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ABSTRACT 

Phytate and its partially dephosphorylated products  exist in soils as well as in aquatic 

systems, but the origins, chemical forms, bioavailability and mobility of these compounds are not 

well understood. With increasing phytate P in agricultural soils due to manure application and 

consequential increase in environmental concern due to elevated P in many open waters, new 

methods that have higher specificity to elucidate the mechanisms and pathways of phytate 

degradation as well as capability for tracking sources of dissolved P are required. Application of 

any stable isotopes to understand inositol phosphate degradation is rare while the application of 

phosphate oxygen isotopes is non-existent, and there are not any previous attempts made to 

understand the oxygen isotopic fractionation during partial degradation of any organophosphorus 

compounds. This research investigated the bacterial phytate degradation kinetics in Escherichia 

coli and Bacillus subtilis as well as characterized the kinetics and pathways of enzymatic phytate 

degradation by a purified wheat phytase using a combination of novel analytical tools including 

NMR, HPLC, and phosphate oxygen isotope ratios (
18

Op). The expression of phytate 

degradation activity by E. coli is potentially due to extracellular phytase activity, while the 

absence of activity in B. subtilis may be due to difference in position, synthesis, and regulation of 

phytase activity. Enzymatic phytate degradation results show that the inositol phosphate 

degradation undertakes two pathways, via D-I(1,2,3,5,6)P5, D-I(1,2,5,6)P4, D-I(1,2,6)P3, and via 

D-I(1,2,4,5,6)P5, D-I(1,2,5,6)P4, D-I(1,5,6)P3. Isotope results show that the cleavage of the P–O 

bond during inositol phosphate degradation is accompanied by the introduction of one oxygen 

atom solely from water to the released inorganic P. Interestingly, all phosphate moieties in 

inositol phosphate have the same 
18

Op values, relieving the need to fully dephosphorylate 

inositol phosphate before measuring its isotopic composition of released phosphate. This means 

that tracking the original isotopic composition of inositol phosphate (with intact six phosphate 

moieties) can be done from its partially dephosphorylated products and this opens up the 

possibility of identifying original sources of partially dephosphorylated products that are still not 

fully degraded after they entered in soils many decades ago. Overall, these results advance 

fundamental understanding of biogeochemical cycling of inositol phosphate and could be used 

for dual purpose of identifying fate and tracking source of inositol phosphate in the environment. 
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Chapter 1 

 

INTRODUCTION AND LITERATURE REVIEW 

 

1.1 Introduction 

    Phosphorus (P) is a key nutrient essential for all living organisms. It serves in the 

phosphate-ester backbone of DNA and RNA as a redox-insensitive element providing stability to 

the fundamental molecule of life and plays a functional role in the transmission of chemical 

energy through the ATP molecule. Inorganic orthophosphate (PO4
3- 

referred to as Pi hereafter), 

the most prevalent form of P in the lithosphere and biosphere, is a compound in which the P 

atom is surrounded tetrahedrally by four oxygen atoms (in 5 oxidation state and 4 coordination 

number). A variety of condensed phosphates including pyrophosphate and polyphosphate 

originate from sharing of oxygens in PO4
3-

 ions. The next most common form of P, 

organophosphorus compounds (referred to as Po hereafter), is a group of substituted phosphate 

esters in which P and C are linked through O as a P−O−C bond. In soil, Po is found mainly in 

humus and other organic material, while Pi is derived from the mineralization process. When Pi 

concentrations are too low to meet the P requirements of living organisms, Po can act as an 

important alternative source of P (Benitez-Nelson, 2000; Clark et al., 1999). On the other hand, 

high Pi concentrations could contribute to the algal growth in aquatic systems and result in 

eutrophication and other water quality issues.  

       Inositol phosphate（IPx where x=1, 2,…6) is a common group of Po compounds  found 

in eukaryotic organisms, especially in plants (e.g., Turner et al., 2002; Turner et al., 2007). 

Despite the common occurrence of inositol phosphates in the natural environment, their role in 

global phosphorus cycling remains poorly understood due to analytical difficulties particularly in 

detecting their presence in the environment (Turner et al., 2002). Depending on the number of 

substituted phosphate groups in an inositol, prefixes such as mono, bis, tris, tetrakis, pentakis and 

hexakis (for 1, 2…6 phosphate groups, respectively) are used to distinguish them in the IUPAC 

nomenclature (IUPAC, 1971). Within a fixed number of phosphate groups attached in an inositol, 

a number of stereoisomers may be present. The myo-inositol hexakisphosphate is the most 

common isomer and is often referred to by different names such as phytic acid for a free acid 
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form, and phytate (Fig. 1) for a salt form (Shears and Turner, 2007). Through out this thesis, the 

term ‘phytate’ is used for inositol hexakis-phosphate (with six phosphate moieties, Fig. 1) unless 

otherwise mentioned and the symbol IPx with appropriate subscript is used to indicate 

corresponding number of phosphate moieties (e.g., IP5 for pentakis inositol phosphates). 

Phytate is considered as an anti-nutrient because it can decrease the bioavailability of 

nutritionally important minerals such as calcium, magnesium, zinc, and iron by chelating 

strongly with them (Greiner et al., 1997). Phytate functions as the major storage form of P in 

seeds and is gradually enzymatically hydrolyzed to release orthophosphate during germination 

(Bassiri and Nahapetian, 1977). When present in soil, it is not directly available for plant uptake 

until it is hydrolyzed and Pi is released (Lung and Lim, 2006). It is also present in large amounts 

in aquatic sediments, where its degradation may contribute to eutrophication and thus pose a 

potential threat to water quality (Turner et al., 2002).  

 

 

Fig.1. Chemical structure of myo-inositol hexakis-phosphate (phytate). 

 

1.2 Degradation of Phytate 

    The phosphate ester linkages in phytate are quite stable, and abiotic degradation is almost 

impossible in alkaline environments (Turner et al., 2002). However, the degradation of phytate is 

rather fast in the presence of enzymes, within organisms (Mullaney and Ullah, 2003) such as 

such as roots, vegetative storage organs, pollen, and seeds (Williams, 1970; Rayboy, 2003), or 

blood of calves, birds, reptiles, and fishes (Haefner et al., 2005). It is unclear whether the phytase 
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enzyme exists free of cells in the natural environment. In general, the degradation can be divided 

into two classes: a) enzymatic degradation (cell-free enzymes), b) degradation by intact cells. 

 

1.2.1 Enzymatic degradation of phytate 

        Phytases (myo-inositol hexakisphosphate phosphohydrolases) are defined as the group of 

phosphatase enzymes that catalyze the hydrolysis of phytate in a stepwise manner and release Pi 

(e.g., Greiner et al., 1997; Konietzny and Greiner, 2002). There are four different classes of 

phosphatases that are known to have phytase activity: histidine acid phosphatase (HAP), -

propeller phytase (BPP), cysteine phosphatase (CP) and purple acid phosphatase (PAP) 

(Mullaney and Ullah, 2007). The different catalytic mechanisms and some other features of 

different classes of phosphatase allow them to utilize phytate as a substrate under various 

conditions (Mullaney and Ullah, 2007). Microbial phytase initially hydrolyses the phosphoester 

bond at the 3’ position, and is classified as 3-phytase (EC 3.1.3.8) while plant phytase attacks 6’ 

phosphate first, and is named 6-phytase (EC 3.1.3.26). In general, phytase degradation of IP2–3 is 

considerably slower than that of IP4–6 and IP1 degradation cannot be achieved by phytase 

(Kemme et al., 1999). Therefore phosphomonoesterase enzymes such as acid or alkaline 

phosphatase are used for IP1 degradation. However, phosphomonoesterases can dephosphorylate 

IP1 to IP5 esters except IP6 (Meek and Nicoletti, 1986; Shan et al., 1993).  

Phytase are widespread in natural environments, including plants, animal tissues, and 

microorganisms. However, the phosphate in the phytate is not utilized by non-ruminant animals 

due to the lack of intestinal phytase. Phytate-degrading enzymes have been studied intensively in 

recent years because of their potential role in enhancing phytate utilization and P nutrition in 

animal feed and human food (Sandberg et al. 1996; Yi and Kornegay 1996; Greiner, 2007). 

Among different phytate-degrading enzymes, acidic phytate-degrading enzymes (with optimum 

pH around 5) and alkaline phytate-degrading enzymes (with optimum pH around 8) have been 

studied in detail (e.g., Konietzny and Greiner, 2002).  

