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Abstract
The objective of this research was to isolate and characterize soybean genes involved in
phytic acid metabolism for use in genetic engineering strategies to improve phosphorus
utilization. A soybean phytase from germinated cotyledons was purified 28,000-fold to apparent
homogeneity and was determined to be a glycosylated homodimer with 70 kD subunits. Soybean
phytase preferred phytate as substrate (Km = 60 µM) and was capable of removing of all six
phosphate groups from phytate. The pH and temperature optima for soybean phytase activity
were 4.5 and 58°C, respectively.
The N-terminus and four internal peptides from the purified soybean phytase were
sequenced by Edman degradation. The amino acid sequence data were used to design
degenerate oligonucleotide primers for PCR amplification of the soybean phytase coding
sequence. A protein 547 amino acids in length was predicted from the 1641 bp coding sequence.
The phytase protein showed significant similarity to plant purple acid phosphatases (PAPs) and
contained the conserved metallo-phosphomonoesterase active site motif. The soybean phytase
coding sequence was placed under the control of a constitutive 35S CaMV promoter in a
soybean biolistic transformation vector and was introduced into Williams 82 suspension
culture cells by particle bombardment. Stably transformed cell suspension lines were recovered.
DNA blot analysis demonstrated that the recombinant soybean phytase coding sequence had
integrated into the genomes of two cell lines. Expression of the transgene was confirmed by
RNA blot analysis. Phytase activity was three to four fold higher in these two lines compared to
control non-transformed cultures.
A soybean L-myo-insoitol-1-phosphate synthase (MIPS) cDNA was isolated from total
RNA from developing seeds. The protein encoded by the soybean MIPS cDNA showed 87-91%
homology to MIPS protein sequences from other plant species. RNA blot analysis of staged
developing soybean seeds revealed that MIPS is transcribed early in the cotyledonary stage of
development. Compared to other soybean tissues, MIPS expression levels were highest in
developing seeds. DNA blot analysis demonstrated that multiple copies of the MIPS gene are
present within the soybean genome.
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CHAPTER 1: LITERATURE REVIEW
Introduction
The majority of the phosphorus in the seeds of higher plant is stored as myo-inositol
1,2,3,4,5,6 hexakisphosphate (Figure 1-1), otherwise termed phytic acid or phytate (Reddy et al.,
1989). Phytase is an enzyme that breaks down phytate, releasing inorganic phosphorus and myoinositol. Non-ruminant animals such as poultry and swine lack gastric phytase activity and are
unable to efficiently utilize phytate phosphorus. Phytate is considered an antinutrient because it
chelates minerals and forms insoluble complexes with proteins, decreasing bioavailability of
these essential nutrients. Phytate passes undigested through the gastrointestinal tract and is
excreted in manure, which is routinely applied as fertilizer to pastures and croplands. Excess soil
phosphorus is washed from the site of accumulation and eventually enters critical watersheds.
Increases in water phosphorus concentration cause the proliferation of algae and other aquatic
vegetation. The resulting eutrophication causes a reduction in water quality and decreases the
ability of the body of water to support life.
Extracellular phytase overproduced by an engineered strain of the fungus Aspergillus
niger has been used as a dietary supplement in place of inorganic phosphorus to improve
phosphorus availability for poultry and swine. Although phytase supplementation effectively
improves nutritional quality while decreasing waste, the high cost of phytase enzyme
preparations currently limits commercial use. As an economical alternative, transgenic plants
have been evaluated as bioreactors for production of recombinant phytases (Pen et al., 1993; Li
et al., 1997). Other strategies for increasing nutritional availability of phosphorus involve the
reduction of plant seed phytate levels. This has been accomplished in maize by mutation of
enzymes involved in phytate biosynthesis. In our laboratory, we are working to develop lowphytate soybeans with increased levels of available phosphorus. Two approaches are currently
being explored: (1) introduction of phytase genes engineered for seed-specific expression, and
(2) genetic manipulation of the phytate biosynthetic pathway. For use in the first approach, a
soybean phytase enzyme and the associated gene have been isolated and characterized. As a first
step towards the second approach, we have cloned a soybean gene encoding a phytate
biosynthetic enzyme, myo-inositol-1-phosphate synthase, and characterized its expression in
developing seeds and other soybean tissues.

Phytate Biosynthesis
Functions of phytate in the seed
The terms phytic acid and phytate are often used interchangeably even though phytic acid is
a free acid and phytate is a salt of phytic acid (Reddy et al., 1989). In mature seeds, phytic acid
occurs primarily as a complex salt of calcium, magnesium, or potassium (Lott, 1984), and is
referred to as phytin. Several important physiological roles have been proposed for the massive
accumulation of phytate in the seed. It is widely accepted that phytate serves as a major store of
phosphorus and myo-inositol for growing seedlings (Cosgrove, 1980). During germination,
stored phosphorus is necessary for the synthesis of compounds such as nucleic acids and
phospholipids. The free myo-inositol can be used as a source of carbon for the growing plant, or
can serve as a starting molecule for one of numerous metabolic pathways.
1

a.

b.

= OPO 3 =

Figure 1-1. myo-inositol hexakisphosphate. (1,3,4,5,6-equitorial/2-axial conformation).
a) Convention for numbering ring carbons. b) Most energetically favorable conformation at pH
7. Adapted from Loewus, 1990.
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Derivatives of myo-inositol are involved in a range of important aspects of plant
development, including cell wall biosynthesis, stress protection, hormonal homeostasis, and
signal transmission (Loewus and Loewus, 1983). The degradation of phytate during germination
may provide an important source of nutrients for the rapidly growing seedling, since the minerals
and proteins complexed with phytate are released (Williams, 1970). Because phytate blocks
free-radical formation, it also may act as an antioxidant during dormancy (Graf et al., 1987). It
has been suggested that phytate is an important initiator of seed dormancy (Sobolev and
Rodionova, 1966). Additionally, studies in yeast have indicated that phytate is involved in the
export of RNA from the nucleus (York et al., 1999).
Given the potential importance of phytate in the seed, a dramatic reduction in seed
phytate level could impact seed viability and quality. Raboy and co-workers (1984) decreased
the phytate content of soybean seeds to one-third the normal amount by growing maternal plants
on low phosphate soil. In nutritionally induced low-phytate soybean seeds, germination and
viability were not compromised. The authors speculated that the luxury levels of phytate
accumulated in developing seeds are far greater than needed for normal seed function. This
hypothesis was later underscored by the ability to produce mutant grain crops with greatly
reduced levels of stored phytate (Larson and Raboy, 1999). In maize lines with a decrease of up
to 66% in phytate stores, seed germination and viability were not measurably affected.
Pathways and enzymes involved in phytate synthesis
Several mechanisms for the biosynthesis of phytate have been proposed, each with different
starting points and mechanisms of phosphorylation (Reddy et al., 1989). It is currently accepted
that phytate is generated by the stepwise phosphorylation of 1L- myo-inositol-1-phosphate
[Ins(1)P1], also designated D-myo-inositol-3-phosphate [Ins(3)P1]. According to Biswas et al.
(1978) the initial substrate for phytate biosynthesis is myo-inositol, which is phosphorylated by
myo-inositol kinase (EC 2.7.1.64) to yield Ins(1)P1. This intermediate also can be synthesized
from the isomerization of glucose-6-phosphate, which is catalyzed by the enzyme 1L- myoinositol-1-phosphate-synthase (MIPS, EC 5.5.1.4). According to Loewus and Murthy (1999),
the latter scenario is the most likely source of Ins(1)P1 for phytate biosynthesis. Ins(1)P1 is
sequentially phosphorylated to Ins(1,3,4,5,6)P5 by phosphoinositol kinases (Figure 1-2). In
Spirodela, an aquatic angiosperm, Ins(3)P1 (D-nomenclature) is first phosphorylated at the D4
position, followed by the D6, D5, and D1 positions, sequentially (Brearley et al., 1996). Similar
work with the slime mold, Dictyostelium, demonstrated that the starting point for
phosphorylation is the D6 position, and proceeds in the order of the D4, D1, and D5 positions
(Stephens and Irvine, 1990; van Hassert and van Dijken, 1997). For both organisms, the final
step of phytic acid biosynthesis is the addition of a phosphate group to the D2 position of
Ins(1,3,4,5,6)P5. A phytate biosynthetic pathway via phosphorylation of polyphosphoinositide
intermediates has been suggested, but has received little support (Heslop et al., 1985; Irvine et
al., 1986). In both Spirodela and Dictyostelium, the D1 position is not phosphorylated until late
in the phytate biosynthetic pathway, indicating that the second messenger Ins(1,4,5,)P3 pathway
does not intersect the phytate biosynthetic pathway (Loewus and Murthy, 1999). It is likely that
the pathways for inositol phosphates involved in signal transduction are distinct from phytate
metabolism. In vivo labeling studies suggested that Ins(2)P1 is the monophosphate precursor of
phytate (Igaue et al., 1980). Migration of the phosphate group from the D3 to the D2 position
may have occurred during the experiment and interfered with the results (Loewus and Loewus,
1983).
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Figure 1-2. Phytate biosynthetic pathway. Adapted from Reddy et al., 1989 and Loewus and
Murthy, 1999.
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During seed development in rice, expression of MIPS coincides with phytate deposition
(Yoshida et al., 1999). According to Loewus and Murthy (1999), this provides strong evidence
that MIPS catalyzes the first committed step of phytate biosynthesis. In addition, the sole
pathway for de novo inositol synthesis in the plant is dependent on the conversion of glucose-6-P
to Ins(1)P1 by the MIPS enzyme. Inositol and its derivatives are used by the plant for a variety
of metabolic processes (Figure 1-3). The role of MIPS in the plant has been studied with regard
to environmental stress responses (Ishitani et al., 1996; Nelson et al., 1998), development of
vegetative structures (Smart and Fleming, 1993), and phytic acid biosynthesis (Bollmann et al.,
1980; Yoshida et al., 1999). The first MIPS gene was isolated by complementation of yeast
mutants (Johnson and Henry, 1989). A plant cDNA that encoded a protein with significant
homology to the yeast MIPS was found to by upregulated during abscisic acid-induced turion
formation in Spirodela polyrrhiza (Smart and Fleming, 1993). Subsequently, other MIPS genes
were isolated from Arabidopsis thaliana (Johnson, 1994), Citrus paradisii (Abu-Abied and
Holland, 1994), Phaseolus vulgaris (Wang and Johnson, 1996), and Mesembryanthemum
crystallinum (Ishitani et al., 1996). Throughout the plant kingdom, the MIPS coding sequences
are highly conserved. In maize, seven sequences homologous to MIPS were mapped to different
chromosomes (Larson and Raboy, 1999). In Arabidopsis, which has a much smaller genome,
two distinct MIPS genes have been identified (Johnson and Sussex, 1995; Johnson and Burk,
1995). It is possible that the multigenic nature of MIPS in plants allows for differential
expression for diverse physiological functions.
In maize, the lpa1 mutation maps to the same position as a MIPS gene on chromosome
1S (Larson and Raboy, 1999). The decreased accumulation of all inositol phosphates in these
mutants is consistent with an overall reduction in MIPS activity. The barley lpa-1 mutant
exhibits a similar biochemical phenotype. In barley, only one MIPS gene has been detected in
the genome. Although the barley lpa-1 mutation maps to a position orthologous to the maize lpa1 mutation, the barley MIPS gene does not reside at this site.
Myo-inositol kinase phosphorylates free myo-inositol to give a myo-inositol
monophosphate identical to the product of MIPS (Loewus and Loewus, 1983). This enzyme is
considered to facilitate a salvage mechanism for free myo-inositol to be recycled into a pool of
Ins(1)P1. This would allow for the synthesis of phytic acid from free inositol. According to
Loewus and Murthy (1999), little is known about the regulation, localization, or functional role
of this kinase.
The phosphorylation of Ins(3)P1 is mediated by multiple kinase enzymes. Two inositol
kinases that are likely involved in phytate synthesis are the Ins(1,3,4)P3 5,6-kinase (IP3 5/6kinase) and the Ins(1,3,4,5,6)P5 2-kinase (IP5 2-kinase). An Arabidopsis expressed sequence tag
with homology to human IP3 5/6-kinase was expressed in E. coli (Wilson and Majerus, 1997).
The recombinant enzyme converted Ins(1,3,4)P to Ins(1,3,4,5)P4 as the major product and to
Ins(1,3,4,6)P4 as the minor product, in a ratio of 3:1 (Wilson and Majerus, 1997). An IP3 5/6kinase purified from soybean exhibited similar activities (Phillippy, 1998). An IP5 2-kinase from
immature soybean cotyledons was the first inositol polyphosphate kinase purified and
extensively characterized from plants (Phillippy et al., 1994). The enzyme was found to
specifically phosphorylate Ins(1,4,5,6)P4 and Ins(1,3,4,5,6)P5 at the D2 position. A yeast IP5 2kinase gene, GSL1, was identified recently using a synthetic lethal screen of yeast nuclear import
mutants (York et al., 1999). Like the purified soybean enzyme, recombinant GSL1 specifically
phosphorylated Ins(1,3,4,5,6)P5 at the D2 position. Yeast carrying a mutation in this gene
exhibited greatly reduced InsP6 synthesis and accumulated Ins(1,3,4,5,6)P5.
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Figure 1-3. Inositol metabolism in plants. Adapted from Loewus and Murthy, 1999.
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The seeds of lpa-2 maize mutants contain 50-65% lower levels of InsP6 with a
corresponding increase in Pi (Raboy, 1998). High performance liquid chromatography analysis
of inositol phosphates showed that lpa-2 mutants contained increased levels of lower inositol
phosphates from InsP1 to InsP5. A similar pattern was observed in barley lpa-2 mutants, with
Ins(1,3,4,5,6)P5 accumulating as the major inositol phosphate (Victor Raboy, personal
communication). These data suggest that an IP kinase activity is altered in these mutant plants.
Phytate accumulation in plant seeds
Phytate biosynthesis occurs in the endoplasmic reticulum prior to deposition in protein
bodies (Greenwood and Bewley, 1984). Phytate is stored in globoid crystals, which are
subcellular inclusions within protein bodies (Pernollet, 1978). Globoid crystals are chemically
and structurally distinct areas within the proteinaceous matrix of protein bodies (Lott, 1984).
Between 60 and 80% of the dry weight of globoid crystals consists of phytate (Lui and Altschul,
1967). In the globoid, phytate is found in the form of phytin, complexed to K+, Mg2+, and Ca2+
and the matrix proteins. In most monocotyledonous plants, protein bodies are found primarily
within the aleurone layer of the seed (Gabard and Jones, 1988). Maize is an exception with
protein bodies scattered throughout the embryo, including the scutellum, coleorhiza, and
radicular cortex (Mikus et al., 1991). In the seeds of most dicotyledonous plants, including
soybean, phytate-containing protein bodies are distributed throughout the cotyledon (Lott et al.,
1980). Yellow lupine is an exception, with phytate stores limited to less than ten rows of
subepidermal cells of the cotyledon (Sobolev et al., 1976). In both cereals and legumes, phytate
accumulates rapidly during seed development, reaching a maximum level at maturity (Lott et al.
1980). According to Yao et al. (1983), phytate content increases from 0.87% to 1.26% of dry
weight during the later stages of soybean seed maturation. Phytate content in seeds is influenced
by factors such as environmental fluctuations, irrigation conditions, fertilizer composition,
cultivar, and soil type (Reddy et al., 1989). Griffiths and Thomas (1981) found that the phytate
phosphorus content of greenhouse-grown broad beans was substantially higher than that of fieldgrown beans. Higher phytate concentrations were observed in wheat grown under irrigated
conditions than in wheat grown under dry conditions (Bassiri and Nahapethian, 1977). As
described above, soybean seed phytate levels were reduced drastically when maternal plants
were grown in nutrient solution with decreased levels of phosphorus (Raboy et al., 1984).

Microbial Phytases
Phytase is an enzyme that catalyzes the hydrolysis of phytate to lower phosphates of myo-inositol
and inorganic orthophosphate. Phytase has been characterized from a number of prokaryotic and
eukaryotic organisms (Table 1-1). The first phytase described was extracted from rice bran by
Suzuki et al. (1907). Two types of phytases are known to exist: a 3-phytase (myo-inositol
hexakisphosphate-3-phosphohydrolase, E.C. 3.1.3.8) that removes phosphate from the 3-position
of phytate and a 6-phytase (myo-inositol hexakisphosphate 6-phosphohydrolase, E.C. 3.1.3.26)
that removes phosphate from the 6-position of phytate. The 3-phytase is found primarily in
microorganisms, while the 6-phytase is generally found in seeds of higher plants (Cosgrove
1980). Phytase also has been identified in the liver, blood, and intestines of some animals
(Kaufman, 1986; Prosser et al., 1983).
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Escherichia coli
(P2)
Escherichia coli
2.5 APase
Bacillus subtilis
Plant
Lycopersicon
esculentum
Phaseolus
mungo
Phaseolus
vulgaris
Hordeum
vulgare P1
Avena
sativa
Triticum
aestivum
Triticum
spelta
Zea mays
seedling
Zea mays
Root (3 isoforms)
Recombinant
Aspergillus niger
phyA-Tobacco
Aspergillus niger
phyA-Soybean
Aspergillus niger
phyA-Yeast

MW
(kD)

pH
opt.

Activators

Inhibitors

Km, µM
phytate

References

85-100

2,5

ND

40

Ullah and Gibson, 1987

60

2, 5.5

ND

F, Zn, Ca,
Hg
ND

18.7

Nagashima et al., 1999

68

2.5

ND

ND

103

Ullah and Cummings, 1987

60

5.5

ND

Cu, Fe

38.7

60

4,
6-6.5
5.56.0

ND

ND

W 10

ND

ND

37.6

Mitchell et al., 1997
Wyss et al., 1998
Pasamontes et al., 1997
Wyss et al., 1999
Mitchell et al., 1997
Wyss et al., 1998

42

6

ND

ND

130

Dassa et al., 1992

45

6.3

ND

ND

5000

Greiner et al., 1993

36

7.5

Ca

Ba, Sr, B,
Cd

35

Powar and Jagannathan, 1982

164
dimer
153

4.3

Mg

38

Li et al., 1997

7.5

ND

PO4, Cu,
Mo7O24, Hg
F, EDTA

400

Maiti and Biswas, 1979

ND

5.5

Ca, Mg

Pi, phytate

150

Gibbins and Norris, 1962

68

6

none

Hg, Cu, Zn

72

Greiner et al., 1999

67

5

none

Fe, Cu, Zn

30

Greiner and Alminger, 1999

47

5

none

Hg, Cu, Zn

490

Nagaiand Funahashi 1962

68

5.5

none

400

Konietzny et al., 1995

76
dimer
71
dimer

4.8

Ca

Hg, Cu, Zn,
phytate
Zn, Fe

117

Laboure et al., 1993

5

none

Pb, Zn, Al

24, 25,
43

H bel and Beck, 1996

73-88

4, 2

ND

65

69-71

3, 5.5

ND

phenylglyoxal
ND

ND

Verwoerd et al., 1995
Ullah et al., 1999
Li et al., 1997

120

2, 5.5

ND

ND

ND

Han et al., 1999

63

* Overexpressed in A. niger
ND — not determined

Table 1-1. Physiochemical properties of phytases. Updated from Loewus et al., 1990.
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Fungal phytases
In a screen of over 2000 organisms, Shieh and Ware (1968) found that a strain of
Aspergillus niger (formerly Aspergillus ficuum) isolated from a flowerpot produced the highest
levels of phytase activity. Subsequently, Howson and Davis (1983) found that this strain, A.
niger NRRL 3135, produced the most active extracellular phytase compared to 83 strains of
fungi representing 25 species. To date, A. niger NRRL 3135 produces more phytase activity in
liquid culture than any other naturally occurring organism (Wodzinski and Ullah, 1996). A. niger
NRRL 3135 produces two phytases, one with pH optima of 2.5 and 5.5 (phyA), and one with a
single pH optimum of 2.0 (phyB, Ehrlich et al., 1993).
Two groups attributed the bimodal pH optima of the phyA enzyme to contamination with
a non-specific acid phosphatase (Sheih et al. 1968, Skowronski 1978). Li et al. (1997) found
that recombinant phyA gene product secreted from transgenic soybean cells also exhibited two
pH optima. Since control cells did not secrete active phytase and were transformed with only the
A. niger gene, it is highly likely that A. niger phytase does indeed have two pH optima. Ullah and
Gibson (1987) determined purified A. niger phytase to be a glycoprotein with a Km for phytate of
40 µM, a pI of 4.5, and a molecular weight of 85-100kD.
The gene encoding A. niger phytase (phyA) has been cloned and characterized (Mullaney
et al. 1991; Piddington et al. 1993; van Hartingsvelt et al. 1993). The gene was determined to
code for 467 amino acids including an 18 or 19 amino acid signal peptide at the N-terminus.
One 102 base pair intron is present at the 5’ region of the gene. The molecular weight of the
mature protein was predicted to be 48.8 kD, and 10 potential N-glycosylation sites were found in
the polypeptide sequence. A second phytase gene from A. niger (phyB) has been identified and
cloned (Ehrlich et al., 1993). This gene and is 1605 base pairs long with 4 exons and encodes a
479 amino acid protein. The associated phytase protein has a pH optimum of 2.0. Global
alignment of phyA and phyB revealed only 23.5% homology, but four regions of high homology
were identified, representing catalytic sites.
Novel phytase proteins and the corresponding genes were isolated from the filamentous
fungi Aspergillus terrus and Myceliophtora thermophilia (Mitchell et al., 1997). The gene
sequences for A. terrus phytase and M. thermophilia phytase showed 60% and 48% identity,
respectively, to the A. niger phyA gene. Both enzymes preferred phytate as substrate and were
active across a wide acidic pH range (Mitchell et al., 1997). A heat-stable phytase was
characterized from the fungus Aspergillus fumigatas (Pasamontes et al., 1997). The gene
encoding this enzyme was cloned and overexpressed in A. niger. The recombinant protein was
found to withstand temperatures up to 100°C over a period of 20 minutes with only a 10%
decrease in activity. The enzyme was determined to much more thermostable than the A. niger
phytase, which is sensitive to structural changes at temperatures greater than 70°C (Pasamontes
et al., 1997). Wyss et al. (1999) compared the catalytic properties of several phytases. They
found that the A. niger and A. terrus phytases were specific for phytate, while phytases from A.
fumingatus, Emericella nidulans, and M. thermophilia exhibited activity with a broad range of
phosphorylated compounds. It was also determined that A. fumingatus phytase efficiently
cleaved lower phosphate esters of phytate, while A. terrus and A. niger phytase activity
decreased as incubation proceeded and lower inositol phosphates were formed from phytate.
Overexpression of the A. niger phyA gene in yeast resulted in enhanced thermostability
(Han et al., 1999a; Han et al., 1999b). The apparent molecular weight of the recombinant
phytase was significantly higher than that of the native protein because of additional
glycosylation. From deglycosylation studies, the authors concluded that the glycans were
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responsible for the increased stability of the recombinant enzyme. This could have implications
for commercial processing of the enzyme in feed. Nagashima et al. (1999) isolated a strain of A.
niger (SK-57) that produces a phytase with a significantly lower Km for phytate that the A. niger
NRRL 3135 phytase. This resulted in an increase in phytate hydrolysis of approximately 8%,
which could be significant on a commercial scale.
The fungal phytases contain the active site motif RHGXRXP that is found in
phosphatases from a range of species including yeast, mammals, and bacteria (Ullah and
Dischinger, 1993). Proteins containing this sequence in the N-terminal region and an HD
motif in the C-terminal region are considered histidine acid phosphatases . A mechanism for
phytate hydrolysis by the fungal phytase has been proposed by Van Etten (1982). The positively
charged guanido group of the arginine residue binds to the phosphate group and places it in
proximity to the histidine residue of the active site. The phosphate group is transferred to the
histidine, forming an unstable phosphoenzyme complex. Hydrolytic cleavage releases
orthophosphate from the myo-inositol ring. The X-ray crystal structure of fungal phytase has
been determined and the protein was found to be comprised of a large α/β domain and a smaller
α domain (Kostrewa et al., 1997).
Bacterial phytases
The first phytate-degrading enzyme identified from bacteria was found in culture filtrates
of Bacillus subtilis (Powar and Jagannathan, 1982). The enzyme was demonstrated to hydrolyze
of phytate to Pi and InsP1, and showed optimum activity at pH 7.5. Metal ions were required for
activity of this phytase. Kerovuo et al. (1998) cloned a gene encoding an enzyme (PhyC) with a
similar activity from a Bacillus subtilis genomic library. The deduced amino acid sequence (383
residues) showed no homology to the sequences of other phytases or phosphatases. PhyC lacked
the RHGXRXP sequence motif and was reported by the authors not to be a member of the
phytase subfamily of histidine acid phosphatase, but rather a novel phytase enzyme. Kim et al.,
(1998) isolated a 2.2-kb phytase gene encoding a polypeptide of 383 amino acids from Bacillus
subtilis DS11 and expressed the gene in E.coli. A BLAST search showed the two phytase
sequences from B. subtilis, which were published within one month of each other, to be identical.
Greiner et al. (1993) characterized two phytate degrading enzymes, P1 and P2, from E.
coli. The purified phytase P2 activity was biochemically indistinguishable from a previously
reported E. coli acid phosphatase activity with a pH optimum of 2.5. An additional acid
phosphatase/phytase gene was cloned and characterized from an E. coli strain isolated from pig
colon (Rodriguez et al., 1999). The recombinant enzyme (r-appA2) was expressed in yeast and
was found to exhibit activity profiles distinct from recombinant P2 acid phosphatase/phytase (rappA). The Km values using phytate as a substrate for r-appA and r-appA2 were determined to
be 1.03 mM and 0.66 mM, respectively, which in both cases is approximately 50% lower than
the Km for p-nitrophenyl phosphate. At the nucleic acid level, appA and appA2 are 95%
identical. A survey of the nucleotide databases indicates that the only previously reported
sequence with significant homology to appA and appA2 is Bacillus DS11 phytase. The proteins
deduced from appA and appA2 contain both the N-terminal RHGXRXP motif and the Cterminal HD motif.
Plant Phytases and Phosphatases
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Phosphorus is one of the most important molecules in the plant, however, it is also one of the
least abundant (Duff et al., 1994). In addition to serving as an integral structural component of
many biological molecules, phosphorus functions in energy transfer and metabolic regulation. In
the plant, orthophosphate (Pi) is the form of phosphorus that is preferentially assimilated from
the environment (Duff et al., 1994). Phosphatases are enzymes that catalyze the hydrolysis of
orthophosphate monoesters from molecules such as sugars and proteins. Based on optimal pH for
activity, phosphatases are termed alkaline or acid . Phosphatases are further classified based
on substrate specificity. Most acid phosphatases have the capability to hydrolyze orthophosphate
from a wide range of substrates. Non-specific acid phosphatases show little substrate selectivity
in vitro and are found throughout the tissues of the plant (Duff et al., 1994). These enzymes are
believed to play important metabolic roles in orthophosphate transport and recycling (Duff et al.,
1994). Specific acid phosphatases demonstrate a clear, but not absolute, preference for a single
substrate in vitro and are usually associated with a distinct metabolic function (Duff et al., 1994).
Phytase is an example of a specific acid phosphatase, with a low Km for phytate and a pattern of
expression coincidental with phytate degradation.
Plant Phytases
The activity of phytase has been characterized in numerous plant species including wheat
(Peers, 1953), rice (Yoshida et al., 1975), corn (Chang, 1967), peanut (Davis, 1968), mung bean
(Mandal and Biswas, 1974), and soybean (Sutardi and Buckle, 1986). As seed germination
progresses, the activity of phytase increases, resulting in a concomitant decrease in phytate
levels. The increase in phytase activity has been attributed to activation of existing phytase in
wheat (Eastwood and Laidman, 1971). In mung bean and soybean, however, increased phytase
activity is attributed to de novo synthesis (Mandal and Biswas, 1970). Patterns of phytate
accumulation and phytase activity were compared in four common legumes, lentils, chick peas,
broad beans, and runner beans (Kyriakidis et al., 1998). After 10 days of germination, phytate
levels had decreased by 64 to 83%. Maximum phytase activity was reached after six days of
germination in chick peas, and eight days after germination in the other three species. In six
canola cultivars, maximal phytase activity also was observed eight days after germination (SoYan Lu et al., 1987). Greiner et al. (1998) reported that the maximal phytase activity was
detected four days after germination in the cereals, wheat, rye, barley, oat, and maize.
The temperature optima reported for most plant phytases range from 45 to 60°C and pH
optima range from 4.0 to 7.2 (Reddy et al., 1989). Phytases with alkaline pH optima have be
isolated from pollen and beans (Scott and Loewus, 1986; Scott, 1991). These phytases, which
are activated by calcium, are not inhibited by fluoride at concentrations that completely inhibit
acid phytase activity. In lily pollen, the alkaline phytase is associated with the membranes of
phytate-storage bodies (Baldi et al., 1988). This phytase is believed to mobilize phosphorus
during pollen tube germination. Alkaline phytase activity in legumes is enriched by extraction
with nonionic detergent, indicating that the protein is similarly associated with the membrane
(Scott, 1991). The lily pollen phytase removes only three phosphates from InsP6 to yield
Ins(1,2,3)P3 (Baldi et al., 1988, Barrientos et al., 1994).
In cereals, phytase is localized primarily in the aleurone layer. Gabard and Jones (1986)
examined the localization of phytase and acid phosphatase isozymes in barley aleurone layers.
In isolated phytin globoids, they found three isozymes with high phytase specific activity.
According to Hooley (1984), gibberellic acid controls the accumulation and secretion of several
acid phosphatase isozymes from the aleurone layers (Gabard and Jones, 1986). The authors
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speculated that these isozymes were secreted via the Golgi apparatus to the cell exterior or to
protein bodies. In legumes, the site of phytase protein targeting has not been determined. Since
phytate is stored in protein bodies in legumes, it is possible that phytase also accumulates and is
active in these modified vacuoles.
Plant phytases have been partially purified from various grains and seeds from a range of
organisms, particularly crop species (Table 1-1). Konietzny (1994) attempted to purify four
isozymes of phytase from germinating wheat. Although numerous purification strategies were
employed, none of the four isozymes could be purified to homogeneity. In the purest
preparation, phytase co-purified with a non-specific acid phosphatase. The 68 kD phytase was a
monomer with a pH optimum of 6.0 and a temperature optimum of 45°C. From germinating
grains, Greiner et al. (1998) purified a barley phytase (P1) to homogeneity. An additional
isozyme of barley phytase (P2) and a rye phytase were purified to near homogenity. The
purified phytases were determined to be monomers with sizes ranging from 66 kD to 68 kD. The
Km values for phytate as substrate were calculated to be 300 µM, 72 µM, and 190 µM for rye
phytase, barley phytase P1, and barley phytase P2, respectively. The same group purified an oat
seedling phytase 5,800 fold to apparent homogeneity (Greiner and Alminger, 1999). Like the
other reported cereal phytases, the oat phytase exhibited a molecular weight of approximately 67
kD. The apparent Km value for phytate was 30 µM, and the enzyme showed a broad affinity for
a range of phosphorylated substrates tested.
In contrast to the other grain phytases, maize phytase is homodimeric. A 76 kD phytase
consisting of two identical 38 kD subunits was purified from maize by sequential ammonium
sulfate fractionation, anion exchange chromatography, gel filtration, and cation exchange
chromatography (Laboure et al., 1993). The Km for phytate as a substrate was determined to be
117 µM. The pH and temperature optima of the purified phytase were 4.8 and 55°C,
respectively. Periodic acid Schiff staining was performed, and no carbohydrate residues were
detected. Antibodies were raised against the purified protein and were used to analyze phytase
expression. In germinating seeds, immunoblot analysis demonstrated that phytase protein levels
corresponded to phytase activity.
Three isoforms of a similar phytase were purified from maize roots (H bel and Beck,
1996). Like the seedling phytase, the native root phytase was determined to be a dimer with 38
kD subunits. The pH optima of the phytases were between 5.0 and 5.1, and the temperature
optima ranged from 35 to 40°C. The three isoforms all exhibited low Km values for phytase (43
µM, 25 µM, and 24 µM). Substrate inhibition was observed at concentrations higher than 0.3
mM with phytate, but not with p-nitrophenyl phosphate. Using a biochemical activity stain,
phytase was localized to the endodermis, in contrast to widely distributed non-specific
phosphatases throughout the root.
Phytases from legumes and other dicotyledonous species are not as well-characterized
biochemically as the cereal phytases. The phytases from dicotyledonous plants are generally
much larger in molecular weight than the cereal phytases. A 164 kD homodimeric phytase with
82 kD subunits was purified from tomato roots grown under phosphorus starvation (Li et al.,
1997). Phytase activity was shown to increase dramatically after 14 days of phosphorus
starvation, reaching a plateau at 20 days. A five-step purification scheme was employed that
consisted of (1) ammonium sulfate fractionation, (2) anion exchange chromatography, (3) size
exclusion chromatography, (4) high-resolution anion exchange chromatography, and (5)
preparative electrophoresis. This resulted in a 648-fold purification to homogeneity. The pH and
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temperature optima of the phytase were 4.3 and 45°C, respectively. The enzyme exhibited a
high affinity for phytate (Km = 38 µM ) and was inhibited by phosphate, molybdate, and fluoride.
Phytase was partially purified from ten day-old dwarf bean (Phaseolus vulgaris)
cotyledons by ammonium sulfate fractionation and DEAE-cellulose anion exchange
chromatography (Gibbins and Norris, 1963). The enzyme exhibited a pH optimum of 5.2 and a
Km of 150 µM. Phytase activity was stimulated by calcium and magnesium ions and inhibited
by high levels of substrate. Mandal et al. (1972) determined mung bean phytase to be a single
polypeptide with a molecular weight of 158 kD and a pH optimum of 7.5. They could not,
however, separate phytase from a contaminating acid phosphatase. Maiti et al. (1974) further
purified phytase by excision from a polyacrylamide gel and characterized its mode of phytate
dephosphorylation.
Purification of a 54 kD soybean phytase to homogeneity was reported by Gibson and
Ullah (1988). Extracts from 10 day old cotyledons were subjected to sequential ammonium
sulfate fractionation, cation exchange chromatography, gel filtration chromatography, and
chromatofocusing. The purified soybean protein was determined by PAS staining to lack
carbohydrate side chains. Cyanogen bromide peptide fragments were generated and subjected to
amino acid sequencing by Edman degradation (Gibson and Ullah, 1990). We compared the
reported amino acid sequence to a BLAST search of the Swiss & PIR & EST database and found
it to be identical to a portion of the previously reported soybean β-amylase sequence (Totsuka
and Fukazawa, 1990). The abundant β-amylase protein likely co-purified with the phytase
because of a similar charge and molecular weight. Although the reported biochemical properties
of soybean phytase may be accurate, the data regarding the structural aspects of the protein were
erroneous. It is logical to assume that the soybean phytase would exhibit characteristics more
similar to the previously described legume phytases (Mandal et al., 1972; Maiti et al., 1974).
A phytase cDNA from maize seedlings has been the only plant phytase sequence
published to date (Maugenest et al., 1997). The antibody to the maize seedling phytase
described above was used to screen a maize cDNA expression library. The isolated sequence of
1335 bp contains an open reading frame of 387 amino acids. Although the protein sequence
shows little homology to the fungal phytase, the RHGXRXP phytase active site motif is
present. The pattern of phytase RNA expression in germinating seeds was similar to that of
phytase protein accumulation and the associated phytase activity. The cDNA was used as a
probe to isolate two similar, yet distinct, genomic copies of the maize phytase (Maugenest et al.,
1999). The two genes, PHYT I and PHYT II, are greater than 99% identical in coding
sequences, but are divergent in untranslated regions. Using RT-PCR, it was demonstrated that
the two forms were differentially expressed in the seedling. Immunolocalization and in situ
hybridization experiments showed that phytase protein and mRNA accumulates in regions of the
seedling where phytate is stored.
Mullaney and Ullah (1998) located an Arabidopsis thaliana gene in the database that
exhibits sequence features of a histidine acid phosphatase with phytase activity (accession
number GI2160177). The protein sequence was predicted from a nucleotide sequence generated
by the Arabidopsis genome project. Overall, the derived amino acid sequence shows relatively
weak homology to the fungal phytases, however, the putative protein contains the active site
motif, the HD dipeptide motif, and ten conserved cysteine residues. The size of the protein is
similar to the fungal phytases and the relative positions of the conserved features are maintained
throughout the protein. This gene is expressed in Arabidopsis, since an expressed sequence tag
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(EST) cDNA corresponding to this putative phyA-like protein also has been sequenced. The
only similarity to the maize phytase is found within the conserved active site region.
Other specific acid phosphatases
In addition to phytase, several plant acid phosphatases have been assigned specific
metabolic functions in the plant. Examples include phosphoglycolate phosphatase, 3-PGA
phosphatase, PEP phosphatase, and phosphoprotein phosphatases. Phosphoglycolate phosphatase
and 3-PGA phosphatase are chloroplast-localized enzymes involved in photorespiration (Baldy
et al., 1989; Randall et al., 1971). PEP phosphatase, which was identified based on its high
affinity for PEP, is thought to function during phosphorus deprivation (Duff et al., 1989).
Phosphoprotein phosphatases facilitate the regulation of enzymatic activity of several cytosolic
enzymes. Enzymes corresponding to animal serine/threonine-specific protein phosphatases have
been identified in higher plants (MacKintosh et al., 1991).
Non-specific acid phosphatases
Despite a ubiquitous nature, the roles of non-specific acid phosphatases in the plant have
been difficult to define (Cashikar et al.,1997). Both secreted and intracellular acid phosphatases
have been purified and characterized from a variety of plant species (Table 1-2). These enzymes
exhibit a wide range of molecular weights and substrate specificities. Two types of abundant
non-specific acid phosphatases, the vegetative storage proteins and the purple acid phosphatases,
have been extensively characterized at both the protein and nucleic acid levels.
Soybean vegetative storage proteins (VSPs) α and β, purified from leaf tissue, were
reported to have low levels of acid phosphatase activity, but no phytase activity (De Wald et al.,
1992). VSP α and β are 80% identical in amino acid sequence, but differ in isoelectric point
(8.6 and 5.8, respectively) and molecular weight (25 to 28 kD and 27 to 31 kD, respectively).
These glycoproteins form α/α and β/β homodimers and α/β heterodimers. VSP α/β hydrolyzed
phosphorylated substrates more efficiently than VSP α/α or VSP β/β. Using tetrapolyphosphate
as a substrate at 25°C, pH 5.0, a Km of 42 µM and a Vmax of 2.0 µmol/min/mg were calculated
for VSP α/β. According to Staswick et al. (1994), the primary function of VSP is for storage
rather than as a phosphatase. They found that VSP contributed no more than 0.1% of the total
acid phosphatase activity in the leaf and that the majority of acid phosphatase activity was due to
a 51 kD glycoprotein, possibly an enzyme previously characterized by Ullah and Gibson (1988).
The genes for VSP α and β have been isolated and sequenced (Staswick, 1988). The author
suggested that VSPs are encoded by two to four genes, and that related sequences are present in
the soybean genome.
Purple acid phosphatases (PAPs) are distinguished by a purple color in solution, which is
the result of a manganese or iron-zinc center (Vincent et al., 1992). The metal center contributes
to the structural stability of the enzyme and facilitates the binding of the active site to the
negatively charged substrate (Vincent et al., 1992). Plant PAPs are generally dimeric
glycoproteins with native molecular masses greater than 100 kD. The structure of the kidney
bean PAP (KBPAP) has been solved by X-ray crystallography (Strater et al., 1995). In kidney
bean, PAP is relatively abundant, representing approximately 1% of the total seed protein
(Vincent et al., 1992). Cashikar et al. (1997) found that the kidney bean PAP demonstrated
activity with a broad range of substrates. Of the substrates tested, KBPAP exhibited the greatest
affinity for polyphosphate
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Phosphatase
source
Glycine max
cotyledons
Glycine max
hypocotyl (VSP)
Glycine max
suspension cells
Glycine max
cell walls
Phaseolus vugaris
cotyledons (PAP)
Lupinus luteus
seeds
Brassica nigra
cell culture
Brassica nigra
cell culture
Triticum aestivum
germ
Hordeum vulgare
coleoptiles

