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Abstract Microbial transglutaminase (MTG) has been
widely used in the food and pharmaceuticals industries. In
this study, MTG was purified using affinity precipitation
with an affinity polymer (Pyvpn-T), which was synthesized
using a pH-responsive polymer (Pymvpn) coupled with
L-thyroxin as an affinity ligand. Interactions between MTG
and Pyppn-T were investigated using turbidimetric titration,
zeta potential measurements, and low-field nuclear magnetic
resonance (LF-NMR). We found different behaviors,
architectures, and phase states of pH-dependent interactions
between MTG and Pyppn-T interactions. Binding energetics
between MTG and Pyppn-T were determined by isothermal
titration calorimetry (ITC). The isoelectric point (p/) of the
affinity polymer was 4.65 and was recovered with 96.7%
efficiency after recycling the polymer three times. The
optimal adsorption condition was 0.02 mol/L. phosphate
buffer (pH 6.0) with 1.0 mol/L NaCl at 30.0°C and a ligand
density of 50.0 umol/g. The maximum elution recoveries
of total MTG were 98.44% (protein) with 92.19% (activity)
using 0.02 mol/LL pH 10.0 Gly-NaOH as the eluent.
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1. Introduction

Affinity chromatography for protein separation and
purification from crude aqueous solutions has limitations
[1-4]. These limitations include problems in scaling-up the
purification due to increasing column pressure and low
adsorption capacity due to steric hindrance and slow
binding due to mass transfer [5,6]. Affinity precipitation
could overcome these problems in several ways. Selective
ligands are immobilized on the recycled polymer, and the
affinity polymer and is applied to adsorb the target protein
from the aqueous solution followed by precipitation,
desorption and recovery. Therefore, target proteins are
purified in a single step and are easily scaled up with an
option to continuously purify protein [7-10].

Among the affinity precipitation polymers, we focused
on a pH-responsive polymer with L-thyroxin as the affinity
ligand. The pH-responsive affinity polymer precipitate
changes with pH and is quickly separated in water. It is
thought that electrostatic interactions between negatively
charged carboxyl groups on the polymers and the positively
charged proteins are pH-responsive and form these complexes
used in purification [11-15]. L-Thyroxin is a derivative of
tyrosine and is a hormone secreted by follicular cells. It can
interact with many kinds of proteins in the blood serum and
can be a potential and safe affinity ligand. We previously
studied the affinity polymer Pyvpn-T to separate lysozyme
[16] as well as its affinity interactions with MTG [17, 18].
MTG (EC 2.3.2.13) catalyzes the formation of a crosslink
between a free amine group from a bound protein and a
y-carboxyamide group from the glutamine of a bound
peptide [19]. Due to these properties, MTG is widely used
in food and pharmacy applications [20-22]. Knowing these
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important MTG applications, we used MTG as the target
enzyme to study the affinity precipitation process.

In light of our previous reports on affinity precipitation,
we sought to characterize Pyvpn-T for selective precipitation
of proteins in this study and gain a better understanding of
their precipitation behavior. Interactions between MTG
and Pywvpn-T were investigated using a combination of
turbidimetric titration, zeta potential measurement, and low-
field nuclear magnetic resonance. These methods revealed
different behaviors and phase states of pH-dependent
interactions between MTG and Pyppn-T. Additionally, the
binding energetics between MTG and Pyppn-T were
determined by isothermal titration calorimetry (ITC). We
found that the adsorption levels of MTG on Pyppn-T are
regulated by pH and ionic strength. Understanding the
mechanism between MTG and Py pn-T interactions allows
for the purification or separation of MTG by Pyppn-T under
optimal conditions.