Pure phytases have been widely used to study phytate degradation (e.g., Greiner et al., 

2000; Keruvuo et al., 2000; Nakano et al., 2000; Chen and Li, 2003; Greiner, 2004). Phytase 

extracted from different organisms or plants have different specificity as well as extent phytate 

degradation. For example, Bacillus phytase degrades only about half of the total phosphate 
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groups (Kerovuo et al., 2000). This means that B. subtilis can, at most, release three moles of Pi 

from one mole of IP6, with myo-inositol trisphosphate as the end product. Furthermore, there are 

two alternative degradation pathways of IP6 degradation by Bacillus phytase (Fig. 2). Phosphate 

in the 6’ or 3’ position in IP6 is degraded first with different end products. Research on 

degradation pathway in B. subtilis has identified two independent routes: i) the first route that 

proceeds via D-I(1,2,3,4,5)P5 to D-I(1,2,3,5)P4 and finally to D-I(1,3,5)P3, and ii) the second 

route that follows D-I(1,2,4,5,6)P5 to I(2,4,5,6)P4 and to I(2,4,6)P3 as the end product. The 

phytate degradation pathway by phytase from Escherichia coli is different from that of Bacillus 

phytase (Greiner et al., 2000). As shown in Fig. 2, the E. coli phytase can degrade myo-inositol 

hexakisphosphate in a stepwise manner via D-I(1,2,3,4,5)P5, D-I(2,3,4,5)P4, D-I(2,4,5)P3, 

I(2,5)P2 and finally to I(2)P. As for enzymes from plants, degradation pathways of Na-phytate by 

wheat phytase (purified from wheat bran) have also been investigated (e.g., Nakano et al., 2000). 

Two wheat phytases (PHY1 and PHY2) follow the same major degradation pathway (Fig. 2), but 

could follow another minor route as well. 

 

 

Fig.2. Phytate degradation pathways by different enzymes extracted from wheat and microorganisms 

(redrawn from Keruvuo et al., 2000; Greiner et al., 2000; Nakano et al., 2000). 

 

 

E.coli	 wheat	PHY1,	
wheat	PHY2		

B.sub	

I(	1,2,3,4,5,6)	P6	

D-I(1,2,3,4,5)P5	 D-I(	1,2	,3,	5,6)	P5	 D/L-I(1,2,3,4,5)P5	

D-I(2,3,4,5)P4	 D-I(1,2,5,6)P4	 I(1,2,3,5)P4	

D-I(2,4,5)P3	 D-I(1,2,6)P3	 D-I(1,3,5)P3	

I(2,5)P2	 D-I(1,2)P2	

I(2)P	

D/L-I(1,2,4,5,6)P5	

I(2,4,5,6)P4	

D-I(2,4,6)P3	
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1.2.2 Microbial degradation of phytate 

 While cell-free enzymatic studies have been widely used to understand phytase activity 

and degradation kinetics, intact cells from pure culture are not commonly used to degrade 

phytate. Aspergillus is the most common fungus species used primarily in food science to 

identify the degradation of phytate. E. coli and Aspergillus ficuum strains have been shown to 

rapidly degrade potassium phytate during fermentation in liquid media (Fredrikson et al., 2002). 

Similarly, lactic acid bacteria strains are also shown to degrade IP6 during growth in flour (Reale 

et al., 2004). These studies are often performed in media with phytate as the sole P source so that 

microorganisms have to degrade phytate to obtain phosphate to support their growth. However, 

synthesis of phytase and expression of phytase activity varies among microorganisms and cannot 

be generalized. For example, the synthesis of phytase by Klebsiella terrigena often occurs during 

carbon starvation and is expressed in the later phases of growth (Greiner et al., 1997). For E. coli, 

the presence of phytate does not necessarily stimulate the production of phytase, yet it is found to 

be activated by phosphate limitation or anaerobiosis (Greiner et al., 1997). Phytase activity has 

been found to increase remarkably during the late stationary phase of cell growth (Greiner et al., 

1993, 1997). Microorganisms with phytate degrading activity produce both intracellular and 

extracellular phytate-degrading enzymes (Hill and Richardson, 2007). For example, phytase 

synthesized by E. coli has been reported to be limited in the periplasmatic space (without any 

detached enzyme from cells; Greiner et al., 1993), but extracellular phytate degrading activity is 

detected in filamentous fungi (Konietzny and Greiner, 2002).  

 

1.2.3 Abiotic degradation of phytate 

The phosphate ester bonds in phytic acid are very stable, especially under basic 

conditions (Turner et al., 2002). Limited studies have been done so far to understand phytic acid 

stabilities in different pH conditions. The chemical/abiotic hydrolysis is slow and incomplete, 

with maximum hydrolysis occurring at pH 4.5 and minimum at pH 0–1 (Anderson, 1980). For 

example, the extent of degradation in the presence of concentrated HCl or HNO3 at 100 °C was 

<<100% (Turner et al., 2002). These findings limited any additional studies on abiotic 

degradation of phytate.  

 Most recently, Sandy et al. (2013) found almost complete degradation of phytic acid 
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under intense (1200 W) ultraviolet radiation (UVR) photo-oxidation. The Pi release rate was high 

(2.31 μmoles/h) with more than 90% of phytic acid degraded within 72 h of the UVR treatment. 

In their study, the higher rate of Pi release from phytic acid than that from phosphonate was 

attributed to the relatively weaker P–O–C bond in phytic acid than the direct P–C bond in the 

phosphonate. While solar UVR is present in natural environments, albeit in extremely low 

intensity, phytate degradation by UVR could be a major abiotic pathway of phytate degradation 

in the natural environment, especially in regions with high solar incidences.  

 

1.3 Oxygen Isotope Ratios of Phosphate as a Tracer to Understand P Cycling 

 Stable isotopes have long been used in biochemistry to understand reaction mechanisms 

due to the ease of labeling and characteristic effects of the labeled product during degradation 

reactions. Stable isotopes such as oxygen, nitrogen, sulfur, and carbon have been used to track 

elements during transfers between pools and to understand the respective roles of abiotic and 

biotic processes during transfer of labeled/non-labeled atoms (Jaisi and Blake, 2014). With 
31

P 

being the only P stable isotope, tracing P cycling in the environment by using stable isotopes 

could not be performed like other nutritional elements such as C, N, and S that have multiple 

stable isotopes. Since P primarily occurs in most Earth environments as orthophosphate (Pi), the 

oxygen isotope ratios of the oxygen in phosphate can be used as a potential tracer for P cycling 

in the environment (Jaisi and Blake, 2014). By measuring the oxygen isotope ratios of released Pi 

and fractionation of oxygen incorporated in the released Pi, pathways of Po degradation and Pi 

regeneration can be investigated (Blake et al., 1998). The isotopic composition of O in phosphate, 

which is expressed as δ
18

Op, as: 

 18   (
       

         
⁄   )       

where R denotes the 
18

O/
16

O ratio, and Rsample and Rstandard refer to the ratio measured in the 

sample and the standard, respectively. The isotopic abundance is measured against a reference 

standard and is reported in delta notation in permil (‰) relative to the Vienna standard mean 

ocean water (VSMOW) standard. 
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1.3.1 Theoretical basis of isotope effects 

 The isotope effect relies on the principle that the zero point energy of a bond in any 

compound depends on the strength of the bond and the mass of the atoms involved in the bond. 

Therefore, depending on whether an atom in the compound is substituted with a lighter or 

heavier isotope, there will be corresponding isotope effects on reaction rates and reaction 

intermediates (Fig. 3). This means heavy-isotope substitution at the position of bond cleavage 

slows down the reaction because of a larger activation barrier for the heavy-isotope-substituted 

molecule (Lassila et al., 2011). Primary isotope effects result from isotopic substitutions at 

positions of bond cleavage or formation. Secondary isotope effects arise from changes in 

geometry or presence of heavy atoms in other sites in the structure. Because the sensitivity of 

isotope effects varies both with bond length and geometry, values of isotope effects are 

challenging to interpret, particularly in reactions performed in complex environments (Lassila et 

al., 2011). 

 

Fig.3. Difference in the free energy of ground and activated (transition) state of 
18

O and 
16

O during P-O 

bond cleavage imparts isotope effect (Lassila et al., 2011). 

 

1.3.2 Oxygen isotope effects of organic phosphorus hydrolysis 

 Organic phosphorus degradation is catalyzed by the numerous phosphoenzymes in the 

environment. Major phosphoenzymes that are active in terrestrial and marine ecosystems include 

5’-nucleotidase, peptidase, alkaline and acid phosphatase, aminopeptidase, phosphodiesterase, 
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and chitinase (Jaisi et al., 2014). Because biogeochemical cycling of P is dominated by enzyme-

catalyzed biological reactions, isotope effects of specific phosphoenzymes could potentially be 

used to identify specific metabolic or enzymatic pathways (Liang and Blake, 2006a). However, 

the application of oxygen isotope ratios in Po is not as straightforward as that for Pi since the 

organic phosphorus compounds normally contain extra oxygen atoms than that of phosphate 

moieties and measurement of isotopes requires separation of phosphate moieties from Po (Jaisi et 

al., 2014). 