MW
(kD)
53

preferred
substrate
Glu-2-P

Km
(µM)
70

Phytate as
substrate?
No

Ullah and Gibson, 1988

60
(dimer)
130
(dimer)
140
(dimer)
110
(dimer)
94
(dimer)
59

polyP

42

No

Dewald et al., 1991

ND

300

ND

LeBansky et al., 1992

pNPP

ND

ND

F rte et al., 1993

polyP

60

No

Cashikar et al., 1997

1-napthyl P

170

No

Olczak et al., 1997

PEP

570

Duff et al., 1989

59

PPi

290

Yes
Km = 820
ND

58

ND

200

ND

106
(dimer)

ATP

100

Yes
61% pNPP

ND — not determined

Table 1-2. Properties of plant acid phosphatases.
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Reference

Duff et al., 1991
Waymack and van Etten,
1991
Pasqualini et al., 1992

(Km = 60 µM), even though this substrate was not detected in the seed. It is therefore unlikely
that the enzyme functions as a polyphosphatase in vivo. No phosphatase activity was detected
with phosphotyrosine or phosphorylated sugars, including phytate. Unlike most acid
phosphatases, PAPs are insensitive to inhibition by tartrate. The enzymes are strongly inhibited
by fluoride, molybdate, and arsenate anions (Cashikar et al. 1997). Glycosylation patterns of
KBPAP suggest that the protein may be targeted to the protein bodies (Stahl et al., 1994).
However, activity staining indicated that the enzyme was localized to the walls of cotyledonary
cells (Cashikar et al. 1997). This was an unexpected result as organic phosphoesters are absent
from cell walls. The authors speculated that the in vivo function of PAPs may be reabsorption of
residual phosphates.
Most phytases have the ability to hydrolyze a wide range of phosphorylated substrates.
However, very few non-specific acid phosphatases have demonstrated any capability to use
phytate as a substrate.

Nutritional and Environmental Impact of Dietary Phytate
Seeds and seed-based products are major constituents of the diets consumed by humans
and animals around the world (Reddy et al., 1989). Seeds contain abundant reserves of protein,
carbohydrates, lipids, and minerals such as phosphorus. In mature seeds, the majority of
phosphorus is in the form of phytate. Monogastric animals such as fish, chickens, pigs, and
humans lack the digestive enzymes necessary for efficient hydrolysis and utilization of phytate.
Therefore, the abundant phosphorus in seed-based dietary components is largely unavailable for
uptake. Phytate is considered an antinutrient because it forms indigestible complexes with
minerals and proteins, decreasing nutritional quality. The implications for human nutrition and
the livestock industry have sparked numerous nutritional studies in recent years. Although most
studies focus on the negative aspects of dietary phytate, some studies suggest that intake of
phytate may improve certain aspects of human and animal health. The chelating power of
phytate confers antioxidant properties by inhibiting metal-catalyzed free radical formation (Graf
and Eaton, 1990). In addition, phytate may protect against lead poisoning and tooth decay
(Wise, 1981; Grenby, 1972). The negative impact of dietary phytate on the health of an animal
is a factor of relative mineral nutrient availability in the diet in combination with the capability of
the animal to degrade phytate.
Phosphorus availability and utilization
In ruminant animals, greater than 50% of the phytate phosphorus is available because the
animals harbor microorganisms that secrete extracellular phytase into the rumen (Lofgreen,
1960). Steers and calves fed phytate retained more than 99% of the released phosphorus (Nelson
et al., 1976). Intestinal hydrolysis studies showed that complete degradation of phytate occurred
in the rumen. Similarly, dairy cows fed large amounts of grain hydrolyzed 98% of dietary
phytate to inorganic phosphate (Clark et al., 1986). Rodents, which are pseudoruminant
mammals, contain intestinal microorganisms that confer the ability to degrade phytate. Rabbits
fed dietary treatments with varying levels of phytate did not excrete any of the compound
(Nelson et al., 1985). Phytate degradation was attributed to the action of bacterial phytases in
the cecum. Gut microflora that produce phytate-degrading enzymes in response to low dietary
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phosphorus are responsible for efficient phytate hydrolysis in rats (Wise and Gilbert 1982). As
dietary phytate intake increases, so does the phytate-degrading capability of the rat (Moore and
Veum, 1985).
Monogastric animals, which lack a rumen and the associated intestinal flora, are unable
to utilize phytate as efficiently as the animals described above. However, non-ruminants exhibit
varying capabilities for phytate hydrolysis. Reports of phytate utilization by poultry range from
zero to greater than 50% (Ravindran et al. 1995). Wide disagreement exists in the literature with
regard to the ability of poultry to utilize phytate phosphorus. Complicating factors such as age of
birds, source of phytate, and dietary levels of calcium and vitamin D influence phytate hydrolysis
(Ravindran et al., 1995). The existence and source of phytase activity in the digestive tract of
poultry is also a subject of debate. It is possible that a bacterial phytase is active in the digestive
tract, allowing for low level phytate hydrolysis (Warden and Schaible, 1962). It has also been
proposed that birds secrete an endogenous phosphatase through the intestinal mucosa (Davies
and Motzak, 1978).
Swine are able to utilize 30% to 60% of phytate phosphorus in commercial diets (Noland
et al., 1968). Comparison of multiple studies using animals of different ages indicates that the
ability of swine to digest phytate increases with age (Reddy et al., 1989). Phytate hydrolysis in
the gastrointestinal tract of the pig does not release adequate phosphorus for the animal.
Cromwell et al. (1995) found that pigs fed diets of corn and soybean meal without additional
phosphorus grew slower, converted feed to weight gain less efficiently, and had reduced bone
mineralization. Phosphate supplementation is therefore a requirement for plant-based swine
diets.
In the aquaculture industry, soybean meal is an important source of protein in fish feeds
(NRC, 1993). Fish do not produce phytase and cannot utilize the phytate phosphorus (Ramseyer
et al., 1999). In rainbow trout, phosphorus availability ranged from 21.5 to 55.4% for fish blood
meals and 9.7 to 48.4% for plant feedstuffs, including soybean meal, cottonseed meal, and fullfat soybeans (Riche and Brown, 1996). In these fish, clinical signs of phosphorus inadequacy
occurred between 6 and 10 days of feeding a phosphorus deficient diet. In carp, enhanced
weight gain, crude ash content and phosphorus content in the whole body were observed with
increasing dietary phosphorus content (Schaefer et al., 1994)
In humans, 40-80% of phytate phosphorus in cereal products is utilized (Reddy et al.,
1989). No similar data for legume-based products have been obtained (Reddy et al., 1989)
Sandberg et al. (1982) found that phytate digestion in the stomach and intestine resulted from a
human phosphatase activity rather than a microbial phytase activity. Phytate digestibility in a
legume-based food was reportedly increased by heating (Iyer et al., 1980). With cereal products,
however, cooking was shown to decrease phytate utilization (Sandberg et al., 1986). This could
be associated with the thermal inactivation of endogenous plant phytases, which may increase
phosphorus utilization in raw food. Increased calcium intake has been shown to drastically
reduce phytate utilization because of the formation of complexes (Ellis et al., 1987). The
addition of 1050 mg of calcium to a high phytate diet decreased utilization from 84% to 16%.
Vegetarian diets contain higher phytate levels than omnivorus diets, which can have a significant
impact on the bioavailability of protein and minerals.
Other nutritional implications
Under acidic conditions, phytate has a strong negative charge and chelates cations such as
zinc, iron, calcium, copper, manganese, and magnesium. Binding of nutritionally important
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minerals to phytate decreases their availability for absorption by the animal. Phytate-induced
zinc deficiency has been observed in humans and animals fed seed-based diets (Reddy et al.,
1989). Iron is poorly absorbed from some plant-based diets, presumably because of the
formation of ferric-phytate. In bean and bread-based vegetarian diets, this can contribute to
anemia. Phytate similarly impacts the bioavailability of dietary calcium. Addition of varying
levels of phytate to bread resulted in a negative daily calcium balance in humans (Morris et al.,
1985). Over time, such a calcium deficiency could lead to ailments such as rickets and
osteoporosis. When two or more cations are present, such as zinc and copper or zinc and
calcium, synergistic binding to phytate is observed (O Dell, 1969). This contributes further to
the problem of decreased mineral availability in high-phytate plant-based diets.
At a low pH, phytate binds to amine groups of proteins, resulting in phytate-proteincation complexes known as phytin (Reddy et al., 1989). Honig et al. (1984) fractionated the
major soybean protein components and measured phytate content. Phytate was detected in both
soluble and insoluble fractions, and could not be completely separated from the protein by
repeated precipitation and dialysis. Binding of phytate to glycinin was exacerbated by the
addition of zinc in vitro (Nosworthy and Caldwell, 1987). Phytate-protein complexes are
generally insoluble and are more resistant to hydrolysis by digestive enzymes (Torre et al.,
1991). In addition, phytate inhibits the activity of digestive enzymes, possibly a result of the
chelation of cation cofactors (Deshpande and Cheryan, 1984). As with the binding of minerals,
the binding of protein to phytate impacts nutritional quality by decreasing bioavailability.
Potential environmental consequences associated with high phytate diets
Poultry and swine manure containing phytate phosphorus is commonly applied to fields
and croplands as a nutrient-rich fertilizer. Soil microorganisms degrade phytate, releasing
inorganic phosphate which can accumulate in the soil. During periods of rainfall, phosphorusenriched water washes from fertilized lands into lakes, streams, and bays. Since phosphorus is
the limiting nutrient for aquatic plant growth, phytoplankton populations can increase in number.
As organisms such as algae proliferate on the surface, less sunlight is available to submerged
plants for photosynthesis and therefore oxygen evolution (Brewer, 1988). Upon decomposition
of the large plant and algal biomass, remaining oxygen is depleted by aerobic bacteria. As a
result, populations of invertebrates such as molluscs and aquatic insects decrease. Hypoxic
conditions and decreased food supplies eventually result in the death of fish and other animals.
Once organisms from other trophic levels are eliminated, algae and odor-producing anaerobic
bacteria dominate the system (Brewer 1988).
The conversion of a clear, oxygen-rich body of water to a stagnant, hypoxic environment
by eutrophication is a gradual process. However, sudden responses to high phosphate levels can
also occur. Recently, increasing incidences of massive fish kills have been reported in eutrophic
waters (Glasgow 1995). Pfiesteria piscicida, a dinoflagellate, has been implicated as a possible
causative agent in many of these cases. Pfiesteria excrete potent neurotoxins that induce
formation of open ulcerative sores, hemorrhaging, paralysis, and eventually death of finfish and
shellfish. Toxicity is not limited to fish and molluscs. Laboratory workers exposed to culture
medium or aerosols from dilute cultures of Pfiesteria experienced serious health effects. Clinical
manifestations included blurred vision, nausea, vomiting, respiratory distress, and narcosis.
Affected individuals also experienced short-term memory loss and sudden personality changes.
Commercial and recreational fishermen have reported developing nausea, fogginess, and skin

18

lesions after hours or days of fishing in areas where fish kills have been documented (Glasgow
1995).
Pfiesteria can exist in up to 24 life-history stages during its complex life cycle
(Burkeholder and Glasgow 1997). Although ameboid stages dominate the life cycle, freeswimming flagellated zoospores and benthic encysted forms have been observed. Several life
stages have been found to be toxic to fish and shellfish. Flagellated forms such as zoospores,
planozygotes, and gametes are responsive to chemical signals in fish exudates and transform into
toxic zoospores that attack fish near the surface of the water column (Burkeholder and Glasgow
1997). Temperature stressed fish are also susceptible to attack by toxic amoeboid stages, which
respond to specific chemical cues. Upon death of the fish host, zoospores either encyst or revert
to an amoeboid stage and continue to feed (Steidinger et al. 1996). During kills, areas with a
high abundance of floating fish were found to contain copious toxic zoospores and gametes.
Water samples obtained from kill sites in North Carolina (Palmico and Neuse estuaries)
contained high levels of phosphorus and nitrogen (Glasgow et al. 1995). It was found that
similar high phosphate levels induced fusion of gametes and transformation to non-toxic
flagellated stages in the laboratory. This form could subsist on algal food provided high
phosphate levels were maintained. When fish and fish secreta were added to active flagellated
cultures, fish-killing toxin was quickly produced (Glasgow et al., 1995). Nitrate enrichment,
however, did not have the same stimulatory effect. It is likely that high phosphorus levels play a
role in initiating and sustaining the flagellated zoospore form.
Incidentally, a large proportion of these outbreaks occurred near wastewater treatment
plants, animal operations, or phosphate mining (Glasgow et al., 1995). In Maryland s Pocomoke
river, virulent Pfiesteria outbreaks have resulted in the death of over 30,000 fish and have been
associated with numerous cases of human illness (Warrick and Shields 1997). Manure from
neighboring chicken farms is the major source of phosphorus waste entering the river. In the
Delmarva Peninsula, 800,000 tons of waste was generated by 623 million birds in one year.
Although top poultry-producing counties generate more than enough manure to meet the
nutritional needs of crops, the additional heavy usage of commercial fertilizers continues
(Warwick and Shields, 1997). Upon analysis of soil samples from the Eastern Shore, it was
found that 91% were so rich in phosphorus that further supplementation was discouraged.
In many European countries, phosphorus pollution is of serious concern in areas with
large livestock populations and scarce land and water resources (Cromwell et al., 1995).
Phosphorus output by animal producers is regulated and noncompliance can result in heavy fines
(Aoyagi and Baker, 1994). In the U.S., phosphorus pollution generated by animal production is
relatively unregulated. Until recently, nitrogen waste reduction has been the focus of
conservation efforts. According to soil scientists, however, application of manure based on
desired nitrogen levels results in an overabundance of phosphorus (Warwick and Shields, 1997).
Fertilized crops assimilate only a fraction of the total phosphorus and the remainder accumulates
in the soil. According to the EPA, agricultural runoff is the nation s biggest, yet least regulated,
source of water pollution (Warwick and Shields, 1997). In the wake of Pfiesteria outbreaks, a
moratorium on phosphorus waste output may be imposed in the near future. With limits placed
on phosphorus output, producers will be motivated to seek ways to reduce waste associated with
animal production.
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Strategies for improving phosphorus utilization
Supplementation with microbial phytases
The nutritional and environmental consequences of phytate have sparked a great deal of
interest in reducing the levels of this compound in feedstuffs. Phytase supplementation of
animal diets has been optimized, and the fungal enzyme is now commercially available for use in
feed. Numerous feeding studies have demonstrated the efficacy of using phytase as tool to
improve phosphorus and nutrient utilization in a wide variety of animal species (for a review, see
Ravindran et al., 1995). Novel sources of phytase and alternative enzyme production systems
are current topics of investigation. In addition, low phytate corn and barley with high available
phosphorus have been developed in recent years (Larson and Raboy, 1999).
Under appropriate conditions, microbial phytase can efficiently hydrolyze plantsynthesized phytate (Howson and Davis, 1983). A. niger phytase has been used to release
phosphate from phytate in feed, eliminating the need for phosphorus supplementation. In the
first study with poultry, corn and soy seed-based diets were pretreated with culture filtrates from
A. niger (Nelson et al., 1968). In chicks fed this preparation, bone ash increased because of
increased phosphorus assimilation. Nelson et al. (1976) added dried precipitates of crude A.
niger phytase extracts to soybean meal prior to feeding to chicks. Degradation of dietary phytate
by the added phytase occurred in the digestive tract of the bird. Chicks were therefore able to
utilize the hydrolyzed phytate phosphorus as efficiently as inorganic phosphorus. Phytase
treatment of broiler diets decreased the amount of phosphorus in excreted in the feces by 50%
(Nelson, 1971). A corresponding 60% increase in phosphorus utilization was observed in these
birds. Denbow et al. (1995) extended these studies and found that addition of fungal phytase to
soy-based diets increased weight, toe ash, and viability of broilers. Ravindran et al. (1995)
reported similar results with turkeys fed phytase-treated soy-based diets. Studies also indicated
that the bioavailability of minerals such as calcium, magnesium, zinc, copper, and iron was
increased by supplemental phytase (Roberson and Edward, 1994; Yi et al., 1994).
Simons et al. (1990) found that the addition of crude microbial phytase to the diets of
growing pigs improved phosphorus uptake by 24% while phosphorus levels in feces were
decreased by 35%. Supplementation of low-phosphorus growing-finishing pig diets with
commercial phytase was shown to improve performance, increase digestibility of phosphorus,
and enhance bone mineralization (Harper et al.1997). Developmental and pregnancy status was
found to significantly influence the ability of phytase to degrade phytate in the pig (Kemme et
al., 1997). For lactating sows, growing-finishing pigs, sows at the end of pregnancy, piglets, and
sows at midpregnancy, the digestible phosphorus generated was 1.03, 0.83, 0.74, .66, and 0.32
g/kg diet, respectively. Han et al. (1998) developed a corn-soybean meal dietary formulation for
growing pigs that included wheat middlings, fungal phytase, and citric acid. The hydrolysis of
phytate in the feed completely replaced the need for supplementation with inorganic phosphate.
Phosphorus excreted in fish manure can lead to eutrophication of aquaculture systems,
which reduces the flavor and quality of the fish. To protect natural waterways, the amount of
phosphorus that can be discharged from these aquaculture systems has been regulated in some
states (Robinson et al., 1996). To determine the effects of phytase supplementation on
phosphorus excretion, feeding studies have been conducted with several saltwater and freshwater
species including trout, catfish, salmon, and bass. Sugiura et al. (1998) found that
supplementation was effective in reducing phosphorus output by rainbow trout fed a soybean
protein concentrate-based diet. In a similar study of Atlantic salmon, incubation of soy-protein
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concentrate with phytase resulted in improved protein digestibility, feed conversion, and
phosphorus retention (Storebakken, 1998). Treatment of an all-plant basal diet with phytase
increased the net absorption of phosphorus from 31% to 63% in channel catfish.
Expression of recombinant fungal phytase in transgenic plants
Although microbial phytase is an effective and ecologically sound substitute for
inorganic phosphorus supplementation, its use has been limited by high cost. As an alternative,
plant systems have been considered for use as bioreactors for recombinant fungal phytase
production. Pen et al. (1993) engineered active and stable recombinant A. niger phytase in
tobacco seeds. The fungal phytase gene (phyA) was fused to a plant endoplasmic reticulum
targeting sequence, and was placed under control of the constitutive 35S CaMV promoter in a
binary transformation vector. The gene was inserted into the tobacco genome by Agrobacteriummediated transformation. In stably transformed plants, up to 1% of soluble protein in seeds was
active recombinant phytase. The molecular weight of the recombinant enzyme was lower than
that of the fungal enzyme due to differences in glycosylation (Verwoerd et al., 1995). The pH
optima of 2.0 and 5.5 permitted activity of the enzyme at acidic crop and stomach conditions.
Poultry fed diets supplemented with transgenic seeds experienced an improvement in growth
comparable to poultry fed diets with added fungal phytase or inorganic phosphate (Pen et al.,
1993). Recently, Ullah et al. (1999) repeated the transformation of tobacco with phyA and
purified the recombinant protein for further biochemical characterization. Aside from
differences in glycosylation that had been noted previously (Pen et al., 1993), the recombinant
enzyme was indistinguishable from the native fungal protein.
Li et al. (1997) introduced the phyA gene into soybean cell suspension culture by
microprojectile bombardment. Cells stably transformed with phyA, driven by a dual-enhanced
35S CaMV promoter and fused to a signal peptide, secreted active phytase into the culture
medium. Based on estimated activity levels, up to 7% of the secreted protein was predicted to be
phytase. The pH optima and temperature optimum of the recombinant enzyme were identical to
those of the native fungal enzyme. As with the tobacco expression system, Li et al. (1997) found
that differential glycosylation resulted in plant-synthesized recombinant phytase having a lower
molecular weight than fungal phytase. Deglycosylation with trifluoromethyl sulfonate (TMSF)
resulted in a decrease in molecular weight to 49 kD for both recombinant and fungal phytases.
Endoglycosidase F/N-Glycosidase F digestion completely deglycosylated fungal phytase, but
only partially deglycosylated the recombinant phytase. This is because Endo F is unable to
completely cleave plant glycans, which have an α-1→3 fucosylation of the asparagine-linked Nacetylglucosamine residue (Tretter et al. 1991). Fungal glycans, however have an α-1→6
fucosylation which is susceptible to Endo F digestion.
The biotechnology firm Agracetus (Middleton, Wisconsin) has expressed recombinant
fungal phytase in soybean seeds. Soybean was transformed using a vector similar to the
constructs used by Pen et al. (1993) and Li et al. (1997) containing phyA with an ER targeting
sequence under the control of the 35S-CaMV promoter. Active phytase was secreted from cells
into the extracellular space and accumulated in the seed of stably transformed plants. In a
collaborative poultry feeding study at Virginia Tech, milled transgenic soybeans were compared
to commercial supplement as a source of phytase for male broilers (Denbow et al., 1998).
Performance, bone mineralizaton, and phosphorus output of birds fed diets containing raw
transgenic seeds were comparable to those of chickens fed diets of raw untransformed beans
containing equivalent levels of supplemental fungal phytase. Typically, to destroy antinutrients
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such as ureases and trypsin inhibitors, soybean meal is roasted prior to consumption. The
recombinant phytase would likely be rendered inactive prior to ingestion and would not be
effective in hydrolyzing phytate present in the feed. Consequently, raw seeds were used in
feeding trials. On a commercial scale, the yield losses associated with the anti-nutritional
properties of raw soybeans makes this an impractical phytase delivery vehicle. This may be
overcome by targeting phytase to the site of phytate storage for degradation prior to harvest and
feeding.
Low phytic acid grains
Recently, low phytic acid (lpa) corn and barley, also termed high available phosphorus
or HAP crops, have been generated by random mutagenesis followed by screening for seeds with
high levels of free phosphate (Raboy, 1998). In these crops, seed phytate levels are reduced
while total phosphorus levels are not compromised. As a result, the bioavailability of dietary
phosphorus is increased in feed preparations derived from these seeds. The two mutant types,
lpa-1 and lpa-2, are thought to have lesions in genes encoding enzymes involved in different
steps of phytate biosynthesis. In poultry feeding studies, diets treated with phytase, diets
formulated with HAP corn, and diets formulated with HAP corn and treated with phytase were
compared to untreated control diets (Huff et al., 1999). For diets prepared with HAP corn and
diets supplemented with phytase, it was determined that the addition of phosphorus could be
reduced by at least 11% without affecting performance or health of the bird. By using HAP corn
and phytase supplementation in combination, the dietary addition of phosphorus could be
reduced by at least 25%. In rainbow trout feeding trials, it was demonstrated that the availability
of phosphorus and dietary minerals could be significantly enhanced by replacing wild-type corn
with HAP corn in fish diets. Fecal phytate phosphorus content was decreased by 50% when
these diets were prepared with HAP corn in place of wild-type corn. Phosphorus discharge from
aquaculture could be greatly reduced by using low-phytic acid grains in fish feed formulations.
Low-phytic acid crops may also serve to improve mineral nutrition for human
populations that consume grain-based diets. Tortillas were prepared from HAP corn and wildtype corn to compare to the bioavailability of iron to human subjects (Mendoza et al., 1998).
Iron absorption, as measured by incorporation of labeled iron into red blood cells, was 49%
greater from HAP corn than from wild-type corn.
Transgenic animals
Reports of transgenic Enviropigs have appeared recently in the popular press (Popular
Science, 1999; Wired News, 1999). The pigs, Jacques, Gordie, and Wayne, are engineered with
an E. coli phytase gene under the control of a mouse salivary gland promoter. Production of
recombinant phytase in the mouth of the pig allows for improved utilization of phytate
phosphorus in the feed. The developers claim that phosphorus levels in the manure are
decreased by up to 20-50%. The Enviropig is expected to be commercially available within
five to seven years, pending approval for human consumption according to the Canadian Food
and Drugs Act. Public opinion of genetically modified organisms, particularly animals, remains
divided. The use of genetically engineered animals to decrease phosphorus waste may be subject
to increased consumer scrutinity. Reduction of phytate at the plant level, especially by
manipulation of endogenous plant genes, may be more acceptable to the general public.
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Objectives
Our long-term goal is to reduce seed phytate levels in soybean through genetic
engineering. This may be accomplished by introduction of phytase genes for expression during
seed development, or by using antisense technology to decrease the expression of genes
encoding phytate biosynthetic enzymes. Specific objectives include:
Approach 1:
1.