For affinity precipitation of MTG, a pH-responsive polymer
with L-thyroxin as the affinity ligand was developed. The
prepared affinity polymer, Pyvpn-T, could be precipitated
from the solution at pH 4.65 (p/), and the recovery was
96.7%. The adsorption and desorption conditions were
optimized for MTG recovery. The results of electrophoresis
showed the suitability of affinity precipitation methods in
the purification of MTG from the fermentation broth. The
study of the interactions between MTG and Pyppn-T provides
substantial information about the affinity precipitation of
MTG and helps establish a specific strategy for MTG
purification.

2. Materials and Methods

2.1. Materials

Methyl acrylic acid (MAA), methyl methacrylate (MMA),
methacrylic acid 2-(dimethylamino) ethylester (DMAEMA),
N-methylolacrylamide(N-MAM), and azobisisobutyronitrile
(AIBN) were purchased from the Sinopharm Chemical
Reagent Co., Ltd. (Shanghai, China). L-thyroxin, pure
MTG, L-glutaminehydroxylamine, and N-carboxybenzoyl-
L-glutaminyl-glycine (N-CBZ-GIn-Gly) were purchased from
Sigma (St. Louis, USA). All chemicals were of analytical
grade.

The fermentation broth in this study was provided by
Jiangsu Yiming Biological Co., Ltd. The production of
MTG was carried out using a mutant of Streproverticillium
mobaraense. Starch, glucose, peptone, yeast extract, MgSOy,
K,HPO, and KH,PO, at different concentrations were used
in the fermentation medium. After cultivation, the cells and
other precipitates were removed. All these samples were
kept at -20°C.
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2.2. Preparation of affinity polymers

Ding’s method was followed for polymer synthesis [23].
Four monomers (MAA, MMA, DMAEMA and N-MAM)
were combined in a flask in a nitrogen atmosphere for
15 min using AIBN as the polymerization initiator and
absolute ethanol as the solvent. The N-MAM monomer
presents a hydroxyl group for the ligand to connect to the
polymer during the activation step. The activation reaction
was carried out for 24 h at 60.0°C. Next, the product was
precipitated and washed three times in acetone and
absolute ethanol. Subsequently, the precipitate was vacuum
dried. Epichlorohydrin (ECH) was introduced to connect
the L-thyroxin to the polymer (Pyivipn)- Pvivion (1.0%, w/v)
was dissolved in 1.0 mol/L. NaOH with varying amounts of
ECH in a constant-temperature bath at 60.0°C for 24 h.
Different amounts of L-thyroxin were added to the polymer-
ECH at 40.0°C for 2 h, and the Pyppn-T was precipitated
by adding HCI (1.0 mol/L). Pywpn-T was purified by
filtration and vacuum drying. The supernatant was collected,
and the ligand density of the Pyypn-T was determined
using mass balance calculations.

2.3. Adsorption and desorption experiments

2.3.1. Adsorption of MTG

Pyvipn-T was dissolved in aqueous solution to a concentration
of 2.0% (w/v). Next, 2.5 mL of Pypypn-T solution was mixed
with 2.5 mL of MTG solution of varied concentrations.
The adsorption experiments were carried out for 2 h at
25.0°C within a water bath shaker at 100 rpm. After the
reaction, the pH of the solution was adjusted by HCI
(0.1 mol/L) to the p/ of polymer, which was then collected.
The adsorption to amount of Py pn-T was investigated by
varying the time, pH (3.0 ~ 10.0 buffers), ionic strength
(0.0 ~ 1.0 mol/L NaCl), ligand density (10.0 ~ 90.0 umol/g),
temperature (10.0 ~ 60.0°C), and adsorption isotherm. All
tests were repeated in triplicate.

2.3.2. Desorption of MTG

The collected precipitate was dissolved in 5.0 mL of various
eluents. Desorption stages were carried out within 2 h of
shaking at 100 rpm at 25.0°C in a water bath. Pyppn-T
was collected by the same method as the adsorption step
for use in the next cycle. When appropriate, the desorption
step was repeated with different eluents. After obtaining
MTG, its activity [24] and protein concentration were
measured.