 Among different enzymes, alkaline phosphatase (APase), which can hydrolyze a variety 

of organic phosphomonoester compounds and condensed inorganic phosphates, is the most 

common and most widely studied enzyme (Jaisi et al., 2014). Alkaline phosphatase degradation 

of phosphomonoesters results in the incorporation of one oxygen atom from the water in to the 

released phosphate (Liang and Blake, 2006a). While this is true for all monoesters, the kinetic 

fractionation factor during phosphomonoester degradation varies with the enzyme type and 

composition of the phosphomonoester (Liang and Blake, 2006a). The nature of bond breakage 

including the relative dominance of bond formation and bond breakage during 

phosphomonoester hydrolysis, determines the extent of the kinetic isotope effect (Lassila et al., 

2011). The extent of water O incorporation is obtained from the slope of δ
18

Op values of released 

Pi vs the δ
18

Ow values of 
18

O labeled waters used in the hydrolysis experiments. For example, a 

slope of 0.25 during hydrolysis of adenosine 5’-monophosphate by 5’-nucleotidase (Fig. 4) 

suggests that the Pi released inherits three oxygen atoms from the PO4 moiety group of original 

Po and one oxygen atom derived from ambient water.  

 

Fig. 4. Changes in δ
18

Op values of released Pi as a result of oxygen atom incorporation from different 
18

O 

labeled waters in adenosine 5’-monophosphate degradation catalyzed by cell-free 5’-nucleotidase (Liang 

and Blake, 2006a). 
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 Phosphodiester degradation is a two-step reaction. For example, for nucleic acid 

degradation, it involves the first-step cleavage of  the polynucleotide backbone by endonucleases 

and then by exonucleases to free a nucleotide unit, the second-step cleavage of monoester 

linkages in the nucleotide is by monoesterase. A generalized degradation model cannot be 

applied for diesters because the reaction mechanism depends on the compound structure, 

compound elemental composition, and type of enzyme (Liang and Blake, 2009). For example, 

DNA and RNA are the two most common diesters but show different oxygen isotope effects 

during their hydrolysis because of their structural differences. The presence of an additional –OH 

group in the RNA structure compared to DNA allows the formation of cyclic 2’,3’-

phosphodiester intermediate during its breakdown and this intermediate allows extensive oxygen 

isotope exchange with water (Fig. 5). The slope of δ
18

Op of the released Pi and the δ
18

Ow of 

water in DNA hydrolysis is ~0.45 (close to 0.5), which suggests two out of four oxygen atoms in 

the released phosphate are derived from the water and two oxygen atoms are inherited from 

DNA. On the other hand, the slope of δ
18

OP in the released phosphate and the δ
18

Ow of water in 

RNA is 0.66, which is more than 0.5, indicating that more than two oxygen atoms in the released 

Pi are being incorporated from water. This is due to the isotope exchange between water and the 

2’,3’-phosphodiester intermediate. These results led Liang and Blake (2009) to develop the 

structure-based-reaction model for the oxygen isotope effects during phosphodiester hydrolysis. 

 

Fig.5. Formation of cyclic 2’, 3’P-diesters during RNase catalyzed RNA degradation (Liang and Blake, 

2009). 

 Isotope effects during abiotic degradation of Po compounds depend on the method of 

degradation (Liang and Blake, 2006b, Sandy et al., 2013). For example, among dry combustion, 
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acid hydrolysis, and UVR methods studied so far, the dry combustion method promotes 

extensive oxygen isotope exchange between phosphate and atmospheric O2 and thus erases the 

original 
18

OPo values. Both acid and enzyme-catalyzed hydrolysis of Po incorporate oxygen 

atoms from water into extracted Pi and thus 
18

OP values of Pi extracted using these two methods 

only partially retain the original 
18

OPo value. However, there are several differences of 

enzymatic and non-enzymatic hydrolysis of organophosphorus compounds. Additional 

theoretical aspects of the expected differences are listed in Jaisi et al. (2014) and are out of the 

scope of this research. 

Among reduced organophosphorus compounds, hydrolysis research is limited to 

phosphonate (oxidation state of +3), in which phosphorus is connected directly to the carbon 

atom by a covalent bond. Ultra violate radiation degradation of two synthetic phosphonates 

(glyphosate and phosphonoacetic acid) in 
18

O labeled water experiments showed the slope of ~ 

0.18 rather than the multiple of 0.25 (Fig. 6; Sandy et al., 2013). Based on this result, these 

authors claimed that the oxygen atoms both from ambient water and atmospheric oxygen are 

incorporated during the C−P bond cleavage. Such results may be limited to UV photo-oxidation 

because the formation of peroxy radicals from excited organic molecules and atmospheric 

oxygen under the influence of UV photons (Braun et al., 1986) may promote incorporation of 

atmospheric oxygen to the released Pi.  

 

Fig 6. δ
18

Op values of released Pi and water used in the degradation of glyphosate (Gly) and 

phosphonoacetic acid (PA) hydrolysis by UVR photo-oxidation (Sandy et al., 2013). 
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1.4 Analytical Methods to Study Phytate Degradation 

 High-performance liquid chromatography (HPLC), nuclear magnetic resonance 

spectroscopy (NMR), and stable isotopes (C and P) are the major analytical methods to study 

mechanisms and pathways of phytate degradation. 

 

1.4.1 High-performance liquid chromatography (HPLC)  

 Since the sequential phytate degradation produces multiple IPx, identification and 

quantification of each degradation product is crucial in elucidating the degradation kinetics and 

identifying the degradation pathways. High performance liquid chromatography is the most 

powerful tool among all chromatographic techniques (Lindsay, 1992), and represents the most 

frequently used analytical technique in almost all chemical applications (Chester, 2013) 

compared to traditional electrophoretic and ultracentrifugal techniques. The automation of HPLC 

sampling, fraction collection, data generation, data reduction, and reporting functions are more 

versatile and have greatly improved quantification and output (Thayer et al., 1996). Although the 

separation of inositol phosphates by gas chromatography (GC) could resolve the identity of 

intermediate products much better, the need to volatilize compounds and transfer into capillary 

column precludes routine use of this method (Cooper et al., 2007). HPLC is considered to be a 

relatively sensitive and selective approach that can separate inositol phosphates effectively and 

efficiently (Turner et al., 2002) and has been widely used in detecting IPx and elucidating the 

phytate degradation pathways (van der Kaay and van Haastert, 1995; Greiner and Larsson 

Alminger, 2001; Casals et al., 2002; Harland et al., 2004; Greiner, 2004).  

 

1.4.2 Nuclear magnetic resonance (NMR) spectroscopy  

 NMR is a versatile method that can provide complete structural information of phytate 

and its degradation products. Inositol phosphates contains three NMR-active nuclei (
1
H, 

31
P, and 

13
C); therefore detailed information about the structure of the parent inositol moiety and the 

number and positions of phosphorylation on the ring can be obtained by combining information 

from these three nuclei (Murthy, 2007). An additional benefit of using NMR is that it is capable 

of distinguishing between similar compounds in complex matrices (Nanny and Minear, 1994),  

as well as analyzing individual components without prior separation of samples (Murthy, 2007). 
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This advantage makes NMR an attractive technique in speciation of inositol phosphate, its 

partially dephosphorylated products and other organic P compounds. Compared with HPLC, 

NMR does not necessitate standards that may cause background matrix effects while providing 

simultaneous determination of P groups in the same run (Kemme et al., 1999; Turner et al., 

2003). However, application of standards or model compounds greatly improves resolving peak 

identity of individual inositols. 

 Because 
31

P is the only naturally abundant P stable isotope, all P species in a phytate and 

partially dephosphorylated products can be detected by NMR spectroscopy (Kemme et al., 1999; 

Cade-Menun, 2005). Identification of compounds using 
31

P NMR is based on their chemical 

shifts relative to an external H3PO4 standard (Turner et al., 2003) and quantification of different 

P forms in a sample is based on the peak area, which is proportional to the number of particular 

type of P nuclei (Cade-Menun, 2005). The sensitivity of 
31

P NMR was reported to be 25±0.05 

mM (Lipok et al, 2009). While uncoupled 
31

P NMR can be used to quantify different P forms 

and has been most widely used, 
1
H coupled NMR could provide another parameter to better 

resolve the identification of different P forms.  

  Phytate and its degradation products generate several NMR peaks. To identify these 

peaks, 
31

P resonance peaks are assigned to individual IPx compounds on the basis of 

simultaneously appearing and disappearing peaks during phytate degradation (Kemme et al., 

1999). 
1
H-decoupled NMR spectra can provide additional information on the detailed 

degradation kinetics as well as enable quantitative determination of residual inositol phosphates. 

Further confirmation of peak identity can be established through comparison of J1H,31P coupling 

constants. For three bond coupling as is the case for phytate and its degradation products, the 

coupling constant (
3
J1H,31P) has been reported to be in the range of 5-10 Hz (Hoffman, 2013). 

While coupling constants are not often used, this additional parameter is useful to resolve IPx 

composition especially when different products have similar chemical shifts.  