Purification of a soybean phytase protein to homogeneity for biochemical
characterization and amino acid sequence determination

2.

Isolation and characterization of the corresponding phytase cDNA sequence

3.

Development of a phytase expression plasmid for soybean transformation

4.

Introduction of phytase constructs into soybean suspension culture cells for constitutive
expression of an active recombinant protein

Approach 2:
1.

Isolation of a soybean myo-inositol-3-phosphate synthase (MIPS) cDNA from
developing soybean using a PCR-based approach

2.

Characterization of the genomic organization and expression patterns of MIPS in soybean

3.

Development of sense and antisense MIPS plasmid constructs for soybean transformation

4.

Development of constructs for bacterial overexpression of a recombinant MIPS fusion
protein for antibody production

5.

Isolation of genomic clones from a soybean library for characterization of the seedspecific MIPS promoter
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CHAPTER 2: ISOLATION AND CHARACTERIZATION OF THE
SOYBEAN PHYTASE PROTEIN AND GENE
INTRODUCTION
Phytate (myo-inositol hexakisphosphate, InsP6) is the major storage form of phosphorus
in the seeds of higher plants. During soybean seed development, phytate accumulates in protein
storage vacuoles within cells of the cotyledons. Maximum seed phytate levels are reached at
seed maturity, prior to desiccation. Phytase is an enzyme that hydrolyzes phytate, releasing
inorganic phosphorus from the myo-inositol ring. Phytase activity is present during germination
to degrade the stored phytate reserves and provide phosphorus and inositol for the growing
seedling. In soybean, phytase activity increases rapidly for approximately 10 days after the onset
of germination. After the first leaves emerge, phytase levels in the cotyledons decrease.
Meal from processed soybean seeds is a major constituent of most livestock diets. In dry
soybean seeds, approximately 60-75% of the phosphorus present is in the form of phytate
(Raboy et al., 1984). Non-ruminant animals such as poultry, swine, and fish lack the digestive
enzymes necessary for efficient utilization of phytate phosphorus. In addition, phytate is
considered an antinutrient because it forms indigestible complexes with nutritionally important
minerals and proteins. To meet dietary requirements, animal feed preparations comprised of
plant seed components must be supplemented with inorganic phosphate and minerals.
Undigested phytate complexes pass through the gastrointestinal tract and are excreted in the
manure. Nutrient-rich manure is typically applied to pastures and croplands as fertilizer.
Environmental phosphorus pollution is often a consequence of repeated application of
phytate-containing manure to the soil. In the soil, phytate can be degraded by microorganisms,
releasing inorganic phosphate. During heavy rains, excess phosphate is washed from the fields
via erosion and eventually runs into lakes and streams. Since phosphorus is the limiting nutrient
for aquatic plant growth, increases in water phosphorus concentration cause proliferation of
algae and other aquatic vegetation. Recent outbreaks of toxic microorganisms in eutrophic
environments have heightened concerns regarding phosphorus waste. Therefore, strategies to
lower phytate levels in animal feed are of growing interest.
Phytases have been characterized from a variety of organisms, including bacteria, fungi,
and plants. A secreted phytase from the fungus Aspergillus niger is commercially available as a
supplement (Natuphos, BASF) to improve phosphorus utilization in feed. With pH optima of
2.5 and 5.0, the enzyme effectively releases phosphate from phytate in the digestive tract of the
animal. This improves the bioavailability of phosphorus and other nutrients while reducing
phosphorus excretion. The use of phytase in the U.S. has been limited by the cost associated
with supplementation and the lack of economic incentive to decrease phosphorus output.
The A. niger phytase gene (phyA) has been cloned and characterized (Mullaney et al.,
1991; Piddington et al., 1993; van Hartingsvelt et al., 1993). In search of an economical
alternative enzyme production system, recombinant fungal phytase was expressed in transgenic
plant tissue (Pen et al., 1993; Li et al., 1997). In both studies, the enzyme was fused to a plant
endoplasmic reticulum targeting sequence and was secreted outside the cell through the default
pathway. Seeds of transgenic tobacco and soybean efficiently substituted for the fungal enzyme
in poultry feeding studies (Verwoerd et al., 1995; Denbow et al., 1998). Both approaches were
limited, however, by the nature of the delivery system. Tobacco seeds are not normal
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components of animal feed. Moreover, soybean seeds are typically processed at high
temperatures prior to feeding, which would denature the phytase and compromise enzymatic
activity.
If produced in sufficient quantities, plant phytases would be a logical choice for the
enzymatic degradation of seed phytate in feed preparations. Eeckhout and De Paepe (1994)
measured phytase activity levels in various tissues of 39 different monocot and dicot species.
Even in phytase-rich tissues, there is insufficient phytase for use as a feed additive for adequate
supplementation. According to Ullah and Wodzinski (1996), the addition of phytase-containing
plant material to 40% of the total feed weight would be required to effectively diminish phytate
levels in commercial diets. However, through genetic alteration of plant phytases, it should be
feasible to achieve degradation of phytate in the seed prior to harvest and feeding. Phytase
proteins should contain proper targeting signals for localization to phytate storage bodies, and are
optimally suited for degradation of seed phytate, which is likely the natural substrate for the
enzyme. A seed-specific promoter such as β-conclycinin could be used to drive expression of
the phytase during seed development. It is expected that degradation of the accumulated phytate
by the recombinant phytase would result in a mature seed with low levels of phytate and high
levels of available phosphorus. This strategy is limited by the relative lack of information about
plant phytase genes and the expression of these genes in seeds.
Maize is the only plant for which isolation of a phytase gene has been reported to date.
The maize seedling phytase cDNA was isolated by immunoscreening of an expression library
using antibody raised against a purified protein (Maugenest et al., 1997). The maize cDNA
encoded a protein containing the active site motif RHGXRXP, typical of the phytase class of
histidine acid phosphatases. The cDNA was used as a probe to identify two similar, but distinct,
phytase genes from a maize genomic library (Maugenest et al., 1999). In situ hybridization and
immunolocalization studies showed that the maize phytase transcript and the associated enzyme
accumulated in germinating seedlings at sites of phytate deposition. Expression was also
detected in the roots of adult plants, albeit at lower levels.
Plant phytases have been purified from various grains, seeds, and pollen (for a review,
see Reddy et al., 1990). Purification to homogeneity and extensive characterization have been
reported recently for root phytases from maize and tomato (H bel and Beck, 1996; Li et al.,
1997). Prior to the initiation of our studies, a report appeared in the literature outlining the
purification to homogeneity of a soybean phytase (Gibson and Ullah, 1988). Sequential
ammonium sulfate fractionation, cation exchange chromatography, gel filtration
chromatography, and chromatofocusing were performed on extracts from 10 day old cotyledons.
The putative phytase enzyme was reported to be a 54 kD nonglycosylated protein. Partial amino
acid sequence was determined for one of the peptides obtained by cyanogen bromide treatment
(Gibson and Ullah, 1990). We subjected the reported amino acid sequence to a BLAST search
of the Swiss & PIR & EST database and found that the amino acid sequence of the putative
phytase peptide was identical to a portion of a previously reported soybean β-amylase sequence
(Totsuka and Fukazawa, 1990). Our hypothesis for this apparent sequence discrepancy is that βamylase co-purified with phytase because of its similar charge and molecular weight. Although
phytase activity was enriched in the analyzed fraction, it was not as abundant as the β-amylase.
The predominant β-amylase peptides were then subjected to Edman degradation to yield the
reported amino acid sequence (Gibson and Ullah, 1990).
In this paper, we report the purification and characterization of a soybean phytase protein
and the isolation and sequencing of the corresponding cDNA. The phytase cDNA was introduced
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into soybean suspension culture cells, where it conferred elevated phytase activity in
transformants.
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METHODS
Purification of a Soybean Phytase Enzyme
Plant material
Germinated soybean seeds (Glycine max [L.] Merr. cv. Williams 82) were used for
purification of phytase. Approximately 2 kg of dry seeds were surface sterilized in 0.52% (w/v)
sodium hypochlorite for 20 minutes, washed with sterile H2O, treated with 70% (v/v) ethanol for
30 seconds, and rinsed thoroughly with sterile H2O. After overnight imbibition in sterile H2O,
the seeds were placed on eight layers of damp paper towels in glass 9" x 11" Pyrex baking
dishes. The dishes were sealed with plastic wrap to retain moisture. Seeds were germinated in
the dark and were watered as needed. After 10 to 11 days, the etiolated seedlings were
harvested. Seed coats, leaves and hypocotyls were separated from the cotyledons and discarded.
Cotyledons were rinsed in sterile H2O and blotted dry with a paper towel prior to storage at 80¡C.
Phytase activity assay
Colormetric phytase assays were performed in order to follow the enzyme through bulk
precipitation and chromatographic purification. Subsequent to each step, fractions were assayed
for phytase activity by a modification of the method of Heinonen and Lahti (1981). Samples
were assayed at 55°C in 50 mM NaOAc, pH 4.5 using 0.5 mM phytate (dipotassium salt) as the
substrate. The reaction was carried out in a 500 µl volume for 30 minutes. After incubation, 1.0
ml freshly prepared AAM solution (50% v/v acetone, 2.5 mM ammonium molybdate, 1.25 N
sulfuric acid) was added to the reaction mixture. The reaction of liberated phosphate with
molybdate at an acidic pH resulted in the formation of yellow phosphomolybdate. Absorbance
was measured at 355 nm using disposable cuvettes in a Beckman DU-64 spectrophotometer to
quantify the release of inorganic phosphate from phytate.
Protein extraction and bulk precipitation
To prepare a crude extract for subsequent protein purification, each batch of 10-11 day
cotyledons (250 g) was homogenized 5 x 30 seconds in a kitchen blender (Oster) in 750 mL icecold extraction buffer (100 mM NaOAc, pH 5.5, 20 mM CaCl2, 1 mM dithiothreitol, 1 mM
phenylmethylsulfonyl fluoride). For the final preparation, the process was repeated eight times
to extract a total of 2 kg (fresh weight) of cotyledons in 6 L buffer. The crude extract was
centrifuged at 4¡C in a Sorvall RC-5B using a GSA fixed-angle rotor at 10,000 x g for 30
minutes to remove cellular debris. The supernatants were combined and incubated at 60¡C for
30 minutes as an initial heat-shock step which denatured and precipitated many proteins without
affecting the more stable phytase. The supernatant was then chilled on ice for 10 minutes and
centrifuged (10,000 x g, 20 minutes, 4¡C, GSA fixed-angle rotor). The supernatant was taken to
50% saturation with solid ammonium sulfate and was stirred on ice for 30 minutes. After
centrifugation (10,000 x g, 20 minutes, 4¡C, GSA fixed-angle rotor) to remove precipitated
proteins, the supernatant was recovered and increased to 80% ammonium sulfate saturation. The
supernatant was stirred on ice and centrifuged as described above. The pellets were resuspended
in a total volume of 100 mL buffer (50 mM NaOAc, pH 4.3), placed in dialysis tubing
(Spectrapor, 6000-8000 MWCO, 50 mM), and dialyzed overnight against the same buffer (16 L).
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Any precipitate formed during dialysis was removed by centrifugation (10,000 x g, 20 minutes,
4¡C, SA-600 fixed-angle rotor) and vacuum filtration through a 1.2 µM membrane in a 115 mL
disposable filtration unit (Nalgene).
Cation exchange chromatography
Chromatography steps for further purification were performed using Fast Protein Liquid
Chromatography (FPLC, Pharmacia). A CM-sepharose cation exchange column (Pharmacia, 26
mm i.d. x 110 mm) was equilibrated with cation buffer (50 mM NaOAc, pH 4.3), and 100 mL of
the cleared extract described above was applied at a flow rate of 1 mL min-1. The column was
washed extensively with cation buffer at a flow rate of 2 mL min-1 until the absorbance at 280
nm was negligible. Bound protein was eluted with a linear gradient of 30 to 285 mM NaCl in
cation buffer at 2 mL min-1. Fractions (5 mL) were collected and assayed for phytase activity as
described above. To accommodate the entire volume of crude extract, two additional rounds of
cation exchange chromatography were performed. Active fractions were pooled and
concentrated to 2.5 mL using Centriplus spin-concentrator units (50,000 MWCO, Millipore).
Lectin affinity chromatography
The presence of glycans on the phytase protein facilitated further purification of the
pooled fractions from cation exchange chromatography. Concanavalin A (conA) sepharose, a
resin conjugated to a lectin that binds high mannose groups, was used for affinity
chromatography. Concentrated CA affinity buffer (5X) was added to the sample to yield a final
concentration of 1X (0.1 M NaOAc, pH 5.6, 0.5 M NaCl, 1 mM MgCl2, 1 mM MnCl2, 1 mM
CaCl2). The sample was loaded at a flow rate of 0.1 mL min-1 onto a concanavalin A sepharose
column (16 mm i.d. x 60 mm) equilibrated with CA affinity buffer and washed extensively (2
column volumes) to remove unbound protein. Bound glycoproteins were competitively eluted at
a flow rate of 0.5 mL min-1 with 0.5 M α-L-methylglucopyranoside in CA affinity buffer. The
protein peak detected by absorbance at 280 nm was collected as a single fraction and assayed for
phytase activity. Using a Centricon spin-concentrator (50,000 MWCO, Millipore), the active
glycoprotein fraction was concentrated to 0.6 mL in buffer (MC buffer A = 50 mM NaOAc, pH
5.5 , 0.5 M NaCl) for application to a metal chelate (MC) affinity column.
Metal chelate affinity chromatography
Iminodiacetic acid metal chelate resin (Pharmacia) was charged with Cu++ ions according
to manufacturer s instructions. The charged resin was added to a column (9 mm i.d. x 15 mm)
containing 25% volume (2 mL) of uncharged resin to prevent leaching of ions during
chromatography. The column was equilibrated with MC buffer A and the concentrated phytasecontaining conA eluant described above was loaded at a flow rate of 0.2 mL min-1. The column
was washed extensively with MC buffer A. Bound protein was eluted by decreasing the pH with
a gradient of 0-100% MC buffer B (50 mM NaOAc, pH 4.0, 0.5 M NaCl) in MC buffer A (pH
5.5) at a flow rate of 1 mL min-1. The resulting pH gradient ranged from pH 5.5 to pH 4.0.
Fractions (3 mL) were collected and assayed for phytase activity. Active fractions were pooled
and concentrated to 0.4 mL in anion buffer (20 mM Tris-Acetate, pH 7.4) using a Centricon
spin-concentrator (50,000 MWCO, Millipore).
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High resolution anion exchange chromatography
The pooled and concentrated phytase-containing fractions from the metal chelate column
were loaded at a flow rate of 0.5 mL min-1 onto a mono-Q high resolution anion exchange
column (HR 5/5, Pharmacia) previously equilibrated with anion buffer (20 mM Tris-Acetate, pH
7.4). The column was washed extensively with anion buffer until the A280 approached zero.
Bound protein was eluted with a linear gradient of 105 - 285 mM NaCl in anion buffer at a flow
rate of 0.5 mL min-1. Fractions (1 mL) were collected and assayed for phytase activity. Active
fractions were subjected to SDS polyacrylamide gel electrophoresis to determine purity. The
fractions exhibiting the highest specific activity were concentrated using a Centricon spinconcentrator (50,000 MWCO, Millipore).
Determination of protein concentration
For most steps of the purification procedure, protein concentration was determined by the
dye-binding method of Bradford (1976) using the BioRad Protein Assay. Bovine serum albumin
was used as a standard for each set of assays. The Protein Dot-Metric kit (GenoTech) was used
to quantify 1-2 µL aliquots of the concentrated mono-Q fractions.
Electrophoresis, protein staining, and activity staining
SDS-polyacrylamide gel electrophoresis was performed according to the method of
Laemlli (1970) in Tris-Glycine buffer (pH 8.0) with a 5% stacking gel (pH 6.8) and a 10%
separating gel (pH 8.8). Proteins were stained with 0.1% Coomassie brilliant blue R-250 in a
solution of methanol:water:acetic acid (4:5:1). For native gel electrophoresis, SDS was omitted
from the gel and running buffer, and Tris-acetate was substituted for Tris-HCl. In addition, SDS
and β-mercaptoethanol were absent from the sample loading buffer. For activity gels,
phosphatase activity was visualized according to the method of Smith et al. (1971) using 1napthyl phosphate (40 mM) and Fast Garnet GBC (60 mM) in sodium acetate buffer (0.6 M, pH
4.5). Phosphatase activity was indicated by the appearance of dark bands due to the precipitation
of the napthyl group-dye complexes.

Amino Acid Sequencing
Sample preparation
Following electrophoresis to verify purity, protein (100 µg) from the mono-Q fraction
exhibiting the highest specific activity was sent to the University of Virginia Biomolecular
Research Facility for microsequencing. Amino acid sequence data were obtained for the Nterminus of the intact protein and the N-termini of four internal peptides generated by protease
digestion. Briefly, the preparation of the protein for sequencing involved mixing a portion of the
sample (20 µg) with 50 µL buffer (8M urea, 0.32 M Tris [pH 8], 80mM methylamine
hydrochloride) and concentrating the sample volume to approximately 50 µL in a vacuum
centrifuge. The protein was incubated for 1 hour at 55¡C with 0.064% 2-mercaptoethanol to
reduce disulfide bonds. The cysteine residues of the protein were alkylated by treatment with Nisopropyliodoacetamide. The protein was digested overnight at 37¡C with 0.5 µg lysyl
peptidase. The reaction was stopped by adding trifluroacetic acid to a final concentration of 2%
(v/v). The resulting peptides were separated on a Jupiter C18 column via high pressure liquid
chromatography (HPLC). Fractions were collected and stored at -70¡C. To ensure purity of
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peptides prior to sequencing, several fractions were subjected to further chromatography using a
Vydac C18 column. The four additional peptide fractions selected for sequencing eluted at
49.745 minutes (peptide 49) and 34.466 minutes (peptide 34) from the original run, 56.856
minutes (peptide 56) from the rerun of fraction 46.741, and 51.296 minutes (peptide 51) from the
rerun of 43.581.
Edman degradation
Edman chemistry was performed on an Applied Biosystems Procise protein sequencer at
the University of Virginia Biomolecular Research Facility. For determination of the N-terminal
sequence of the undigested phytase protein (peptide N), an estimated 50 pmole of protein was
absorbed onto a PVDF cartridge and washed with 0.1% TFA. The N-termini of internal peptide
fractions were directly sequenced following separation. Amino acids sequentially removed from
the N-terminus of each peptide were identified by reverse phase chromatography (HPLC).

Isolation of the Soybean Phytase cDNA
RT-PCR
The first step in the isolation of a soybean phytase cDNA was the amplification of a
portion of the sequence using degenerate oligonucleotide primers designed from the amino acid
sequence data (Figure 2-1a). Total RNA was isolated from etiolated soybean cotyledons nine
days after germination. Tissue (100 mg) was ground to a fine powder in liquid nitrogen and
RNA was extracted using the RNAeasy kit (Qiagen). Oligo-dT primed cDNA was synthesized
from 5 µg total RNA template using Superscript II reverse transcriptase (3’ RACE system, Life
Technologies). After incubation at 42°C for 50 minutes, the reaction was terminated by heating
to 70°C for 15 minutes. The reaction was treated with RNase H for 20 minutes at 37°C to
degrade the mRNA bound to the cDNA. For PCR amplification, the degenerate upstream primer
p49for4 (5’-GC GAY YTN GAR AAY GTT GA-3’) and the degenerate downstream primer
p56rev2 (5’-TC NGG YTG NCK ATC CCA ACA-3’) were synthesized by Life Technologies
based on the amino acid sequences of internal peptides 49 and 56, respectively. A soybean
phytase fragment was amplified from the cDNA template using Taq Master Mix (Qiagen, see
Appendix for reaction components) and 1 µM each primer. PCR reactions (40 cycles) were
performed by denaturation at 94°C for 30 seconds, annealing at 42°C for 30 seconds, and
extension at 72°C for 1 minute in a Robocycler Gradient 40 thermocycler (Stratagene). The
resulting 406 bp product was treated with Pfu polymerase (Stratagene) in a 10 µL volume at
72°C for 30 minutes to generate blunt ends. The fragment was cloned into the SmaI site of
pTZ19R (Fermentas) with T4 DNA ligase (see Appendix). Escherichia coli strain DH5α was
used as the bacterial host and positive clones were identified by α-complementation. Analysis of
plasmid DNA minipreparations confirmed insertion of the fragment (Sambrook, et al., 1989, see
Appendix). The insert was sequenced by the dideoxy method using the Sequitherm Excel II kit
(Epicenter Technologies, see Appendix) with T7 (5 -TA ATA CGA CTC ACT ATA GGG-3 )
and M13 Universal (5 -GT AAA ACG ACG GCC AGT-3 ) as sequencing primers.
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Figure 2-1. Amplification of the soybean phytase cDNA. a) Degenerate primers based on
phytase peptides were used to amplify a 406 bp PCR product from RNA from germinated
soybean seedlings. b)The 3 end and an of incomplete 5 end of the phytase cDNA was obtained
by RACE. c) A portion of the 5 end corresponding to the N-terminus of the mature phytase
protein was amplified from genomic DNA. d) Inverse PCR yielded a 1198 bp fragment
containing the complete 5 end as well as 989 bp of upstream sequence.
31

3’ RACE and 5’ RACE
The RACE (Rapid Amplification of cDNA Ends) procedure was used to amplify the 5
and 3 ends of the soybean MIPS cDNA (Figure 2-1b, see Appendix for detailed protocols).
Gene-specific primers for amplification of cDNA ends were synthesized based on the nucleotide
sequence of the phytase RT-PCR product. The 3’ end of the phytase cDNA was amplified by
nested PCR using the 3’ RACE system (Life Technologies). The 3’ RACE Adapter Primer (5 GGC CAC GCG TCG ACT AGT AC[T]17-3 ) and the gene-specific primer, phy3’first (5’A
CGA GCC TGG TCA TTG TCC-3’). were used for first-round PCR amplification from cDNA
prepared as described above. PCR conditions (40 cycles) were 94°C for 30 seconds, 56°C for 1
minute, and 72°C for 1 minute. The resulting product served as template for a nested
amplification primed by the Abridged Universal Amplification Primer (5 -CTA CTA CTA CTA
GGC CAC GCG TCG ACT AGT-3 ) and the gene-specific primer 3’nest (5’-AA GTG AGT
AAG TTT TGT TGG-3’). PCR conditions (40 cycles) were 94°C for 30 seconds, 56°C for 1
minute, and 72°C for 1 minute. The 520 bp PCR product from the 3’ end of phytase was cloned
into the SmaI site of pTZ19R and sequenced as described above .
Cloning of the 5 end of the phytase cDNA was difficult due to apparent secondary
structure. A portion of the 5’ end was amplified using the 5’ RACE system (Life Technologies).
First strand cDNA synthesis was primed by the gene-specific primer 5’first2 (5’-CA GGA
GTA CTT AAT GGA TCG GGA CAA TGA-3’) using the cDNA template prepared as described
above. The cDNA was tailed according to manufacturer’s specifications prior to PCR
amplification with the Abridged Anchor Primer and the gene-specific primer 5’nest2 (5’-CA
GGA GTA CTT AAT GGA TCG GGA CAA TGA-3’). PCR conditions (40 cycles) were 94°C
for 30 seconds, 50°C for 30 seconds, and 72°C for 1.5 minutes. Nested amplification (Fig. 3)
using the Abridged Universal Amplification Primer and the gene-specific primer 5’nest1 (5’GA TCT ATC AAC ATT CTC CAG GTC-3’) yielded a 880 bp product which was cloned into
the SmaI site of pTZ19R and sequenced as described above. This product did not include the
entire 5 end.
Genomic PCR
To obtain the complete sequence of the 5 end of the soybean phytase coding region, a
small fragment was amplified from genomic DNA (Figure 2-1c). The DNAeasy kit (Qiagen)
was used to isolate genomic DNA from soybean hypocotyls (Appendix). An upstream
degenerate primer phynterm-14 (5’-GA RGG NCC NTT TGA TCC CGT-3’) was synthesized
based on N-terminal amino acid sequence data and a downstream primer 5’first3 (5’AAG GAT
AGA GCT GGT TGT AGA TGA-3’) was synthesized based on sequence determined from the
original RT-PCR product. PCR conditions (40 cycles) were 94°C for 1 minute, 50°C for 1
minute, and 72°C for 1 minute. The resulting 646 bp fragment was cloned into the SmaI site of
pTZ19R. The cloned DNA repeatedly failed to yield readable sequence, presumably due to
secondary structure. Using the restriction enzymes EcoRI, HindIII, and EcoRV, the PCR
product was cleaved into smaller fragments which were subcloned and successfully sequenced.
Comparison to previously sequenced cDNA revealed that the fragment contained 315 bp of
coding sequence and a 331 bp intron.
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Inverse PCR
Inverse PCR was used to amplify the region upstream from the previously sequenced
soybean phytase coding region obtained from the genomic fragment (Figure 2-1d). Soybean
genomic DNA (2 µg) was digested for 1 hour with 40 units XbaI (Promega). The enzyme was
heat-inactivated and the digested DNA was purified using a Qiaquick spin-column (Qiagen).
The DNA was self-ligated in a 1 mL volume with 80 units of T4 ligase (20 U/µL, Promega) at
16°C overnight. The ligation reaction was purified using a Qiaquick spin-column and was used
as template for inverse PCR. The primer Nterm-first (5 -AG AGA AAC CGA AAT CTG
TTC-3 ) was complementary to the 5 end of the previously amplified genomic fragment with
the 3 end of the primer in the direction of the 5 end of the gene. The primer 3 nest (see
above) was complementary to a 3 region of the gene downstream of the XbaI site with the 3
end of the primer in the direction of the 3 end of the gene. PCR conditions (40 cycles) were
94°C for 30 seconds, 54°C for 1 minute, and 72°C for 3 minutes. Taq extender (Stratagene) was
added to the reaction to facilitate synthesis of long PCR products. The inverse PCR product
served as template for nested PCR using the primers Nterm-nest (5 -CGA GGA TCG GTT
TCC GGC AAG TCG-3 ) and 3 nest (see above). The resulting 1198 bp product was cloned
into the SmaI site of pTZ19R and sequenced as described above. DNA sequence data were
obtained for the complete 5 coding region as well as 986 bp of upstream promoter sequence.

Construction of a Soybean Phytase Plant Expression Plasmid
Intermediate construct
A full-length clone of the soybean phytase coding sequence was generated by highfidelity PCR. To circumvent secondary structure near the 5 end of the cDNA, a portion of the
coding sequence upstream from the intron was amplified from genomic DNA and was joined at
the EcoRV site to the remainder of the coding sequence, which was amplified from cDNA. The
upstream and downstream primers used to amplify the genomic fragment were 5 ATGKpnI (5 -CT TTG GTA CC A TGG CGT CAA TTA CTT TTT CTC-3 ) and 5 first3 (see
above), respectively (Figure 2-2a). A KpnI restriction site was included in the upstream primer
to facilitate cloning into the final transformation vector. The 802 bp product was generated by 30
cycles of PCR (94°C for 60 seconds, 50°C for 30 seconds, 72°C for 100 seconds) catalyzed by
PfuTurbo (Stratagene).
The upstream and downstream primers used to amplify the cDNA fragment representing
the remainder of the coding region were EVup-cDNA (5 -C CGT TTG GAT ATC TTG GGT
TAC-3 ) and 3 stop-KpnSma (5 -GA C CCG GGT ACC AAT GAC AGC AAA TGA ACT3 ), respectively (Figure 2-2b). KpnI and SmaI restriction sites were included in the downstream
primer to facilitate cloning into the final transformation vector. The 1428 bp product was
generated by 30 cycles of PCR (94°C for 60 seconds, 50°C for 30 seconds, 72°C for 100
seconds) catalyzed by PfuTurbo (Stratagene). The 802 bp genomic PCR product from the 5’ end
of the phytase coding sequence was cloned into the SmaI site of PTZ19R (Fig. 2-2c-i). The
resulting plasmid was digested with EcoRV. The 1.4 kb cDNA PCR product was digested with
EcoRV and SmaI and was inserted into the EcoRV digested plasmid that contained the genomic
DNA-derived 5 end (Fig 2c-ii). The resulting clone was subjected to restriction analysis to
verify correct orientation of the insert. The EcoRV junction as well as the 5 and 3 ends of the
cDNA were sequenced as described above. The 1670 bp insert was sequenced and a 547 amino
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Figure 2-2. Cloning of the full-length soybean phytase coding region. a) The Pfu -generated 5
PCR product was blunt-end ligated into the Sma I site of pTZ19R. b) The resulting plasmid was
digested with Eco RV and blunt-end ligated to the 3 PCR product, which had been digested with
Eco RV and Sma I. c i-iii) The full length soybean phytase coding sequence was excised using
Kpn I and was subcloned into the unique Kpn I site of the transformation vector p35SD.
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acid protein was predicted from the 1644 bp open reading frame.
Biolistic transformation plasmid
The transformation plasmid p35SD was a generated by modification of plasmid construct
pPHY35P (Li et al., 1997). A fragment containing a Kpn I site was inserted at the 3’ end of the
fungal phytase coding sequence pPHY35P, allowing for removal of the fungal phyA sequence by
Kpn I digestion. The p35SD vector was generated by intramolecular ligation of the Kpn I ends.
The full-length soybean phytase coding sequence was excised from pTZ19R using Kpn I and
was subcloned into the unique Kpn I site of p35SD (Figure 2-2c-iii). After verification of correct
insertion, p35SDGmphy plasmid DNA was purified for transformation using the Qiafilter
Plasmid Maxi kit (Qiagen, see Appendix).