Two solutions were prepared for enzyme activity
measurements. Solution S: 0.347 g hydroxylamine hydro-
chloride, 0.154 g reduced glutathione, and 0.506 g N-CBZ-
GIn-Gly were dissolved in 50.0 mL 0.2 mol/L Tris—HCI
buffer, and the final pH of this solution was adjusted to 6.0.
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Solution T: equal volumes of 5% FeCl; solution, 3 mol/L
HCI, and 12% trichloroacetic acid were mixed. Pure MTG
solution (0.2 mL) at different concentrations was added to
Solution S (0.8 mL). The mixture was kept in a water bath
(37°C) for 10 min. Next, 1.0 mL of Solution T was added
to end the reaction. The final solution was centrifuged for
5 min at 5,000 rpm, and the absorbance of the supernatant
at 525 nm was determined. One unit of MTG activity
could be defined as the amount of MTG that catalyzed the
formation of 1 pmol/L. L-Glutamic acid y-monohydroxamate
(L-Glu(y)HXM) per minute at 37°C. Different concentrations
of L-Glu(y)HXM were prepared for the enzyme activity
measurements to make a standard curve.

2.3.3. Affinity precipitation of MTG from fermentation
broth

MTG was separated from the fermentation broth by Pyppn-T
using optimal adsorption and desorption conditions. The
fermentation broth was centrifuged at 4,000 rpm for 10 min
to remove visible precipitation. After affinity precipitation,
the protein component in the broth and in the desorbed
solution was determined using sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE).

2.4. Isothermal titration calorimetry

Isothermal titration calorimetry (ITC) experiments were
performed with a Microcal ITC200 (GE Healthcare, USA).
The thermodynamic quantities of MTG binding onto Pyppn-T
were determined by ITC. All sample solutions were made
in 5.0 mM MES buffer at various pH values and filtered
using 0.22 um filters. Injections (4.0 uL) of Pyvpn-T
solution (500.0 uM) were made from an auto-controlled
microsyringe at 3.0 min intervals into the sample solution
containing MTG (25.0 pM) while stirring at 1,000 rpm at
25.0°C. Control experiments were performed with identical
injections into the cell, containing buffer without MTG, and
showed insignificant heats of dilution. The experimental
data were fitted to a theoretical titration curve using Microcal
Origin software with AH (enthalpy change in kJ/mol) and
K, (adsorption constant in /M) [25]. Thermodynamic-
binding parameters were calculated from the equation:

AG=AH-TAS=—-RTInK, 1)

where 4G, 4H, and A4S are the changes in free energy,
enthalpy, and entropy of binding [26-28]. T is the absolute
temperature and R = 1.98 cal/mol/K.

2.5. Zeta potential measurement

The zeta potentials of polymers, MTG and polymer-MTG
complexes were determined by a Zetasizer Nano ZEN3600
(Malvern, UK) at variable pH values at 25.0°C. The pH of

the sample solutions (10.0 ppm) was adjusted with HCI
and NaOH. Determination of the zeta potential was used to
determine the isoelectric point (p/) of the polymer [29,30].

2.6. Turbidimetric titration

Transmittance (%T) was monitored with a colorimeter
(Brinkmann PC 950, Germany) using a 420 nm filter to
calculate the turbidity at 100%T with transmittance fluctuations
(£ 0.1%). All samples were prepared with DI water and
filtered using 0.45 pm filters. A Ross Ultra Combination
pH meter (Orion, USA) was used to monitor the pH of the
sample solutions. The turbidity of the samples from pH
10.0 to 2.0 was obtained by the addition of 0.1 M HCL
The polymer and MTG concentrations were 0.020 and
0.008 mg/mL, respectively. A nitrogen purge was performed
during all titrations. Blank samples of polymer and MTG
were subtracted to eliminate their effects in isolation [31,32].