 

1.4.3 Oxygen stable isotope ratios in phyate and degraded phosphate  

 Oxygen isotopes could be a promising tracer for phytate degradation during bacterial and 

enzymatic degradations. To date, no isotopic study on phytate degradation has been performed.  

Because phytate has a limited number of oxygen moieties (4−6 as OH, depending on pH) besides 
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the oxygen in phosphates (which have 24 oxygen atoms), direct measurement of 
18

Op values 

comes overwhelmingly from phosphates in phytate. Measurement of 
18

Op values at different 

time points during phytate degradation in the presence of labeled water enables understanding of 

the mechanism under which oxygen atoms are incorporated in the released phosphate. It will also 

test whether the isotope effect varies with different phosphate moieties in the inositol ring. 

Combination of HPLC, NMR, and stable isotopes can collectively help constrain the degradation 

pathways, and provide a cohort of new tools that can be used to understand the degradation and 

detect degradation products from phytate in natural environments. 
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Chapter 2 

 

RESEARCH OBJECTIVES, MATERIALS AND METHODS 

 

2.1 Research Objectives 

The major objectives of this thesis research are as follows: 

i) To understand the phytate degradation kinetics catalyzed by cell free enzymes and intact 

bacterial cells (Bacillus subtilis and Escherichia coli)  

ii) To identify intermediate degradation products and generate phytate degradation pathways 

using nuclear magnetic resonance spectroscopy (NMR) and phosphate oxygen stable 

isotope ratios (
18

Op).  

 

2.2 Materials and Methods 

To understand phytate degradation, phytate, phytase, and microorganisms were 

purchased. Additionally model phytate compounds with partially dephosporylated inositol 

phosphates as well as 
18

O labeled air and waters were purchased to resolve NMR peaks and 

identify isotope effects, respectively during phytate degradation. Phytic acid dipotassium salt 

(inositol hexakisphosphate), D-myo-inositol 1,2,4,5,6-pentakis-phosphate, myo-Inositol 1,3,4,6-

tetrakis-phosphate ammonium salt, L-myo-inositol 1,4,5-tris-phosphate potassium salt and wheat 

phytase (E.C. 3.1.3.26) were purchased from Sigma-Aldrich. Two bacterial strains, Bacillus 

subtilis (ATCC 23857) and Escherichia coli (ATCC
 
33965), were purchased from American 

Type Culture Collection (ATCC). 98% 
18

O labeled air and 10% labeled water were purchased 

from Icon Isotopes. 

 

2.2.1 Enzyme purification 

 Pilot experiments showed that the commercial wheat phytase (Sigma) was a crude extract 

containing high amounts of inorganic P and potentially other enzymes. Therefore the crude 

wheat phytase was purified in the Protein Production Core Facility at the Delaware 

Biotechnology Institute (DBI). Purification followed the protocol of Brejnholt et al. (2011). In 
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brief, for every 5 g crude phytase extract, 20 mL buffer A (0.1 M sodium acetate pH 4.3 with 1 

mM calcium chloride) was added to dissolve the crude extract. The solution was then centrifuged 

at 6,000  g for 30 min at 4 ºC. The supernatant was collected and saturated ammonium sulfate 

solution was added slowly to 30% saturation. The solution was then stirred on ice for 20 min and 

clarified by centrifugation at 13,000  g at 4 ºC for 15 min. The supernatant was collected again 

and ammonium sulfate precipitation was repeated to 60% saturation. The pellet was collected 

after centrifugation at 13,000  g for 15 min and resuspended in 8 mL buffer A. The phytase 

solution was then desalted using a PD-10 column (GE Healthcare). The enzyme was further 

purified by a HiTrap SP cation exchange column (GE Healthcare) using buffer A and a linear 

gradient of buffer A + 0.5 M NaCl. Fractions were collected and sodium dodecyl sulfate (SDS) 

gel electrophoresis was performed to confirm a protein band with approximate molecular weight 

60 kDa. Those fractions suspected to contain enzyme activity were tested using 1 mM phytate 

solution. The fractions displaying enzyme activity were pooled together and concentrated using 

an Amicon Ultra 15 centrifugal device (Millipore) and included on the purification steps (above). 

Non-specific phosphatase activity was also determined by testing the purified enzyme with p-

Nitrophenyl phosphate (pNPP) substrate (Maenz and Classen, 1998). 

 

2.2.2 Bacterial phytate degradation experiments 

B. subtilis and E. coli stocks obtained from ATCC were propagated in nutrient broth and 

Luria-Bertani (LB) medium, respectively, and the grown cells were used to prepare frozen stocks 

in 15% glycerol and stored at –80 °C. In later experiments, the frozen stocks were revived and 

grown in their respective media for 24 hrs, to late-log phase at their optimal growth temperatures, 

followed by centrifugation at 4000 rpm and re-suspension in minimal media that consisted of 10 

g/L glucose, 2 g/L CaCl2, 5 g/L NH4NO3, 0.5 g/L KCl, 0.01 g/L FeSO4, 0.01 g/L MnSO4, and 

25mM Tris-HCl, pH 7.5. The bacterial phytate degradation experiments were performed with 

cells dispersed in this media using 1.0 mM potassium phytate as the sole P source. All handling 

and sampling in these experiments was conducted under sterile conditions in a biosafety cabinet 

or on sterile benchtop.  

At selected time points, aliquots of cell culture were withdrawn to quantify released Pi as 

the result of phytate degradation using the phosphomolybdate blue method (Murphy and Riley, 
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1962). Total P in the solution as well as inside cells was quantified using inductively coupled 

plasma optical emission spectrometry (ICP-OES). The number of cells in the culture over time 

was monitored using optical density measurements as well as serial dilution and plate counts. 

Analysis of speciation of P in cell culture were performed based on total P in the solution, 

supernatant P without cells, Pi in the supernatants, and cell P in the pellets. 

 

2.2.3 Enzymatic phytate degradation in 
18

O labeled water and air  

       A typical enzymatic phytate degradation experiment included 0.4U purified phytase with 

100 mL of 1 mM potassium phytate solution prepared in Na-acetate buffered at pH 5.5. The 

experimental set up was incubated at 55 °C. The control experiment was performed in the same 

buffer but without adding any phytase. Samples were withdrawn at 1, 2.5, 4.2, 24, and 48 hrs 

(based on degradation kinetics from the preliminary experiment) and the degradation reaction in 

each aliquot was stopped by adding 1M HCl at a 1:1 ratio (Adeola et al., 2004). Each sample was 

split for Pi quantification, NMR analysis, HPLC analysis, and oxygen isotope ratios 

measurements. The amount of released Pi was quantified by using the phosphomolybdate blue 

method (Murphy and Reily,1962) as above.  

      
18

O labeled water reactions were carried out in in phytate solution described above 

prepared using seven different waters with a wide range of 
18

Ow (-7.0−74.0‰) in order to detect 

the incorporation of oxygen from ambient water into released phosphate during the degradation 

of inositol phosphate. In selected labeled water phytate solutions, additional phytase enzyme was 

added after 24 hrs of incubation to test additional phytate degradation. Reactions were carried 

out under optimal conditions (e.g., pH, temperature, and buffer) specified by the manufacturer 

(Sigma Aldrich). δ
18

O values of water in the reactions were measured at the start and the end of 

each experiment. 

       To investigate the role of atmospheric oxygen incorporation into released phosphate 

during enzymatic degradation of phytate, 
18

O labeled air experiments were set up by diluting the 

highly enriched (98 atom % oxygen air into final 
18

OO2 values of 43, 95, and 160 ‰. Labeled 

air was serially diluted into serum bottles inside a glove box to avoid any contamination from 

ambient oxygen in the air. To ensure complete diffusion of labeled air with dissolved air in the 

phytate solution, enzyme addition and incubation was delayed for about 6 hrs after labeled 
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oxygen was injected into the headspace. All experiments were carried out in 120 mL serum 

bottles with the phytate solution described above under sterile conditions at 55 °C in a 

temperature-controlled (±0.5 
o
C) incubator. Other experimental conditions, sampling, and 

sample analyses were the same as labeled water experiments.  

 

2.3 Analytical Methods 

2.3.1 HPLC analysis  

    To test the consistency of inositol phosphate quantification by HPLC and NMR methods 

along with Pi quantitation by the colorimetric method, the same samples were used in both 

studies. Samples withdrawn at series of time points in the enzymatic phytate degradation 

experiment performed at 10 ‰ 
18

O labeled water were chosen for comparison. Please note that 

the kinetics and extent of phytate degradation were found not to be impacted by the 
18

Ow value 

of labeled waters.  