Particle Bombardment and Recovery of Transgenic Cultures
Soybean cell suspension cultures
Soybean cell suspension cultures (Glycine max [L.] Merr. cv. Williams 82, courtesy of
Dr. J.M. Widholm, University of Illinois) were maintained in Murashige and Skoog medium
(basal MS, Sigma Chemical Co., supplemented with 30 g/L sucrose and 0.4 mg/L 2,4-D) in
darkness in an orbital shaker at 120 rpm. Cells were subcultured every 5 to 7 days (10 mL cell
suspension into 50 mL fresh medium in 250 mL flask). For transformation, cells were briefly
packed by centrifugation at 50 rpm in a table-top clinical centrifuge (DYNAC). The old culture
medium was removed and the cells were resuspended in a volume of fresh medium equal to that
of the packed cells. Aliquots of cell suspension (0.6 mL) were plated onto sterile 3.0 cm
Whatman no. 1 filters placed on MS plates (basal medium, 3% [w/v] sucrose, 0.4 mg/L 2,4-D,
0.2% [w/v] Gelrite).
Preparation of tungsten particles
For particle bombardment, tungsten particles were coated with plasmid DNA. M10
tungsten particles (120 mg, BioRad) were washed twice with 100% ethanol, then washed twice
with sterile water. Two mL sterile 50% (v/v) glycerol was added to the particles and 50 µL
aliquots were stored at -20°C. Without disturbing the tungsten pellet, 25 µL of glycerol was
removed. DNA was precipitated onto the tungsten by adding each of the following components
in order: supercoiled plasmid DNA (1µg/1µL, 5µL), CaCl2 (2.5 M, 25 µL), and spermidine (0.1
M, 10µL). The mixture was vortexed briefly after each addition and the final mixture was
placed on ice for 5 min. Prior to bombardment, 50 µL of supernatant was removed and the
mixture was resuspended by vigorously tapping the tube. For a single bombardment, 2 µL of
coated tungsten suspension was used containing 0.4 mg tungsten and 0.67 µg plasmid DNA.
Particle inflow gun and bombardment parameters
Soybean transformation was achieved by microprojectile bombardment. A home-made
gene gun was constructed in the Grabau Laboratory based on a report by Finer et al. (1992).
Bombardment parameters were previously optimized by Li (1995). Conditions included:
vacuum of 27 inches of Hg, helium pressure of 65 psi, a distance of 15 cm from the loading filter
to the plant material, with a 230 µm mesh baffle (Sigma Chemical Co.). Plated cells were
bombarded by helium pressure-mediated acceleration of DNA-coated particles with the gene gun
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(Finer et al., 1992) under conditions described above. DNA-coated tungsten particles were
applied to the screen of a syringe filter unit which was immediately fitted into the syringe adapter
in the chamber. Each filter of soybean cells was bombarded twice. Plasmid pG15-2, containing
a β-glucuronidase (GUS) reporter gene (Jefferson, 1987; construct provided by Dr. Kenn
Buckley, Ohio State University) was bombarded separately into soybean cells to monitor
transformation efficiency.
Transient expression assay and recovery of transformed culture lines
Filters coated with bombarded soybean suspension cells on sterile MS plates (see above)
were incubated in a growth chamber at 28°C for two days to allow for recovery after
bombardment. Cells bombarded with the plasmid pG15-2 were assayed for GUS expression by
the addition of 0.5 mL 1 mM X-gluc (5-bromo-4-chloro-3-indolyl glucoronide, Jersey Lab
Supply) and incubated at 37°C overnight. Blue foci were imaged with an Astra Scanner. Cells
bombarded with the p35SD-Gmphy plasmid were transferred to the same medium supplemented
with 50 µg/mL hygromycin B (Calbiochem). Filters were transferred weekly to fresh antibioticcontaining medium for a total of six weeks. Surviving cell foci were transferred weekly onto the
same medium using fine tipped forceps until calli were of a sufficient size to reinitiate
suspension cultures. Calli (10-20 mm) were gently crushed in 2 mL of MS liquid medium (with
10 µg/mL hygromycin B) and transferred to10 mL flasks. The cells proliferated in liquid
medium, and were transferred to larger flasks as culture volume increased. Transformed lines
(50 mL/250 mL flask) were maintained as above with the addition of 10 µg/mL hygromycin B.

DNA and RNA Blot Analyses
Southern hybridization
Soybean hypocotyls were used as the source of genomic DNA for restriction digestion
and Southern blot analysis. For analysis of cell lines, DNA was extracted from exponentiallygrowing suspension cultures (3 d after subculture). Cells were collected by vacuum filtration
though Whatman no.1 filter paper. Total DNA was isolated as described by Dellaporta et al.
(1983). Briefly, one gram of fresh tissue was homogenized in liquid nitrogen for each
preparation. The DNA was treated with RNase Plus (5 Prime→3 Prime) and extracted with an
equal volume of phenol: chloroform: isoamyl alcohol (25:24:1, Fisher Scientific) prior to a final
isopropanol precipitation step. The DNA was quantified with the Hoechst 33258 dye assay
using a DyNA quant 200 fluorometer (Hoefer). DNA samples (10 µg) were digested with
appropriate restriction enzymes (Promega), separated by agarose gel electrophoresis (0.75%
agarose, 1X TAE), denatured, and transferred onto nylon membranes (Schleicher & Schuell) by
capillary blotting in 10X SSC (Appendix).
For use as a hybridization probe, a 950 bp region of the phytase cDNA was amplified by
PCR using the primers 5 seq-up (5 -A AGG CCT TCA GAA TTA CAC ATC-3 ) and
5 nest2 (5’-CA GGA GTA CTT AAT GGA TCG GGA CAA TGA-3’). The fragment was
excised and purified from a 0.75% agarose gel (Appendix). The DNA (25 ng) was labeled with
α-32P-dATP by random priming (Random Primers Kit, Gibco-BRL). DNA hybridizations were
carried out in UltraHyb Hybridization buffer (with 50% formamide) according to the
manufacturer s specifications (Ambion). The membranes were then washed twice in 2X SSC,
1% SDS for 5 min at 42°C, and twice in 0.2X SSC, 1% SDS for 15 min at 42°C. The
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membranes were exposed to storage phosphor screens for 2 — 24 hours, which were then scanned
by a Storm 860 Phosphoimager (Molecular Dynamics).
Northern hybridization
Cell cultures were harvested 3 days after subculture for RNA extraction. Total RNA was
isolated from 100 mg tissue using the RNAeasy Plant Kit (Qiagen). RNA (10 µg) was separated
by formaldehyde agarose gel electrophoresis (1.2% agarose) prior to transfer to nylon
membranes (Schleicher & Schuell) in 20X SSC. Duplicate sets of samples were loaded and one
set was stained with ethidium bromide to confirm sample integrity and equal loading of samples.
Blots were probed, washed, and hybridizing bands were detected as described previously for
Southern hybridizations.

Phytase Activity Studies
pH optimum
Phytase activity was assayed over a pH range from 2.5 to 7 to determine the pH optimum.
To achieve this pH range, three different buffer systems were used at 50 mM. Glycine buffer
was used for or pH 2.0 and 2.5, acetate buffer was used from pH 3.5 to 5.5, and MES was used
from pH 6.0 to pH 7.0. Assays were conducted in a 1 mL volume for 30 minutes at 55° C and
were developed and measured as described above.
Temperature optimum
Phytase activity was assayed over a range of temperatures to determine the optimal
temperature for hydrolysis of phytate by the enzyme. A master reaction mix (2 mL) was
assembled containing purified soybean phytase diluted 1:10,000 in 50 mM NaOAc (pH4.5) with
5 µg/mL BSA. The solution was placed on ice and sodium phytate was added to a final
concentration of 0.5 mM. The mix was divided into 100 µL aliquots
in 0.6 mL microcentrifuge tubes. The tubes were placed in dry bath incubators at temperatures
ranging from 38°C to 78°C at 4°C intervals. After 30 minutes, the reactions were cooled on ice
and transferred to microtiter plates. The reactions were developed and absorbance was measured
as described above. Triplicate assays were conducted at each temperature point.
Thermal stability
To measure the effect of heat treatment on activity, purified phytase was incubated over
a range of temperatures prior to assay for activity with phytate as substrate. A master reaction
mix (1.5 mL) was assembled containing purified soybean phytase diluted 1:5000 in 50 mM
NaOAc (pH 4.5) with 5 µg/mL BSA. The mix was divided into 50 µL aliquots in 0.6 mL
microcentrifuge tubes. The tubes were placed in a dry bath-style incubator at temperatures
ranging from 40°C to 100°C at 10°C intervals. After 10 minutes of preincubation, the enzyme
solutions were cooled to room temperature. Sodium phytate (1 mM in 50 mM NaOAc, pH 4.5)
was added in a 50 µl volume, resulting in a final substrate concentration of 0.5 mM. The
reactions were placed in a cabinet-style incubator at 55°C. After 30 minutes, the reactions were
cooled on ice and transferred to microtiter plates for measurement as described above. Triplicate
assays were conducted for each preincubation temperature point.
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Kinetic studies
Activity of purified phytase was assayed using a variety of phosphorylated substrates (see
Table 2-2). To exclude ion effects, sodium salts were used of each candidate substrate. It was
necessary to dilute purified soybean phytase to a concentration at which activity was within a
range detectable by the standard assay. The enzyme was diluted 1:10,000 in 50 mM NaOAc (pH
4.5) containing 0.01mg/ml BSA as a stabilizing agent. Assays were carried out in 96-well
microtiter dishes using 50 µl of diluted enzyme for each reaction. Substrates were prepared in 50
mM NaOAc (pH 4.5) at a concentration of 20 mM and were diluted to 10 mM, 5 mM, 2 mM,
1mM, 0.2 mM, and 0.1 mM in the same buffer. To initiate the reactions, 50 µl of the appropriate
substrate concentration was added to 50 µl of diluted enzyme for each reaction. The final
substrate concentrations for each set of assays were 10 mM, 5 mM, 2.5 mM, 1 mM, 0.5 mM, 0.1
mM, and 0.05 mM. A blank reaction lacking substrate was also included for each set of
substrates. The reactions were placed in an air heated cabinet-style incubator 55°C for 30 min.
After incubation, freshly prepared AAM solution (200 µl/reaction) was added to stop the
reactions and develop color. Absorbance levels were measured using a Bio-Tek FL600
microplate reader at a wavelength of 405 nm. Although previous assays had been measured at
355 nm in the spectrophotometer, 405 nm was the nearest fixed wavelength for this reader. Other
groups have measured the release of orthophosphate at this wavelength for this colormetric
phosphatase assay (H bel and Beck, 1997; Fert et al. ., 1993). For determination of catalytic
parameters, Lineweaver-Burke double reciprocal plots were generated (S-1 v. V-1) using the
program Sigma Plot (SPSS). Km was estimated from the Y intercept (Y0 = -1/Km) and Vmax was
determined from the X intercept (X0 = 1/Vmax). Substrate inhibition was observed with higher
concentrations of some substrates. Data points obtained at inhibiting substrate concentrations
were not included in plots. Kinetic parameters were determined for the substrates phytate,
polyphosphate, ATP, and p-nitrophenyl phosphate. Data points are the means of triplicate
determinations.
Inhibitor/activator studies
The effect of various substances on phytase activity was determined using standard assay
conditions with sodium phytate (dodecasodium, from rice) as a substrate. To minimize
additional ion effects, cations were used in the form of chloride or sulfate salts, and anions were
used in the form of sodium salts. Inhibitors/activators were prepared at a concentration of 40
mM in NaOAc buffer (50 mM, pH 4.5) and were diluted to 4 mM, and 0.4 mM in the same
buffer. Purified soybean phytase was diluted 1:10,000 in 50 mM NaOAc (pH 4.5) containing
0.01mg/ml BSA. Assays were carried out in 96 well microtiter dishes using 50 µl of diluted
enzyme for each reaction. Each dilution was added in a 25 µl volume resulting in final
inhibitor/activator concentrations of 0.1 mM, 1 mM, and 10 mM. Sodium acetate (25 µL, 50
mM, pH 4.5) was added to control reactions in the place of inhibitor/activator. In addition,
reactions lacking enzyme were assembled to serve as blanks. Sodium phytate (2 mM in 50 mM
NaOAc, pH 4.5) was added in a 25 µl volume, resulting in a final substrate concentration of 0.5
mM. The reactions were incubated, developed, and absorbance measured as described above. A
subset of the activators/inhibitors were tested in triplicate at a concentration of 1 mM (see
Results Section).
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Analysis of inositol phosphates
High voltage electrophoresis (HVE) was used to analyze the inositol phosphates released
by incubation of sodium phytate with soybean phytase. A 1:10,000 dilution of soybean phytase
was prepared in 0.5 mL NaOAc, pH 4.5 with 0.5 µg/mL BSA. Sodium phytate was added to a
concentration of 1 mM and the mixture was incubated at 37°C. Aliquots were removed and
immediately frozen at -80°C after 0, 0.5, 3, 8, and 24 hours. Samples were spotted in 20 µL
volumes on Whatman no. 1 chromatography paper and the inositol phosphates were separated by
electrophoresis at 2000V for 3 hours in ammonium acetate buffer (pH 3.8). After
electrophoresis, the paper was dried with a hair-dryer and sprayed with Clark/Dawson reagent
(Clark and Dawson, 1981). The paper was exposed to UV light to visualize the
phosphomolybdate complexes.
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RESULTS
Purification of a Phytate-Degrading Enzyme
A soybean phytase was purified from germinated cotyledons using a seven-step
procedure involving ammonium sulfate and heat precipitation and a series of chromatography
steps including cation exchange, lectin affinity, metal chelate, and high resolution anion
exchange. The optimized phytase purification scheme described in the materials and methods
yielded final purification ranging from 22,000 to 27,000 fold in three large-scale preparations,
with a representative purification illustrated in Table 2-1. Initial extraction and precipitation at
an acidic pH was performed to enhance precipitation of undesired proteins, to inactivate
proteases, and to diminish oxidation of phenolic compounds. Preliminary tests showed that
soybean phytase was stable at 60°C so a heat-shock step was added to denature and precipitate
heat-sensitive proteins. Phytase activity was recovered in the 50-80% ammonium sulfate
fraction. This step not only served to purify the protein, but also concentrated it for use in
subsequent steps. Phytase was purified 30-fold by the heat and salt precipitation steps. The
protein was purified an additional 15-fold by cation exchange chromatography. At pH 4.2,
phytase efficiently bound to the positively charged CM sepharose resin and was not detected in
the flow-through fraction. A single peak of phytase activity eluted from the column at a NaCl
concentration of approximately 120 mM. A major acid phosphatase activity previously reported
by Ullah and Gibson (1988) eluted from the column at a higher salt concentration and was
effectively separated from the phytase peak (Figure 2-3). The concanavalin-A lectin affinity
chromatography step took advantage of high-mannose glycan side chains attached to the phytase,
resulting in a further 1.6-fold purification. This step allowed separation of the phytase from
major nonglycosylated proteins with otherwise similar physical properties, including β-amylase,
which was a contaminant in a previous report of soybean phytase purification (Gibson and Ullah,
1988). The phytase protein was purified an additional 2.8-fold using metal affinity
chromatography (Figure 2-4). Unlike many other proteins, phytase was able to bind to a Cu++charged metal chelate column at a low pH. The phytase was bound to the column at pH 5.5 and
no activity was detected in the flow-through fraction. Proteins were eluted with a decreasing pH
gradient. A single peak of phytase activity eluted from the column at a low pH after
approximately two-thirds of bound protein had eluted. Purification to homogeneity was
achieved with the final high-resolution anion exchange column (Figure 2-5). Phytase was bound
to the monoQ column at pH 7.4. Two distinct peaks of phytase activity were eluted at NaCl
concentrations of approximately 128 mM and 165 mM. Figure 2-6 shows a native
polyacrylamide gel of monoQ fractions from the final purification step that is stained for
phosphatase activity. The samples are loaded in order of elution with an increasing salt gradient.
The relative amount of phytase activity associated with each fraction is shown graphically below
the gel.
The protein from the major monoQ chromatography peak (phy1.1) of phytase activity
was purified 26,700 fold to apparent homogeneity (Figure 2-7). The protein from the second
peak (phy1.2) of phytase activity was purified 24,600 fold, also to apparent homogeneity (data
not shown). The observed size of the proteins as determined by denaturing SDS-PAGE was
estimated to be 70-72 kD and was identical for the two proteins. When separated by native
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Fraction
Crude extract
Salt and heat
precipitation
Cation exchange
Lectin affinity
Metal chelate
MonoQ - peak 1.1
MonoQ - peak 1.2

Total
Total
Specific
Fold
Yield
Enzyme Protein
Activity Purification
(µg)
(OD355)
(OD355/mg)
(%)
7
37,027 2.85x10
1.3
1 100.0
16,477 4.23x105
3.0x10 44.5
3.9x10
15,163 2.54x104
6.0x102
4.6x102 41.0
3
2
8,568 9.00x10
9.5x10
7.3x102 23.1
8,764 3.32x103
2.6x103
2.0x103 23.7
449
1.3x10
3.6x104
2.8x104
1.2
4
4
320
1.0x10
3.2x10
2.5x10
0.9

Table 2-1. Representative purification of soybean phytase from germinated cotyledons. Phytase
containing fractions from each purification step were assayed for phytase activity by a
modification of the method of Heinonen and Lahti (1981). Relative activity is expressed as the
absorbance at 355 nm, which is proportional to the amount of phosphate released.
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4.0
3.5

Relative activity (OD355)

2.5
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1.5
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1.0

NaCl concentration (mM)
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Fraction number

9
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Phytase
activity
Acid phosphatase
activity
NaCl
concentration

Figure 2-3. Cation exchange chromatography of soybean phytase. The ammonium sulfateprecipitated protein was loaded onto a CM sepharose column (sodium acetate buffer, pH 4.3).
Bound protein was eluted with a linear gradient of 30 to 285 mM NaCl in cation buffer at 2 mL
min-1. Peak phytase activity eluted at a NaCl concentration of 120 mM. Phytase was effectively
separated from another acid phosphatase.
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Figure 2-4. Metal affinity chromatography of soybean phytase. The active fraction from lectin
affinity chromatography was applied to a iminodiacetic acid metal chelate column (Pharmacia)
charged with Cu++ (pH 5.5). Bound protein was eluted by decreasing the pH by mixing a
gradient of 0-100% MC buffer B (50 mM NaOAc, pH 4.0, 0.5 M NaCl) in MC buffer A (50
mM NaOAc, pH 5.5, 0.5 M NaCl) at 1 mL min-1. The resulting pH gradient decreased from pH
5.5 to pH 4.0 as the percentage of buffer B increased. A single peak of phytase activity eluted
from the column after approximately two-thirds of bound protein had eluted.
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Relative activity (OD355)
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Figure 2-5. High-resolution anion exchange chromatography of soybean phytase. The active
metal affinity-purified fractions were pooled, concentrated, and loaded onto a onto a mono-Q
high HR 5/5 column (0.5 mL min-1, Tris-acetate buffer, pH 7.4). Bound protein was eluted with a
linear gradient of 105 - 285 mM NaCl at a flow rate of 0.5 mL min-1 and fractions (1 mL) were
collected and assayed for phytase activity. Two distinct peaks of phytase activity were eluted at
NaCl concentrations of approximately 128 mM and 165 mM.
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Figure 2-6. Phytase activity profile of MonoQ fractions. Active fractions from the monoQ
chromatography step were loaded sequentially on a native polyacrylamide gel and separated by
electrophoresis. The gel was stained for phosphatase activity by the method of Smith et al.
(1971) using 1-napthyl phosphate and Fast Garnet GBC. Panel a is a scanned image of the
stained gel and panel b is the corresponding phytase activity profile of the fractions as
determined by phytase assay by the method of Heinonen and Lahti (1981).
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1
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6

70 kD

Figure 2-7. SDS-polyacrylamide electrophoresis of protein samples from soybean phytase
purification steps. 1) heat shock precipitation, 2) ammonium sulfate precipitation, 3) cation
exchange chromatography, 4) lectin affinity chromatography, 5) metal chelate chromatography,
and 6) phy 1.1 from monoQ chromatography. Approximately 1 µg of protein was loaded in each
lane.
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1

2

3

4

5

Figure 2-8. Activity gel of purified soybean phytase fractions. 1)Samples from cation exchange,
2) lectin affinity, and (3-5) monoQ chromatography were separated by native PAGE and stained
for phosphatase activity. Lanes 4 and 5 contain monoQ peaks 1.1 and 1.2, respectively. For lane
3, equal volumes of fractions 1.1 and 1.2 were combined. Samples were loaded to contain
equivalent levels of phytase activity.
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PAGE and stained for phosphatase activity, phy1.2 appeared to migrate with slightly higher
relative mobility than phy1.1 (Figure 2-8). Mobility of a protein in a native gel is based on the
charge to mass ratio. Given that phy1.2 elutes at a higher salt concentration, it is likely that it is
slightly more negatively charged than the phy1.1. The N-terminal amino acid sequences (15
residues) of phy1.1 and phy1.2 were identical by Edman degradation.
The first peak that eluted from the monoQ column, phy1.1, was the focus of further
analysis and internal amino acid sequencing. Staining with periodic acid - Schiff (PAS) reagent
confirmed that the purified protein was glycosylated (Figure 2-9). To visualize low
concentrations of the protein, SDS-polyacrylamide gels were treated with silver stain. Negative
staining of the protein was observed, suggesting that the phytase could be a metalloprotein (data
not shown). The molecular mass of the purified protein was estimated to be 70-72 kD on a SDSpolyacrylamide gel, however, the phytase activity was retained on a membrane filtration device
with a molecular weight cutoff of 100,000 kD. The protein eluted from a sephacryl-300 gel
filtration column at approximately 130 kilodaltons, suggesting that the protein is a homodimer
(data not shown).

Enzyme Activity Studies
The optimal temperature and pH conditions for activity of the purified soybean phytase
were determined. Activity of the purified phytase was assayed over a temperature range of 34°C
to 78°C at 4°C intervals to determine the temperature optimum. The curve plotted from the data
showed a broad peak of activity over a relatively wide temperature range as illustrated in Figure
2-10. At 46°C and 62°C, activity was 83 % and 78 % of maximal, respectively. The optimal
temperature at pH 4.5 was determined to be 58°C. At temperatures above 62°C, phytase activity
rapidly declined. Phytase activity was almost undetectable at 70°C and higher.
Thermostability of the purified enzyme was tested by incubation for ten minutes at
temperatures ranging from of 40 to 100°C at 10°C intervals prior to the standard activity assay
(Figure 2-11). Phytase activity was not affected by preincubation at temperatures up to 60°C.
Preincubation at 70°C caused a sharp decrease in phytase activity, and preincubation at higher
temperatures completely diminished activity. These results indicate that soybean phytase is
stable up to 60°C, but does it appears that it cannot refold properly after heat denaturation at
temperatures greater that 60°C.
The activity of soybean phytase was measured over a pH range from 2.5 to 7.0 at a
temperature of 55°C (Figure 2-12). The pH optimum was estimated to be between pH 4.5 and
5.0 since maximal activity was observed at both of these points. Activity decreased dramatically
below pH 4.5 and above pH 6.0. Very little activity was detected at neutral pH.

Kinetic Analyses
Activity of the purified soybean phytase was assayed at different substrate concentrations
to determine the kinetic parameters Km and Vmax. The affinities of the enzyme for the substrates
phytate, p-nitrophenyl phosphate (pNPP), adenosine triphosphate (ATP), and polyphosphate
were determined after Lineweaver-Burke transformation (r2 >0.93). The double reciprocal plots
are shown in Figure 2-13. Assays were performed in triplicate for each data point. The Km
value for phytate was 61 µM, which is significantly lower than for ATP (1704 µM),
48

70 kD

Figure 2-9. Detection of glycan side chains. Purified protein was subjected to electrophoresis on
an SDS-polyacrylamide gel and stained with periodic acid-Schiff reagent (Kapitany and
Zebrowski, 1973). Pink staining indicates the presence of carbohydrate side groups.
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Figure 2-10. Temperature optimum of soybean phytase. Purified soybean phytase was assayed
for activity using phytate as substrate over a temperature range of 34 to 78°C (pH 4.5, 30 min).
All data points represent the means of triplicate assays.
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Figure 2-11. Thermostability of purified soybean phytase. Samples were preincubated at
temperatures ranging from 40 to 100°C for 10 minutes. The remaining activity was assayed
using phytate as substrate at 55°C for 30 minutes. All data points represent the means of
triplicate assays.
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Figure 2-12. pH optimum of the purified soybean phytase. Purified soybean phytase was
assayed for activity using phytate as substrate over a pH range of 2.5 to 7.0 (55° 30 min).
Glycine buffer was used for or pH 2.0 and 2.5, acetate buffer was used from pH 3.5 to 5.5, and
MES buffer was used from pH 6.0 to pH 7.0.
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Figure 2-13. Kinetic analyses of purified soybean phytase. Enzyme activity was
measured with various concentrations of the substrates ATP, polyphosphate, pNPP, and phytate.
For determination of catalytic parameters, Lineweaver-Burke double reciprocal plots were
generated (S-1 v. V-1) using the program Sigma Plot (SPSS). Km was estimated from the Y
intercept (Y0 = -1/Km) and Vmax was determined from the X intercept (X0 = 1/Vmax). The Km
value for phytate was 61 µM which is significantly lower than for ATP (1704 µM),
polyphosphate (3267 µM), or pNPP (4347 µM).min).
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polyphosphate (3267 µM), or pNPP (4347 µM). For determination of Vmax, OD units were
converted to units using an inorganic standard curve (1U = 1 µmol Pi released at 55°C in 30
min). The maximum velocities at the given assay conditions were determined to be 15.2 U/ng
for polyphosphate 8.4 U/ng for pNPP, 5.6 U/ng for ATP, and 0.4 U/ng for phytate. The phytase
was inhibited by phytate, ATP, and polyphosphate concentrations greater than 5mM. pNPP was
not inhibitory at concentrations up to 10 mM. Other candidate substrates were assayed at
concentrations ranging from 0.05 mM to 10 mM. The study was repeated and consistent trends
were observed. A comparison of enzyme activities at substrate concentrations of 0.05 mM, 1
mM, and 10 mM is listed in Table 2-2. Inhibition by substrates at high concentrations is also
noted in the table. Substrates with multiple phosphate groups inhibited phytase activity, while
those with only a single phosphate group did not. It is possible that metal ions necessary for
enzyme activity were chelated by the phosphate groups of these substrate.
Inhibitor/Activator Studies
The ability of various ions to act as effectors of phytase activity is shown in Table 2-3.
Ions were tested at a concentration of 1 mM, and results were expressed as a percentage of
control activity obtained in assays without added effectors. Phytase activity was stimulated by
the cations calcium (130%), potassium (119%), magnesium (125%), manganese (130%), and
nickel (130%). Phytase activity was inhibited by the metals copper and zinc (54% and 34%,
respectively), while lithium had no significant effect (100%). Phytase activity was completely
inhibited by molybdate (0%) and vanadate (0%), and was significantly decreased in the presence
of borate (13%) and fluoride (45%). Activity was slightly inhibited by arsenate (79%) and
sulfite (71%). The phytase enzyme was relatively insensitive to citrate (103%) and tartrate
(97%).
Hydrolysis of Phytate
The number of phosphates released from phytate by the purified soybean phytase was
determined by incubating the enzyme with the substrate and analyzing the hydrolysis products.
Inositol phosphates released from phytate by soybean phytase were separated by HVE and
visualized with molybdate spray (Figure 2-14). Higher inositol phosphates migrated farther from
the origin than lower forms because of the negative charge of the phosphate groups. The
inorganic phosphate standard was more mobile than the InsP1 standard because of an increased
charge to mass ratio. After 30 minutes of incubation, the major inositol phosphate migrated less
distance than the undigested phytate, indicating that phosphate had been removed from the
inositol ring. With increased digestion time, inositol phosphate mobility decreased and inorganic
phosphate increased. After 24 hours of incubation at 37°C, inositol phosphates were not
detectable, and the inorganic phosphate was at maximum levels. This indicates that the soybean
phytase is capable of complete hydrolysis of phytate to inositol and inorganic phosphate.
Amino Acid Sequencing
To determine the sequence of the purified phytase, the protein was subjected to amino acid
sequencing by Edman degradation. The sequences of the first 15 amino acids of phy1.1 and
phy1.2 were obtained because the N-terminus of purified phytase was not blocked. The Ntermini (15 amino acids) of phy1.1 and phy1.2 were identical (Table 2-4). The first amino acid
at the N-terminus was not methionine, indicating that the protein is processed after translation.
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Substrate
conc.
0.05 mM

1 mM

Multiple
phosphate
groups

Phytate
ATP
poly-P
Ppi

0.612
0.356
0.600
0.261

0.272
1.404
1.765
1.574

0.076
0.905
0.811
0.862

Yes
Yes
Yes
Yes

Single
phosphate
group

alpha-NP
PEP
phenyl-P
Glu-1-P
(B)pNPP
Fru-6-P
B-GP
p-tyrosine
pNPP

0.076
0.060
0.071
0.025
0.000
0.036
0.074
0.058
0.034

0.955
1.049
0.990
0.096
0.010
0.584
0.583
1.042
1.131

1.399
1.784
2.028
0.524
0.300
1.047
0.833
1.830
2.010

No
No
No
No
No
No
No
No
No

Substrate
10 mM Inhibition

Table 2-2. Relative activity of the purified soybean phytase with different phosphorylated
substrates. Enzyme activity was measured at substrate concentrations of 0.05 mM, 1 mM, and
10 mM. Substrates with multiple phosphate groups inhibited activity at higher concentrations,
while substrates with a single phosphate group did not.
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Effector

Anions

Cations

control
arsenate
borate
citrate
chloride
fluoride
molybdate
sulfite
tartrate
vanadate
calcium
copper
potassium
lithium
magnesium
manganese
nickel
zinc

% of
control
100
79 ±2
13 ±6
103 ±3
95 ±3
45 ±6
0
71 ±9
96 ±7
0
130 ±5
54 ±9
119 ±14
99 ±28
124 ±1
129 ±10
129 ±14
34 ±10

Table 2-3. Effects of various cations and anions on soybean phytase activity. Assays were
conducted in triplicate at 55°C, pH 4.5 using 0.5 mM sodium phytate as substrate. Results are
expressed as a percentage of control reactions. The mean percentage and standard error are
provided for each effector.
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Figure 2-14. Separation of products of phytase mediated phytate hydrolysis. Purified phytase
was incubated with 1 mM sodium phytate. Aliquots of the reaction mixture were removed at
various time points (1, 0 min; 2, 30 min; 3, 3h; 4, 24h; 5, 1 mM InsP1 standard; 5, 0.1 mM
phosphate standard) and frozen at -80°C. Phytate and lower inosiotl phosphates were separated
by high voltage electrophoresis. Phosphates were visualized with molybdate spray reagent
(Clark et al., 1981).
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Sampl
e name
N1

Source/elution
time
N-term phy 1.1

date
sequenced
7-22-97

34

34.466

8-18-97

EVGDQIYIVRQPDICPIHQRR

49

49.745

8-21-97

WLERDLENVDRSITP

56

56.856

4-27-98

FCWDRQPDYSAFRESSFGYGILEVK

51

51.296

4-28-98

N2

N-term phy 1.2

TVSSVVQYGTSRFELVHEARGQSLIYNQLYPFEGLQ
XYTSGII
HIPSTLEGPFDPVTV

11-05-99

Sequence
HIPSTLEGPFDPVTV

Table 2-4. Soybean phytase peptide sequences
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For determination of internal amino acid sequences of phy1.1, lysl-peptidase digestion was used
to obtain peptide fragments. After separation by reverse phase chromatography, four internal
peptides were sequenced (Table 2-4). The peptide sequences were compared to amino acid
sequences in the Swiss+PIR+Translated database using BLAST (Altschul et al., 1990). For
peptides N, 34, and 51, no significant similarity to any other proteins was found. Peptides 49
and 56 were similar (75% and 91%, respectively) to sequences of purple acid phosphatases from
several plant sources, including Arabidopsis thaliana and Phaseolus vulgaris (Klabunde et al.,
1994; Patel et al., 1997).
Isolation of the Soybean Phytase cDNA
Using multiple PCR-based methods, overlapping pieces of the cDNA corresponding to
the purified soybean phytase were amplified (Figure 2-1). The sequences of the resulting
products were used to reconstruct the full-length coding region. As a first step toward
amplification of a phytase sequence, cDNA was synthesized from total RNA isolated from
germinating soybean (cv. Williams 82) cotyledons. Initial PCR strategies to amplify the phytase
cDNA from this template utilized degenerate primers designed from the N-terminal peptide
(upstream) and internal peptides (downstream). After repeated failed attempts with different
combinations of primers, two alternate sets of primers were synthesized based on internal
peptides 49 and 58, which were similar to purple acid phosphatase. The primers were oriented
based on the position of homologous regions in the purple acid phosphatase proteins.
Degeneracy was decreased by synthesizing multiple pools of oligonucleotides with a subset of
the degenerate codon possibilities at the 3 end, which together represented all of the codon
possibilities. A combination of these primers successfully amplified a PCR product that
corresponded to the expected sequence as predicted from the peptides (Figure 2-1a).
The 3 end of the phytase cDNA was amplified using 3 RACE (Figure 2-1b). The
fragment included 294 bp of sequence beyond the putative stop codon and a 10 bp poly-A tail.
To amplify the 5 end of the phytase cDNA, 5 RACE was performed (Figure 2-1b). A complete
product was expected to contain the cDNA encoding the mature N-terminal sequence, sequence
encoding a signal sequence containing a methionine start codon, and the 5 untranslated
sequence. Despite multiple attempts at 5 RACE, each employing different primers and
amplification conditions, an incomplete product was obtained. In an alternate strategy to amplify
the 5 end, genomic DNA (cv. Williams 82) was used as template for further PCR (Figure 2-1c).
For amplification, the degenerate upstream primer was designed from the mature N-terminal
peptide and the downstream primer was designed from the 5 end of the partial cDNA sequence.
All attempts to sequence the PCR product were unsuccessful because of sequence compression.
However, smaller restriction fragment subclones of the product were finally sequenced
successfully. A 331 bp intron was identified within the genomic fragment.
Inverse PCR was used to amplify an upstream sequence that included the 986 bp of
promoter and untranslated region, the ATG translational start site, and the sequence encoding the
signal peptide (Figure 2-1d). No introns were identified in this sequence, which contained the
final 5 end piece of the soybean phytase coding sequence. All sequences were entered into the
EditSeq program of the Lasergene package. Overlapping sequences were assembled into a
contiguous full length cDNA sequence using the program SeqMan (Lasergene). The resulting
2936 bp sequence contained a 1641 bp open reading frame that was predicted to encode a protein
of 547 amino acids (Figures 2-15 and 2-16). From the deduced sequence, the Protean program
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Peptide 49

l e r d l e n v d r s i t p
ttg gag cgt gat ttg gag aat gtt gat cgt tct att act cct
tta gaa cga gac tta gaa aac gtc gac cga tcc atc acc cca
ctt
cgc
ctt
gtg
cgc tcg ata acg ccc
cta
cgg
cta
gta
cgg tca
aca ccg
ctg
agg
ctg
agg agt
ctc
aga
ctc
aga agc
gcg
gcg
gcg
gcg

gay
gay
gay
gay

ytn
ytn
ytn
ytn

gar
gar
gar
gar

aay
aay
aay
aay

gtt
gtc
gtg
gta

ga
ga
ga
ga

3
3
3
3

a. peptide sequence
b. predicted codons

c. oligonucleotides synthesized

Peptide 56

f c w d r q p d y s a f r e s s f g y g
tta tgt tgg gat cgt caa cca gat tat tct gct ttt cgt gaa tct tct ttt ggt tat ggt
ttc tgc
gac cgc cag ccc gac tac tcc gcc ttc cgc gag tcc tcc ttc ggc tac ggc
ttg
cga
ccg
tca gca
cga
tca tca
gga
gga
ttt
cgg
cct
tcg gcg
cgg
tcg tcg
ggg
ggg
aga
agt
aga
agt agt
agg
agc
agg
agc agc
3
3
3
3

aca
aca
acg
acg

acc
acc
acc
acc

cta
ctg
cta
ctg

kcn
kcn
kcn
kcn

gty
gty
gty
gty

ggn
ggn
ggn
ggn

ct
ct
ct
ct

a.
b.

c.