2.7. Low-field nuclear magnetic resonance

To investigate the effects of pH on the interactions between
polymers and MTG, their properties were measured using
transverse relaxation time (T) on a Niumag Benchtop
Pulsed NMR analyzer PQO01 (Niumag Electric, China).
The magnetic field strength was set at 0.5 + 0.08 T, and the
corresponding resonance frequency for protons was 21.3 MHz
[33]. Samples of Pypvpn (2.0%, W/V), Pyvipn-T (2.0%, w/v)
and MTG (0.4%, w/v) were prepared in various buffers of
different pH values from 3.5 to 6.0 for use as standards.

3. Results and Discussion

The affinity polymer Pyppn-T has been reported previously
[16]. It has successfully been applied to separate lysozyme
from salted duck white. The properties of MTG are different
from lysozyme, and therefore, the conditions of affinity
precipitation for MTG also needed to be optimized in this
study.

3.1. Adsorption of MTG

Incubation time, ionic strength, pH, ligand densities,
temperature and adsorption isotherms were investigated to
understand the factors affecting MTG adsorption. The
adsorption kinetic curve of MTG binding to Pyppn-T is
shown in Fig. 1A. Fast adsorption behavior was observed
during the first hour of the adsorption process, and then
the adsorption equilibrium was achieved gradually over
approximately 2.0 h. The adsorption time to attain equilibrium
MTG binding to Pyppn-T was influenced by the concentration
of free MTG in the solution and the adsorption capacity of

PMMDN'T~
The effect of ionic strength on the adsorption of MTG is
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Fig. 1. Study of adsorption conditions of MTG on Pyppn-T. (A) The effect of reaction time for MTG adsorption onto the Pyppn-T.
Initial concentration of MTG 4.0 mg/mL, temperature = 30.0°C, pH = 6.0, and affinity ligand density 50.0 umol/g. (B) The effect of
ionic strength for MTG adsorption onto the Pyppn-T. Initial concentration of MTG 4.0 mg/mL, temperature = 30.0°C, pH = 6.0, affinity
ligand density 50.0 pmol/g. (C) The effect of pH for MTG adsorption onto the Pyppn-T. Initial concentration of MTG 4.0 mg/mL,
temperature = 30.0°C, NaCl concentration 1.0 mol/L, and affinity ligand density 50.0 umol/g. (D) The effect of ligand density for MTG
adsorption onto the Pyppn-T. Initial concentration of MTG 4.0 mg/mL, temperature = 30.0°C, pH = 6.0, and NaCl concentration 1.0 mol/L.
(E) The effect of temperature for MTG adsorption onto the Pyppn-T. Initial concentration of MTG 4.0 mg/mL, NaCl concentration
1.0 mol/L, pH = 6.0, and ligand density 50.0 umol/g. (F) Adsorption isotherm for MTG binding onto the affinity polymer. Temperature =
30.0°C, pH = 6.0, NaCl concentration 1.0 mol/L, and affinity ligand density 50.0 umol/g.

presented in Fig. 1B. As the NaCl concentration is increased,
the adsorbed amount of MTG also increased. Additional
salts removed surface charges of Pyppn-T and MTG, which
allowed weaker electrostatic repulsive interactions between
them. Furthermore, hydrophobic interactions involving
MTG were also affected by adding salts.

The effect of pH on adsorption of MTG was presented in
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Fig. 1C. The highest adsorption amount (88.7 mg MTG/g
Pumpn-T) was achieved near pH 6.0, with decreased
adsorption amounts at lower and higher pH values. The
surface charges were zero when the pH of the solutions
achieved the p/ of Pywpn-T and MTG at 4.6 and 9.0,
respectively. Around these p/ values, the adsorption amount
should be lower because of lower electrostatic interactions



Preparation and Characterization of a pH-responsive Polymer that Interacts with Microbial Transglutaminase during --- 35

between them. At pH values between 4.6 and 9.0, the
surface charge of the Pyppn-T was negative and MTG was
positive, which resulted in high adsorption values.

