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Enzyme-assisted HPTLC method for the simultaneous analysis
of inositol phosphates and phosphate
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staining procedure. Immobilized InsP, were hydrolyzed by a phytase solution of
Quantum® Bluejiquia 5G followed by a molybdate reagent derivatization. Resulting blue
zones were captured by DAD scan. The method shows good repeatability (intra-day and
intra-lab) with maximum deviations of the Rf value of 0.01. The HPTLC method was
applied to three commercially available phytases at two pH levels relevant to the gastro-
intestinal tract of poultry (pH 5.5 and pH 3.6) to observe their phytate degradation pat-
tern and thus visualize their InsP, fingerprint.

Conclusion: This HPTLC method presents a semi-high-throughput analysis for the simul-
taneous analysis of phytic acid and the resulting lower inositol phosphates after its enzy-
matic hydrolysis and is also an effective tool to visualize the InsP, fingerprints and

possible accumulations of inositol phosphates.
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INTRODUCTION (myo-inositol-1,2,3,4,5,6-hexakisphosphate or InsP,) with a content of

1%-3% (w/w), which typically accounts for 60%-90% of the total P
Phosphate is the limiting factor for the growth of plants and content depending on the plant species.? However, phytic acid shows
animals on Earth, as it is a key component for many essential poor digestibility in nonruminant animals such as swine, poultry, and
molecules such as DNA, phospho-lipids and ATP.! In plant seeds fish due to the lack or low activity of InsP¢-hydrolyzing enzymes in
and grains, the major storage form for phosphorous (P) is phytic acid their gastrointestinal tract.>* Phytases (EC: 3.1.3.26) are an enzyme
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INOSITOL PHOSPHATE ANALYSIS BY HPTLC

class that enable the sequential dephosphorylation of InsP¢ to lower
inositol phosphate esters such as InsPs, InsPg4, InsPs, InsP,, and even-
tually InsP,. The use of phytases as feed additives in animal nutrition
is already an established method>® to provide additional phosphate in
the diet, thus eliminating the need for external phosphate sources.
The advantages of phytase addition become more and more apparent
considering the limitation of the resource and the need for minimizing
the environmental impact of P extraction.! For a phytase to be used
as a feed additive, it must meet specific requirements including high
specific activity, broad thermal (60°C-90°C) and pH profile (pH 2 to
7.5), and protease resistance to withstand gastric environment.®” For
ecological and economic reasons, there is a need for novel phytases
with an enhanced ability to release phosphate as in vivo studies sug-
gest that 30%-50% of phytate passes the gastrointestinal tract
unused.® Inositol phosphates (InsP,) play an important role in various
biological systems;® therefore, the demand for suitable analytical
methods to analyze InsP, is high.

Also, for screening of novel and engineered phytase variants, it is
necessary to characterize and constantly monitor changes in InsPg
degradation and to detect possible accumulations of lower inositol
phosphates. This requires a fast and robust screening method with a
high sample turnover, since a large number of samples have to be
processed.

Common challenges with inositol phosphate analysis include
sample preparation, isomer separation and detection.” Traditionally,
phytic acid is analyzed via precipitation with Fe3* ions. However,
this method is strongly pH dependent, influenced by other ions and
not very selective, since lower inositol phosphates also form a pre-
cipitate leading to an overestimation of the InsP¢ content.” Over
the past decades, a wide variety of separation techniques have been
devised for the analysis of single or multiple inositol phosphates.
These include various chromatographic systems such as ion pair
chromatography, thin-layer chromatography, gas chromatography,
ion-exchange chromatography, and electrophoresis. Since inositol
phosphates are not optically active, a derivatization is necessary for
the detection by absorbance measurement. For this purpose, a
post-column derivatization using the Wade reagent is often
applied.'® Other detection methods are radiolabeling, mass spec-
trometry (MS) and tandem mass spectrometry (MS/MS), nuclear
magnetic resonance spectroscopy (NMR), or inductively coupled
plasma (ICP). In more recent years, enzymatic sensors were devel-
oped to detect InsP, online.” Despite the wide range of analytical
systems available, only a few of them are suitable for the simulta-
neous analysis of phytic acid and its degradation products. For
example, it is only possible to separate either higher or lower inosi-
tol phosphates simultaneously by HPLC.'**? |n addition, mainly
pools of InsP, isomers are separated from each other. Separation of
isomers is possible with ion-exchange chromatography.® However,
the analysis is very time-consuming and only allows for a limited
number of samples per day.

The aim of this study is to develop an analytical method for phos-
phate, phytic acid, and lower inositol phosphates to monitor the enzy-

matic degradation of InsPs and possible accumulation of InsP, pools.
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For this purpose, high-performance thin-layer chromatography (HPTLC)
is a robust method that allows a high daily sample throughput.