Figure 2-15. Design of degenerate oligonucleotide primers from soybean phytase peptides. The
upstream and downstream primers for amplification of a soybean phytase cDNA fragment were
based on peptides 49 and 56, respectively. Degeneracy at the 3 end was decreased by
synthesizing multiple oligonucleotides representing a single nucleotide possibility at a wobble
position (see underlined nucleotides).
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ATG

Soybean Phytase Coding Region

Promoter + 5 UTR

986 bp

1644 bp

3 UTR AAA(7)

284 bp

translation
Signal
peptide

Phytase Protein

547 aa

Figure 2-16. Organization of soybean phytase sequence. Overlapping sequences were assembled
into a contiguous full length sequence using the program SeqMan (Lasergene). The resulting
sequence contained 1641 bp of coding sequence, 986 bp of upstream sequence, and 284 bp of
untranslated sequence at the 3 end. A 546 aa protein was predicted from the coding sequence.

61

(Lasergene) calculated a molecular weight of 62.3 kilodaltons. The molecular weight of purified
phytase was determined to be approximately 70 kD on a SDS-polyacrylamide gel. This estimate
represents the mature, processed protein with the signal peptide removed and glycan side chains
added. The predicted molecular weight of the mature protein is consistent with the observed size
of the glycosylated phytase.
Computer Analysis of Sequences
Sequence features
Additional features of the phytase DNA and protein sequences were predicted based on
computer analysis. The 986 bp region upstream of the translational start site was analyzed using
the program PlantCARE (Cis Acting Regulatory Elements), which identifies potential promoter
elements within a sequence based on comparison to over 70 known plant promoters (Rombauts
et al., 1999). A putative TATA box, which is a transcriptional start site, was identified at -106
nucleotides upstream from the ATG translational start site (Figure 2-17). A CAAT box, which is
a common cis-acting element in promoter regions, was identified at position —220 upstream from
the ATG. In addition, three independent elements involved in light responsiveness were
predicted with a high degree of certainty by the program.
The Protean program (Lasergene), was used to calculate biochemical properties of the
phytase protein from the amino acid sequence data. The predicted molar extinction coefficient
was 116960 – 5%, with 0.53 mg/ml equal to one unit of absorbance at 280 nm. The isoelectric
point was predicted to be 5.21 with a charge of —18.55 at neutral pH. A summary of the amino
acid composition is given in Table 2-5. The Protean program predicted that the protein belonged
to the alpha structural class. A hydropathy plot of the protein is shown in Figure 2-18. The first
22 amino acids at the N-terminus are hydrophobic in nature compared with the rest of the
protein. This hydrophobicity is characteristic of a N-terminal signal peptide. The phytase
sequence was analyzed using the program SignalP (Nielsen et al., 1997) to determine if a signal
peptide was present. A cleavage site was predicted between amino acids 28 and 29 (GHC-HI).
This concurs with the sequence data from the N-terminus of the purified protein.
The presence of a signal peptide indicates that the protein will be directed to the endomembrane
system for secrection or further sub-cellular sorting. A prediction for localization of phytase
was made by a version of the program PSORT optimized for plant sequences (Nakai,and
Kanehisa, 1992). The program predicted insertion into the plasma membrane as a type II
membrane protein, and amino acid 28 was identified as a possible N-terminal signal sequence
cleavage site. Further predictions indicated possible targeting to either the peroxisome or the
intermembrane space of the mitochondrion. The protein did not contain proper sorting
sequences for targeting to the chloroplast or nucleus. Phytase was not predicted to target to the
vacuole since Golgi consensus sequences were absent and the amino acid composition was not
typical of a vacuolar protein.
The programs ProDom (Corpet et al., 1999) and Prosite (Hofmann et al., 1999) were
used to identify defined motifs within the protein sequence. The program ProDom recognized
two purple acid phosphatase motifs within the C-terminal end of the phytase protein sequence at
positions 357-416 and 482-525. The program Prosite identified six potential N-glycosylation
sites (Asn-X-Ser/Thr) at positions 144-147, 208-211, 239-242, 294-297, 467-470, and 502-505.
Possible sites for phosphorylation and myristylation of the protein also were identified.
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atggcgtcaattactttttctcttcttcaatttcatcgtgctcctattcttctgctaattctgctcgcg
M A S I T F S L L Q F H R A P I L L L I L L A

69
23

ggtttcggtcactgccatattccgtcaaccctcgaaggtccctttgatcccgtcaccgttccgttcgac
G F G H CØ H I P S T L E G P F D P V T V P F D

132
46

cccgccttgcgcggcgtcgccgtcgacttgccggaaaccgatcctcgagttcgccgccgcgtccggggt
P A L R G V A V D L P E T D P R V R R R V R G

207
69

ttcgagcccgaacagatttcggtttctctctctacctcccatgactccgtttggatatcttgggttaca
F E P E Q I S V S L S T S H D S V W I S W V T

276
92

ggggagttccaaataggtctcgacatcaagcctttagaccctaaaactgtatcaagtgttgttcaatat
G E F Q I G L D I K P L D P K T V S S V V Q Y

345
115

ggaacttcaagatttgaattagtgcatgaagctagaggccagtctctcatctacaaccagctctatcct
G T S R F E L V H E A R G Q S L I Y N Q L Y P

414
138

tttgaaggccttcagaattacacatctggaatcatccatcacgttcaactcaaaggattggaaccaagc
F E G L Q N Y T S G I I H H V Q L K G L E P S

483
161

acactatactattatcaatgtggagatccttcattgcaagccatgagtgatatatactatttcaggacc
T L Y Y Y Q C G D P S L Q A M S D I Y Y F R T

552
184

atgccaatttctggttcaaagagctacccaggcaaagtagctgtagtaggagatcttggtcttacttat
M P I S G S K S Y P G K V A V V G D L G L T Y

621
207

aatacaactactaccatcggtcacctgactagtaatgaacctgatcttcttctattgattggtgatgta
N T T T T I G H L T S N E P D L L L L I G D V

690
230

acctacgcgaatctgtacctcacaaatggaactggctctgattgttatagttgctcgtttccactaact
T Y A N L Y L T N G T G S D C Y S C S F P L T

759
253

cctatacatgaaacctaccagcctcgatgggattattggggaaggtttatgcagaatctagtttctaac
P I H E T Y Q P R W D Y W G R F M Q N L V S N

828
276

gttccaataatggtggtagaaggaaatcatgaaatagaaaaacaggctgaaaacaggacatttgtggcc
V P I M V V E G N H E I E K Q A E N R T F V A

897
299

tacagttctaggtttgcattcccctctcaagaaagtggatcttcatctacattctactattctttcaat
Y S S R F A F P S Q E S G S S S T F Y Y S F N

966
322

gctggaggcattcattttattatgcttggggcttatattaactatgataaaacggctgaacaatacaag
A G G I H F I M L G A Y I N Y D K T A E Q Y K

1035
345

tggttggagagagatctggaaaatgttgatagatcaataactccctggcttgtagttacttggcatcca
W L E R D L E N V D R S I T P W L V V T W H P

1104
368

ccatggtatagttcttatgaagcccattacagagaagcagagtgcatgagggtggagatggaggaccta
P W Y S S Y E A H Y R E A E C M R V E M E D L

1173
391

ttatacgcatatggtgtggatataatatttaatggacatgttcatgcctatgagaggtcaaaccgagtt
L Y A Y G V D I I F N G H V H A Y E R S N R V

1242
414

tacaattacaatttagatccatgtggtcctgtatatattacagttggggatgggggcaacagagagaag
Y N Y N L D P C G P V Y I T V G D G G N R E K

1311
437

atggcaatcaaattcgcagacgagcctggtcattgtcccgatccattaagtactcctgatccttatatg
M A I K F A D E P G H C P D P L S T P D P Y M

1380
460

ggtggcttttgtgcaacaaattttacgtttggtacaaaagtgagtaagttttgttgggatcgccagcca
G G F C A T N F T F G T K V S K F C W D R Q P

1449
483

gattacagtgctttcagagaaagtagctttggctatgggattctagaggtgaaaaatgaaacttgggct
D Y S A F R E S S F G Y G I L E V K N E T W A

1518
506

ttgtggagttggtatcgtaatcaggactcttacaaggaagttggggatcaaatttacatagtgagacaa
L W S W Y R N Q D S Y K E V G D Q I Y I V R Q

1587
529

cctgatatatgccccatccatcaaagggtgaacatagattgcattgcttcgatataa
P D I C P I H Q R V N I D C I A S I .

1644
546

Figure 2-17. Coding region of soybean phytase and the deduced amino acid sequence.
Underlined amino acids correspond to sequenced phytase peptides. The arrow after amino acid
position 28 indicates the predicted signal peptide cleavage site.
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tctagaattcaaattaaaaacttaatttcaactaaaagaacaatatgtccatagacaacaaggcaaaaca
aaacttttgcttacaagtgtgatctcaatgttcttgaaattaaatttacatgcgtactgtgtatttaaag
acttcatcgaatggttattttcgctaaaaaatctaattaatcacctctaataaaaaattaattatatttc
tttttatccacaatagtcaaatttaaaatttacttaagatgactaaattcagtgtcacttagcccaacag
ttaaacttagaattagttaaacttagaatttacttaaaatcattaagtctagtgtcacttagtccaacat
cttattatcgatagagtttaacctaaagaaatagatgaagagatagagttaaggaaataaaaacaactaa
aaagagttgagaaaaaacaaaaaaaagtcgtatgttcaatctactttgacggagaaaaatgatcttaaga
acttgaaatagaagaccaagattcatgaactggttttaaggcaaataggagtagcaaattggaatggttg
tccaataggtaataatcttgcctctcaatcacatgtgtcacttaggcacgtctgaattaaaattttgtaa
agctatcgtaagtcttactccttcttttaaattgagtttgcatgtaaaactttactcttgaacatatttt
taaggtggaaccaaacataccctaaggatttcaaagagattatatttcagattatcttcttttggccaat
tctgattctctttggttaaaaaaatgatagtataaaattaaaactgccacgtgacgttcccacggcaaag
ccttctgtactcttacactgtcagtctcagtctcagttccagttccaagtataaccgtactctccacttc
tttttactttctcacacgcaaccaaatccatccgtttcaacaaacacaaaattacgttccgcgtttggat
tctcca ATG

70
140
210
280
350
420
490
560
630
700
770
840
910
980
989

Figure 2-18. Sequence upstream of the soybean phytase gene. Inverse PCR yielded 986 bp of
sequence upstream of the putative ATG start site (bold). The putative CAAT element is
underlined once and the putative TATA element is underlined twice.
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Amino Acids
Charged (RKHYCDE)
Acidic (DE)
Basic (KR)
Polar (NCQSTY)
Hydrophobic (AILFWV)

Number
count
166
61
40
168
176

Table 2-5. Amino acid composition of soybean phytase.
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% by
% by
weight
frequency
36.6
30.4
12.0
11.2
9.4
7.3
31.3
30.7
32.3
38.2

Homology Searches
The phytase nucleotide sequence and predicted amino acid sequence were compared to
the nonredundant databases using Basic Local Alignment Search Tool (BLAST, Altschul et al.,
1990). In a search against the nonredundant GenBank + EMBL+ DDBJ + PDB nucleotide
databases, the nucleotide sequence showed homology to short nucleotide sequences from a
variety of organisms. The highest scoring sequence (91% identity, 34/37 bp) was from a
bacterial artificial chromosome (BAC) clone from an Arabidopsis thaliana chromosome II
library. The sequence encodes a putative protein similar to purple acid phosphatase. In lower
scoring sequences, short (12-21 bp) alignments to the phytase cDNA were produced. These
were most likely random similarities to unrelated sequences.
A comparison of the phytase protein sequence against the GenBank CDS translations +
PDB + Swiss Prot + SPupdate + PIR databases showed more than 50 proteins with significant
alignment to the phytase sequence. The 15 highest scoring sequences (Table 2-6) were plant
purple acid phosphatases (PAPs). These proteins were designated as PAPs by experimental
evidence or conceptual translation and database comparison. The next five high scoring
sequences were acid phosphatases from fungi, Aspergillus niger and Emericella nidulans (data
not shown). Lower scoring included other plant acid phosphatases, bacterial alkaline
phosphatases, and mammalian tartrate-resistant acid phosphatases. The phytase did not align to
any of the previously reported phytase sequences from maize or microbes. The protein was
compared the databases of translated expressed sequence tags (EST) from plants, including
soybean. Homology to other PAPs was observed, however, they were not identical or even
highly similar compared to the top scoring sequences from the Arabidopsis genome.
The 15 highest scoring sequences were imported into DNAstar format and were aligned
with the phytase protein sequence using the Clustal method (Thompson et al., 1994) in
MegAlign (Lasergene). From this alignment, a phylogenetic tree was generated (Figure 2-19).
Soybean phytase grouped most closely with AC003974 and AL035528, which are both putative
proteins translated from DNA sequences from the Arabidopsis genome project. Soybean phytase
is 56% identical and 66% similar to AC003974 over a span of 516 amino acids, and is 60%
identical and 75% similar to AL035528 over a span of 420 amino acids. At the whole protein
level, these proteins were 51% identical to soybean phytase. The next 10 matches were 35-36%
identical and 49-50% similar to soybean phytase over a span of approximately 450 amino acids.
At the whole protein level, these 10 proteins were 20-30% identical to soybean phytase.
Purple acid phosphatases are metalloenzymes that contain a dinuclear metal active site. Around
the active site is an area of conserved sequence that is necessary for binding of the metal and
function of the enzyme (Strater et al., 1995). Figure 2-21 is an alignment of the metallophosphomonoesterase signature motif domains of soybean phytase and the 15 top-scoring
protein sequences from the database search. Soybean phytase and the putative protein
AL035528 contain the predicted metallo-phosphomonoesterase signature motif. Although
AC003974 is very similar to soybean phytase and AL035528 in overall sequence, it is divergent
in critical amino acids in the metallo-phosphomonesterase motif. Unlike the previously reported
phytase sequences of the histidine acid phosphatase class from bacteria, fungi, and maize, the
soybean phytase lacks the active site motif RHGXRXP. This the first report of a phytase that is
a member of the metallo-phosphoesterase class of phosphatases.
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Figure 2-19. Hydropathy plot of soybean phytase protein. The hydropathy plot of the deduced
phytase amino acid sequence was generated using the Protean program (Lasergene). The Nterminal region containing the hydrophobic signal sequence is expanded to show more detail.
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1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

Accession

Source

Function

2914696
CAB36834.1
AAD22297.1
CAA06921
CAA07280
O38924
AAD26885.1
AAD20634
P80366
1KBP
CAA04644
CAA18136
BAA82130.1
AAD31353.1
S51078

Arabidopsis thaliana
Arabidopsis thaliana
Arabidopsis thaliana
Ipomoea batatas
Ipomoea batatas
Arabidopsis thaliana
Arabidopsis thaliana
Anchusa officinalis
Phaseolus vulgaris
Phaseolus vulgaris
Phaseolus vulgaris
Arabidopsis thaliana
Lupinus albus
Arabidopsis thaliana
Phaseolus vulgaris

Putative PAP
Putative Protein
Putative PAP
PAP
PAP
Fe(III)Zn(II) PAP
PAP precursor
PAP precursor
Fe(III)Zn(II) PAP
Chain A PAP
PAP precursor
PAP-like protein
Acid phosphatase
Putative PAP
C10-protein

Score Percent
Identity
555
51.6
544
51.3
264
27.1
263
28.6
252
30.4
251
28.1
251
27.9
250
25.7
238
28.7
238
28.7
238
28.7
228
24.8
219
20.7
206
23.4
136
20.7

Table 2-6. Proteins with sequence similarity to soybean phytase. The 15 highest scoring
sequences from a BLAST search of the database are plant purple acid phosphatases with 20.7 to
51.6% sequence identity to the deduced soybean phytase protein.
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Figure 2-20. Phylogenetic tree of soybean phytase and related purple acid phosphatases. The
sequences from the proteins listed in table 2-6 were aligned by the CLUSTAL method and a
phylogenetic tree was generated. Soybean phytase groups with two putative purple acid
phosphatases from Arabidopsis.
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Motif A

Motif B

DX[G/H]-(X)n-GDXX[Y/X]-(X)n-GNH[E/D] GH(X)~50 -GHXH
Protein

Accession

Soybean Phytase

DLG

GDVTY

GNHE

WH

GHVH

Arabidopsis put. PAP

[2914696]

DLG

GGFSY

GEHE

WS

SHVD

Arabidopsis put. prot.

[CAB36834.1]

DLG

GDLTY

GNHE

MH

GHVH

Arabidopsis put. PAP

[AAD22297.1]

DLG

GDISY

GNHE

MH

GHVH

Ipomoea PAP

[CAA06921]

DLG

GDLSY

GNHE

MH

GHVH

Ipomoea PAP

[CAA07280]

DLG

GDLSY

GNHE

MH

GHVH

Arabidopsis PAP

[O38924]

DLG

GDLSY

GNHE

VH

GHVH

Arabidopsis PAP

[AAD26885]

DLG

GDLSY

GNHE

VH

GHVH

Phaseolus PAP

[AAD20634]

DLG

GDLSY

GNHE

MH

GHVH

Phaseolus PAP

[P80366]

DLG

GDLSY

GNHE

MH

GHVH

Phaseolus PAP

[1KBP]

DLG

GDLSY

GNHE

MH

GHVH

Figure 2-21. Metallo-phosphoesterase motifs in soybean phytase and the similar sequences.
Soybean phytase contains the conserved PAP active site motif. Both soybean phytase and
putative Arabidopsis protein CAB36834.1 have a T (double underlined) at a non — conserved
position. Although it exhibits strong similarity to the soybean phytase protein sequence,
Arabidopsis protein 2914696 lacks key amino acids in the active site motif regions (single
underlined).
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DNA and RNA Analyses
To examine soybean phytase genomic structure and gene expression in soybean,
Southern and northern analyses were performed. A 1 kb region of the phytase cDNA was used
to probe soybean genomic DNA (cv. Williams 82) digested with various restriction enzymes
(Figure 2-22). The cDNA contains two known BglII sites within the probe sequence. As
predicted, three hybridizing bands were detected in genomic DNA. In the lane containing DNA
digested with HindIII, two hybridizing bands were observed. Since there is no HindIII site in the
phytase cDNA, the site is predicted to reside within an intron. Hybridization at high stringency
demonstrated single bands in lanes containing DNA digested with EcoRI, EcoRV, XbaI, and
XhoI. This indicates that this phytase gene is present as a single copy in soybean. However,
hybridization at lower stringency may reveal additional copies with similar, yet divergent,
sequences.
Northern analysis was attempted using RNA isolated from soybean cotyledons at 2, 4, 6,
8, 10, and 12 days after germination. Ten micrograms of total RNA were loaded in each lane,
and ethidium bromide staining confirmed the integrity and equal loading of the samples. No
phytase mRNA was detected using the same 1kb probe that was used as the probe in Southern
hybridizations, suggesting that the transcript is not abundant. With 20 µg of total RNA,
however, transcript was detected. Maximal expression was observed in RNA extracted from
cotyledons 8 days after germination (data not shown).
Construction of Soybean Phytase Plant Expression Plasmid
The soybean phytase cDNA was cloned into a plant expression plasmid for introduction
into tissue culture. Since the full-length cDNA could not be amplified from RNA, it was
reconstructed by joining fragments amplified from both genomic DNA and cDNA in an
intermediate cloning vector (Figure 2-2). A plasmid containing a fungal (A. niger) phytase was
used previously to generate soybean suspension cell cultures that overexpressed active
recombinant phytase (Li et al., 1997). The phyA transgene had been placed under the control of
the constitutive dual-enhanced CaMV 35S promoter with a TEV leader sequence and included a
patatin ER signal sequence to direct the protein through the plant endomembrane system. The
construct contained a hygromycin resistance gene for antibiotic selection. For constitutive
expression of soybean phytase, the fungal phytase and plant signal sequences were replaced with
the soybean phytase coding sequence. No additional signal sequence was included since the
soybean phytase cDNA was presumed to include encode a signal peptide at the 5 end. Insertion
of the 1670 bp fragment (containing the 1641 bp coding sequence) into the vector yielded the
plasmid p35SDGmphy (Figure 2-2c).
Recovery and Analysis of Transgenic Cell Cultures
The plasmid p35SDGmphy was introduced into soybean suspension cells by particle
bombardment. Cells were bombarded on four different dates over a three week period. On each
occasion, two plates of cells were bombarded with the GUS plasmid as controls to monitor
bombardment efficiency. Upon staining of control plates, thousands of blue foci were visualized
(Figure 2-23a). This confirmed that the bombardments were successful on those dates. Cells
bombarded with p35SDGmphy were selected for antibiotic resistance on MS plates containing 50
µg/mL hygromycin B. After three weeks, small surviving calli were distinguishable from the
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kb

23.1
9.4
6.6
4.4

2.3
2.0

0.6

1 2 3 4 5 6
Figure 2-22. Southern analysis of soybean genomic DNA with the soybean phytase probe.
Soybean genomic DNA (10 µg) was digested with restriction enzymes and transferred to a nylon
membrane after separation in a 0.75% agarose gel. The blot was probed at high stringency with
a 1 kb soybean phytase cDNA fragment. Lanes 1 through 6 were digested with BglII, EcoRI,
EcoRV, HindIII, XbaI, and XhoI, respectively. HindIII-digested bacteriophage λ DNA was used
as a size marker.
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A

B

C

D

Figure 2-23. Initiation of transformed suspension cultures. A) Suspension culture cells were
bombarded with a plasmid construct containing the β-glucuronidase gene (GUS) and stained
with X-GLUC to confirm transformation efficiency. B) Cells transformed with the plasmid
p35SD-Gmphy were selected on hygromycin and resistant calli emerged. C) After cell
proliferation on solid medium, D) liquid cultures were established.
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background of dying cells (Figure 2-23b). By the following week, however, the majority of the
calli had turned yellow in color and failed to thrive. The few surviving calli grew rapidly on
solid medium (Figure 2-23c) and were placed into liquid culture (Figure 2-23d) after
approximately three weeks. A total of three transgenic culture lines (S1, S2, and S3) were
recovered and analyzed.
DNA samples were extracted from the control non-transformed culture and three
transformed cell suspension cultures and were analyzed for the presence of the transgene using
Southern blot analysis. Figure 2-24 shows a blot probed with the 1 kb phytase cDNA fragment.
The first four lanes contain EcoRI digested genomic DNA samples, and the last four lanes
contain HindIII digested genomic DNA samples. In all lanes, the probe hybridized to the
endogenous phytase gene as previously observed (to a single 3.7 kb EcoRI fragment; to 4.6 and
2.5 kb HindIII fragments). The endogenous gene was observed in the control culture probed
with the phytase cDNA. In the transformed cell cultures S1 and S3, multiple copies of the
phytase gene were present in addition to the endogenous copy. In the transformation plasmid,
EcoRI sites flank the 5 end of the phytase gene and the 3 end of the terminator, giving a
fragment approximately 2 kb in length. HindIII sites are present upstream of the CaMV 35S
promoter for both the phytase gene and the hygromycin resistance gene in the plasmid.
Digestion of genomic DNA from cell lines S1 and S3 with HindIII resulted in hybridizing bands
of different sizes (S1, 11.5, 8.8, and 6.0 kb; S3, 8.0 and 7.0 kb). This is indicative of single copy
insertions at different chromosomal locations. Although the culture S2 survived hygromycin
selection and transfer in hygromycin containing medium, it did not appear to contain the
recombinant phytase gene. It is possible that only the region of the plasmid DNA containing the
selectable marker gene integrated into the genome.
Northern analysis was performed to compare levels of phytase expression in transformed
and control cell suspension cultures (Figure 2-25). The 1 kb phytase cDNA fragment was used
to probe RNA isolated from cell cultures three days after transfer. In control cells, a faint band
of the predicted size of approximately 1,700 nucleotides was detected. Relatively high levels of
the phytase transcript were observed in the transformed cell cultures S1 and S3, which contained
multiple copies of the recombinant phytase gene. As expected, no phytase mRNA above
background levels was detected in the culture S2, which appeared to lack the phytase transgene
(see results of Southern analysis above).
Phytase Activity Assays of Transformed Cultures
Phytase activity was assayed from culture media and cell extracts of control (non-transformed)
and three transformed cultures five days after transfer. Cell extracts from transgenic cultures S1
and S3 exhibited levels of phytase activity two to three fold higher than the control (Figure 226). In the media of these cultures, phytase levels were only slightly elevated compared to the
control (data not shown), suggesting that the phytase sequence contained proper signals for
localization within the cell. In the cell line S2, phytase activity was similar to that of the control,
which is consistent with the absence of the transgene
.
Cell extracts were fractionated by native PAGE and stained for phosphatase activity
(Figure 2-27). Purified phytase was included as a reference. Multiple bands representing other
acid phosphatases with the ability to degrade a-napthyl phosphate were detected in all lanes of
crude cell extracts. These bands, which were equivalent in size and in intensity for all cultures,
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4.6 kb
3.7 kb
2.5 kb

C S1 S2 S3 C S1 S2 S3
HindIII

EcoRI

Figure 2-24. Southern hybridization of genomic DNA from wild-type and transgenic soybean
cells. Genomic DNA was isolated from cell cultures. Each sample (10 µg) was digested with
the restriction enzymes HindIII and EcoRI and was transferred to a nylon membrane after
separation in a 0.75% agarose gel. The blot was probed with a 1 kb soybean phytase cDNA
fragment from the 3 end of the coding sequence. C, non-transformed control cells; S1, S2, S3,
cells transformed with plasmid p35SDGmphy. Sizes of endogenous phytase fragments are
indicated on the left.
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Figure 2-25. RNA analysis of phytase transcripts from wild-type and transgenic soybean cells.
Total RNA was extracted from cultured cells 3d after transfer. Samples were separated on a
1.2% formaldehyde-agarose gel and transferred to a nylon membrane. A) Duplicate lanes were
loaded and stained with ethidium bromide to confirm equal loading and sample integrity. B) The
blot was probed with a 32P-labelled phytase cDNA fragment.
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Relative Activity (OD355)
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S1
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Culture Line

Figure 2-26. Phytase activity in extracts of soybean suspension culture cells. Phytase activity
assays were conducted at 55°C and pH 4.5. Each point is the mean of three assays. C,
untransformed control cells; S1, S2, S3, cells transformed with plasmid p35SDGmphy.
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2

