosomal binding site of the pst promoter was changed to -AGGAGG- to match

perfectly with the 3'-end of B. subtilis 16 S rRNA and was spaced seven nucleotides from the

initiation codon for optimal translation.

The pst promoter proved to be essentially silent in E. coli. Expression of the phytase was

first studied in shake flask cultivation using LB medium from which most of the inorganic

phosphate was depleted (designated as LBDP medium). The expression from the pst promoter

showed a delicate response to the inorganic phosphate concentration. No phytase activity was

detected before the inorganic phosphate concentration decreased below a certain threshold

value (approximately 0.2 mM). The decrease of the phytase expression in shake flask cultivation

was probably due to the increase of inorganic phosphate concentration above the induction

threshold, since the cells were still in early log-phase. The increase of the inorganic phosphate

concentration in shake flask cultivation probably resulted from the expression of some

endogenous phosphate-starvation induced phosphatases that liberated chemically bound

phosphate from components of the LBDP medium. This phenomenon was not detected in fed-

batch cultivation in semi-defined medium. The semi-defined medium lacked the LBDP

components, such as yeast extract, that are likely to contain chemically bound phosphate.

p G T 44[p hyC ]
4617 bp

phyC

Cm R

rep

Eno Term

pst-prom oter

B.s. ori -

B.s. ori +

ORI

B am H  I (1 1 59 )

E co R  I (6 24 )

H in d  III (1 3 47 )

Sa l  I (4 4 63 )

B cl  I (1 0 83 )

B cl  I (3 7 89 )

Fig. 8. Phytase expression vector pGT44[phyC]. Symbols: B.s. ori+ and B.s. ori-, origins of leading and
lagging strand synthesis for B. subtilis, respectively; rep, replication initiator protein; CmR,
chloramphenicol resistance gene; pst-promoter, strong phosphate regulated promoter; Eno Term, enolase
transcription terminator; ORI, origin of replication for E. coli; phyC, B. subtilis VTT E-68013 phytase gene.
Only relevant restriction sites are shown.
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3.2 Fed-batch Cultivation and PhyC Production (IV)

LBDP medium supported only modest growth and phytase production. In order to reach

higher phytase yields, we used a semi-defined medium combined with a fed-batch cultivation

strategy as initially described by Park et al. (1992) with slight modifications. Production of

phytase in the bioreactor is divided into three phases. In the batch-phase cells are grown on

initial glucose. After the initial glucose is consumed (indicated by a rapid increase in the

dissolved oxygen), the fed-batch phase is started. During the fed-batch phase (as well as during

the production-phase) the glucose concentration is maintained at 0.5 - 1.0 g l-1 to avoid the

accumulation of inhibitory metabolites such as acetic acid. The production-phase (expression

of phytase gene) starts when the initial inorganic phosphate concentration decrease below the

induction threshold value. During the production-phase peptone is fed to the bioreactor to

provide raw material for protein synthesis.

On the basis of previous fed-batch cultivations the dry cell weight yield from inorganic

phosphate was calculated to be 0.9 g mmol-1. The initial inorganic phosphate concentration in

the semi-defined medium was adjusted to 40 mM in order to reach a dry cell weight over 35 g

l-1 before expression of the phytase gene would start. This amount of biomass was estimated to

be sufficient to provide gram(s) per liter quantities of recombinant enzyme. The acetic acid

concentration reached a maximum of 3.3 g l-1. However, this amount had no detectable effect

on growth. After 10 h of cultivation, the acetic acid concentration rapidly decreased, suggesting

that the cells had consumed it. No ethanol formation was detected during the cultivation. The

dry cell weight of 35 g l-1 was reached in twelve hours (at the end of the fed-batch phase). At

that point all inorganic phosphate had been consumed and the production-phase started. Almost

exponential accumulation of phytase activity was detected in the culture medium during the

production phase. No activity was detected before the inorganic phosphate was consumed,

indicating tight repression of the pst promoter in the fed-batch cultivation system. During the

production phase only very modest cell growth was detected due to the phosphate limitation.

Increasing peptone pulses were fed into the bioreactor to provide amino acids for protein

(recombinant phytase) synthesis. The peptone feeding solution contained less than 0.25 mM

inorganic phosphate and it was found that the feed did not repress the expression. The production

of PhyC is presented in Figure 9, and summarized in Table 7.