MATERIALS AND METHODS
Chemicals and reagents

All chemicals and reagents were of analytical grade and were obtained
from either Carl Roth (Karlsruhe, Germany) or Merck (Darmstadt,
Germany), unless stated otherwise. Commercial phytase products
used in this study were Quantum® Blue (AB Vista, Woodstock, UK),
Axtra® PHY (Danisco Animal Nutrition, Wilmington, Delaware, USA),
and Enzy Phostar (Kaesler Nutrition, Cuxhaven, Germany), in solid for-
mulation, which were provided by Kaesler Nutrition GmbH
(Cuxhaven, Germany). A liquid formulation Quantum® Blue 5G
(AB Vista, Woodstock, UK) was obtained from AB Vista. The phos-
phate standard for IC (TraceCERT®, 1000 mg/L =4 mg/L) was
ordered from Sigma-Aldrich (Darmstadt, Germany). Inositol phosphate
standards Ins(3)P; (sodium salt), Ins(2,4)P, (sodium salt), Ins(1,4,5)P3
(sodium salt), Ins(2,3,5,6)P,4 (sodium salt), Ins(1,3,4,5,6)P5 (sodium salt)
were sourced from Cayman Chemical (Ann Arbor, Michigan, USA), Ins
(1,2,3,4,5,6)P¢ (sodium salt) from Merck (Darmstadt, Germany), and
Ins(1)P4 (potassium salt) from ChemCruz (SCBT, Dallas, Texas, USA).

Material and instrumentation

High-performance thin-layer chromatography (HPTLC) was performed
on HPTLC Cellulose F 20 x 10 Glass plates (1.15036.0001, Lot:
HX69191936) from Merck (Darmstadt, Germany) in a 20 x 10 Twin
Trough Chamber with glass lid from CAMAG (Muttenz, Switzerland).
Samples were applied by the Automatic TLC Sampler 4 by CAMAG
(Muttenz, Switzerland), derivatized in the CAMAG® Derivatizer
(CAMAG, Muttenz, Switzerland), and visualized in a CabUVIS from
DESAGA (Wiesloch, Germany) equipped with a Canon EOS 600D
camera or by a Visualizer 3 from CAMAG (Muttenz, Switzerland). For
direct DAD-spectrophotometry of UV spectra from HPTLC plates, a
TIDAS TLC S700 system from J&M (Aalen, Germany) was used. A
ThermoMixer® C manufactured by Eppendorf (Hamburg, Germany)
was used to incubate all reaction tubes. Spectrophotometric measure-
ments in microtiter plates were performed in an Epoch 2 manufac-
tured by Biotek (Winooski, Vermont, USA). An ICP-OES spectrometer
iCAP 7000 series from Thermo Fisher Scientific (Dreireich, Germany)

was utilized.
Statistical method and evaluation

Spectral measurement from plate

A TIDAS TLC S700 system from J&M (Aalen, Germany) with a reflec-
tion attachment consisting of two rows of optical fibers was used for
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the spectral measurements of the plate, which has a wavelength reso-
lution of 0.8 nm and a spatial resolution on the plate of 100 um. The
measurement time for a single spectrum in the wavelength range from
190 to 1000 nm was 25 ms. The raw data of the measurement
were evaluated using expression (1) derived from the extended
Kubelka-Munk equation.*

e o

p+g=1 )

where p is backscattering factor (0 < p < 1); a is absorption coefficient;
Jo is reflected light intensity measured from a neat plate part; J is
reflected light intensity measured from a track.

The factors p and g adapt Equation (1) to special measurement
conditions.’® In trace analysis, for example, almost all analyte mole-
cules are located near the surface of the layer. In the deeper parts of
the layer, no light is needed to measure the sample molecules and
thus no backscattering is needed to illuminate all analyte molecules.
This is considered by setting the backscatter factor p in Equation (1)
to p = 1, which leads to Equation (3).1°

Jo a
KM(p=1)=7~1=1—

3)

In the case of fluorescence, backscattering need not be considered, so
the corresponding equation from Equation (1) is reproduced for p = 0.
If the analyte is present in the stationary phase at such a high concen-
tration, that parts of the stationary phase are not illuminated by
the incident light, which is corrected by a backscatter factor of p = %.
For this value, Equation (1) gives the equation known as the

Kubelka-Munk equation.