3

4

5

phytase

Figure 2-27. Activity gel of cell extracts from suspension cultures. The samples were loaded
(lane 1, control; lane 2, S1; lane 3, S2; lane 4, S3; lane 5, purified phy 1.1) and subjected to
electrophoresis. The gel was stained for phosphatase activity by the method of Smith et al.
(1971) using 1-napthyl phosphate and Fast Garnet GBC. The activity of endogenous acid
phosphatase is visible in all extracts. Note the additional bands of the same mobility of the
purified phytase in extracts of S1 and S2.
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served as a loading control. In cell extracts from culture lines S1 and S3 that overexpress
phytase, a ladder of additional bands representing phytase activity was visible. The top band,
which was the least intense, migrated with the purified phytase band. The lower bands increased
in intensity as mobility increased. The additional bands of phytase activity are absent in the S2
cell extract that does not overexpress phytase.
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DISCUSSION
Plant phytases have proven difficult to purify to homogeneity (Gibson and Ullah, 1988;
Konietzny, 1994). Although significant phytase activity is detectable in extracts of germinating
cotyledons, the protein is not abundant. Based on the total activity of the crude extract and the
specific activity of the purified phytase, it can be calculated that a kilogram of germinated
soybean cotyledons contains only approximately one milligram of phytase protein. For this
reason, a large amount of starting material was necessary to purify sufficient protein for
extensive amino acid sequence analysis and enzymatic characterization.
The low abundance of the phytase protein is likely a result of low levels of phytase gene
expression. Despite repeated attempts at northern analysis, the phytase transcript could not be
detected in 10mg of total RNA extracted from germinating cotyledons. Because a partial cDNA
was successfully amplified from RNA of germinating cotyledons, the gene must be expressed,
but only at a low level. Low phytase mRNA levels would explain why the phytase cDNA
sequence has not appeared in the databases from the many EST projects, including soybean.
This also would offer an explanation as to why our expression screening and another laboratory s
complementation strategies have not been successful in isolating the soybean phytase cDNA.
In addition to the low abundance of the transcript, isolation of the soybean phytase cDNA
was complicated by apparent secondary structure near the 5 end of the mRNA. It is possible that
the secondary structure blocked in vitro extension of the cDNA near the 5 end. Our initial
unsuccessful PCR amplification attempts utilized an upstream primer that was designed based on
the N-terminus of the purified protein. If cDNA synthesis terminated before reaching the 5 end,
the upstream PCR primer could not bind. This would explain why initial PCR attempts reactions
did not yield the expected phytase product. The 5 end of the phytase gene was ultimately
amplified from genomic DNA. This may have provided a better template for direct PCR
amplification because of the double-stranded nature of genomic DNA. Secondary structure in
the 5 end of the mRNA may serve to modulate gene expression. This phenomenon has been
studied extensively in prokaryotes (Ma et al., 1994), and has been reported in some cases for
eukaryotes (Saito et al., 1983).
Based on our sequence data and experimental evidence, it is likely that the major phytatedegrading enzyme from germinating soybean cotyledons is a metallo-phosphomonoesterase.
The first indication that the enzyme could be a metalloprotein was negative imaging of the
purified protein on a silver-stained gel. According to the manufacturer s troubleshooting guide,
this is a common phenomenon observed with metalloproteins (BioRad Technical Bulletin
#1089). Metal affinity chromatography (MAC) can be used to bind and purify metalloproteins
(Pharmacia Technical Bulletin, Affinity Chromatography: Principles and Methods). Duff et al.
(1989) used metal affinity chromatography to purify a phosphoenolpyruvate phosphatase from
Brassica nigra suspension cells. This report did not address whether or not the purified enzyme
was a metalloprotein, but the kinetic properties of PEP phosphatase were similar to those of other
enzymes with metal cofactors (Cashikar, 1997). The addition of the metal affinity
chromatography step to our soybean phytase purification scheme allowed for purification to
homogeneity. In prior attempts at purification, the phytase could not be separated from at least
three major protein contaminants of similar charge and size, even with high resolution anion
exchange chromatography.
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At the protein level, the phytase sequence did not show significant homology to
previously published phytases. The sequence was similar to a number of published purple acid
phosphatase sequences from plants, including Phaseolus vulgaris and Arabidopsis thaliana
(Klabunde et al., 1994; Patel et al., 1997). Purple acid phosphatases are characterized by
dinuclear Fe(III)-Me(II) center (Me is typically Fe or Zn) and the ability to hydrolyze phosphate
esters at an acidic pH. Unlike metal-independent phosphatases, PAPs are insensitive to tartrate
inhibition. Plant PAPs have been isolated and characterized from a variety of sources including
kidney beans (Cashikar et al., 1997), sweet potato (Uehara et al., 1974), spinach leaves
(Fujimoto et al., 1977), and soybean seedlings (Fujimoto et al., 1976). The biochemical
properties of the kidney bean purple acid phosphatase have been well characterized, however, a
physiological function for this enzyme in the plant has not been established. The Fe(III)-Zn(II)
metalloprotein from kidney bean is an 111 kD homodimeric glycoprotein with non-specific
phosphomonoesterase activity (Strater et al., 1992). Crystal structure data have been used to
elucidate the mechanism of substrate hydrolysis. Within the active site of the enzyme, the two
metal ions are bridged by an asparagine residue. In addition, the zinc is coordinated by two
histidines and an asparagine residue, while the iron is coordinated by tyrosine, histidine, and
aspargine. These seven amino acids are essential features of a dual sequence motif that is found
in all PAP sequences (Strater, et al., 1992). The soybean phytase sequence harbors this motif in
conserved positions relative to the kidney bean PAP. Cashkir et al. (1997) tested the activity of
purified red kidney bean PAP with a variety of substrates. The enzyme, which demonstrated
highest levels of activity against ATP and polyphosphate, was unable to hydrolyze phytate. A
secreted phosphatase was purified from soybean suspension culture cells and designated a PAP
based on its absorbance at 556 nm (LeBansky et al., 1992). The protein was determined to be a
130,000 kD homodimeric glycoprotein with a manganese cofactor. The N-terminal sequence of
the protein was different from that of the soybean phytase. In the LeBansky et al. study (1992),
substrate specificity was not determined. Recently, a glycosylphosphatidylinositol - anchored
phosphatase from Spirodela oligorrhiza was determined to be a PAP (Nakazato et al., 1998).
The N-terminus of the protein showed homology to published PAP sequences, and the protein
cross-reacted to antibodies raised against Arabidopsis PAP.
On a phylogenetic tree, the soybean phytase grouped with AC003974 and AL035528,
two putative purple acid phosphatases that were predicted from Arabidopsis genomic DNA
sequences. The expression and function of these putative proteins have not yet been determined
experimentally. Based on the sequence similarity to the soybean phytase, it is possible that these
putative proteins have the ability to hydrolyze phytate. Although Arabidopsis plants do not have
large seeds like soybean, it is likely that phytase activity is necessary for germination and
development of these plants. The protein sequence predicted from AL035528 contains the
conserved metallo-phosphomonoesterase domain while the protein AC003974 is divergent at this
region. To date, no ESTs associated with these sequences have been identified from the
Arabidopsis projects.
If the function of the purified soybean seed phytase is to degrade phytate reserves during
germination, the protein should contain proper signals for localization to the subcellular site of
phytate storage. In dicotyledonous seeds, phytate is stored within the proteinaceous matrix of
protein storage vacuoles (PSVs) in electron-dense inclusions termed globoid crystals (Lott 1984).
PSVs are formed when storage proteins fill post-Golgi central vacuoles (Herman and Larkin,
1999). Besides storage proteins, PSVs contain a number of acid hydrolases. PSVs can
differentiate into subdomains that contain different types of proteins. Targeting signals that
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localize enzymes and storage proteins to the PSV have been identified (Chrispeels and Raikhel,
1992). Using the PSORT program, the soybean phytase protein was predicted to enter the
plasma membrane and also could target to the peroxisome or the mitochondrion. Interestingly,
the phytase protein is not characteristic of a vacuolar protein. It is possible that the phytase
contains a yet uncharacterized type of targeting signal. It remains unresolved whether the
soybean phytase enzyme is synthesized de novo during seed germination and/or is present as a
inactive proenzyme prior to germination (Gibson and Ullah, 1988).
Previously reported phytases from fungi and maize are members of the histidine acid
phosphatase subclass of phosphomonoesterases. The protein sequences of these phytases contain
the conserved active site motif RHGXRXP and a HD dipeptide motif, both of which are
necessary for activity (Ostanin et al., 1992). Fungal phytases have been extensively
characterized (for a review, see Wodzinski and Ullah, 1996). Aspergillus niger NRRL 3135
secretes high levels of two extracellular phytases, phyA (pH optimum 5.5 and 2.5) and phyB (pH
optimum 2.0).
Laboure et al. (1993) purified and characterized a phytase from whole germinating maize
seedlings. The nonglycosylated 76 kD homodimer exhibited biochemical properties similar to
three isoforms of maize root phytase as characterized by Hubel and Beck (1996). Antisera raised
against the purified maize seedling phytase was used by Maugenest et al. (1997) to isolate a
maize cDNA by immunoscreening of an expression library. The cDNA, which encoded 387
amino acids, was the first published plant phytase sequence. Maugenest et al. (1999) isolated
two distinct phytase genes, PHYT I and PHYT II, from a maize genomic library. The coding
sequences of the two genes were almost identical, whereas the upstream and downstream
untranslated regions were divergent. Both of the genes encoded proteins with the phytase
signature motifs RHGXRXP and HD. The protein does not appear to have a signal peptide, but a
hydrophobic N-terminal tail may serve to anchor the protein in the membrane. Phytase
expression during seed development was examined in maize using northern blot analysis, in situ
hybridization, and immunolocalization. In germinating maize plants, high levels of phytase
mRNA and protein were observed to accumulate in the coleorhiza, radicle, and coleoptile.
Phytase mRNA was also detected at lower but significant levels in adult maize roots. In maize
kernels, the majority of phytic acid is stored in the germ. Protein bodies containing phytin
globoids are distributed throughout the radicle, coleoptile, and scutellum (Maugenest et al.,
1999). The pattern of maize phytase expression during germination indicates that the enzyme
could function to degrade the stored phytate during germination. Compared to the soybean
phytase, the maize phytase is more abundantly expressed as evidenced by RNA and protein
analyses. Unlike the case for soybean, maize phytase EST sequences have been identified and
deposited in the database.
Mullaney and Ullah (1998) identified an Arabidopsis sequence in the database that may
encode a phytase-like histidine acid phosphatase. The protein sequence (accession number
GI2160177) was predicted from the nucleotide sequence of a BAC clone from chromosome I.
Although the derived amino acid sequence shows relatively weak overall homology the to the
fungal phytases, the putative protein contains the active site motif, HD dipeptide motif, and ten
conserved cysteine residues. The protein is similar in size to the fungal phytases and the relative
positions of the conserved features are maintained throughout the protein. An EST
corresponding to this putative phyA-like protein is present in the Arabidopsis database. This
cDNA was sequenced from a library constructed with pooled mRNA from seedlings, roots,
rosettes, and aerial tissue. We used the program PSORT to predict the subcellular fate of this
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protein. A potential cleavable N-terminal signal sequence was detected at position 19. The
protein was expected with high certainty to be secreted out of the cell through the default
pathway. As noted by Mullaney and Ullah (1998), the protein does not have any sites for Nlinked glycosylation. I speculate that this protein functions in vegetative tissues such as root to
degrade phytate and other phosphorylated compounds, while the other putative proteins similar
to the soybean seed phytase act during germination to mobilize reserves in the seed.
Soybean phytase exhibited the greatest affinity for phytate as a substrate as represented
by the low Km value in relation to other substrates tested. Maximal phytase activity of X units
(will convert) was reached at a phytate concentration of approximately 0.5 mM. Compared with
other substrates, the Vmax was also lowest for phytate. Many reports express substrate specificity
as a percentage of activity with a given substrate, usually pNPP. The substrate concentrations
for which these data have been reported vary from one study to another. Without the Km and
Vmax values, data reported in this manner can be misleading at higher substrate concentrations.
With the exception of bis-p-nitrophenyl phosphate, soybean phytase hydrolyzed phosphate from
all substrates tested (Table 2-2). Substrates with multiple phosphate groups inhibited enzyme
activity at concentrations above 5 mM. This could be a result of chelation of the metal ions
necessary for maintenance the active site by the negatively charged phosphate groups.
Patterns of activation/inhibition of soybean phytase by various effectors were similar to
those reported for other phytases and acid phosphatases. The divalent cations potassium,
magnesium, manganese, and nickel stimulated soybean phytase activity. Copper and zinc,
however, significantly inhibited soybean phytase activity. Unlike inositol monophosphatase,
phytase was insensitive inhibition by lithium. As expected for a metallo-phosphoesterase,
soybean phytase was relatively insensitive to inhibition by tartrate. Molybdate and vanadate are
potent inhibitors of PAP activity because the oxyanions compete with phosphate for binding to
the active site (Vincent et al., 1992). The soybean phytase was similar to kidney bean PAP in
degree of inhibition by zinc, sulfite, molybdate, fluoride, and arsenate (Cashikar et al., 1997). In
addition, both soybean phytase and kidney bean PAP were either slightly stimulated or
unaffected by calcium, magnesium, manganese, citrate, and borate. PEP phosphatase from
Brassica nigra suspension cells was completely inhibited by fluoride, molybdate, and phytic acid
(Duff et al., 1989). Like soybean phytase, maize phytase was stimulated by calcium and
inhibited by zinc, but to a lesser degree (Laboure et al., 1993). A tomato root phytase purified
from roots grown under phosphorus depravation also exhibited a similar patter of
inhibition/activation by various substances as well as a low Km for phytate (Li et al., 1997b).
Our determination of Km and inhibitor/activator profiles for phytate hydrolysis were very
similar to the data reported by Gibson and Ullah (1988). It is likely that the phytase activity in
their studies was characterized in the presence of a co-purifying β-amylase. The N-terminal
amino acid sequence from their purified protein (Ullah and Gibson, 1990) is identical to a region
of the β-amylase sequence (Totsuka and Fukazawa, 1990). The amino acid composition given
for the purified protein also was quite similar to that of β-amylase. The presence of β-amylase,
which has a charge similar to that of phytase, may have confounded assignment of molecular
mass as well. Gibson and Ullah (1988) reported that the purified phytase was not a glycoprotein
as evidenced by the lack of staining by PAS. If the non-glycosylated contaminant β-amylase
were present in excess compared to the phytase, PAS staining would not reveal the presence of
carbohydrates. Compared to our results, which we confirmed by multiple trials, Gibson and
Ullah (1988) observed much lower Km values for the substrates ATP and pNPP. Trace amounts
of other acid phosphatases could have been present and may have interfered with their
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calculations. Many other reports of plant phytases have compared data to these questionable
results, and ten years later, unfortunately, many references to this work persist in the literature.
The soybean phytase cDNA was expressed in plant cell culture to confirm that the
isolated sequence encoded a phytate-degrading enzyme. From four bombardments, only three
hygromycin-resistant lines were recovered. This is much lower than the efficiency we have
observed for recovery of cultures stably transformed with a GUS expression plasmid. Upon
hygromycin selection, many resistant calli were initially observed, but the tissue did not survive.
It is possible that high levels of overexpression of the soybean phytase gene may have been
lethal to these cells. In the surviving transgenic cultures, phytase activity levels were
approximately two to three times higher than endogenous levels. This is much lower than the
dramatic increase that we observed when fungal phytase was introduced into soybean culture (Li
et al.,1997). The fungal phytase, however, was secreted out of the cells and into the culture
medium. Because of the endogenous targeting signals, the soybean phytase was retained in the
cells. This could have a deleterious effect on the cells at higher expression levels. It is unlikely
the proper protein storage bodies for phytate storage and phytase protein localization are present
in the suspension culture cells. In this expression system, the seed phytase may not be correctly
processed or localized. The ladder-like banding pattern observed on the activity gel could be the
result of differences in glycosylation, charge, or size of the introduced protein. According to
Herman and Larkins (1999), vacuolar proteins may undergo additional processing prior to
deposition in the vacuole.
In their review of phosphatases, Duff et al. (1994) define a phytase as an enzyme that
uses phytate as a substrate in vivo. The phytase we isolated from soybean cotyledons exhibited a
high affinity for phytate, which is abundant in cotyledons. Although this protein is structurally
different than the previously characterized phytases, it exhibits a low Km for phytate. During
soybean seed development, phytate accumulates in the cotyledons. In maize, phytate is
deposited throughout embryonic tissues. Since monocots and dicots store phytate very
differently, it is logical to assume that different enzymes have evolved to utilize stored phytate
reserves during germination. The soybean phytase protein presumably contains specialized
targeting signals to direct the phytase to the appropriate storage location. The low Vmax and low
abundance of the enzyme may modulate activity to prevent accumulation of free phosphate and
inositol, which could have significant physiological implications. The observed ion effects may
also play a role in vivo as phytate is typically complexed with divalent cations.
Our long-term goal is to express a phytase during soybean seed development to break down
stored phytate. Given the biochemical properties of the isolated soybean phytase, it should be
optimally suited for this strategy. The localization signals should send the phytase to the site of
phytate storage, and the observed self-modulation properties may prevent degradation of phytate
to lethal levels. The anticipated result will be a viable, low-phytate seed for use as a highavailable phosphorus feed source. This will provide livestock producers with an additional tool
for improved nutritional quality of feed and the management of phosphorus pollution.
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CHAPTER 3: CLONING AND CHARACTERIZATION OF A SOYBEAN
L-MYO-INOSITOL-1-PHOSPHATE SYNTHASE CDNA

INTRODUCTION
In higher plants, nutrient reserves accumulate during seed development for mobilization
upon germination. The majority of the stored phosphorus is present in an organic form as the
molecule phytate (myo-inositol hexakisphosphate, InsP6). In dry soybean seeds, phytate
represents 60-70% of the total phosphorus. Phytate is derived from myo-inositol, a six-carbon
cyclitol that is a precursor to many physiologically important molecules in the plant (for reviews
see Morr et al., 1990 ; Loewus and Murthy, 1999). The first step in the biosynthesis of phytate
is believed to be the conversion of D-glucose-6-phosphate to L-myo-inositol-1-phosphate
[Ins(1)P1] by the isomerase myo-inositol-1-phosphate synthase (MIPS, Figure 3-1). Subsequent
phosphorylation of myo-inositol-1-phosphate by specific kinases yields phytate. During seed
development, phytate is deposited in protein bodies within spherical inclusions known as
globoids (Lott et al., 1995). The stored phytate is hydrolyzed by the phytase enzyme during
germination, and the released myo-inositol and free phosphate are used by the growing seedling.
During seed development in rice, the temporal and spatial patterns of MIPS expression
coincide with the formation of phytate-containing globoids (Yoshida et al., 1999). Early in rice
seed development (2 days after anthesis, [DAA]), MIPS RNA was detected in globular-stage
embryos by in situ hybridization. As seed maturation progressed (4 DAA), abundant levels of
the MIPS transcript were observed in the scutellum and aleurone layer. In this same time frame,
globoids appeared in the tissues where MIPS expression was localized. These results strongly
suggest that the MIPS enzyme drives the accumulation of phytate during seed development
(Loweus and Murthy, 1999).
A reduction in the expression of phytate biosynthetic enzymes has been demonstrated to
decrease phytate accumulation in the seed. Low-phytic acid (lpa) maize and barley lines were
generated using EMS mutagenesis (Larson and Raboy, 1999). Two mutant types were
recovered, lpa-1 and lpa-2, which were found to have different patterns of inositol phosphate
accumulation. In both lines, total phosphorus levels remain unchanged compared to wild-type.
In the lpa-2 maize mutants, higher inositol phosphates accumulate. This suggests that the lesion
may occur within a kinase gene, disrupting later phosphorylation steps in the biosynthetic
pathway (Raboy, 1998). In lpa-1 lines, a 50-95% decrease in phytate levels is accompanied by
an increase in the amount of free phosphate. Seed germination and viability were not impacted
significantly even with decreases in phytate levels of up to 66% in some of the lpa-1 lines.
Genetic mapping of the maize lpa-1 locus indicated that the mutation likely occurred within a Lmyo-inositol-1-phosphate synthase (MIPS) gene (Larson and Raboy, 1999). The reduction of
phytate and lower inositol phosphates in these mutants is consistent with an overall decrease in
MIPS activity.
Conversion of glucose-6-P to Ins(1)P1 by the MIPS enzyme is not only a key step for
phytate biosynthesis, but is the first committed step of the sole route for de novo inositol
synthesis in the plant. Inositol and its derivatives are involved in a range of structural functions
and metabolic processes in the plant. Phosphatidylinositol is a common constituent of the cell
membrane, comprising up to 21% of the total phospholipid (Moore, 1990). Inositol also is a
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Figure 3-1. Conversion of D-glucose-6-phosphate to L-myo-inositol-1-phsophate by myo-inositol
phosphate synthase (MIPS).
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precursor for the sugars arabinose, xylose , and galacturonic acid, which are critical structural
components of the plant cell wall (Loweus and Loewus, 1980). Polyols, which are methylated
derivatives of inositol, confer tolerance to drought and salinity stress in some plants (Bohnert et
al., 1995). Inositol may serve to modulate hormonal homeostasis by conjugating to auxins
(Cohen et al., 1988). Additionally, inositol phosphates have been studied extensively as second
messengers in signal transduction (Rincon and Boss, 1990).
While most of the genes involved in inositol and phytate metabolism have not yet been
isolated, the MIPS gene has been cloned and characterized from a number of prokaryotic and
eukaryotic sources. The first reported MIPS gene was isolated from Saccharomyces cerevisiae
using a genetic complementation strategy (Johnson and Henry, 1989). A sequence similar to the
yeast MIPS gene was identified in Spirodela polyrrhiza, an aquatic angiosperm (Smart and
Fleming, 1993). The cDNA sequence was termed tur-1 because it was specifically up-regulated
during turion formation in response to abscisic acid induced-stress. It was classified as a MIPS
cDNA based on strong homology to the previously reported yeast sequence. Following this
finding, MIPS sequences were reported from other plants including Arabidopsis thaliana
(Johnson, 1994), Citrus paradisii (Abu-Abied and Holland, 1994), Phaseolus vulgaris (Wang
and Johnson, 1996), and Mesembryanthemum crystallinum (Ishitani et al., 1996).
In the halophyte, Mesembryanthemum crystallinum, MIPS gene expression was
upregulated in response to salinity stress (Ishitani et al., 1996). A concomitant ten-fold increase
in inositol levels was observed along with the accumulation of pinitol, a methylated inositol
derivative that facilitates osmotic adjustment (Adams et al., 1992; Ishitani et al., 1996). The
MIPS cDNA from S. polyrrhiza was overexpressed in transgenic Arabidopsis plants, increasing
inositol levels by four-fold (Smart and Flores, 1997). However, no additional salinity tolerance
was conferred because Arabidopisis lacks the necessary enzymes for the conversion of inositol to
pinitol. Introduction of an inositol methyltransferase (IMT) gene into transgenic tobacco
conferred the ability to synthesize ononitol, an intermediate in pinitol biosynthesis (Vernon et al.,
1993). These experiments demonstrated that manipulation of multiple enzymes may be
necessary to increase levels of inositol derivatives involved in different cellular functions.
Throughout the plant kingdom, the MIPS coding sequences are highly conserved.
Additionally, MIPS gene family members within plant species exhibit strong sequence
similarity. In maize, seven sequences hybridizing to a MIPS probe were mapped to different
chromosomes (Raboy and Larson, 1999). In Arabidopsis, which has a much smaller genome
than maize, two distinct MIPS genes have been identified (Johnson and Sussex, 1995; Johnson
and Burk, 1995). It is possible that the multigenic nature of MIPS in plants allows for
differential expression for diverse physiological functions. To meet the needs of the plant,
environmental and developmental cues likely induce specific expression of MIPS for
biosynthesis of the precursor molecule L-myo-inositol-1-phosphate.
Non-specific disruption of MIPS expression can result in significant phenotypic effects in
plants. Antisense inhibition was used to reduce MIPS gene expression in transgenic potato
(Keller et al., 1998). MIPS activity was reduced by more than 80%, resulting in a 93% decrease
in inositol levels. Galactinol and raffinose, sugars derived from inositol, were decreased 95% and
88%, respectively. In the transgenic plants, apical dominance was reduced and an aberrant leaf
morphology was observed. In addition, precocious leaf senescence occurred and tuber size and
weight were markedly reduced. Similar phenotypic characteristics have been observed in
antisense MIPS Arabidopsis plants (G. Gillaspy, personal communication). Growth and
development are impaired in these plants, with the most severely affected individuals displaying
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chlorosis and seed nonviability. The results of these studies in potato and Arabidopsis emphasize
the importance of inositol metabolism to numerous aspects of plant development and physiology.
The manipulation of seed phytate metabolism has applications in the livestock industry.
Phytate-rich seeds such as corn and soybean are major components of commercial livestock feed
preparations. Non-ruminant animals including poultry, swine, and fish lack the digestive
enzymes necessary to hydrolyze phytate and utilize the abundant phosphorus that is stored as
phytate. In addition, phytate is considered an antinutrient because the negatively charged
molecule forms indigestible complexes with proteins and essential minerals, including calcium,
iron, and zinc. These phytate complexes pass through the gastrointestinal tract and are excreted
in manure, which is typically applied to farmland as fertilizer. Once in the soil, phytate is
hydrolysed by soil microorganisms. Released phosphorus can enter critical watersheds through
run-off, and can eventually contribute to environmental phosphorus pollution and eutrophication.
To overcome the anti-nutritional properties of phytate, feed is routinely supplemented with
phosphate and minerals. While this practice meets animal dietary requirements, it fails to address
the issue of environmental phosphorus pollution.
Strategies to improve phosphorus utilization are of growing interest around the world,
especially in European countries such as Denmark with intensive animal production and scarce
water resources. The phytase enzyme has been developed as a commercial feed supplement to
degrade phytate during digestion. Although phytase effectively improves nutrient bioavailability
and decreases phosphorus waste, its widespread use is limited due to the added expense of
supplementation. Production of recombinant phytases in transgenic plants is being explored as
an approach to lower supplementation costs. Recently, manipulation of the phytate biosynthetic
pathway at the genetic level has demonstrated great potential for the improvement of phosphorus
and mineral availability in seeds. In a poultry feeding study, it was demonstrated that
substitution of wild-type corn seeds with lpa-1 corn seeds in dietary preparations reduced the
need for supplementation with inorganic phosphate. The increased phosphorus uptake could
dramatically decrease environmental phosphorus pollution.
Our long-term goal is to decrease phytate levels in soybean seeds through the reduction
of MIPS expression using an antisense strategy. Expression of the antisense RNA will be limited
to narrow period of seed development to avoid the deleterious effects seen in the transgenic
potato and Arabidopsis plants described above, which constitutively expressed the antisense
MIPS gene. We report the isolation of soybean MIPS cDNA from developing seeds. Patterns of
MIPS expression in soybean were analyzed in developing seeds and other plant tissues. In
addition, the genomic organization of MIPS in soybean was examined and multiple genomic
clones were isolated from a BAC genomic library. These results will contribute to the
development of a targeted antisense strategy for reduction of phytate levels in seeds without
affecting critical aspects of inositol metabolism in other tissues of the plant.
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METHODS
Plant Material
Growth conditions
Soybean plants (Glycine max [L.] Merr. cv. Williams 82), were grown from seeds in a
Conviron environmental chamber in a 2:2:1 mixture of soil, sand, and vermiculite. Plants were
grown in 24 h light until approximately 8 weeks of age (1.5 feet in height), then were maintained
on a 16-h light/8-h dark cycle to induce flowering. Developing seeds were excised from
immature pods and seed coats were removed. Flowers and young leaves also were obtained
from chamber-grown plants. Dry seeds were imbibed and germinated as a source of cotyledons
and roots. Somatic embryos were initiated from immature cotyledons and maintained on D20
medium (Finer, 1988). Tissues were harvested and stored at -80°C.
RNA extraction
RNA was extracted from developing seeds for Reverse Transcription —Polymerase Chain
Reaction (RT-PCR) amplification and northern blot analyses. For RT-PCR amplification, seeds
ranging in size from 2 mm to 10 mm were pooled since the precise timing of MIPS expression in
seeds was unknown. For northern analysis, the seeds were divided into groups based on length
as measured from apical end to basal end of the seed (0-2 mm, 2-4 mm, 4-6 mm, 6-8 mm, 8-10
mm, 10-12 mm, 12+ mm). The seed coats were removed and the tissue was homogenized to a
fine powder in liquid nitrogen. Total RNA was isolated from 100 mg ground tissue using the
RNAeasy kit (Qiagen). This method was used to isolate RNA for northern analysis of other
soybean tissues, including flowers, young leaves, roots, germinated cotyledons, and somatic
embryos.
DNA extraction
Hypocotyls from germinated soybean seeds (2-3 days after imbibition) were used as the
source of genomic DNA for restriction digestion and Southern blot analysis. Total DNA was
isolated as described by Dellaporta et al. (1983). Briefly, one gram of fresh tissue was
homogenized in liquid nitrogen for each preparation. The DNA was treated with RNase Plus (5
Prime→3 Prime) and extracted with phenol: chloroform: isoamyl alcohol (25:24:1, Fisher
Scientific) prior to the final isopropanol precipitation step. The DNA was quantified with the
Hoechst 33258 dye-binding assay using a DyNA Quant 200 fluorometer (Hoefer).
Isolation of a soybean MIPS cDNA
MIPS primer design
Isolation of a soybean MIPS cDNA from developing seeds was accomplished using a
PCR approach that was based on sequence conservation of the coding region throughout the
plant kingdom. Multiple sequence alignment of the previously described plant MIPS cDNA
sequences (Arabidopsis thaliana, Phaseolus vulgaris, Brassica napus, Spirodela polyrrhiza, and
Mesembryanthemum crystallinum, see Figure 3-2) was performed using the Clustal method
(Thompson et al., 1996) in the MegAlign program (Lasergene Software, DNAstar). Strong
sequence conservation was observed at the nucleotide level. The upstream primer
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MIPSbeanUp (5’-GTG GAG ATG ATT TCA AGA GTG GTC-3’) and the downstream primer
MIPSbeanDown (5’-CTT GGT GAG GTA GCT GAG TAT GGT -3’) were designed to anneal
to highly conserved regions exhibiting least 95% sequence identity (Figure 3-2).
RT-PCR
RT-PCR was used to amplify the soybean MIPS cDNA from a cDNA template using the
primers described above (Figure 3-3). Oligo-dT primed cDNA was synthesized from 5 µg total
RNA from pooled seeds using Superscript II reverse transcriptase (3’ RACE system, Life
Technologies, Figure 3-3a). After incubation at 42°C for 50 minutes, the reaction was
terminated by heating to 70°C for 15 minutes. To degrade the mRNA annealed to the cDNA, the
reaction was treated with 1 µl of RNase H (provided with kit, concentration proprietary) for 20
minutes at 37°C. The cDNA was used as template for PCR amplification with the MIPS
primers. PCR mixtures (50 µl) were assembled with Taq Master Mix (Qiagen) according to
manufacturer s recommendations. Reactions (40 cycles) were performed by denaturation at
95°C for 60 seconds, annealing at 55°C for 1 minute, and extension at 72°C for 30 seconds in a
Robocycler Gradient 40 thermocycler (Stratagene). The resulting 496 bp MIPS PCR product
(500 ng) was treated with Pfu polymerase (Stratagene) to blunt the ends (3-3b). The reaction
was carried out at 72°C for 30 minutes in Pfu buffer containing dNTPs at a final concentration of
1 mM each. The polished PCR fragment was cloned into the SmaI site of pTZ19R (Fermentas,
see Appendix) using T4 ligase (50 ng vector, ~150 ng insert, 1 unit of ligase, 10 µL total
volume). The ligation reaction was incubated at room temperature overnight. Escherichia coli
strain DH5α was used as the bacterial host and positive clones were identified by αcomplementation and gel electrophoresis of plasmid DNA minipreparations (Sambrook, et al.,
1989, see Appendix). The insert was sequenced by the dideoxy method using the Sequitherm
Excel II kit (Epicenter Technologies, see Appendix) with the sequencing primers T7 (5 -TA
ATA CGA CTC ACT ATA GGG-3 ) and M13 Universal (5 -GT AAA ACG ACG GCC AGT3 ).
3’ RACE and 5’ RACE
The RACE procedure was used to amplify the 5 and 3 ends of the soybean MIPS
cDNA. Gene-specific primers were synthesized based on the nucleotide sequence of the partial
MIPS RT-PCR fragment (see previous section). The 3’ end of the MIPS cDNA was amplified
using the 3’ RACE system (Life Technologies). The 3’ RACE Adapter Primer (5 -GGC CAC
GCG TCG ACT AGT AC[T]17-3 ) and the gene-specific primer MIPS3 race (5’-TTA AAG
CTG AAA ATG AGG GAA AAT-3’) were used for first-round PCR amplification from cDNA
prepared as described above. PCR conditions (40 cycles) were 94°C for 30 seconds, 55°C for 1
minute, and 72°C for 30 seconds. The resulting product was diluted 1:10 and used as template
for a reamplification using the same primers and PCR conditions as for the previous reaction.
The 412 bp PCR product from the 3’ end of the MIPS cDNA was cloned into the SmaI site of
pTZ19R and sequenced as described above (Figure 3-3c). The primer MIPS5 race (5 -CCA
CAA GGA AAT CAA CCA ACA -3 ), was synthesized based on the sequence of the 5 end of
the original partial RT-PCR product. An additional conserved region approximately 200 bp from
the 5 end of the aligned MIPS sequences was the basis for the primer MIPS5 end (5 -AAG
CCA AAG ACT GTC AAA TAC GAT-3 ). An 836 bp PCR product was amplified from cDNA
using these primers (Figure 3-3d). PCR conditions (40 cycles) were 94°C for 30 seconds, 52°C
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MIPS Upstream
G G T G G A G A T G A C T T C A
a.
b.
c.
d.
e.

A G A G T G G
a.
b.
c.
d.
e.

a.
b.
c.
d.
e.

A C C A T A C T G A G C T A C C T C A C C A

MIPS Downstream
a.
b.
c.
d.
e.

Figure 3-2. Design of PCR primers from conserved regions of MIPS sequences. The clustal
method was used to align MIPS nucleotide sequences from a) Brassica napus, b) Spirodela
polyrrhiza, c) Mesembryanthemum crystallinum,d) Arabidopsis thaliana, and e) Phaseolus
vulgaris. The MIPS upstream and downstream primers were synthesized based on regions of
high sequence identity.
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polyA

MIPS mRNA
RT
MIPS cDNA

a. polyC

polyT

PCR
PCR Product

b.