The phytase activity at the end of the cultivation reached 28.7 U ml-1, which is approximately

300-fold more than the endogenous level of phytase secretion in B. subtilis VTT E-68013. A

high concentration of extracellular protein (2.9 g l-1) was obtained, with active phytase

representing over 80% of the total accumulated protein. These expression levels exceed most

of that descibed in the literature for recombinant protein production in Bacillus. Furthermore,
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optimization of the feeding strategy of the expression system has resulted even in higher

recombinant phytase production levels: 48 U ml-1 of phytase activity and an extracellular

protein concentration of 4.8 g l-1 (Vuolanto, 2000).
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Fig. 9. Production of PhyC in fed-batch cultivation. Glucose (white squares), inorganic phosphate (white
circles), dry cell weight (black squares) and phytase activity (black circles) during cultivation. After 12 h
of cultivation inorganic phosphate is consumed and the production on PhyC begings. See text for details.

Table 7. Production of PhyC in fed-batch cultivation
Initial working volume (l) 6.5

Final working volume (l) 10.9

Volume after cell separation (l) 9.2

Residual dry cell weight (g l-1) 35.6

Cellular yield (g DCW (g glucose)-1) 0.43

Phytase activity (U ml-1) 28.7

Extracellular protein concentration (g l-1) 2.9

Specific phytase activity (U mg-1) 9.8

Specific protein productivitya (mg (g DCW)-1 h-1) 4.5

a calculated for 18-h cultivation time
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GENERAL DISCUSSION

The PhyC phytase has several features favouring its use in feed applications. Firstly, the

enzyme is derived from a GRAS classified microorganism, allowing its use as a feed additive.

Secondly, the enzyme has a neutral pH optimum. This is particularly important since the enzyme

should function in the small intestine (pH near neutral), where phosphate absorption takes

place. Most fungal phytases are practically inactive in neutral pH. Thirdly, the PhyC is a

thermostable enzyme. This is perhaps the most important feature of a feed enzyme, since

during the pelleting process feed (and supplemented enzyme) is subjected to high temperatures.

Fourthly, the enzyme is not prone to product -inhibition caused by inorganic phosphate, that

could decrease the enzyme activity in the small intestine. Fiftly, the enzyme is not susceptible

to proteases

However, there are some properties of the PhyC that do not favour its use in feed applications.

Firstly, the enzyme has a low specific activity. Therefore, higher amounts of the PhyC are

needed to achieve the same effects as with phytases having higher specific activity. However,

the specific activity of the PhyC could be improved by directed evolution or particularly by

protein engineering now that the 3-D structure of the enzyme is known. Secondly, the enzyme

hydrolyses only three out of six cleavable phosphate groups present in phytic acid and is,

therefore, less efficient in phosphate release than fungal phytases. However, the generated

myo-inositol triphosphates are probably suitable substrates for various phosphatases present

in the gut that cannot hydrolyze phytic acid.

Kim et al. (1999b) evaluated the B. amyloliquefaciens phytase as a feed additive. Kim and

co-workers concluded that the B. amyloliquefaciens phytase was not subjected to severe product

inhibition and that the enzyme had a higher thermal stability, as well as a broader active and

stable pH range than A. ficuum phytase. Furthermore (although not disclosed in this thesis),

the results from poultry trials performed by FinnFeeds International Ltd. using the PhyC as a

feed additive support the potential of Bacillus phytase as a successful feed additive in

monogastric animal diets.

An interesting application of the PhyC is its use in the preparation of specific myo-inositol

phosphates. The enzyme converts phytic acid into two extremely rare myo-inositol triphosphate

isomers (Ins(2,4,6)P
3
 and Ins(1,3,5)P

3
). The chemical synthesis of these compounds is a very

difficult process, and furthermore no other phytases producing these myo-inositol phosphates

have been reported to date. Should these rare compounds become pharmaceutically important,

as are the other InsP
3
 isomers, the PhyC would offer a convenient means of producing them.

Other specific myo-inositol phosphates, such as Ins(1,2,3,5)P
4
 and Ins(2,4,5,6)P

4
 could also
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easily be produced using PhyC.

The PhyC is an interesting enzyme in the context of its applicability, but it is also

scientifically very interesting. It differs considerably from other phytases as well as from other

phosphatases. Its unusual hydrolysis pathway and exceptional structure suggests an alternative

mode of phytic acid hydrolysis and perhaps a new means of hydrolysis of monophosphoesters

in general.

CONCLUSIONS

In the work described in this thesis various members of the genus Bacillus were screened

for extracellular phytase production. The genus Bacillus was chosen because phytases of fungal

origin are heavily protected by patents and are thoroughly characterized. Furthermore, it was

known from the literature that some Bacillus species produce extracellular phytase, although

the corresponding genes had not been cloned or the enzymes thoroughly characterized. The

production of phytase in Bacillus appeared to be linked to phosphate starvation rather than to

induction by phytic acid itself. This implies that phytase is a member of the Pho regulon in

Bacillus. The enzyme from the best producing strain, B. subtilis VTT E-68013, was purified in

order to characterize its properties. A reverse genetics approach was used to clone the

corresponding gene (phyC). This was the first bacterial food-grade phytase to be cloned.