Limit of detection (LOD) and limit of
quantification (LOQ)

The external standard method was used for statistical verification of
inorganic phosphate (P;) content. For this purpose, 16 calibration
points resulting from six different dilutions of a phosphate standard
solution were sprayed (2-9 pL) onto a plate in duplicate, resulting in a
range between 5 and 150 ng of phosphate. The TraceCERT® phos-
phate standard for IC (Sigma-Aldrich, Darmstadt, Germany) used is a
certified reference material for ion chromatography measurement. For
the inositol phosphates Ins(1)P4, Ins(2,4)P,, Ins(1,4,5)P3, Ins(2,3,5,6)Pa,
and Ins(1,3,4,5,6)Ps, the LODs and LOQs were determined using an
external standard. For each InsP,, a range between 8 and 500 ng
based on their free acid base was applied to an HPTLC plate. For eval-
uation, the backscattering factor was chosen to maximize the correla-
tion coefficient for linear regression. LOD was calculated as 3 ¢ and
LOQ as 9 g, with the standard deviation o of the calibration function

calculated at a significance level of « = 0.002.%*

Phosphorous content in InsP, standard solutions

As a control, the InsP, standard solutions and phosphate standard
solution were checked for their phosphorus content by ICP-OES mea-
surement. For this purpose, the solutions were diluted to a theoretical
P content of 100 pg/L and measured in triplicate. Calibration was per-
formed using an external standard between 20 and 300 pg/L P. Argon
was used as a carrier gas with an auxiliary stream of 0.5 L/min and an
RF power of 1150 W. The sample was nebulized in a glass concentric

type diffuser and P was measured on the spectral line 177.495 nm.

Reproducibility and repeatability

Reproducibility and repeatability (intra-day and intra-lab) of the
method were determined based on Rf values. For this purpose, three
plates were evaluated within one day and three plates on three con-
secutive days. InsP1-InsP¢ and free phosphate were applied on sepa-
rate lanes on each plate. To qualify the chromatographic system
(quality and reproducibility) on each plate, a system suitability test
(SST) was established based on five inositol phosphate standards
(300 ng Ins(3)P4 (sodium salt), 200 ng Ins(2,4)P, (sodium salt), 200 ng
Ins(1,4,5)P5 (sodium salt), 100 ng Ins(2,3,5,6)P, (sodium salt), and
100 ng Ins(1,3,4,5,6)P5 (sodium salt)).

Protocols
HPTLC (high-performance thin-layer chromatography)

The Automatic TLC Sampler 4 (CAMAG, Muttenz, Switzerland) sprayed
6-mm wide bands onto cellulose F glass plates (200 x 100 mm)
(Merck, Darmstadt, Germany), 10 mm from the lower edge and 15 mm
from the left edge at a rate of 40 nL/s. The plate was developed in a
twin trough chamber (200 x 100 mm with a glass lid), which was previ-
ously saturated with mobile phase consisting of an aqueous salt solu-
tion (20 mM NaOAc, 10 mM NH4CI)/2-propanol/1,4-dioxane/acetic
acid 5/5.2/2/0.06 (v/v/v/v) for 30 min at ambient temperature
(~20°C). The development was performed over a migration distance of
75 mm from the lower edge for approximately 2.5 h. Consequently, the
plate was dried at 105°C in a drying oven over night (minimum 12 h) to
remove all solvent residues.

Derivatization of myo-inositol phosphates

With the Derivatizer (CAMAG, Muttenz, Switzerland) 1 mL of enzyme
solution (250-fold diluted Quantum® Bluejiguia 5G in 50 mM NaOAc,
pH 4.5) was sprayed onto the still warm plate (nozzle red, level 4, pre-
cleaned with ddH,0). The plate was pre-incubated for 5 min at room
temperature and then incubated on a plate heater for 15 min at 55°C.
Subsequently the plate was dried in the drying oven at 105°C for
30 min. The hydrolyzed free phosphate was then stained with a
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modified molybdate reagent according to Spangenberg et al.1*

Using
the Derivatizer, 0.5 mL of molybdate reagent (5mL of a 10g/L
ammonium-molybdate heptahydrate ag. solution mixed with 200 L
of concentrated sulfuric acid freshly every day) were sprayed onto the
plate, which had cooled down to ambient temperature (nozzle red,
level 4). The plate was then treated with UV light (254 nm)*® for
15 min and scanned directly afterwards using a DAD scanner (J&M,
Aalen, Germany) in a wavelength range of 200-900 nm. The resulting
blue zones were evaluated at the absorption maximum of 774 nm. It
is necessary that the plate is dry and cooled down to ambient temper-
ature before the color reagent is applied to avoid background staining

during derivatization.

Enzyme preparation

Solid phytase formulations were mortared to a fine powder and made
up to solutions of 5 g/L in 5 mM NaOAc buffer at 4.5 pH. The solu-
tions were vortexed for 1 min and stored on ice until use. Enzyme
activity was measured at pH 5.5 at 37°C and was subsequently
adjusted to 100 U/L.