For HPLC analyses, aliquots of samples were freeze-dried and then dissolved in 0.54 mL 

of 0.5M NaOH and 0.06 mL D2O. All HPLC measurements were performed at the Max Rubner-

Institut, Karlsruhe, Germany. In brief, samples were appropriately diluted and chromatographed 

on an HPLC system using a Pharmacia HR5/5 (5 cm) column and a gradient of HCl (0.005 to 0.5 

M; flow rate of 1mL/min). To achieve post-column derivatization, the eluents were mixed with 

0.1M HCl that containing 5.18 mM FeCl3 and 0.25 M NaCl via the twisted PTFE coil (length 8 

m; i.d. 0.5mm) (HPLC-pump 2248, Pharmacia; flow rate: 0.8 mL/min). Peaks were identified by 

addition of inositol phosphate standards.  

 

2.3.2 NMR analysis 

     Samples withdrawn at different time points from the enzymatic phytate degradation 

experiment performed in 10 ‰ 
18

O labeled water were freeze-dried and then dissolved in 0.54 

mL of 0.5 M NaOH and 0.06 mL D2O (Cade-Menun and Liu, 2013). To distinguish the peak 

positions and to resolve the identity of the partially degraded phytate products, NMR peak 

positions of model compounds were measured. These included pure myo-inositol phosphates 

phytic acid dipotassium salt, D-myo-inositol 1,2,4,5,6-pentakis-phosphate, myo-Inositol 1,3,4,6-
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tetrakis-phosphate ammonium salt and L-myo-Inositol 1,4,5-tris-phosphate potassium salts. 

These pure inositol compounds were first dissolved in 0.6mL 0.52 M NaOH prepared in D2O to 

obtain final concentrations of 0.33-7.0 mg/mL. Proton-coupled （32 number of scans) and 

decoupled (16 number of scans) 
31

P NMR measurements were performed at 9:1(H2O: D2O) ratio 

in AV 400 MHz Bruker NMR spectrometer operating at 161.97 MHz for 
31

P at the University of 

Delaware. All measurements were carried out at room temperature (23 °C) and all peak shifts 

were calibrated to the external standard of 85% phosphoric acid. Identification of phytate 

degradation products using 
31

P NMR was based on their chemical shifts, peak area and coupling 

constants. 

 

2.3.3 Analysis of oxygen isotope ratios in 
18

O labeled water and air experiments  

         The released Pi from 
18

O labeled water and air experiments was processed for silver 

phosphate precipitation using methods described in Jaisi and Blake (2010). This involved a series 

of precipitation and dissolution steps to remove other media and reagent components. In brief, Pi 

was precipitated first as ammonium phosphomolybdate (APM), dissolved, and then precipitated 

as magnesium ammonium phosphate (MAP). The sample was further treated with cation resin to 

remove residual cations. Finally, the purified phosphate was precipitated as silver phosphate for 

the phosphate oxygen isotope measurement. The silver phosphate was then roasted at 107 °C for 

12 hrs to remove any remaining and trapped water. Silver capsules that contain 200−300 g of 

silver phosphate were prepared in triplicate for oxygen isotope analysis.  

All phosphate O isotope measurements were carried out at the stable isotope facility at 

the University of Delaware. Silver phosphate was analyzed by online high-temperature thermal 

decomposition using a Thermo Chemolysis/Elemental Analyzer (TC/EA) coupled to a Delta V 

continuous flow isotope ratio monitoring mass spectrometer (IRMS; Thermo-Finnigan, Bremen, 

Germany) with precision of ±0.3 ‰. The δ
18

Op values of silver phosphate samples were 

calibrated against the conventional fluorination method using two internal laboratory silver 

phosphate standards arbitrarily designated as YR1a and YR32 with δ
18

Op values of −5.49 and 

33.63 ‰, respectively (Venneman et al., 2002). Samples and standards were run at least in 

triplicate. All oxygen isotope data are reported as δ
18
O ‰ relative to Vienna standard mean 

ocean water (VSMOW) as a reference standard. 
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     Linear regressions of δ
18

Op values of released Pi vs δ
18

Ow values of water or air used in 

the experiments were performed to identify the slope and the fractionation for water (between 

ambient and incorporated in Pi) δ
18

Ow values. Based on these results, isotope effects of specific 

degradation pathway or specific reaction mechanisms were identified.  
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Chapter 3 

 

PHYTATE DEGRADATION KINETICS AND PATHWAYS 

 

3.1 Bacterial Phytate Degradation 

        Bacillus subtilis and Escherichia coli cells were first grown in nutrient-rich medium, 

washed and resuspended in buffer before transferring them into minimal medium/phytase 

screening medium (Kerovuo et al., 1998) that contains 1 mM phytate as the sole P source. 

Dissolved phytate reacted with Ca
2+

 and Fe
2+

 ions present in the growth media and formed Ca-

phytate or Fe phytate precipitate, producing a cloudy suspension. This phenomenon could be 

explained by the higher ability of phytate to chelate metal ions and formation of metal-phytate 

complexes as precipitates. For example, formation of Ca-phytate complexes have been found to 

dissolve calcite (Celi et al., 2000) and similarly Fe and Al-oxides (Shang et al., 1990; Ognalagna 

et al., 1994; Johnson et al., 2012). Several pilot experiments in this research aimed at 

investigating the microbial degradation of phytate precipitate (as Ca-phytate formed under the 

medium pH of 7.5, or Fe-phytate formed at other pH values), showed that phytate degradation 

was insignificant, suggesting that P in Ca or Fe-phytate is relatively unavailable for 

microorganisms. This result is consistent with literature that the formation of a metal-phytate 

complex affects physical, chemical, and biological processes controlling solubilization and 

bioavailability of phytate, and transforms otherwise labile phytate P into more recalcitrant P 

(Zhang et al., 1994). To avoid the formation of phytate precipitate, the calcium chloride 

concentration in the media was adjusted to that of M9 minimal media (Miller, 1972) from 20 

mM to 0.1 mM. No phytate precipitate was observed in this modified medium and as expected, 

phytate degradation was observed (Fig. 7). As is shown in Fig. 7a, Pi concentration in the media 

with E. coli reached almost 4000 M at 120 hrs of incubation (~400%, with theoretical 

possibility of 600%, as 6 moles of Pi are released from a mole of phytate). These results suggest 

the presence of extracellular phytase activity in E. coli strain. This result is consistent with the 

presence of two different phosphatases (agp-encoded acid phosphatase and appA-encoded 

phosphatase) in the periplasmic layer of E. coli. The agp-encoded phosphatase has specificity for 

hydrolyzing D-3 phosphate residue in phytate (Cottrill et al., 2002), while appA-encoded 
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phosphatase sequentially removes five out of six phosphate groups in phytate with phosphate at 

D-6 position dephosphorylated first (Greiner et al., 2000).  

 

 

Fig. 7.  a) Kinetics of phytate degradation by Escherichia coli and Bacillus subtilis in the minimal 

medium and, b) their growth shown as cell numbers over time. 

 

There was no phytate degradation activity detected in the Bacillus subtilis culture (Fig 

7a). To ensure that these results were reproducible, experiment was repeated, and changes in 

solution chemistry before and after the experiment were measured and P mass balance calculated. 

Cell growth measured over incubation times both by plate counts and by optical density (A600 

nm), however, showed that the cell concentration increased over incubation time (Fig. 7b) while 

no significant amount of Pi was released due to phytate degradation. This could be attributed to 

expression of intracellular phytase activity of B. subtilis strain and the efficient use of P from 

degraded phytate for their own growth, i.e., without releasing P in the media. However, the 

changes in P in the cells were too low to reliably measure and account P uptake and 

transformation in the cells. Absence of phytase activity might also be due to incubation 

conditions being less than optimal for the expression of phytase activity by B. subtilis (see 

below). 

Bacterial phytate-degrading enzyme syntheses are turned off in exponential phase and 

initiate as soon as the cells enter stationary phase in non-limiting media (Greiner, 2007). Nutrient 

or energy limitation, which could occur in the stationary phase, was suggested to induce the 

synthesis of phytase (Greiner et al., 1997). Formation and expression of phytate-degrading 
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enzyme in microorganisms is complex, yet non-uniform regulation among various conditions has 

complicated the generalization (Konietzny and Greiner, 2004). For example, it was reported that 

only carbon starvation along with the presence of phytate could provoke the synthesis of phytase 

by Klebsiella terrigena among other nutrient limitations tested (Greiner et al., 1997). The 

formation of a phytate-degrading enzyme in E. coli was found to be stimulated by phosphate 

starvation, while carbon, nitrogen, and sulfur limitation were impotent (Touati et al., 1987).  A 

likely explanation for why B. subtilis did not express phytase activity is that phytase formation 

depends on other nutrient, pH, and incubation conditions similarly to K. terrigena in which 

carbon limitation promotes phytase synthesis. However, a slight increase in B. subtilis growth 

(Fig. 7b) is the consequence of orthophosphate (derived from phytate) uptake into cells. 

  

Fig. 8. Speciation of P in E. coli (a) and B. subtilis (b) culture into total P, cells P, supernatant Pi and 

phytate P. Phytate P was calculated by subtracting the Pi in the supernatant from the total P in the 

culture. P concentrations are expressed as M.  