The PhyC phytase proved to be significantly different from well-characterized fungal

phytases, indicating a novel enzyme with phytase activity. The enzyme does not share any

significant sequence homology to members of phytase sub-family of histidine acid phosphatases

or to other phosphatases. Particularly, it does not have the conserved active site motif RHGXPXR

of histidine acid phosphatases. Furthermore, unlike other phytases, it is a metal-dependent

enzyme requiring calcium for both activity and stability and it is not inhibited by strong

phoshatase/phytase inhibitors, indicating a different reaction mechanism. Unlike most phytases,

the PhyC proved to be a thermostable enzyme. Thermostability is a preferable feature in feed

applications, since during the feed pelleting process the feed enzyme is exposed to temperatures

of 60 oC to 90 oC (Wyss et al., 1998). Unfortunately, the specific activity of the enzyme was

lower than that of many fungal phytases.

Perhaps the most striking feature of the enzyme is its exceptional end product(s) of phytic

acid hydrolysis and the hydrolysis pathway(s) in general. Surprisingly, the enzyme hydrolyzes

only three phosphates from phytic acid. Moreover, the enzyme appears to prefer the hydrolysis

of every second phosphate to adjacent ones. Furthermore, it is very likely that the enzyme has
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two alternative pathways for phytic acid hydrolysis, that result in two different myo-inositol

triphosphate end products – Ins(2,4,6)P
3
 and Ins(1,3,5)P

3
. The phosphates removed from the

former are the phosphate remaining in the latter and vice versa. These results further indicated

a reaction mechanism different from the phytases of the phytase sub-family of histidine acid

phosphateses. Strong evidence in favour of the hypothesis of different reaction mechanisms

came from the crystal structure of B. amyloliquefaciens phytase (Ha et al., 2000). By combining

the phytic acid hydrolysis data presented in this study with the structural information obtained

from the crystal structure a novel mode of phytic acid hydrolysis could be proposed.

The enzyme was also expressed in heterologous hosts. In Escherichia coli, the enzyme

was expressed as a C-terminal His
6
-fusion protein to facilitate the purification in order to

obtain pure enzyme for enzyme characterization. However, since we were also able to obtain

very pure native enzyme, as well as recombinant enzyme from the homologous expression

system, we preferred to use these in the enzyme characterization experiments. The phytase

was also expressed in Lactobacillus plantarum in order to study the possibility of producing

the enzyme in food-grade organisms and particularly in the genus Lactobacillus.

The phytase expression level in Lact. plantarum was only modest. Therefore we developed

a new expression system. This biologically safe expression system is based on a phosphate

starvation promoter, fed-batch cultivation strategy and B. subtilis as a host organism. This

expression system has several advantages. Firstly, the promoter is strong and tightly regulated,

allowing strong induction of the target gene in the desired growth phase. Secondly, no special

inducer is needed, as induction is regulated by controlling the inorganic phosphate concentration

in the culture medium. Thirdly, B. subtilis, as an efficient protein secretor, is an industrially

important production host and therefore a vast amount of knowledge of its fermentation

technology already exists. Fourthly, B. subtilis has GRAS status, allowing the use of the

expressed proteins in pharmaceutical applications and in foodstuffs. Fifthly, the target protein

is secreted to the culture medium, which offers attractive advantages for industrial production.

Purification of a secreted protein is simpler and more economical than that of a product produced

intracellularly – the prevalent mode of production in most bacterial production systems.

The expression system proved to be effective when applied to the production of recombinant

phytase. Production yields were higher than with homologous expression systems for Bacillus

in general. Furthermore, the phytase production yield with our expression system was

approximately 24-fold higher than that reported for the B. amyloliquefaciens phytase production

in B. subtilis (Kim et al., 1999b). An exceptionally high concentration of phytase has been

produced by recombinant strain of Hansenula polymorpha expressing Aspergillus concensus

phytase – 13.5 g l-1 (Mayer, et al., 1999). However, this was obtained in 160-h cultivation,
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giving a productivity 2-fold lower than that in our phytase expression system.

In conclusion, a novel phytase is presented in this thesis. The enzyme has potential both in

animal feed applications and in the preparation of specific myo-inositol phosphates. In addition,

an efficient method for production of the enzyme was developed.
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