Enzymatic activity

Phytase activity was determined in triplicates according to a slightly
modified method of Greiner et al.}® Exactly 200 L of a phytic acid
solution (50 mM NaOAc and 1.66 g/L sodium phytate buffer, set to
pH 5.5) was pre-incubated for 5min at 37°C. Hydrolysis
was started by adding 10 uL of an appropriately diluted enzyme
solution and stopped after 5min with 100 uL of an acidic
molybdate-vanadate reagent according to DIN EN ISO 30024.17
Any precipitate formed was centrifuged (17,000xg for 2 min) and
the supernatant was measured photometrically at 405 nm. The stop
reagent consists of one-part solution A (10-% (w/w) ammonium-
molybdate in 0.25% (v/v) ammonia solution), one-part solution B
(aqueous 0.24-% (w/w) ammonium vanadate solution) and two
parts of 21.7% of nitric acid. Stock solution A and B can be stored
refrigerated and dark for up to two months, the stop reagent must

be prepared fresh daily.t”

InsP, degradation assay

In a 50 mL falcon tube, 9 mL of phytic acid solution (50 mM NaOAc
and 1.66 g/L sodium phytate buffer, set to pH 5.5 and 3.6 respec-
tively) was pre-incubated at 37°C for 10 min on an Eppendorf
ThermoMixer® C at 800 RPM. Hydrolysis was started by adding
1 mL of enzyme solution to a resulting final activity of 10 U/L.
Samples of 500 uL were taken periodically (after 5, 30, 60, 120,
180, 240, 300 min and 24 h) and stopped by heat, diluting the sam-
ple twofold in 95°C H,O44 and inactivating it for 1 h. For the blank,
an appropriately diluted enzyme solution was inactivated for 1 h at
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95°C before adding it to the phytic acid solution and leaving at
95°C for 1 h.

Complete InsP4 hydrolysis

As a comparative measure, phytic acid was completely hydrolyzed by
acid hydrolysis to determine the maximum phosphate release. For this
purpose, a phytic acid solution of 1.66 g/L in 0.25 M HCI was incu-
bated for five days at 95°C in a drying oven. The solution was then
diluted in the same manner as the degradation assay and free phos-

phate content was determined via HPTLC.

RESULTS AND DISCUSSION
Separation and detection of inositol phosphates

Phosphorous (P) is a pivotal element for the growth of microorganisms,
animals, and humans as it is a component in bones, cell membranes, and
DNA.! In animal feed, P may be added as inorganic phosphate (P)) salts
or as an alternative, and commercial phytases may be added to hydro-
lyze the natural phosphate storage phytic acid to liberate phosphate.”®
For the separation of the enzymatically generated degradation prod-
ucts, such as inositol phosphates (InsP,), a stationary phase consisting
of cellulose was selected in combination with an acidic buffer system
NaOAc/Ac as a mobile phase (ag. salt solution (20 mM NaOAc, 10 mM
NH,Cl)/2-propanol/1,4-dioxane/acetic acid 5/5.2/2/0.06 (v/v/v/v) over
a distance of 75 mm for 2.3 h). The moderate acidity of the applied
mobile phase gives optimal protonation levels of the analytes
(pH 4.3),*8 which was also utilized by Sandberg et al.*? for a HPLC

method. Hatzack et al.*’

previously reported the use of cellulose as a
stationary phase, however with an alkaline mobile phase (1-propa-
nol/25% aqueous ammonia solution/H,O 5/4/1 (v/v/v)) over a distance
of 100 mm for 5 h). The modern HPTLC plates applied in this work
were not compatible with the mobile phase of Hatzack et al.

The HPTLC method outlined in Figure 1 is suitable for the separa-
tion of InsP, pools as well as P;. The isomers Ins(3)P4, Ins(2,4)P,, Ins
(1,4,5)P5, and free phosphate are baseline separated. Ins(2,3,5,6)P4
and Ins(1,3,4,5,6)Ps may be quantified by the peak splitting method.
InsP¢ shows two bands in a concentration-dependent manner. Pre-
sumably, the part that is present as an undissolved salt remains on the
application line, while the free base migrates to an Rf value of 0.06
and thus co-migrating with Ins(1,3,4,5,6)Ps (Rf = 0.07).

Compared with other chromatographic techniques, in HPTLC, the
analytes are immobilized on the dried plate after separation. The pre-
sent HPTLC method uses a novel approach in which the separated
inositol phosphates are treated with a commercial phytase (Quantum
Blue 5G) using a “micro droplet” spraying technology, in order to
release free phosphate (P;). The phytase solution (>10,000 U/L) is uti-
lized at an optimal pH of Quantum Blue (pH 4.5) with a maximum vol-
ume of 1 mL to provide moisture and soak through the stationary

phase (cellulose) without exceeding the maximum moisture
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FIGURE 1 (a) Separation of myo-inositol phosphate standards on cellulose: 1: 100 ng P;, 2: 300 ng Ins(3)P; (sodium salt), 3: 200 ng Ins(2,4)P,
(sodium salt), 4: 200 ng Ins(1,4,5)P5 (sodium salt), 5: System suitability test (InsP1-InsPs), 6: 200 ng Ins(2,3,5,6)P4 (sodium salt), 7: 100 ng Ins
(1,3,4,5,6)P5 (sodium salt), 8: 100 ng InsP (sodium salt) captured with Visualizer 2 (VC v3.1, RemissionVis, Exposure 0.045 s, contrast 2.0).