 

Speciation of P during bacterial phytate degradation is presented in Fig 8. To be 

consistent, all P measurements were based on ICP-OES except Pi in the supernatant that was 

measured colorimetrically. As shown in the figure, concentrations of total P and supernatant P 

were similar, which can be explained by the relatively low amount of P stored inside cells. The 

low cell P is rather unexpected because cell components (nucleic acids, lipids, ATP) and cell 

storage (orthophosphate, polyphosphate, and pyrophosphate) together contribute a significant 

amount of P in cells. A potential reason for this could be lower sensitivity of ICP measuring cell 
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P. The increase of Pi corresponding to the decrease in inositol phosphate in the E. coli culture 

indicates that the Pi was generated by the degradation of inositol phosphate and released into the 

solution. There might be other organic P besides inositol phosphate present in the supernatant 

particularly in the later part of the experiments due to potential release of organic P from cell 

death and lysis. Because we did not see a spike in any P pool, contribution of such unknown 

organic P is expected to insignificant. 

 

3.2 Enzymatic Phytate Degradation Kinetics 

        Degradation of phytate by purified phytase enzyme showed rapid release of Pi first 

followed by slow but continuous Pi release for up to 140 hrs (Fig. 9). For example, phytate 

degradation achieved ~450% yield (i.e., 4.5 moles of Pi released from one mole of phytate) after 

24 hours of incubation. In the control experiments without phytase, the amount of released Pi 

was negligible, which suggested that the non-enzymatic hydrolysis of phytate under the 

experimental conditions and time is not likely to happen. As shown in Fig. 9, Pi yield reached ~ 

500%, suggesting that the wheat phytase could at least remove five phosphates from the inositol 

ring.  

 

Fig. 9. Phytate degradation kinetics of purified phytase from wheat.  

Previous research shows that purified phytases can degrade phytate only up to inositol 

monophosphate (containing one phosphate moiety in the inositol ring) and inositol 2-phosphate 
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was the final degradation product (Konietzny and Greiner, 2002). The inositol monophosphate 

can only be degraded under high phytase concentration with prolonged incubation or by the 

activity of other nonspecific phosphomonoesterase (Greiner, 2007). Because the degradation was 

limited to about 500% in this study, it indirectly verifies that the purified enzyme was free from 

unspecific phosphomonoesterase that could release phosphate from inositol monophosphate (IP1). 

 

3.3 Identification of Phytate Degradation Products 

3.3.1 HPLC analysis of degradation products and phytate pathways  

Partially dephosphorylated IPx products generated at different time points phytate 

degradation are shown in Table 1. The inositol phosphate degradation follows a stepwise manner 

in which partially degraded products serve as intermediate substrates for further degradation. For 

example, I(1,2,3,4,5)P5 concentration at 1 hr was very high and rapidly dropped to an 

insignificant quantity at 2.5 hrs, suggesting rapid degradation of IP6 to IP5 as well as a short half-

life of IP5 intermediates. Among four different IP5 isomers detected, the I(1,2,4,5,6)P5 isomer is 

produced in low quantity and the rate of degradation is slow compared to that of the (1,2,3,4,5)P5 

isomer. I(1,3,4,5,6)P5 and I(1,2,3,4,6)P5 isomers are present in trace amounts at all times 

suggesting these two isomers could have been produced in infinitesimally small quantity but 

were degraded completely after 48 hrs of reaction. Furthermore, I(1,2,5,6)P4 was the most 

dominant IP4 isomer and remained accumulated in the product until after 4.2 hrs. The 

identification of IP2 and IP1 is limited due to the lack of a proper standard because these are new 

species not identified so far. Total P mass balance at different time points accounting Ps in 

partially dephosphorylated inositol phosphate was good. Overall, these results show formation of 

multiple isomers with different half-lives indicating more than one degradation pathway and 

potentially different isotope fractionation factors. 

Depending on the position where the susceptible phosphoester bond is initially attacked, 

phytases are classified into two classes: i) 3-phytase (EC 3.1.3.8), which removes phosphate 

initially from the D-3 position of the myo-inositol ring, and ii) 6-phytase (EC 3.1.3.26), which 

preferentially initiates inositol phosphate degradation at the L-6 (D-4) position. The cereal 

phytases from wheat, spelt D21, rye, barley P1 and P2, and oat were identified as 6-phytases 

(Greiner and Alminger, 2001), which preferentially initiate the cleavage of phosphate at the L6 
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(D-4) position on the myo-inositol ring. Wheat phytase is a plant phytase expected to have the 6-

phytase activity that initially removes phosphate on the 6’ position. Even though most phytases 

studied so far fit into this classification, there are exceptions and thus this rule does not 

characterize all phytases. 

 

Table 1. Time course change in dephosphorylated inositol products from the degradation of phytate by 

wheat phytase. IP2 and IP1 concentrations were too low to be detected by HPLC. 

Time,

hrs 

Phytate degradation products, μM 

I(1,2,3,4,5,6)P6 I(1,2,3,4,5)P5 I(1,2,4,5,6)P5 I(1,2,5,6)P4 
I(1,2,3,4)P4 

/I(1,3,4,6)P4 

I(1,2,6)P3/

I(1,2,3)P3 
I(1,5,6)P3 

1 572.5 704 99.8 238.1 64 0 42.5 

2.5 26.2 74.9 27.4 549.4 127.6 3.4 178 

4.2 32.9 28.5 34.7 355.2 65.6 55.8 343.8 

24 26.8 9.2 16.7 53.8 9.3 101.5 41.5 

48 14.7 3.3 9.5 7.2 0 77.3 23.3 

 

Based on the HPLC results that account for different IP5, IP4, IP3 and their isomers in the 

degradation products (Table 1), a potential pathway of inositol phosphate degradation by wheat 

phytase is generated (Fig. 10). As shown, there are two different pathways: i) the major 

degradation pathway is via D-I(1,2,3,5,6)P5, D-I(1,2,5,6)P4, D-I(1,2,6)P3. This pathway is the 

same as published by Nakano et al. (2000) in which I(1,2,3,4,5,6)P6 degrades in the order of D-

I(1,2,3,5,6)P5, D-I(1,2,5,6)P4, D-I(1,2,6)P3, D-I(1,2)P2 and finally to I(2)P.  ii) the minor pathway 

is via D-I(1,2,3,5,6)P5, D-I(1,2,3,6)P4, D-I(1,2,6)P3. This pathway is comparable to that of wheat 

phytase F2 by Lim and Tate (1970). These authors used a pH of 7 to 7.5 for their studies, but 

perhaps F2 phytase also has some activity at pH 5.5 and follows: I(1,2,3,4,5,6)P6, D-

I(1,2,3,5,6)P5, D-I(1,2,3,6)P4, I(1,2,3)P3, D-I(1,2,)P2 to finally I(2)P. The minor pathway is new 

and has not been detected in wheat phytase before.  However, the HPLC data show that the 

inositol phosphate degradation by wheat phytase is initiated at both the 6’ phosphate and 3’ 

phosphate positions, which resulted in the formation of both D-I(1,2,4,5,6)P5 and D-I(1,2,3,5,6) 

P5 isomers. This suggests the presence of another phytase with 3-phytase activity or that one of 

the wheat phytases has some 3-phytase activity and generates D-I(1,2,4,5,6)P5 from phytate. This 
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IP5 could be further degraded by one of the phytases or other phosphatases in the preparation to 

D-I(1,2,5,6)P4 and D-I(1,5,6)P3.  

 

 

Fig 10. Phytate degradation pathways deduced from HPLC results. Please note that the additional 

degradation from D-I(1,5,6)P3 is unknown as it does not fit any product from previous published results. 

 

The final degradation product of the majority of inositol phosphate-degrading enzymes, 

regardless of their origin, is myo-inositol 2-phosphate (Greiner, 2007). Nonspecific phosphatase 

particularly from microorganisms can degrade the phosphate moiety in the 2’ position (Kerovuo 

et al., 2000). Thus far, no phytase has been reported that can remove phosphate at the 2’ position 

of the myo-inositol ring. Interestingly, our results show that D-I(1,5,6)P3 is the most dominant 

degradation product that has a phosphate moiety in the 2’ position degraded. This likely indicates 

the presence of unknown phytase or phosphatase with unknown activity in the wheat phytase. 

Further research is needed to identify and characterize this phytase enzyme.  