496 bp
c. 3’ RACE Product
412 bp
d.

PCR Product

836 bp
e. 5’ RACE Product
295 bp
f.

MIPS Coding Region

1551 bp

Figure 3-3. Amplification of MIPS cDNA. a) Total RNA from developing seeds was used as
template for cDNA synthesis. b) Primers designed from conserved MIPS sequences were used to
amplify a MIPS fragments from the cDNA. c) The 3 end of the MIPS cDNA was amplified by 3
RACE. d) A PCR product was amplified using an upstream primer designed from a 5 conserved
region in conjunction with a primer designed from the original PCR product. e) The 5 end of the
coding sequence and untranslated sequence was obtained by 5 RACE. f) A fragment containing
the full-length coding sequence was amplified by high-fidelity PCR.
92

for 30 seconds, and 72°C for 1minute. The fragment was cloned into the SmaI site of pTZ19R
and sequenced as described above. The primers MIPSmid (5 -A GAT CTA TGC TCC TTT
CAA-3 ) and MIPSrevseq (5 -A GGC CTC AAC TGC TTC TGC-3 ) facilitated complete
sequencing of the insert.
The 5’ end of the MIPS cDNA was amplified using primers designed from the sequence
of the 836 bp PCR product. First strand cDNA synthesis was primed by the gene-specific primer
5’MIPS cDNA (5’-A TGA AAT GCC CTC TCG GTT AGC-3’) using template prepared as
described above. The cDNA was tailed according to manufacturer’s specifications prior to PCR
amplification with the Abridged Anchor Primer (5 -CTA CTA CTA CTA GGC CAC GCG TCG
ACT AGT-3 ) and the gene-specific primer 5’MIPSnest (5’-G GTG AGG GTT GAG CCG
TTG TTT-3’). PCR conditions (40 cycles) were 94°C for 30 seconds, 50°C for 30 seconds, and
72°C for 1 minute. A 295 bp product was amplified and cloned into the SmaI site of pTZ19R for
sequencing as described above (Figure 3-3e). The sequences from the overlapping MIPS cDNA
fragments were assembled into a contiguous sequence using the program GeneMan (Lasergene).

Plasmid Construction
Intermediate vectors
Full-length clones of the soybean MIPS coding sequence were generated by high-fidelity
PCR. KpnI and SalI restriction sites were included in the upstream and downstream primers,
respectively, to facilitate cloning in the sense orientations into the final soybean transformation
vector (Figure 3-4). The restriction sites were added to the opposite primers for insertion in the
antisense orientation. The upstream primer MIPS5 Sal (5 -GCT AGT CGA CAT GTT CAT
CGA GAA TTT TAA GGT-3 ) was used in combination with the downstream primer
MIPS3 Kpn (5 - G CTT GGT ACC TAT TCT TCGGTC CCA TGC TTC ACT-3 ). The
upstream primer MIPS5 Kpn (5 -GCT AGG TAC CAT GTT CAT CGA GAA TTT TAA
GGT-3 ) was used in combination with the downstream primer MIPS3 Sal (5 - G CTT GTC
GAC TAT TCT TCGGTC CCA TGC TTC ACT-3 ). Additionally, MIPS5 Sal and
MIPS3 Sal were used in combination to amplify the full-length MIPS coding sequence with
SalI sites at both ends for future cloning into a transformation vector with a seed-specific
promoter. The 1551 bp products (for sense and antisense) were generated by 30 cycles of PCR
(95°C for 30 seconds, 55°C for 30 minutes, 72°C for 3.5 minutes) catalyzed by Pfu polymerase
according to manufacturer s specifications (Stratagene, see Appendix). The PCR products were
cloned into the SmaI site of PTZ19R as described above to generate the plasmids pMIPS5 K3 S,
pMIPS5 S3 K, and pMIPS5 S3 S.
Biolistic transformation plasmids
Plant expression plasmids were constructed by replacing the phyA sequence in a previous
construct with the MIPS coding region oriented in both the sense and antisense configurations
relative to a CaMV 35S constitutive promoter. The plasmid construct pPHY35P (Li et al., 1997)
was digested with KpnI and SalI to remove the phyA gene. The MIPS inserts were excised from
pMIPS5 K3 S and pMIPS5 S3 K using KpnI and SalI and were each ligated into the digested
vector. The fragment from pMIPS5 K3 S was inserted with the MIPS cDNA in the sense
orientation relative to the promoter to yield the transformation plasmid p35SGmMIPS-sense.
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Figure 3-4. Cloning of the full-length MIPS coding sequence into a biolistic transformation
vector. a) The MIPS coding sequence was amplified from cDNA from developing soybean
seeds. Restriction sites were included at the 5 ends of the primers to facilitate cloning. PCR
products were blunt-end cloned into an intermediate plasmid vector (not shown). The phyA
sequence in a previous vector (Li et al., 1997) was excised and replaced with the MIPS fragment.
b) The sequence was inserted in both sense and antisense orientations relative to the 35S CaMV
promoter.
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The pMIPS5 S3 K fragment was inserted with the MIPS cDNA in the antisense orientation
relative to the promoter, resulting in the transformation plasmid pGm35SMIPS-antisense.
Bacterial expression vector
For high level bacterial expression and subsequent protein purification, the MIPS coding
sequence was fused in frame to a 6X histidine tag (5 GAC GAC GAC GAC GAC GAC 3 ) in
the expression plasmid pET-32a (+) (Novagen). A 1425 bp portion of the MIPS cDNA encoding
amino acid residues 24 to 498 was amplified by high fidelity PCR from cDNA template. The
restriction site BamHI was included in the upstream primer MIPSfusBam5 (5 -GCA AGG
ATC CTA CAA CTA CGA AAC CAC CGA ACT) and the restriction site HindIII was included
downstream primer MIPSfusHind3 (5 -CCA T AA GCT TCA TCC AAC ACA AGC CCT
CAT TAT-3 ) to facilitate directional cloning into the expression vector. The product was
generated by 30 cycles of PCR (95°C for 30 seconds, 55°C for 30 minutes, 72°C for 3.5 minutes)
catalyzed by PfuTurbo (Stratagene). The PCR product was cloned into the SmaI site of PTZ19R
as described above. The insert was excised using BamHI and HindIII and subcloned into the
pET-32a (+) vector which was digested with the same enzymes. The resulting plasmid pETMIPSfus was introduced into the bacterial strain BL21 (DE3) pLysS (Novagen). Cells were
grown to an OD600 of 0.6 in 50 mL Luria Bertani medium supplemented with 100 mg/L
ampicillin and 34 mg/L chloramphenicol. Expression of the protein was induced by 1 mM
isopropyl β-D-thiogalactopyranoside at 37°C for 3 h. The cells were harvested by centrifugation
at 5000 x g at 4°C and were stored at -80°C. Cells were lysed by thawing in an ice water bath
and were further disrupted by passage through a 25 gauge needle. The lysate was centrifuged at
12,000 x g and the resulting insoluble pellet was resuspended in 4M urea. The soluble and
insoluble fractions were analyzed by SDS-polyacrylamide gel electrophoresis according to the
method of Laemlli (1970) in Tris-Glycine buffer (pH 8.0) with a 5% stacking gel (pH 6.8) and a
10% separating gel (pH 8.8). Coomassie brilliant blue R-250 (0.1%) in a solution of
methanol:water:acetic acid (4:5:1) was used to stain proteins. The constructs were provided to
Jean Styer in Dr. Gillaspy s laboratory for production of sufficient protein for commercial
antibody production (Cocalico Biologicals).

DNA and RNA Blot Analyses
Southern hybridization
DNA samples (10 µg) were digested with appropriate restriction enzymes (Promega),
separated by agarose gel electrophoresis (0.75% agarose, 1X TAE), denatured, and transferred
onto a nylon membrane (Schleicher & Schuell) by capillary blotting in 10X SSC. For use as a
hybridization probe, the pMIPS5 S3 S plasmid was digested with Sal I to excise the full-length
MIPS coding sequence. The fragment was purified from a 0.75% agarose gel (see Appendix).
The DNA (25 ng) was labeled with α-32P-dATP by random priming (Random Primers Kit,
Gibco-BRL). DNA hybridizations were carried out in UltraHyb Hybridization buffer (with 50%
formamide) according to the manufacturer s specifications (Ambion). The membranes were then
washed twice in 2X SSC, 1% SDS for 5 min at 42°C, and twice in 0.2X SSC, 1% SDS for 15
min at 42°C. The membrane was exposed to a storage phosphor screen for 2 — 24 hours, which
was scanned by a Storm 860 imager (Molecular Dynamics).
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Northern hybridization
The expression of the MIPS gene in developing seeds and other tissues was analyzed by
northern blot hybridization. RNA (10 µg) from staged developing seeds and other soybean
tissues (germinated cotyledons, young roots, somatic embryos, young leaves, and flowers) was
separated by formaldehyde agarose gel electrophoresis (1.2% agarose) prior to transfer to nylon
membranes (Schleicher & Schuell) in 20X SSC. Duplicate sets of lanes were loaded and stained
with ethidium bromide to confirm sample integrity and equal loading of samples. The blots were
probed and washed as described for Southern hybridizations. Detection of hybridizing RNA
bands was performed using the imager as described above.

Genomic Library Screening
Lambda library
As a first attempt at isolating a MIPS genomic clone, a soybean lambda library was
screened using the full-length cDNA insert from the plasmid pMIPS5 S3 S as a probe. The
soybean genomic DNA (cv. Resnick) library, which was provided by Dr. M. Saghai-Maroof, was
constructed in the phage vector EMBL3 (Clontech). Escherichia coli strain K802 was used the
bacterial host and infection was carried out 37°C for 15 minutes (Appendix). For the first round
of screening, 300,000 plaques were plated at a density of 30,000 plaques per 150 mm baterial
plate. The phage were transferred in duplicate to nylon filters (MSI Magna Lift), which were
treated with alkali prior to prehybridization in hybridization buffer (5X SSPE, 5X Denhardt s,
100 µg/mL sheared salmon sperm DNA). The full-length MIPS coding sequence was
radiolabeled as described above and DNA hybridizations were carried out in the hybridization
buffer overnight at 65°C. The membranes were washed once in 2X SSC, 0.5% SDS for 15 min
at 65°C, and twice in 1X SSC, 0.1% SDS for 30 minutes at 65°C. The membranes were exposed
to a storage phosphor screen for 24 hours, which was then scanned by a Storm 860 imager
(Molecular Dynamics).
Twenty putative positive plaques were titered and plated at a density of approximately
3,000 plaques for each 150 mm plate for screening. On the second round of screening, only two
of the 20 plaques gave positive plaques (10-50 per plate). One plaque from each positive plate
was titered and plated at a density of approximately 100 plaques for each 50 mm plate. Tertiary
screening resulted in a positive signal from only one of the two plaques from the secondary
screen, indicating that the clone was a false positive or that an incorrect clone may have been
chosen from the other plate.
A single plaque was selected from the positive plate and was amplified in K802 cells.
Plate lysates were used as starting material for the minipreparation of phage DNA (Appendix).
The clone was digested with combinations of restriction enzymes (BamHI, EcoRI, KpnI, SacI,
SmaI, XbaI, and XhoI) and analyzed by Southern hybridization using the full-length MIPS
coding sequence as a probe. Digestion and hybridization patterns were used to construct a
restriction map of the 14.6 kb genomic DNA insert. In samples digested with SacI, a single 3.2
kb fragment hybridized to the full-length probe. SacI fragments were subcloned into pTZ19R.
A plasmid clone containing the 3.2 kb fragment was identified and was sequenced as described
above. The vector specific sequencing primers and M13 Universal were used along with the
MIPS cDNA specific primers MIPSrevseq and MIPS5 nest (see above for primer
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sequences). Sequence data revealed that the genomic clone isolated was not the same gene as
the one corresponding to the MIPS cDNA from developing seeds.
Bacterial Artificial Chromosome (BAC) library
To facilitate isolation of the genomic clone for the MIPS gene expressed in developing
seeds, additional genomic library screening was required. A soybean (cv. Williams 82) Bacterial
Artificial Chromosome (BAC) library was obtained from the Clemson University Genomics
Institute (CUGI). The library was constructed in the laboratory of Dr. R. Shoemaker at the
University of Iowa in the pBeloBAC11 vector using soybean DNA partially digested with
HindIII. The library consisted of approximately 40,000 clones with an average insert size of 150
kb stored in 105 microtiter dishes (384-well). Each clone was robotically spotted in duplicate on
a pair of 7.5 x 11 cm nylon filters. The coverage of the library was predicted to be more than
4X the soybean genome, resulting in a 98% probability of recovering a specific sequence.
Library screening was conducted as a joint effort with Laura Good, a graduate student in
Dr. Grabau s laboratory. The filters from CUGI were each washed for four hours at 65°C in 30
mL Church buffer (0.5 M sodium phosphate buffer, pH 7.2, 7% SDS, 1% BSA, 1 mM EDTA,
0.1 mg/mL herring sperm DNA) to remove adhering cellular debris. The wash solution was
replaced with 30 mL of fresh Church buffer and the filters were prehybridized overnight at the
same temperature. The full-length MIPS coding sequence was radiolabeled as described above
and DNA hybridizations were carried out in 30 mL Church buffer overnight at 65°C. Following
hybridization, the membranes were washed three times in 0.5 X SSC, 0.1% SDS for 20 minutes
at 65°C. The filters were exposed to a storage phosphor screen for 1.5 hours, which was scanned
using a Storm 860 imager (Molecular Dynamics). Twenty clones were identified and bacterial
stocks were ordered from CUGI. BAC DNA was isolated by a modified minipreparation method
(see Appendix). To compare the restriction patterns of the clones, each BAC DNA sample (2
µg) was digested with EcoRI. Southern analysis was performed as described above using the
full-length MIPS coding sequence as a probe. The analysis was repeated using BglII digested
DNA.
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RESULTS
Isolation of a MIPS cDNA
To isolate the soybean MIPS cDNA via a PCR approach, non-degenerate oligonucleotide
primers were synthesized based on conserved nucleic acid sequences from three dicot species. A
partial cDNA product was amplified using RNA from developing soybean seeds as the template.
The ends of the cDNA were obtained using 5 and 3 RACE techniques. A full length MIPS
cDNA sequence (1791 bp) was amplified, which contained an 1533 bp open reading frame that
was predicted to encode a protein 510 amino acids in length (Figure 3-5).
The nucleotide and protein sequences were compared to the non-redundant databases
using a BLAST search. Twenty MIPS sequences from the BLAST search showed significant
identity to the MIPS cDNA at the nucleotide level. Of these, the 16 highest scoring sequences
were from plants, six of which were from Arabidopsis thaliana (Table 3-1). Nicotiana
paniculata had the greatest identity to the soybean cDNA, followed by Citrus paradisi, and
Mesembryantheum crystallinum (Hashimoto et al., 1999; Holland, 1994; Ishitani et al., 1996). At
the protein level, Nicotiana paniculata was again the highest scoring sequence, followed by
Triticum aestivum (Hussain et al., 1999) and Mesembryantheum crystallinum. Using the
program MegAlign (Lasergene), the predicted soybean MIPS protein was aligned with 12 similar
MIPS sequences from the databases and a phylogenetic tree was generated (Figure 3-6). At the
protein level, the deduced amino acid sequence of soybean MIPS is 87 — 91 % identical to 12 of
the previously reported plant MIPS sequences at the whole protein level (Table 3-1). The
soybean MIPS coding region is 73.5 — 77.0 % identical to these sequences at nucleic acid level.
The soybean cDNA was compared to 16 expressed sequence tags (ESTs) from soybean
that had been identified as MIPS sequences (Shoemaker et al., 1999; Table 3-2). Sequences
from young roots and immature seed coats showed 99.3% and 98.6% identity to our sequence.
The most divergent sequences (68.2% and 63.4% identity) were primarily from 3 untranslated
regions of two soybean leaf cDNAs. Other coding sequences from young cotyledons, roots,
immature flowers, seed coats, and whole seedlings were between 89.1% and 97% identical to the
soybean MIPS cDNA from developing seeds.
Soybean MIPS Expression
To elucidate the patterns of MIPS gene expression, northern blot analysis was performed
using the full-length cDNA as a probe. The MIPS transcript was approximately 1,800
nucleotides in length and was expressed at high levels in early soybean seed development
(Figure 3-7a). At the earliest developmental stage analyzed, 0-2mm (stages C and D), high
steady-state levels of MIPS transcript were observed. Maximal MIPS RNA levels were detected
in 2-4 mm seeds. As development progressed, MIPS transcript levels decreased to almost
undetectable levels in 8-10 mm seeds. Significantly less intense bands of hybridization to the
MIPS probe were observed in lanes containing RNA from flowers, leaves, roots, and somatic
embryos compared to RNA from developing seeds (Figure 3-7b). In the lane containing RNA
from germinating cotyledons, a very faint band was visible.
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ataggattctcttctttattccttttgtaatttcattcattcttaatctttgtgaaaaataatgttcatcgagaattttaag
MetPheIleGluAsnPheLys

82
7

gttgagtgtcctaatgtgaagtacaccgagactgagattcagtccgtgtacaactacgaaaccaccgaacttgttcacgagaac
ValGluCysProAsnValLysTyrThrGluThrGluIleGlnSerValTyrAsnTyrGluThrThrGluLeuValHisGluAsn

166
35

aggaatggcacctatcagtggattgtcaaacccaaatctgtcaaatacgaatttaaaaccaacatccatgttcctaaattaggg
ArgAsnGlyThrTyrGlnTrpIleValLysProLysSerValLysTyrGluPheLysThrAsnIleHisValProLysLeuGly

250
63

gtaatgcttgtgggttggggtggaaacaacggctcaaccctcaccggtggtgttattgctaaccgagagggcatttcatgggct
ValMetLeuValGlyTrpGlyGlyAsnAsnGlySerThrLeuThrGlyGlyValIleAlaAsnArgGluGlyIleSerTrpAla

334
91

acaaaggacaagattcaacaagccaattactttggctccctcacccaagcctcagctatccgagttgggtccttccagggagag
ThrLysAspLysIleGlnGlnAlaAsnTyrPheGlySerLeuThrGlnAlaSerAlaIleArgValGlySerPheGlnGlyGlu

418
119

gaaatctatgccccattcaagagcctgcttccaatggttaaccctgacgacattgtgtttgggggatgggatatcagcaacatg
GluIleTyrAlaProPheLysSerLeuLeuProMetValAsnProAspAspIleValPheGlyGlyTrpAspIleSerAsnMet

502
147

aacctggctgatgccatggccagggcaaaggtgtttgacatcgatttgcagaagcagtggaggccttacatggaatccatgctt
AsnLeuAlaAspAlaMetAlaArgAlaLysValPheAspIleAspLeuGlnlysGlnTrpArgProTyrMetGluSerMetLeu

586
175

ccactccccggaatctatgacccggatttcattgctgccaaccaagaggagcgtgccaacaacgtcatcaagggcacaaagcaa
ProLeuProGlyIleTyrAspProAspPheIleAlaAlaAsnGlnGluGluArgAlaAsnAsnValIleLysGlyThrLysGln

670
203

gagcaagttcaacaaatcatcaaagacatcaaggcgtttaaggaagccaccaaagtggacaaggtggttgtactgtggactgcc
GluGlnValGlnGlnIleIleLysAspIleLysAlaPheLysGluAlaThrLysValAspLysValValValLeuTrpThrAla

754
231

aacacagagaggtacagtaatttggttgtgggccttaatgacaccatggagaatctcttggctgctgtggacagaaatgaggct
AsnThrGluArgTyrSerAsnLeuValValGlyLeuAsnAspThrMetGluAsnLeuLeuAlaAlaValAspArgAsnGluAla

838
259

gagatttctccttccaccttgtatgccattgcttgtgttatggaaaatgttcctttcattaatggaagccctcagaacactttt
GluIleSerProSerTrpLeuTyrAlaIleAlaCysValMetGluAsnValProPheIleAsnGlySerProGlnAsnThrPhe

922
287

gtaccagggctgattgatcttgccatcgcgaggaacactttgattggtggagatgatttcaagagtggtcagaccaaaatgaaa
ValProGlyLeuIleAspLeuAlaIleAlaArgAsnThrLeuIleGlyGlyAspAspPheLysSerGlyGlnThrLysMetLys

1006
315

tctgtgttggttgatttccttgtgggggctggtatcaagccaacatctatagtcagttacaaccatctgggaaacaatgatggt
SerValLeuValAspPheLeuValGlyAlaGlyIleLysProThrSerIleValSerTyrAsnHisLeuGlyAsnAsnAspGly

1090
343

atgaatctttcggctccacaaactttccgttccaaggaaatctccaagagcaacgttgttgatgatatggtcaacagcaatgcc
MetAsnLeuSerAlaProGlnTyrPheArgSerLysGluIleSerLysSerAlaValValAspAspMetValAsnSerAsnAla

1174
371

atcctctatgagcctggtgaacatccagaccatgttgttgttattaagtatgtgccttacgtaggggacagcaagagagccatg
IleLeuTyrGluProGlyGluHisProAspHisValValValIleLysTyrValProTyrValGlyAspSerLysArgAlaMet

1258
399

gatgagtacacttcagagatattcatgggtggaaagagcaccattgttttgcacaacacatgcgaggattccctcttagctgct
AspGluTyrThrSerGluIlePheMetGlyGlyLysSerThrIleValLeuHisAsnThrCysGluAspSerLeuLeuAlaAla

1342
427

cctattatcttggacttggtccttcttgctgagctcagcactagaatcgagtttaaagctgaaaatgagggaaaattccactca
ProIleIleLeuAspLeuValLeuLeuAlaGluLeuSerThrArgIleGluPheLysAlaGluAsnGluGlyLysPheHisSer

1426
455

ttccacccagttgctaccatactcagctacctcaccaaggctcctctggttccaccgggtacaccgggtgtgaatgcattgtca
PheHisProValAlaThrIleLeuSerTyrLeuThrLysAlaProLysValProProGlyThrProGlyValAsnAlaLeuSer

1510
483

aagcagcgtgcaatgctggaaaacataatgagggcttgtgttggattggccccagagaataacatgattctcgagtacaagtga
LysGlnArgAlaMetLeuGluAsnIleMetArgAlaCysValGlyLeuAlaProGluAsnAsnMetIleLeuGluTyrLys .

1594
510

agcatgggaccgaagaataatatagttggggtagcctagctgaatgttttatgttaataatatgtttgcttataattttgcaag

1678

tgtaattgaatgcatcagcttcattaatgctttagagcggggcatattctgtttactaggaacatgaatgaatgtagtataatt

1762

ttgtgtaaaaaaaaaaaaaaaaaaaaaaa

1791

Figure 3-5. Sequence of the soybean MIPS cDNA and predicted amino acid sequence.
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a.

b.

Figure 3-6. Phylogenetic trees of plant MIPS based on (a) nucleotide and (b) protein sequences.
Sequences were aligned using the CLUSTAL program (Lasergene) and phylogenetic trees were
generated.
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Accession
1 AB032073
2 AF120146
3 U32511
4 AC007168
5 U66307
6 U30250
7 AL022605
8 S60302
9 AF056326
10 AB012107
11 U04876
12 U38920
13 AF056325
14 S52648
15 AF071103

Source

Function

Nicotiana paniculata
Triticum aestivum
Mesembryanthemum crystallinum
Arabidopsis thaliana
Brassica napus
Arabidopsis thaliana
Arabidopsis thaliana
Spirodela polyrrhiza
Zea mays
Oryza sativa
Arabidopsis thaliana
Phaseolus vulgaris
Hordeum vulgare
Citrus paradisi
Drosophila melanogaster

MIPS
MIPS
MIPS
put. MIPS
MIPS
MIPS-2
MIPS
MIPS
MIPS
MIPS
MIPS-1
MIPS
MIPS
MIPS
MIPS

Score Percent
Identity
962
91
931
88
926
88
925
87
919
87
916
86
915
87
914
86
912
87
910
87
909
86
906
86
906
87
899
87
614
60

Table 3-1. Sequences with similarity to soybean MIPS at the amino acid level. The 15 highest
scoring sequences from a BLAST search of the database are MIPS sequences with 60 to 91%
sequence identity to the deduced soybean phytase protein.
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a.

Accession
1 AI496426
2 AI794750

young roots
immature seed coats

length
(bp)
576
647

3 AI855435
4 AI442485
5 AW153049
6 AI960904
7 AW099866
8 AI941146
9 AI748269
10 AI939184
11 AI442850
12 AI939288
13 AW119754
14 AI938770
15 AI965652
16 AI939253
17 AW100674

whole seedlings
young roots
mature flowers
immature seed coats
shoot apicies
young cotyledons
immature cotyledons
immature flowers
young roots
immature flowers
immature flowers
leaves
leaves
immature flowers
whole pods

136
561
274
224
411
613
100
618
467
630
463
440
162
247
548

b.

Source

% similarity UTR
to cDNA
99.3
5’
98.6
5’
97.0
96.8
96.7
95.1
93.9
92.1
91.9
91.7
89.1
87.9
69.6
68.2
63.4
65.8
49.8

no
no
no
no
3’
no
no
no
3’
no
3’
3’
3’
no
3’

MIPS developing seed cDNA

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

Table 3-2. Soybean EST sequences with similarity to soybean seed MIPS cDNA.
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Figure 3-7. RNA analysis of MIPS transcripts in soybean tissues. Total RNA from developing
seeds and other soybean tissues was separated on a 1.2% formaldehyde-agarose gel and
transferred to a nylon membrane. Duplicate lanes were loaded and stained with ethidium
bromide to confirm equal loading and sample integrity. The blots were probed with a 32Plabelled MIPS cDNA fragment. Panel a: 1, 0-2 mm; 2, 2-4 mm; 3, 4-6 mm; 4, 6-8 mm; 5, 8-10
mm; 6, 10-12 mm; Panel b: 1, germinated cotyledons; 2, young roots; 3, developing seeds; 4,
globular-stage somatic embryos; 5, young leaves; 6, flowers.
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Southern analysis of MIPS
Soybean genomic DNA was probed with the MIPS cDNA to gain information about
genomic organization of MIPS sequences. Under stringent conditions, multiple hybridizing
bands of varying intensities were detected (Figure 3-8). Of the five restriction enzymes used for
this analysis, only the cleavage site for EcoRV was present in the cDNA. Additional sites could
be present within intron sequences. In the lane containing EcoRV digested DNA, a single
intense hybridizing band of approximately 2.5 kb was observed along with multiple weaker
bands of various sizes. Other restriction enzymes tested generated hybridizing fragments
ranging in size from 6 kb to greater than 23 kb, with the majority larger than 15 kb. Two intense
bands along with several weaker bands are observed in BglII and XbaI digested samples. For
both HindIII and EcoRI digested DNA samples, three strongly hybridizing bands of
approximately equal intensity were observed along with fragments of lower intensity. Given the
high molecular weight of these bands, it is likely that the probe cross-hybridized with closelyrelated family members.
Genomic Library Screen
To obtain genomic sequence corresponding to the MIPS cDNA from developing seed,
genomic libraries were probed at high stringency for MIPS genes. A single lambda clone with a
14.6 kb insert was analyzed from the initial library screen. Restriction mapping demonstrated
that a 3.2 kb SacI fragment hybridized to the full-length MIPS cDNA probe (Figure 3-9).
Additional mapping revealed that the SacI enzyme cleaved the fragment at a site in the genomic
insert and a site in the right arm of the vector. This fragment was subcloned into a plasmid for
sequencing. Using two vector-specific and three gene-specific primers, a total 1321 bp of
sequence data were obtained from the ends of the fragment. The majority of the sequence was
unidentifiable and was presumably from introns or regions beyond the coding sequence. The
sequence generated using the T7 primer contained 246 bp of coding sequence that exhibited 91%
identity to the MIPS cDNA (Figure 3-10). The significant difference between this genomic
sequence and the cDNA sequence provided evidence that this clone did not represent the MIPS
gene that encoded the seed-specific form that had been isolated by RT-PCR. The genomic
sequence met the vector sequence in an exon that corresponded to the nucleotide 622 bp
downstream from the ATG start site in the cDNA. The clone was oriented with the truncated 3
end of the gene attached to the right arm of the vector. Approximately 1/3 of the gene
corresponding to the coding sequence at the 5 end was represented in this clone. The bulk of
the 14.6 kb genomic clone represented sequence that was upstream of the MIPS coding region.
The promoter region was likely present within this fragment, however, this was not the clone of
interest.
To obtain a larger genomic clone, a soybean BAC library was screened. More than 20
putative positive clones with varying hybridization intensities were identified (Figure 3-11). Of
these, the signal from five clones was strong, the signal from six clones was moderate, and the
signal from the remaining clones was weak. The twenty putative MIPS BAC clones were
obtained from CUGI and analyzed further by Southern hybridization. Digestion of the clone
with EcoRI revealed eight clones with single intense bands that ranged in size from
approximately 6 kb to 15 kb (Figure 3-12). Digestion of the clones with BglII yielded smaller
major hybridizing fragments that ranged in size from 4 kb to 10 kb (Figure 3-12). The eight
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Figure 3-8. Southern analysis of soybean genomic DNA with a MIPS probe. For each sample,
soybean genomic DNA (10 µg) was digested with the appropriate restriction enzyme and
transferred to a nylon membrane after separation in a 0.75% agarose gel. The blot was probed at
high stringency with the full-length soybean MIPS cDNA fragment. Lanes 1 through 6 were
digested with BglII, EcoRI, EcoRV, HindIII, and XbaI, respectively. HindIII-digested
bacteriophage λ DNA was used as a size marker.
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Figure 3-9. Restriction map of lambda genomic clone. The DNA from the lambda soybean
genomic clone containing the 14.6 kb insert was digested with combinations of restriction
enzymes and separated by electrophoresis for construction of a restriction map. The gel was
transferred to a nylon membrane and probed with a 32P-labeled MIPS cDNA fragment to assign
the region that hybridized to the MIPS sequence to a specific fragment. Green represents vector
sequences, pink represents insert sequence.
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GCTTCCATGGTTAACCCTGACGACATTGTGTTTGGGGGATGGGATATCAGCAACATGAACCTGGCT 464
TGTTGGCAGGTTAACCCTGACGACATTGTGTTTTGGGGCTGGGATATCAACAACATGAACCTGGCT 71

cDNA
λ clone

GATGCCATGGCCAGGGCAAAGGTGTTTGACATCGATTTGCAGAAGCAGTGGAGGCCTTACATGGAA 530
GATGCCATGGCCAGGGCAAAGGTGTTTGACATCAATTTGCAGAAGTAGTTGAGGCCTTACATGGAA 137

cDNA
λ clone

TCCATGCTTCCACTCCCCGGAATCTATGACCCGGATTTCATTGCTGCCAACCAAGAGGAGCGTGCC 596
TCCATGCTTCCATTCCCCAAAATCTATGACCCGAATTTCATTGCTACCAACTGAAAGGAGCGTGCC 203

cDNA
λ clone

AACAACGTCATCAAGGGCACAAAGCAAGAGCAAGTTCAACAAATCATCAAAGACATCAAGGCGTTT 662
AACAACGTCATCAAGGGCACAAAAGAAGAGCAACTTTAACAAATCATCAAAGACATCCAATATGCC 269