(b) Chromatogram from DAD scan of separated InsP, standards InsP;—InsP, and P; on one lane.

TABLE 1 HPTLC method parameters for separation of myo-inositol phosphate standards with evaluation parameters.

Smallest detected Backscattering

Rf [-]? LOD [ng] LOQ [ng] quantity [pmol] factor p [-]
P; 0.46 6 7 32 0.75
Ins(1)P4 0.32 30 42 68 0.65
Ins(2,4)P, 0.26 29 39 42 0.55
Ins(1,4,5)P3 0.14 27 45 35 0.6
Ins(2,3,5,6)P4 0.09 23 34 13 0.6
Ins(1,3,4,5,6)Ps 0.07 29 41 23 0.6
Ins(1,2,3,4,5,6) 0.00//
Ps 0.06

?Reproducibility (intra-day, intra-lab) with maximum deviation of Rf value of 0.01.

absorbance of the material. The enzymatically liberated P; is deriva-
tized in a following step using a molybdate reagent resulting in blue
zones on the HPTLC plate. The reagent was simplified compared with
recipes found in the literature’*?® by only using two ingredients
(ammonium-molybdate and sulfuric acid). The optimal mixture ratio in
terms of contrast to the background and signal intensity of the zones
was achieved by applying 10 g/L of ammonium-molybdate at a pH
<1. This reagent reacts specifically with free phosphate and does not
stain inositol phosphates.

The HPTLC method shows good repeatability (intra-day and
intra-lab) with deviations of the Rf values of max. 0.01 (Table 1) under
constant conditions. Acidic conditions or salt containing samples may
affect Rf values, however not the overall separation of inositol phos-
phates. Other InsP, isomers may migrate slightly differently
(Table S1). The quantification of the InsP, isomers can be performed

by external standards and linear regression. The limit of detections
(LODs) and limit of quantifications (LOQs) were determined for P; as
well as selected InsP, standards. The LODs and LOQs for each inositol
phosphate are shown in Table 1. Considering the light intensity scat-
tered by the plate background as described in the materials and
methods section, the calibration lines were each evaluated with an
individual backscattering factor p. For free phosphate, two linear
ranges were found between 5-15 ng (with p = 0.75) and 20-150 ng
(with p = 0.5) with correlation coefficients of 0.99. Free phosphate
was detected with an LOD and LOQ of 5.7 and 6.9 ng (63.2 and
73.7 pmol), respectively. For inositol phosphates (free acid base),
LODs and LOQs were found to be in the range of 23-30ng
(39-89 pmol) and 34-45 ng (58-125 pmol), respectively. Determination
of LOD and LOQ for InsPs was not determined as the analyte is only
partially migrating from the application line.
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Quantification of inositol phosphates via the calibration curve of
free phosphate is not applicable due to the broadening of the bands
on the thin-layer plate with increasing solvent height (compare
Figure 2a) This phenomenon is common in thin-layer chromatogra-
phy.?%2 Both relative and quantitative evaluation of inositol phos-
phates is possible, for example, via the external standards or relative
to each other. In the present work, the inositol phosphates were eval-
uated relative to each other. Exemplarily, the InsP3 calibration curve
was evaluated via a phosphate calibration curve to confirm the linear
relationship between the applied InsP, amount and the released phos-
phate. To the best of our knowledge, existing methods are not suit-
able for a rapid detection of InsP4-accumulating phytases as well as
the baseline separation of InsPs, InsP,, and particularly InsP;.

In recent decades, many approaches to analyze inositol phos-
phates have been pursued, and Marolt and Kolar et al. have written a
comprehensive review about the subject.’ Only a few analytical
methods are suitable for the simultaneous analysis of InsPs and its
degradation products, mainly thin-layer chromatography (present
work InsP¢-InsP4 and P;), HPLC (InsP¢-InsP3),” and ion-exchange chro-
matography (InsPg-InsP, and P).° All of these methods are either
costly in terms of equipment, time intensive, or only capable of sepa-
rating a limited amount of InsP, pools.

There are only few reports on the use of thin-layer chromatogra-
phy for the analysis of inositol phosphates apart from Hatzack et al.'?
The HPTLC method described by Hatzack et al.*’ reports LODs in the
range of 100-200 pmol for Ins(1)P4, Ins(1,4,5)P3, and InsP¢. Sandberg
et al.*? published an ion pair Cqg reversed-phase HPLC separating
InsP, pools of InsP¢ to InsP3 at 4.3 pH. The InsP, were detected by
refractive index detector. No detection limits were reported for the
HPLC method; however, the lower end of the InsP¢ calibration was
2 pumol/mL (20 uL injection volume), corresponding to 40 nmol on an
HPTLC plate in this work. Oates et al.!° presented an ion-exchange
chromatography (IC) method separating 25 inositol phosphate isomers
(InsP,-1InsP¢) on a Dionex CarboPac PA100 column using an HCI gra-
dient followed by post-column derivatization with ferric nitrate and
UV detection at 290 nm. LODs and LOQs of 1 and 3.2 mg/L (100 uL
injection volume) were reported for individually tested isomers. This
translates to an amount of 100 and 320 ng on a HPTLC plate. How-
ever, with IC, only a small number of samples can be processed in one
day as one analysis takes approximately 45 min.*° Considering sample
throughput and number of separated isomeric pools, HPTLC is most
suitable as a fast screening method. However, for a more in-depth
analysis of enzymatic InsP, degradation or regioisomers, a different