 

3.3.2 
31

P and  
1
H-

31
P NMR results 

31
P NMR spectra of partially dephosphorylated inositol phosphates generated during 

enzymatic phytate degradation at different time points are shown in Fig. 11. Because a single 

inositol phosphate generates several peaks and superimposed peaks from coexisting products 
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complicate peak identity, partially dephosphorylated phytate compounds were purchased and 

their peak positions were individually identified (Table 2). NMR spectra of these model inositol 

phosphates provided information on NMR shift and proton coupling information. Furthermore, 

the peak integration ratios of these pure inositol phosphates correspond to the symmetry of the 

phosphate moiety in myo-inositol structure. As shown in Fig. 1, myo- structure is symmetrical at 

the 2 and 5 positions, thus validating the results presented in Table 2. In this study, NMR peaks 

at different time points were analyzed by assigning the peaks (Fig. 11) based on their chemical 

shifts and peak area information gathered from model compounds as well as taking account on 

the simultaneously appearing and disappearing peaks during the degradation time course. For 

simplification, each degradation product (IPx) was assumed to retain stereochemistry after 

phosphate hydrolysis and as a result all products are assumed to be myo- form. With that 

assumption, the ambiguity in HPLC data for D-I(1,2,6)P3/ I(1,2,3)P3 has been deduced to be D-

I(1,2,3)P3. 

  

Table 2. 
31

P NMR parameters for pure IPx compounds. 

 
 

The 
31

P NMR spectra of phytate degradation products show compositional changes in 

type and amount of IPx during phytate degradation, indicating a stepwise degradation process. 

Due to relatively lower sensitivity of 
31

P NMR compared with HPLC, P species with 

concentration lower than its sensitivity limit (~250 M) are difficult to identify without a good 

confidence, therefore are not presented. Please note the experimental solution was concentrated 
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by 5-18 times by freeze drying and subsequent dissolution on D2O (see method). The 
31

P NMR 

spectra (Fig. 11) shows the spectra of IP6, IP5, IP4, IP3 as well as orthophosphates as products 

generated within 1 hr of reaction. These partially dephosphorylated IPX could compete as new 

substrates for phytase.  It is interesting to note that the peaks for IP6 and IP5 almost disappeared  

 

 

Fig 11. Progressive changes in 
31

P NMR spectra during phytate degradation: a) 1.0 hr, b) 2.5 hrs, c) 4.2 

hrs, d) 24.0 hrs, e) 48.0 hrs. Shift of each spectra was adjusted to orthophosphate peak shift as a 

reference. Symbols 6, 5, 4a, 4b, 3a, 3b used for peak identification correspond to IP6, I(1,2,3,4,5)P5, 

I(1,2,5,6)P4, I(1,2,3,4) P4/I(1,3,4,6) P4, I(1,5,6) P3 ,and I(1,2,3) P3/(1,2,6) P3 respectively.   
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after 1 hr and 4.2 hrs respectively with the peaks for IP4 and IP3 remaining after 24 hrs. This 

indicates that the degradation of IP4 and IP3 is much slower than that of IP6 and IP5. This delay 

could be attributed to a variety of reasons. For example, accumulation of phosphate inhibiting the 

reaction, decreased phytase activity in the solution or lower inositol phosphates being more 

recalcitrant to degradation.  Minor fluctuation in peak shift for each successive time point could 

be due to changes in pH. 

 

3.3.3 Comparison of 
 31

P NMR, 
1
H− 

31
P NMR Spectroscopy and HPLC data 

 

The 
31

P NMR and HPLC results on the same degradation products enabled cross-

comparison and cross-referencing for NMR peaks. The identity of degradation products and their 

percentage calculated by NMR analysis and HPLC results are compared in Table 3. The 

percentages are quite close for most of the products while the difference can be attributed to peak 

overlapping and incomplete peak assignment. The failure of detection of IP2 and IP1 in the 

samples might be due to complete degradation of IP2, but the possibility of phytate being 

completely degraded to myo-inositol is ruled out because our enzyme was pure and the highest 

amount of degradation detected by colorimetric measurement was ~500% (Fig. 9). As shown in 

Table 3, both NMR and HPLC data show strong corroboration for the identity of various IPx. In 

this study, only 
31

P NMR and 
1
H-

31
P NMR spectra were generated and analyzed because of 

simplicity and high resolution of P and H peaks. However, for high resolution studies to 

resolving more ambiguous peaks, correlation spectroscopies (i.e. TOCSY, HNMR, and CNMR) 

could be utilized. In this study, model inositol compounds and HPLC measurements were 

sufficient to resolve peak identity solely through peak shift, peak area, and proton coupling 

parameters. The strong corroboration of NMR peaks to HPLC results points to the usefulness 

and reliability of utilizing NMR spectroscopy to non-destructively analyzing phytate and 

partially dephosphorylated inositol phosphates. 

 

3.4. Oxygen Isotope Effects of Phytate Degradation  

      Given that phosphorus atoms in a phytate molecule remains as phosphate and one of the 

four oxygen atoms is covalently bonded to carbon (P−O−C bond), nucleophilic attack of the 

P−O−C ester and cleavage at the P−O bond position requires one oxygen atom to be 
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incorporated to the released phosphate from external ambient sources. During enzymatic hydrol 

ysis of P-monoester compounds, the sole O atom source is ambient water with the fractionation 

factors depending on the enzyme or substrate type (Liang and Blake, 2006a). Because the 

nucleophilic attack could be influenced by the nature of the groups adjacent to the P−O−C bond 

 

Table 3. Comparison of NMR and HPLC results for phytate degradation products 

         

 

Degradation      

Time                  

(hr)

Pi I(1,2,3,4,5,6)P6 I(1,2,3,4,5)P5 I(1,2,5,6)P4 I(1,5,6)P3 I(1,2,3)P3

Shift (ppm) 5.35 4.79,4.17,3.79,3.69 5.12,4.86,4.62

3J(Hz) 11.89/9.9
11.89,7.83, 

5.94

NMR   (%) 66.2% 53.5%

HPIC (%) * 49.4% 50.6%

Shift (ppm) 5.16 4.97,4.74,4.5 5.45,5.28, 3.1

3J(Hz) 9.91,7.93,9.91 5.94, 7.93,7.93

NMR   (%) 90.7% 9.3%

HPIC (%) * 80.4% 19.6%

Shift (ppm) 5.16 4.93,4.68,4.45 5.04, 4.39, 4.24

3J(Hz) 9.91,5.93,7.93
9.91,7.84/11.86,9

.91

NMR   (%) 63.3% 36.7%

HPIC (%) * 57.9% 42.1%

Shift (ppm) 5.06 4.74,4.46, N/A 4.44, 3.95

3J(Hz) 9.91,7.93, N/A 7.93

NMR   (%) -----a -----a

HPIC (%) * 46.2% 65.3%

Shift (ppm) 5.06 4.46,3.95

3J(Hz) 7.93,7.93

NMR   (%) -----b

HPIC (%) * -----b

a Peak overlap interfered with integration
b Only one species detected in 31PNMR

* Adjusted to only species identified in the 31PNMR

24

48

1

2.5

4.2

Phytate degradation products
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in the phytate and the six different PO4 moieties in phytate could originally have different 
18

Op 

values, phosphates released during successive degradation steps were individually processed and 

corresponding 
18

Op values were measured. In order to detect whether O from water and air is 

incorporated into released Pi, and to infer reaction mechanisms, series of experiments are carried 

out in three different 
18

O labeled air and seven different 
18

O labeled waters.  

18
O labeled air experimental results show no evidence of oxygen from air being 

incorporated to the released Pi (Fig. 12). Please note that if O from labeled air is incorporated in 

the released Pi, corresponding changes in the 
18

Op values of released Pi should be observed. 

Experiments conducted with labeled air having δ
18

OO2 value difference of more than 100‰ show 

that the 
18

Op values of released Pi are quite similar as indicated by the almost zero slope (~1.0%, 

negligible slope) in the linear relationship of δ
18

Op values of Pi and δ
18

OO2 values of O2. 
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Fig 12.  Plot of δ
18

Op of released Pi and δ
18

OO2 values of labeled O2 used in phytate degradation 

experiment. The slope of the linear regression is ~1%. 

 

Results of phytate degradation experiments performed with 
18

O labeled water are 

presented in Fig. 13 (a, b). Our data show that the 
18

Op values of released Pi as a function of 

time (see Fig. 7 for the extent of degradation at different time points) i.e., during successive 

degradation of phytate and releasing PO4 from different positions in the inositol ring remained 

unchanged (Fig. 13a). This is a unique observation that suggests that the different PO4 moieties 
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in phytate have the same original isotopic compositions (i.e., same 
18

OPO values). This result 

relieves the need to completely degrade phytate to characterize its isotopic composition. 