cDNA
λ clone

Figure 3-10. Sequencing of lambda genomic fragment and comparison to the soybean MIPS
cDNA. The 3.2 kb genomic fragment from the lambda clone was subcloned into pTZ19R and
sequenced with the vector-specific primers T7 (primer 1) and M13 Universal (primer 2). a) The
MIPS specific primers 5 cDNA (primer 3) and Revseq (primer 4) also yielded sequence.
Red lines correspond to unknown sequence and black lines represent sequence similar to the
cDNA from developing seeds. b) Alignment of the genomic sequence to the sequence of the
cDNA obtained by RT-PCR of RNA from developing seeds revealed sequence differences.
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Figure 3-11. Hybridization of soybean BAC clones to MIPS probe. A Williams 82 BAC library
(40,000 clones with an average insert size of 150 kb, robotically spotted in duplicate) on two
nylon filters was obtained from CUGI. The filters were probed with a 32P labeled MIPS cDNA
fragment. Duplicate spots represent positively hybridizing clones.
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Figure 3-12. Southern analyses of BAC clones. DNA samples from BAC clones (2 µg) were
digested with the restriction enzymes (a) BglII and (b) EcoRI and transferred to nylon
membranes after separation in a 0.75% agarose gel. The blots were probed at high stringency
with the full-length soybean MIPS cDNA fragment.
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clones with intensely hybridizing fragments corresponded to clones on the BAC filter that
produced moderate to strong signals with the MIPS probe.
Construction of Plant Expression Plasmids
MIPS cDNA was inserted into plant expression vectors for soybean transformation via
particle bombardment. The full-length cDNA was cloned in the sense and antisense orientations
into a vector derived from p35PHY (Figure 3-4). These plasmids will be used for future biolistic
transformation of soybean.
Expression of Soybean MIPS Protein in E. coli
The MIPS cDNA was inserted into the prokaryotic pET-32a vector for bacterial
expression of a fusion protein for antibody production (Figure 3-13). The predicted size of the
fusion protein containing HIS (6X histidine) and TRX (thioredoxin) tags was 637 amino acids,
or approximately 70 kD. For expression of the fusion protein, the fusion construct was
introduced into E. coli. Induction with IPTG resulted in overexpression of a fusion protein of the
predicted size (Figure 3-14a). Gel analysis of the soluble and insoluble fractions revealed that
the bulk of the fusion protein was present in the insoluble pellet of inclusion bodies (Figure 314a). The expression vector was utilized in the Gillaspy lab to produce approximately 700 µg of
fusion protein (Figure 3-14b). The MIPS fusion protein was shipped to Cocalico Biologicals for
production of polyclonal antiserum in a rabbit. The antiserum has been tested in our laboratory
in immunoblot analyses of protein extracts from soybean seeds and other tissues (Laura Good,
unpublished data). The expression patterns of the MIPS protein coincide with the MIPS
transcript levels observed by northern analysis (Figure 3-15).
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Figure 3-13. Insertion of MIPS into pET-32a(+) expression region. MIPS coding sequence
(1425 bp) was fused in frame to sequences encoding a 6X histidine (HIS) tag, an S-tag (binds to
S-protein), and a thioredoxen (TRX) tag .
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Figure 3-14. Expression of the MIPS fusion protein in E. coli for antibody production. A
portion of the soybean MIPS coding sequence was fused to a 6X histidine tag and was
introduced into E. coli. The fusion protein was expressed upon addition of IPTG and was
present in the insoluble fraction of the E. coli extract (1, marker; 2, uninduced; 3, soluble
fraction; 4, insoluble fraction). b) The fusion protein was affinity purified under denaturing
conditions by Jean Styer in Dr. Gillaspy s laboratory.
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Figure 3-15. Immunodetection of MIPS protein in soybean. Antibody raised against the
soybean MIPS fusion protein was used to examine protein expression in developing soybean
seeds (a: 1-8, stages E-L of cotyledonary development) and other soybean proteins (b: 1,
germinating cotyledons; 2, young roots; 3, developing seeds; 4, globular somatic embryos; 5,
young leaves; 6, flowers).
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DISCUSSION
A MIPS cDNA was isolated from developing soybean seeds using a PCR approach that
took advantage of the high degree of sequence conservation among the reported plant MIPS
sequences. The soybean MIPS cDNA from developing seeds showed a high degree of similarity
(70 — 98%) to previously published MIPS sequences from other plant species including
Arabidopsis thaliana, Nicotiana paniculata, Citrus paradisi, and Mesembryantheum
crystallinum. On a phylogenetic tree, sequences from monocots and dicots grouped together
rather than on separate respective branches (Figure 3-4). This provides evidence for a high level
of sequence conservation throughout the plant kingdom. In a BLAST search, the three
sequences with the highest degree of similarity to the soybean MIPS cDNA were from dicot
species (Table 3-2). However, soybean MIPS exhibited slightly greater sequence similarity to
MIPS sequences from the monocots Zea mays, Triticum aestivum, and Oryza sativa, than to
sequences from the dicots, Arabidopsis and Phaseolus vulgaris. It was surprising that the
soybean MIPS sequence showed less similarity to the sequence from the legume Phaseolus
vulgaris than to the monocot sequences. The P. vulgaris MIPS cDNA sequence is essentially
identical (>99%) to the Arabidopsis sequence (INO1), which was isolated in the same laboratory
(Johnson, 1994; Wang and Johnson, 1996). A more extensive characterization of legume MIPS
sequences may resolve this unusual observation.
The soybean MIPS gene appears to be abundantly expressed early in seed development
based on northern blots of steady-state transcript levels in RNA samples analyzed in a
developmental series. Hybridization to the MIPS cDNA probe was observed in
cotyledonary—staged seeds of 2 mm to 8 mm (approximately stages D to J as described by
Meinke et al., 1981), prior to the deposition of storage proteins. Maximum transcript levels were
observed in RNA from 2 to 4 mm seeds, with a dramatic decrease in transcript levels in RNA
from seeds larger than 8 mm. Using antibody raised against the recombinant soybean MIPS
fusion protein, abundant MIPS protein was observed in extracts of stage E, F, and G seeds (2.6 to
5.4 mm).
Raboy and Dickinson (1987) measured phytate and phosphate levels throughout soybean
development. Phytate levels (phytate/dry weight) were observed to increase at a linear rate until
late in seed maturation (18.7 to 33.6 µg per seed per day). Ion exchange chromatography was
used to compare patterns of phytate accumulation at three developmental stages. Separation of
phytate from free phosphate in seed extracts was accomplished using a NaCl gradient. However,
InsP1 could not be separated from the inorganic phosphate peak because of charge similarities.
Early in soybean embryogenesis (14 days after flowering, DAF), phytate was detectable in the
seed. At this stage, inorganic phosphate comprised the bulk of the total phosphorus. At 35 DAF,
free phosphate levels were dramatically decreased compared to 14 DAF, and phytate represented
the major portion of the total phosphorus. At seed maturity, very little free phosphate remained
in the seed because it had been incorporated into phytate. In early seed development, InsP1 may
have represented a portion of the total phosphorus, but was masked by the abundant free
phosphate on the chromatograph. Other inositol phosphates (InsP2, InsP3, InsP4, and InsP5) were
not detected in chromatography fractions, suggesting that InsP1 is sequentially phosphorylated to
phytate by one or more kinases without significant delay between steps (Figure 3-16). It is
possible that the kinases form a multi-enzyme complex for rapid, sequential phosphorylation
without the accumulation of intermediates. The steady biosynthesis of phytate throughout seed
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development indicates that kinase activity persists throughout seed development either through
de novo synthesis or because the enzymes are relatively stable.
The pattern of MIPS expression observed in developing seeds was consistent with the
expectation that high levels of MIPS expression should precede and/or accompany synthesis and
accumulation of phytate. Although Raboy and Dickinson (1987) observed steady accumulation
of phytate throughout seed maturation, it appears that high-level MIPS expression is confined to
the early stages of cotyledonary development. This suggests that conversion of glucose-6-P to
myo-inositol-1-phosphate occurs earlier in seed development than phosphorylation to phytate by
the action of kinases. Further study of these kinases and their patterns of expression is
warranted.
In rice embryos, MIPS expression was observed prior to the formation of phytatecontaining globids. As in soybean, maximum expression was detected in immature rice embryos
and relatively little transcript was observed to accumulate in other tissues. In soybean, low basal
levels of MIPS transcript were detected in all tissues tested. Compared to developing seeds, the
demand for inositol in these tissues may be relatively low. The lower MIPS expression in these
tissues is presumably sufficient for production of inositol and inositol phosphates involved in
growth and development.
It is likely that MIPS gene expression in the immature seed is under control of a strong,
developmentally regulated promoter. Other MIPS genes may be expressed at much lower levels,
or in response to different developmental and environmental stimuli. Southern blot analyses of
genomic DNA and BAC clones indicate that there are multiple MIPS sequences in the soybean
genome. A gene family would allow for the plant to encode very similar forms of a protein that
participate in different aspects of metabolism under differential gene regulation. This possibility
is supported by the identification of multiple distinct ESTs with homology to the MIPS sequence
from a range of soybean tissues. The multiple bands observed by high-stringency Southern
analysis could correspond to these highly similar sequences.
In Arabidopsis, two distinct MIPS sequences have been identified through EST and
genome sequencing projects (Lin et al., 1999; Bevan et al., 1999). Specific functions have not
been assigned to either form, but the two forms may have different patterns of expression for
different physiological functions within the plant. Our data suggest that there are four or more
copies of MIPS in the soybean genome. This is supported by reports of multiple MIPS
sequences from the soybean EST project (Shoemaker et al., 1999). Closer examination of the
expression of these sequences in plant tissues using sensitive methods such as differential RTPCR could elucidate function.
Because of the high degree of similarity between the MIPS genes, constitutive expression
of an antisense construct to block MIPS expression could affect other cellular processes
dependent on inositol and inositol phosphates. In both the potato and Arabidopsis studies
described earlier, antisense MIPS expression was driven by a constitutive promoter, allowing for
production of the antisense transcript throughout growth and development. The antisense
transcript could down-regulate MIPS activity throughout the plant if it blocked expression of
multiple isoforms. This could interfere with functions that are dependent on inositol derivatives,
such as cell wall biosynthesis, hormonal homeostasis, and signal transmission. To decrease
MIPS activity associated with a given function without a significant impact on other aspects of
inositol metabolism, it will be necessary to limit regulation of expression to a specific MIPS
gene.
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Like soybean, maize is reported to contain multiple copies of the MIPS gene (Larson and
Raboy, 1999). Some of the lpa-1 mutants in maize are phenotypically normal aside from
reduced phytate accumulation. It is possible that lpa-1 is mutated in a seed-specific maize MIPS
gene. This would confine reduction of MIPS expression to the seed, decreasing levels of
inositol-derivatives in this tissue alone. Similar disruption of other MIPS genes may be
deleterious or even lethal to the plant.
Reduction of MIPS levels during seed development could be achieved in soybean using a
specific promoter to drive antisense expression during seed development. Seed-specific
expression would reduce phytate biosynthesis, but would not likely impact other aspects of
inositol metabolism in the plant, resulting in a normal phenotype. Northern analyses revealed
that the MIPS transcript is abundant in immature seeds early in the cotyledonary stage of
development. Alternative promoters from other soybean seed-specific genes such as βconglycinin, oleosin, or lectin are expressed later in seed development and would not be useful
for antisense inhibition of MIPS. Efforts are now underway in our laboratory to isolate and
characterize the promoter that drives MIPS expression during seed development. This seedspecific promoter region should be contained within one of the BAC clones isolated from the
library screen. To define the minimal promoter region, sequences upstream of the seed-specific
soybean MIPS will be fused to a reporter gene. The plasmid will be introduced directly into
early cotyledonary-stage embryos and transient expression will be measured. The MIPS cDNA
will be inserted in the antisense orientation relative to the MIPS promoter in a soybean
transformation plasmid. Introduction of this vector into soybean should allow for specific
expression of the antisense RNA early in seed development. We expect that the antisense
transcript will anneal to the endogenous transcript in the developing seeds, reducing translational
levels by hindrance of ribosome binding or decreased mRNA stability. As a result, MIPS
activity and the associated accumulation of phytate will be reduced. Like the lpa maize lines,
antisense-low phytate soybean seeds will provide an additional tool for the improvement of
phosphorus utilization in animal feed.
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CHAPTER 4
SUMMARY AND FUTURE DIRECTIONS
Agriculture is expanding to meet the needs of the rapidly growing human population. As
animal production increases, so does the associated waste output. The nutrient-rich waste is
often used as fertilizer to improve crop yields. This provides nitrogen and other nutrients to the
plant, however, the abundant phosphorus that is not assimilated can pose environmental
problems. In many areas of intensive animal production, soil phosphorus levels are well above
the recommended limits because of excessive fertilization with manure. Continued application
of phosphorus-rich fertilizer to the land will put watersheds at risk for eutrophication. This will
jeopardize important resources and increase the potential for dangerous environmental situations
such as outbreaks of toxic microorganisms.
Recently, states such as North Carolina and Maryland have begun to mandate better
management of phosphorus waste. With limits placed on phosphorus output, animal producers
are seeking ways to reduce waste associated with animal production. The addition of
commercial phytase to dietary preparations is becoming an attractive alternative to inorganic
phosphate supplementation. Uptake of the phytate phosphorus in feed by the animals decreases
the amount of phosphorus excreted in the manure, and improves utilization of feed components.
In addition, low-phosphorus manure can provide an environmentally sound source of nitrogen
for growing crops. Low phytic acid, high available phosphorus maize and barley crops offer
similar promise for phosphorus waste management.
From the standpoint of human nutrition, high levels of phytate can contribute to mineral
deficiencies in vegetarian diets that are based primarily on seeds. This is of particular concern in
developing countries that subsist on grains and seeds with very little animal protein intake. In
this situation, the reduction of phytate levels in dietary staples may lead to an improvement in
human health.
In our laboratory, we have demonstrated that an active fungal phytase can be produced in
the cells of soybean, an agronomically important crop. Attempts are currently underway to
genetically engineer plants to synthesize the fungal phytase during seed development. Specific
signals have been added for targeting of the enzyme to subcellular bodies. It is our hope that the
recombinant phytase will be localized to the site of phytate storage for hydrolysis prior to
maturation and harvest.
We are eager to explore other routes toward the development of low-phytate soybean.
Soybean phytase serves to degrade stored phytate during germination, and could be engineered
to perform this function prior to harvest. The efficacy of reducing seed phytate levels with the
soybean enzyme will be compared with the engineered fungal phytase. Additionally, we are
targeting the phytate biosynthetic pathway for the reduction of seed phytate to develop soybean
with a phenotype similar to the maize lpa-1 mutants. We will use an antisense strategy to reduce
the expression of MIPS, a key enzyme in phytate synthesis. The MIPS cDNA we isolated from
developing seeds is expressed at high levels during seed development. Our data suggest that this
MIPS sequence represents one member of a multigene family in soybean.
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Future directions: Phytase
For seed-specific expression of the soybean phytase, a plant expression plasmid will be
constructed with phytase under the control of a seed specific promoter. For fungal phytase
constructs, we used the soybean β-conglycinin promoter, which drives expression during the
middle to late stages of seed development. Other soybean seed-specific promoters, such as those
from the lectin and oleosin genes, may be suitable for driving expression of phytase. For
minimal impact on seed development, it may be preferable to express phytase during later stages
of maturation. The native phytase protein contains an N-terminal signal sequence, presumably
for localization to the site of phytase deposition. This signal sequence will be fused to a reporter
gene, such as green fluorescent protein, and confocal microscopy will be used to determine the
site of localization directed by this sequence. It may be possible to use this peptide to localize
the fungal phytase to the phytate storage bodies.
Levels of phytase transcript in germinated cotyledons are relatively low. This would
agree with the relatively low abundance of the phytase protein, even in germinated seeds. It is
likely that the phytase is under the control of a relatively weak promoter. In addition, the
secondary structure that impeded isolation of the 5 end of the soybean phytase gene may serve
to modulate transcription. This region could be fused to a reporter gene with a constitutive
promoter for expression analysis. The phytase promoter that was isolated by inverse PCR also
could be studied by fusion to a reporter gene. Analysis would difficult, however, if the reporter
is expressed at the low levels observed with the phytase.
Two isoforms of phytase with identical N-termini and molecular weights were separated
by ion exchange chromatography. Glycan analysis may reveal differential glycosylation of the
two forms. The recombinant phytase expressed in soybean suspension culture cells appeared to
migrate as multiple bands of activity on a native gel. Perhaps differential glycosylation can
account for this observation as well. Other modifications of the protein, such as
phosphorylation, could confer charge differences and should be investigated.
Compared to the fungal phytase, the soybean phytase is more sensitive to inhibition by
high levels of substrate. In vivo, soybean phytase activity is likely influenced by the
concentration of substrate. In addition, the enzyme is activated by ions such as magnesium and
calcium. Phytate is typically stored as phytin, which is a complex of phytate and minerals.
Activity will likely be affected by these ions as well. Fungal phytase does not hydrolyze lower
inositol phosphates as efficiently as phytate. We found that soybean phytase removes all six
phosphates from phytate. The rate of phytate hydrolysis by the soybean phytase should be
compared with that of the fungal phytase by analysis of the inositol phosphate intermediates over
a time course.
Although the soybean phytase is expressed at low levels in germinated cotyledons, high
levels of expression may be achieved in a different system. Amounts sufficient for use in animal
feeding trials may be produced in other plant tissues or in other eukaryotic hosts, such as yeast or
fungi. In addition, the soybean phytase may be useful for engineering other crop plants for
expression during seed development. Appropriate promoters and targeting signals could be
added for optimal expression in a variety of plants, including monocots.
The maize phytase contains the conserved histidine acid phosphatase active site found in
fungal phytases. This motif has also been identified in an Arabidopsis genomic sequence that is
associated with an EST. The soybean cell culture expression system we have used for the
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expression of phytase genes will be suitable for expression of this gene for analysis of phytate
degrading ability of the protein.
The vast majority of phytases belong to the histidine class of acid phosphatases. The
soybean phytase is the first report of a phytate-degrading enzyme with similarity to the purple
acid phosphatases, a class of metallo-phosphomonoesterases. It is likely that similar phytases
exist in other plant species for the purpose of degrading stored phytate. In the Arabidopsis
genome, two sequences encode putative proteins that show a high degree of similarity to the
soybean phytase. We have cloned a cDNA corresponding to one of the genes and introduced it
into soybean cells (data not shown). Transformed cells do not show enhanced phytase activity,
but do exhibit a yellow phenotype compared to untransformed cells and cells expressing the
soybean phytase cDNA. Further examination of this sequence revealed divergence in key amino
acids of the active site motif present in PAPs, which are necessary for activity. We will attempt
to determine the function of this protein. The other similar sequence, which we intend to clone
into an expression vector, does contain the proper motif sequences. It will be introduced into
cells for expression and analysis of phytate-degrading capability. More information about
metallo-phosphomonoesterase phytases will expand the current definition and understanding of
phytases.

Future directions: MIPS
Currently, our laboratory is working to isolate the seed-specific promoter upstream of the
MIPS gene. It is likely that this sequence will be present within at least one of the genomic
clones identified in the BAC library screen. Laura Good is in the process of mapping and
sequencing subclones of promising BAC clones. Nested deletions of putative promoter
sequences will be fused to a GUS reporter gene and bombarded directly into developing seeds (4
mm) for transient expression assays. The seed-specific MIPS promoter will be used to drive
expression of the antisense MIPS for reduction of seed phytate levels. The MIPS antibody we
developed in collaboration with the Gillaspy lab will be useful for analysis of MIPS protein
levels in transgenic plants.
The MIPS antibody also will be used for immunolocalization studies in developing
soybean seeds. Localization studies by Yoshida et al. (1999) showed that MIPS gene expression
coincided with phytate-containing globoid formation in developing rice seeds. A similar study
will be conducted in soybean, which will complement the rice data and give a broader picture of
phytate deposition in plants.
We have demonstrated that MIPS is a member of a multi-gene family in soybean. The
importance of understanding the regulation of this activity in plants extends beyond phytate
biosynthesis. The MIPS enzyme catalyzes the first committed step of the sole de novo pathway
for inositol biosynthesis in plants. Analysis of differential expression of MIPS isoforms will
provide insight into other aspects of inositol metabolism within the plant, such as cell wall
biosynthesis and signal transduction. Techniques that distinguish small sequence differences,
such as differential RT-PCR or oligochip analysis, will be necessary for this analysis since the
MIPS sequences are highly conserved. The soybean EST project has generated sequences of at
least 17 different clones with similarity to MIPS from a variety of tissues. The information
gained from these clones will be useful for development of a strategy to analyze expression of
specific MIPS genes.
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APPENDICES
Appendix 1. Polymerase Chain Reaction
For amplification of MIPS cDNA using primers MIPSbeanUP and MIPSbeanDOWN
Requirements:
Template (genomic DNA, 100 ng/µL)
Primers (10 µM)
Taq Master Mix Kit (Qiagen)
Mineral Oil
Thermocycler

1.

Assemble PCR components in a 0.6 mL tube (keep tube and all components on ice):
25 µL Master Mix (contains buffer, dNTPs, and enzyme)
12 µL H20
5 µL upper primer
5 µL lower primer
3 µL template

2.

Overlay the reaction with several drops of mineral oil (about 50 µL)

3.

Place tubes in thermocycler and start program:
Initial denaturation: 94°C — 2 minutes
Denaturation:
Annealing:
Extension:

4.

94°C — 1 minute
55°C — 30seconds
72°C — 1 minute


 40 cycles


After program has completed, store reactions at 4°C
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Appendix 2. Polishing and Ligation of Taq PCR products
Requirements:
Qiaquick PCR Purification Kit (Qiagen)
Pfu DNA polymerase (Stratagene)
T4 DNA ligase (Promega)
Mineral oil
Sterile H20
10 mM dNTPs
Ligase + buffer (Promega)
SmaI digested PTZ19R (50 ng/uL)

CLEAN-UP OF PCR REACTION USING QIAGEN KIT
To remaining 40µl of PCR reaction, add 200 µL buffer PB (5 volumes) and mix by pipetting. It is not necessary to
remove mineral oil.
Place a spin column in a 2 mL collection tube. Apply the sample to the column and centrifuge at 13,000 rpm for 30
seconds.
Discard flow-through. Place column back into the same collection tube.
Add 0.75 mL buffer PE to the column and centrifuge 30 seconds. Discard flow-through and place column back in
the same tube.
Centrifuge empty column for 1 minute to dry the membrane.
Place the column in a 1.5 mL centrifuge tube. Apply 30 µL to the center of the membrane and let stand for 1
minute.
Centrifuge for 30 seconds to elute the DNA. Discard the column.

PCR INSERT POLISHING
1. Assemble the following reaction components:
7 uL purified PCR product
1 uL 10 mM dNTPs
1 uL Pfu buffer
1 uL Pfu polymerase
2.

Centrifuge 30 seconds to bring reaction components to the bottom of the tube. Tap lightly to mix.

3.

Overlay the reaction with mineral oil and incubate at 72°C for 30 minutes.

Ligation
1. Assemble the following reaction components:
5 uL sterile DI H2O
1 uL SmaI digested PTZ19R (50 ng/µL)
2 uL polished PCR product
1 uL ligase buffer
1 uL ligase
2.

Centrifuge 30 seconds to bring reaction components to the bottom of the tube. Tap lightly to mix.

3.

Ligate overnight at room-temperature.
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Appendix 3. Plasmid DNA Miniprep
Requirements:
Solution 1: 50 mM glucose, 10 mM EDTA, 25 mM Tris (pH 8.0)
Solution 2: 0.2 N NaOH, 1% SDS (freshly prepared)
Solution 3: 3 M potassium, 5 M acetate (60 mL 5 M potassium acetate, 11.5 mL glacial acetic acid in 100
mL total volume)
95% Ethanol
70% Ethanol
TE (10 mM Tris, 1 mM EDTA, pH 8)

Procedure:
1.

Pour culture into an 1.5 mL microcentrifuge tube. Pellet the cells by centrifugation for 1 minute at
12,000 rpm.

2.

Pour off supernatant. Invert the tube on a paper towel to remove as much remaining medium as
possible.

3.

Resuspend the pellet by vortexing in 100 µl of ice-cold solution 1. Incubate at room temperature for 5
minutes.

4.

Add 200 µL of freshly prepared solution 2. Mix by gentle inversion. Incubate on ice for 5 minutes.

5.

Add 150 µL of ice-cold solution 3. Vortex tube in an inverted position for 10 seconds. Incubate on ice
for 5 minutes.

6.

Pellet the bacterial debris by centrifugation at 12,000 rpm for 5 minutes.

7.

Transfer the supernatant to a fresh tube. Avoid carryover of white flocculant material.

8.

Add two volumes of 95% ethanol and mix by inversion. Incubate at room temperature for 10 minutes.

9.

Pellet the plasmid DNA by centrifugation at 12,000 rpm for 10 minutes. Discard the supernatant.

10. Wash the pellet with 1 mL of 70% ethanol and recentrifuge. Discard the supernatant.
11. Invert the tube on a piece of paper towel. Tap to remove as much ethanol as possible. Air dry the
pellet for 10 minutes.
12. Resuspend the pellet in 50 µL TE (pH 8).
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Appendix 4. Dideoxy DNA Sequencing (Epicenter Technologies)
Requirements:
Sequitherm EXCELTM II DNA sequencing kit
α-32P labeled dATP
primer (~ 10 ng/µL)
template (2-5 µg total)

Procedure:
1.

Thaw all reaction components and mix by vortexing

2.

Combine the following components:
7.2 µL sequencing buffer
1 µL prelabeling mix
2 pmoles primer (~ 20 ng)
5 µCi of labeled dATP
400-1000 fmoles template (2-5 µg)
deionized water to 16 µL

3.

Overlay the mix with mineral oil

4.

Heat for 5 minutes in boiling water bath to denature the template

5.

Cool at room temperature for 5 minutes to anneal the primer

6.

For each reaction, aliquot 2 µL each stop mixture (G,A,T,C) into a separate tube. There should be four
tubes for each reaction

7.

Add 4 µL of the reaction mixture to each tube. Mix by gentle tapping

8.

Extend the annealed primers at 65-70°C for 5 minutes

9.

Add 3 µL of the stop/loading buffer and heat for 5 minutes at 80°C prior to loading 1-2 µL per well on
a denaturing polyacrylamide sequencing gel
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Appendix 5. Southern Blotting
Requirements:
depurination soultion (20 mL conc. HCl/liter water)
denaturing soultion - 1M NaCl (58.5 g/L), 0.5 N NaOH (20 g/L)
neutralizing solution - 0.5 M Tris base (60.6g/L), 1.5 M NaCl (87.6 g/L), pH 7.0
20X SSC - For 1 L: 175.4 g NaCl, 88.2 g Na citrate, pH to 7.0
Nylon membrane
Procedure:
1.

Separate samples by electrophoresis, stain with EtBr and photograph

2.

Soak gel in depurination solution for 10 min, rinse with DI water

3.

Soak gel in neutralizing solution for 2 X 20 min, rinse with DI water

4.

Soak gel in neutralizing solution for 2 X 20 min, rinse with DI water

5.

Soak gel in 10X SSC solution for 20 minutes

6.

Assemble blot:
a.
b.
c.
d.
e.
f.

Place a piece of filter paper on top of a sponge soaked with 10X SSC
Place gel with wells facing downward on top of filter paper
Roll a glass rod over the gel to remove air bubbles, saturate the surface of the gel with 10X SSC,
and cover the edges of the gel with saran-wrap
Carefully lay nylon membrane (wetted in water then soaked in 10X SSC) on top of the gel,
remove air bubbles with glass rod
Place 3 pieces of filter paper slightly larger than the gel on top of the membrane, remove air
bubbles
Place a stack of paper towels on top of the filter paper, top off with a glass plate and a light weight

7.

Transfer DNA to membrane overnight

8.

Disassemble blotting stack, wash blot with 5X SSC for 5 min and air dry

9.

Cross-link DNA to membrane

10. Sandwich blot between two pieces of filter paper and store at room temperature
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Appendix 6. RNA Gel Preparation
Requirements:
DEPC water (1 mL/L, incubate at 37°C overnight, then autoclave) ~ 5L
0.1 M DEPC-treated EDTA (not pH d)
0.5 M DEPC-treated NaOAc (not pH d)
10X MOPS Buffer (for 500 mL: 50 mL DEPC treated 0.1 M EDTA, 50 mL DEPC-treated 0.5 M
NaOAc, 20.9 g MOPS free acid) pH to 7.0 with concentrated NaOH
Running buffer (For 1L: 100 mL 10X MOPS buffer, 81 mL formaldehyde)
RNase Away (Ambion)
Loading buffer: 40 µL 10X MOPS buffer, 40 µL DEPC water, 140 µL 37% formaldehyde, 400
µL deionized formamide
Agarose
Procedure:
1. Scrub rigs, comb, and tray with RNaseAway on a Kimwipe, rinse with DEPC water
2. Boil gel without formaldehyde (140 mL = 14 mL 10X MOPS buffer, 101 mL DEPC
water, 1.68 g agarose), cool to 65°C and add formaldehyde (25 mL/ 140 mL gel)
3. Pour gel in hood, let solidify
4. Prerun gel 10 minutes at 4-5 V cm
4. Prepare RNA samples — at least 15.5µL loading buffer per 4.5 µL sample
5. Heat samples to 65°C for 5 minutes prior to loading
7. Northern Blotting
Requirements:
DEPC-treated water
20X SSC - For 1 L: 175.4 g NaCl, 88.2 g Na citrate, pH to 7.0 prepared in DEPC water
Nylon membrane

1.

Soak the gel 3X 10 min to remove the formaldehyde. Use baked pyrex dishes to minimize contact
with RNases

2.

Soak the gel in 20X SSC for 45 minutes

3.

Assemble the blotting stack as described for Southern transfer, except substitute a stack of blotting
pads for the sponge

4.

Transfer overnight and rinse, dry and crosslink as described for Southern transfer.
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Appendix 8. Random-Primed Labeling (Gibco)
Requiements:
Random Primers kit (GIBCO)
α-32P labeled dATP
template DNA (~ 1-5 ng/µL)
Prodcedure:
1. Denature 25 ng of DNA dissolved in 5-20 µL distilled water by boiling for 5 min,
snap cool on ice
2. Add the following components:
2 µL dCTP
2 µL dGTP
2 µL dTTP
15 µL Random Primers Buffer Mixture
5 µL labeled dATP (~ 50 µCi)
DI water to a total volume of 49 µL
1 µL Klenow fragment
3. Incubate at room temperature for 60 min
4. Remove unincorporated nucleotides with a Sephadex column (5 -3 TE select)
5. Diltute 1:250 and spot on a glass fiber filter disk, count in scintillation counter
6. Boil probe for 5 min and snap cool on ice prior to addition to hybridization buffer
(Ultrahyb, Ambion)
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Appendix 9. Miniprep of BAC DNA (From CUGI)
Requirements:
Solution 1: 50 mM glucose, 10 mM EDTA, 25 mM Tris (pH 8.0)
Solution 2: 0.2 N NaOH, 1% SDS (freshly prepared)
Solution 3: 3 M potassium, 5 M acetate (60 mL 5 M potassium acetate, 11.5 mL glacial acetic acid in 100
mL total volume)
95% Ethanol
70% Ethanol
TE (10 mM Tris, 1 mM EDTA, pH 8)

Procedure:
13. Pellet the cells from 5 mL culture (grown overnight in 12.5 µg/mL chloroamphenicol) into an
centrifugation for 10 minutes at 6,000 rpm (large Sorvall).
14. Pour off supernatant. Invert the tube on a paper towel to remove as much remaining medium as
possible.
15. Resuspend the pellet in 200 µl of ice-cold solution 1. Incubate on ice for 5 minutes.
16. Add 400 µL of freshly prepared solution 2. Mix by gentle inversion. Incubate on ice for 5 minutes.
17. Add 300 µL of ice-cold solution 3. Mix gently. Incubate at -80°C for 15 minutes.
18. Pellet the bacterial debris by centrifugation at 12,000 rpm for 15 minutes.
19. Transfer the supernatant to a fresh tube. Avoid carryover of white flocculant material.
20. Add 0.6 volumes of isopropanol and mix by inversion. Incubate at -80°C for 15 minutes.
21. Pellet the BAC DNA by centrifugation at 12,000 rpm for 10 minutes. Discard the supernatant.
22. Wash the pellet with 1 mL of 70% ethanol and recentrifuge. Discard the supernatant.
23. Invert the tube on a piece of paper towel. Tap to remove as much ethanol as possible. Air dry the
pellet for 15 minutes.
24. Resuspend the pellet in 50 uL TE (pH 8). Let dissolve overnight at 4°C.
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