analysis method may be chosen.

InsP, fingerprint and substrate specificity

The necessity for a fast and simple phytic acid degradation assay to
screen for protein engineered phytase variants with undesired accu-
mulations of lower inositol phosphates is apparent. The degradation
of phytic acid in the digestive tract of poultry was simulated at pH 3.6
and 5.5 to mimic the gizzard and crop, respectively. Different in vitro
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assays for the evaluation of phytases in application-relevant matrices
can be found in the literature.?? For example, Sommerfeld et al?
described a continuous three-step in vitro assay to simulate the gas-
trointestinal tract (GIT) of chicken. Here, water content, temperature,
residence time, pH, and proteolytic enzymes were considered and IC
was used to analyze the degradation pattern of phytic acid. For the
initial evaluation of dozens of phytase variants simultaneously, a static
assay at two pH values relevant to the GIT is sufficient.

In the present work, a phytase activity of 10 U/L (at pH 5.5,
37°C) was applied to a standardized phytic acid solution (1.66 g/L) at
pH 3.6 and 5.5 at 37°C. Samples were taken periodically until 5 hours
of hydrolysis time and a final sample after 24 h (5, 30, 60, 120,
180, 240, 300 min and 24 h) to observe the differences in the InsP,
finger print (supplement data Figure S1). The time point, at which the
highest concentration for each particular InsP, pool was reached, was
set to 100%. Thus, InsP, and P; were evaluated as relative amounts
and all peaks were evaluated using the Kubelka-Munk equation
(p = 0.5). P;, InsP4-InsP5 were base line separated and InsP, was quan-
tified by the peak splitting method. InsPs and parts of InsP, were co-
migrating and thus evaluated as a sum parameter (Figure 1). During
the hydrolysis of phytic acid by Quantum® Blue (Figure 2) at 3.6 and
5.5 pH values, the InsPs , ¢4 concentration decreased rapidly within
the first 30 min and was almost completely degraded after 60 min.
The InsP4 pool concentration resulting from the hydrolysis of InsPs , ¢
increased almost linearly during hydrolysis at pH 3.6 and pH 5.5,
respectively, until the hydrolysis time of 30 min. The degradation of
the InsP,4 pool at pH 3.6 was completed after 120 min. In contrast,
the degradation of the InsP4 pool at pH 5.5 required 180 min to be
completed. For the pool of InsPs, there were even more significant
differences for both, the formation and degradation kinetics at the
two pH values (pH 3.6 and 5.5). The highest concentration of InsP3
was determined at pH 3.6 after 60 min, whereas for hydrolysis at
pH 5.5, the highest concentration was detected after 120 min. The
degradation of InsP5 at pH 3.6 was completed within 60 min, whereas
the complete degradation of InsP3; at pH 5.5 required 120 min. The
pool of InsP, reached its maximum after 120 min for the hydrolysis at
pH 3.6, whereas the maximum for the hydrolysis at pH 5.5 was
reached after 180 min. After 180 min, the previously formed InsP,
was completely degraded during hydrolysis at pH 3.6. On the other
hand, the hydrolysis at pH 5.5 showed an accumulation of InsPo,
which was only slowly degraded over the entire hydrolysis time of up
to 24 h. During hydrolysis at pH 3.6, the formation of InsP, occurs
from the degradation of InsP,. This reaches its maximum (180 min)
once the degradation of InsP; is finalized. At pH 3.6, an accumulation
of InsP; can be observed and only ~35% of the InsP4 is degraded in
the remaining hours. At pH 5.5, no significant formation of InsP4
occurs due to the accumulation of InsP;.