The incorporation of oxygen atom from ambient water during the release of Pi is 

evidenced in the corresponding changes in δ
18

Op values of released Pi in the experiments 

performed in 
18

O labeled waters (Fig. 13 b). Please note that the δ
18

Ow values of water were 

varied from –6.91 to 73.55 ‰ in these experiments.  The regression of δ
18

Ow values of water and 

the δ
18

OP values of the released Pi show a linear relationship with a slope of 0.23 (Fig. 13b). This 

slope indicates the proportions of ambient water incorporated in the released Pi, thus suggesting 

that ~25% (or one out of four) oxygen atoms in the released Pi are incorporated from the ambient 

water during the phytate degradation. This also means that 75% of oxygen atoms (i.e., three out 

of the four oxygen atoms) were inherited from original phytate substrate (δ
18

OPO). Overall, this 

result verifies that the nucleophilic attack is solely caused by water and the cleavage of P−O−C 

ester during phytate degradation incorporates oxygen solely from ambient water in the released 

Pi. 
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Fig. 13. a) Changes in δ
18

Op values of the released Pi as a function of increasing extent of phytate 

degradation. δ
18

Ow value of the 
18

O labeled water used in the experiment was 73.55 ‰. b) δ
18

Op value of 

released Pi in different 
18

O labeled waters. 
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Oxygen atom incorporated into Pi during Po hydrolysis is accompanied by the 

fractionation relative to the ambient water oxygen (Liang and Blake, 2006a; 2009). The 

knowledge of 
18

OPO value of original PO4 moieties in the phytate is necessary to determine the 

fractionation factor. Given that phytate has six PO4 moieties and other sources of oxygen is quite 

low (O as -OH can vary from 4−6 depending on the pH) compared to that of 24 Os from 

phosphate, highly acidic form of phytate (pH 2.1) was directly analyzed in the isotope mass 

spectrometer to obtain 
18

OPO values of the organically bound PO4. At this pH number of other 

structural Os in the phytate could be ≤1. The measured 
18

OPO values of phytate was 19.9 ‰. 

Based on the original 
18

OPO values of phytate, 
18

OP values of released Pi, and 
18

Ow values 

ambient waters, fractionation factors of water (between ambient and incorporated in Pi) were 

calculated using the equation previously established by Liang and Blake (2006a) as follows: 

 

    [             
     ]       

                         (ii) 

 

The fractionation factors varied from –42 to +24 ‰ with average value of +1(±16). It 

means both 
16

O and 
18

O are preferentially incorporated to the released Pi. It is unclear what 

causes such large ranges of fractionation factors. Potential causes could be that 6’ phytase and 3’ 

phytase acting in concert but at different extents at different times or the activity of any other 

unknown phosphatases, if present, in the purified phytase. Since the fractionation factors depend 

on the enzyme reaction kinetics and given that the rates of dephosphorylation of different IPx 

varied significantly (see HPLC results above), variable fractionation factors may be the 

reflection of different reaction times. The reason that a wide range of fractionation factors not 

found in other monoesters (Liang and Blake, 2006a; Sandy et al., 2013; von Sperber et al., 2014) 

may be due to the presence of single PO4 moiety in the monoesters studied in the past and 

relatively straightforward degradation mechanism involving one enzyme and one substrate with 

one phosphate moiety on them. Future research is needed to identify the wide range of 

fractionation factors. Positive fractionation factors during phytate degradation, however, could 

provide a unique signature of Pi derived from phytate. This could further be used to distinguish 

Pi source of phytate with other phosphomonoesters and possibly other Po compounds. 
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3.5 Phosphatase Enzymes and Mechanisms of Nucleophilic Attack by Wheat Phytase 

       There are four different classes of phosphatases that are known to have phytase activity: 

histidine acid phosphatase (HAP), β-Propeller phytase (BPP), cysteine phosphatase (CP), and 

purple acid phosphatase (PAP) (Mullaney and Ullah, 2007). Among which HAP and PAP are 

known to exist in wheat phytase (Rasmussen et al., 2007; Dionisio et al, 2011). HAP covers a 

large class of enzymes that are commonly present in animals, plants and microorganisms 

(Mullaney and Ullah, 2007) and share a common catalytic mechanism. The suggested catalytic 

mechanism of HAP is that the histidine residue in the enzyme serves as a nucleophile during the 

reaction and forms a covalent phosphohistidine intermediate while the acid residue of enzyme 

functions as a proton donor to the oxygen atom of the phosphomonoester bond (Oh et al., 2004).  

The phosphatase targeted in the purification process in this study was PAP (that has 

molecular weight of ~60 kDa). Presence of PAP was indirectly confirmed by the protein band of 

SDS gel electrophoresis (data not shown), but the existence of other phosphatase could not be 

ruled out. All PAPs are also considered to employ a similar catalytic mechanism for hydrolysis 

of monophosphate ester bonds (Schenk et al., 2013). The proposed catalytic mechanism (Fig. 14) 

shows that substrate initially binds to the PAP to form a pre-catalytic complex and is followed by 

the coordination of substrate with metal ions in the active site, which facilitates the nucleophilic 

attack by a solvent-derived hydroxide (-OH from water in this study). Subsequently, esterolysis 

of the phosphomonoester leads to the breakage of the O–R bond in the P–O–R ester and release 

of leaving group while phosphate remains bound to the active site of the PAP. The regeneration 

of the resting state of enzyme requires the reformation of the hydroxide bridge on the enzyme 

and removal of phosphate group, which ultimately involves one oxygen atom from the water to 

the released Pi. This proposed catalytic mechanism strongly suggests that the generation of Pi by 

phytase incorporated one oxygen atom from the ambient water, which agrees well with the 

results from 
18

O labeled air and water phytate degradation experiments. The formation and re-

formation of hydroxide bridge and removal of phosphate group could delay the nucleophilic 

attack by –OH group and this also may vary due to positional difference of PO4 moieties in 

phytate and in partially dephosphorylated inositol phosphates as well as in their corresponding 

stereoisomers. All of these factors may compound the enzymatic degradation rates and result in 

variable fractionation factors.   
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Fig 14. PAP-catalyzed phosphomonoester hydrolysis (reproduced from Schenk et al., 2013).    
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Chapter 4 

CONCULUSIONS AND IMPLICATIONS 

 

 Large amounts of phytate and partially dephosphorylated products exist in soils as well as 

in aquatic systems while the origins, chemical forms, bioavailability, and mobility of these 

compounds in the environment are not well understood (Turner et al., 2007, Giles and Cade-

Menun, 2014). With increasing phytate P in agricultural soils due to manure application and 

consequential increase in environmental concern due to elevated P in many open waters, 

development of new methods that have higher specificity to elucidate the mechanisms and 

pathways of inositol phosphate degradation as well as capability for tracking sources of 

dissolved P has been an ever more pressing needs. In fact, the source identity of P in open waters 

has not been addressed in the past because of the inability, based on concentration alone, to 

determine P sources.  This means that once P from a distinct source is released to the 

environment and different sources mix with each other, the origin and history of P are largely 

lost.    

Application of stable isotopes to understand inositol phosphate degradation is rare while 

the application of phosphate oxygen isotope ratios is non-existent, and there have not been 

previous attempts made to understand the oxygen isotopic fractionation during stepwise 

degradation of organophosphorus compounds. Isotope research has the great potential to advance 

our understanding of degradation mechanisms of organophosphorus compounds by linking 

specific degradation pathways with isotope effects, so that the source of Pi released from inositol 

phosphate or other organophosphorus compounds can be identified. Research results show that 

the cleavage of P–O bonds during inositol phosphate degradation is accompanied by the 

introduction of one oxygen atom solely from water to the released Pi. The oxygen fractionation 

factors between ambient and incorporated waters varied highly (-42 to +24 ‰). It is unclear what 

causes such large ranges of fractionation factors, but it is speculated that it is due to the presence 

of both 6’ phytase and 3’ phytase in the purified phytase, formation and reformation of the 

hydroxide bridge, and removal of a phosphate group during nucleophilic attack by an –OH group 

in the PAP enzyme and various rates of degradation of partially degraded products and different 

isomers. Positive fractionation factors during inositol phosphate degradation, yet unknown for all 
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monoesters studied so far, could provide a unique signature of Pi derived from inositol phosphate. 

This could further be used to distinguish sources of Pi to inositol phosphate and other 

phosphomonoesters. Furthermore kinetics and pathways of enzymatic inositol phosphate 

degradation by using NMR and HPLC provided better constrained degradation pathways that 

included a previously identified and a new pathway of inositol phosphate degradation. The 

consistency of the results from NMR and HPLC methods demonstrated the promising 

combination of these two techniques to study the inositol phosphate degradation kinetics and 

pathways.  

Specific linkage of the enzymatic degradation pathways with oxygen isotope effects 

could lend support to the application of this tool to the degradation of inositol phosphate in the 

environment while NMR and HPLC could be used to identify the degradation pathway.  

However, the current state of research that shows linkage between reaction mechanism and 

isotopic fractionation is limited and thus the generalization for other organic phosphorus 

compound degradation cannot be made. Overall, research aimed at understanding of 

biogeochemical cycling of inositol phosphate, particularly the source and pathway of its 

degradation in the environment could, in the long term, promote the development of a 

sustainable P management strategy in agricultural systems with respect to minimizing the use of 

mineral fertilizers by increasing the availability of inositol phosphate to plants and, in 

consequence, ultimately reduce potential P loss from agricultural systems to surface and 

subsurface waters.  
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