Moreover, the phytic acid degradation by Axtra® PHY (Figure S2)
and Enzy Phostar (Figure S3) was evaluated in this work. Both phytases
showed a high substrate specificity for InsPs and InsPg as the degrada-
tion was almost completed within 60 min. Enzy Phostar showed similar
substrate specificity as Quantum® Blue. InsP, was degraded at both pH

values over a period of several hours, however not completely. InsP4

25UB017 SUOLLILIOD) BAIER.D 3 deat e aU) Ad PauBAD 8.2 a1 VO 8N J0 Sa|NJ 10y AZIGIT BUIIUD 431/ UO (SUOIPUOD-pUE-SWLB) W00 AB |1 AeIq1pu 1 [U0//'SdiIL) SUOTIPUOD) PUE SUWLB | aU1 95 *[§20Z/70/TT] U0 AXeiiauluo 311 ‘2160]0uLpe | = 151 BUNS| AQ 60T ZS//Z00T OT/10p/wi0o" 8| 1w A eIqipuIuo//'Sdy WoJ) pepeojumod ‘v ‘€20Z ‘860GELSZ



HENNINGER ET AL.

fajire

rel. InsP, [%]

T
240 300 360 1440

100 HQ “ T ——l
] I\ 4 T
T
- Vol S T T ——
QI \ //
- \‘(/ \.\ 5/
= 3
S
[ 4 2 V£
o= 609 § \ //
] ol s f
£ ’i - — i InsP,
T 4 ———%—— InsP,
........ dhieaniene |nSP3
—_— - — InsP,
———0-—— InsP.,
20 1!
— -
e
o o . Ao o]
o 60 120 180 240 300 360 1440

time [min]

FIGURE 2

(a) HPTLC plate with InsP, fingerprint (10 U/L, 37°C) of the phytase Quantum® Blue at pH 3.6 (lanes 1-8) and pH 5.5 (lanes 11~

18) at the time points 5, 30, 60, 120, 180, 240, 300 min and 24 h in ascending order (captured with Visualizer 2, VC v3.1, RemissionVis, Exposure
0.045 s, contrast 2.0). (b) (pH 3.6) and (c) (pH 5.5) show relative amounts of InsP, and P; during enzymatic hydrolysis according to the InsP,

fingerprint.

was only hydrolyzed at pH 3.6 whereby the concentration of InsP, at
pH 5.5 increased continuously until the hydrolysis was terminated after
24 h. In contrast to the E. coli wild-type based phytases, the phytic acid
hydrolysis deploying Axtra® PHY required comparatively longer to
degrade InsP,4, InsP3, and InsP,, indicating a lower substrate specificity
for lower inositol phosphates. At pH 3.6, traces of InsP4 and a majority
of InsP3 and InsP, were still present after 24 h. At pH 5.5, InsP,4 and
InsP; were completely degraded and traces of InsP4 could be detected
after 24 h. A summary of the InsP, degradation patterns for different
commercial phytases is shown in Table 2.

A general accumulation of InsP; for commercial phytases could
not be observed. At pH 3.6, Quantum® Blue and Enzy Phostar par-
tially degraded InsP4. This is in contrast to the previous assessment
that phytases are only able to partially release phosphate groups from
phytate.?®>24 The results of the InsPy fingerprint indicate that inositol
monophosphate can be further hydrolyzed by phytases albeit at a
very low rate. Furthermore, during the HPTLC method development,
Quantum® Blue was applied to hydrolyze two InsP; standards (Ins(3)
P, and Ins(1)P4). Both standards were detected via the liberated free

phosphate after the enzymatic hydrolysis using the molybdate
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TABLE 2 InsP¢ degradation products produced by Quantum® Blue, Axtra® PHY, and Enzy Phostar at pH levels 3.6 and 5.5 evaluated as

relative amounts.

InsP, [%] at pH 3.6

InsP, [%] at pH 5.5

Time [min] InsPs , ¢ InsP4 InsP; InsP,
Quantum® Blue 5 100 18
30 34 100 9
60 3 39 100 7
120 1 100
180 2
240
300
1440
Axtra® PHY 5 100
30 80 34
60 28 100 4
120 3 73 41 1
180 3 41 63 5
240 2 20 73 16
300 11 100 45
1440 1 67 100
Enzy Phostar 5 100 43
30 4 58 100 3
60 13 100
120 50
180 45
240 43
300 43
1440 38

InsP4 P; InsPs ¢ InsP4 InsP3 InsP, InsP4 P,
3 100 13 1
12 27 100 20 8
27 1 51 26 17
28 57 22 100 37 29
98 65 22 100 47
100 70 95 56
96 73 88 71
70 100 2 100 100
3 100 5 7
9 45 100 10 20
25 7 94 33 37
50 6 58 59 2 48
57 5 31 100 30 71
72 3 7 92 74 75
89 2 81 100 77
100 62 100 100
9 100 78 7 27
57 4 30 36 2 45
72 3 20 100 14 53
34 89 1 25 79 77
39 94 100 10 83
100 95 99 24 85
50 96 88 35 89
43 100 68 100 100

reagent, indicating the enzymatic hydrolysis of InsP; at least by
Quantum® Blue 5G.

Different studies have dealt with the degradation of phytic acid;
however, enzymatic hydrolysis was often performed only at one pH
level or a continuous assay was used.>'® Pontoppidan et al.2> used a
similar approach for an in vitro evaluation of enzymatic InsP, degrada-
tion by a phytase from Citrobacter braakii. The hydrolysis was carried out
using an enzyme activity of 1 U/mL at 37°C for a period of 2 h in a buff-
ered system at pH 5.5 and 4.0, respectively. Inositol phosphates were
analyzed by means of ion chromatography whereby isomers of InsPs-
InsP¢ and a pool of InsP, could be analyzed. Pontoppidan et al. did not
detect any differences between the InsP4 degradation at the two pH
levels studied. This may be related to the 100-fold higher enzyme con-
centration in the study. The analysis of the InsP; pools was not con-
ducted by Pontoppidan et al. Menezes-Blackburn et al.23conducted a
study to compare commercially available phytases based on their bio-
chemical properties. The application of seven phytases using different
initial phytase activities ranging from O to 1000 U/kg animal feed was

|.23

assessed in an in vitro assay. Menezes-Blackburn et al.”” analyzed the

InsP, composition at the end of the in vitro assay and observed an

incomplete InsP, degradation for all commercially available phytases. In
the present study, a fast degradation of InsP4 was observed. However,
the degradation rate for lower InsP, differed between the commercial
phytases as well as between pH 3.6 and 5.5 (Table 2). The resulting
accumulations of the lower inositol phosphates may be caused by
reduced degradation rates of lower inositol phosphates, for example,
InsP,. The different observations may be explained by the application of
phytic acid in our experiments, which does not contain any inhibitors
compared with the study from Menezes-Blackburn et al.>®

Phosphate release

To evaluate the efficiency of the commercial phytases, the released
phosphate was quantified and referenced to the maximum amount of
phosphate released after acidic hydrolysis in 0.5 M HCI at 100°C for
5 days (Figure 3). Despite the standardized enzyme activity of 10 U/L,
the increase in phosphate content over time differs for the individual
phytases due to the varying substrate affinities to lower inositol

phosphates.
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FIGURE 3 Phosphate release during phytase (EA of 10 U/LY) hydrolysis of phytic acid (1.66 g/L) at pH 3.6 (a) and pH 5.5 (b) respectively
over 24 h relative to the total phosphate content for the phytases Quantum® Blue, Axtra® PHY and Enzy Phostar.

In general, the phosphate content increases more slowly during
the hydrolysis at pH 5.5 compared with the hydrolysis at pH 3.6. At
pH 5.5, Quantum® Blue and Axtra® PHY initially released phosphate
at a similar rate, with Axtra® PHY slowing down after 3 h while hydro-
lyzing InsP4 and InsP3 and releasing ~55% of the total phosphate
after 24 h. Quantum® Blue reached the 50% phosphate release mark
after 4 h of hydrolysis time and achieved a P; liberation of ~92% in
total. Similar to Quantum® Blue, Enzy Phostar released phosphate ini-
tially with the highest rate, also reaching 50% free phosphate after
4 h. Subsequently, the phosphate release proceeded more slowly and
a total of ~58% phosphate was released.

During hydrolysis at pH 3.6, Quantum® Blue and Axtra® PHY
released phosphate at comparable rates. The 50% mark was reached
after 2 and 3 h and a total of ~80% and ~ 86% of the total phosphate
was released, respectively. Enzy Phostar released 50% of the total
phosphate within the first 15 min. After 2 hours, the phosphate con-
tent had increased to ~80%, after which the phosphate liberation slo-
wed down. Enzy Phostar was able to release ~90% of the total
phosphate amount after 24 h.

Other studies often focused on the decrease in phytic acid content
to evaluate the suitability of a phytase as a feed additive. However, for
an initial evaluation of the ability of phytases to degrade phytic acid and
thus releasing phosphate, quantification of free phosphate during
in vitro assays seems to be more appropriate. Menezes-Blackburn
et al.2® focused on the phytase activity needed to achieve a 50% reduc-
tion in InsPg and an increase in P; of 50% of the maximum reachable
value, showing that 3-10 times higher phytase doses are needed to

release 50% P; compared with decreasing InsP4 content by 50%.

CONCLUSION

The presented HPTLC method is able to simultaneously separate

InsPs . ¢ to InsP4 as well as free phosphate. A baseline separation of

P;, InsP4, InsP,, and InsP3; has been established, whereas InsP, was
quantified by peak splitting and InsPs | 4 were quantified as a sum
parameter. The combination of enzymatic hydrolysis and phosphate
staining makes the method specific to inositol phosphates. Our
results show that the HPTLC method is suitable for a rapid screening
of inositol phosphates with a semi-high sample throughput. Accumu-
lation of isomers can be detected as well as a quantitative phosphate
release. Furthermore, it was shown that phytases are capable of
completely hydrolyzing phytic acid to inositol, albeit with a very slow
degradation rate of InsP4. The presented HPTLC method is a useful
tool for a fast, visual evaluation of phytases and their InsP,
fingerprint.
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