The effect of ligand density on adsorption of MTG is
presented in Fig. 1D. Maximum adsorption was observed with
ligand densities of approximately 50.0 pmol/g. Adsorption
amounts increased as ligand densities decreased below
50.0 umol/g. At higher ligand densities, the adsorption
amount stabilized and then decreased slightly. Additional
ligands on the polymer likely increased steric hindrance,
which, therefore, decreased binding potential between the
ligand and MTG. A ligand density of 50.0 pumol/g for
Pynvpn-T was chosen for subsequent experiments.

Fig. 1E shows the effect of temperature on adsorption of
MTG, and Fig. 1F displays MTG adsorption isotherms at
different temperatures. Maximal adsorption occurred near
30.0°C. From 10.0 to 30.0°C, proteins exposed hydrophobic
amino acids, which could increase the binding area and
affinity between MTG and Pyppn-T. However, monomeric
DM in Pywpn-T was thermoresponsive, resulting in tiny
polymer aggregates that decreased the adsorbed amounts.

Langmuir equation (2) was chosen to describe the
adsorption isotherm of MTG:

_0.C
K AC

@

where C (mg/mL) is the concentration of free MTG in the
solution and ¢ (mg/g) is the MTG adsorption capacity. Q,,
(mg/g) is the maximum adsorbed amount, and K; (mg/mL)
is the dissociation constant. The calculated determination
coefficient (R?) of the Langmuir model was 0.96, which
indicated that the model fits well. 0,, and K, calculated
from the equation were 160.01 mg/g and 0.36 mg/mL,
respectively. From the molecular weight of MTG, this Q,,
value is equivalent to 4.21 pumol/g of affinity polymer and
K, is equivalent to 9.47 umol/L.

3.2. Desorption of MTG

The interactions between MTG and affinity polymer were
affected by temperature, ionic strength, ligand density and
pH values. Additionally, some surfactants also were applied
in the desorption step of affinity purification. Desorption of
bound MTG under various conditions (different kinds of
salts or surfactants, salt concentration, pH) is shown in
Table 1. The optimized desorption condition was 0.02 mol/L.
Gly-NaOH buffer (pH 10.0). Under these conditions,
98.44% (protein amount) and 92.19% (enzyme activity) of
the adsorbed MTG were desorbed from Pyppn-T. In
contrast to adsorption optimizations, low ionic strength
should reduce interactions between MTG and L-thyroxin
and yield higher elution recovery. As shown in Table 1,

Table 1. Desorption conditions and results

No. Eluants MTG .M.TG
amount (%) activity (%)

1 0.5 mol/L NaSCN 44.69 54.21
2 1.0 mol/L NaSCN 31.51 29.09
3 0.1 mol/L EDTA 50.34 54.76
4 1.0 mol/L KSCN 39.21 42.14
5 pH7.0 PB+ 0.5 mol/L Urea 25.35 3091
6 pH7.0 PB+ 1.0% Triton 100 95.50 78.13
7  pH7.0 PB +20% Glycol 86.28 40.19
8 pHS8.0OPB 38.20 39.44
9  pH 9.0 Gly-NaOH 58.01 54.30
10 pH 10.0 Gly-NaOH 98.44 92.19
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Fig. 2. Separation of MTG from fermentation broth. Marker;
Lane 1, MTG desorbed by pH 7.0 PB + 1.0% Triton 100; Lane 2,
MTG desorbed by pH 10.0 Gly-NaOH; Lane 3, pure MTG;
Lane 4, MTG fermentation broth.

elution recoveries of MTG were not good using high salt
concentrations, which were consistent with the observation
that additional NaCl enhanced adsorption of MTG onto
Puvvion-T.

Next, the separation of MTG from MTG fermentation
broth was investigated next. Previously obtained optimal
adsorption and desorption conditions were applied to these
experiments and analysis carried out using SDS-PAGE
[34]. The gels used in the experiments were 15.0%
acrylamide gel, and the final gels were stained with 0.25%
Coomassie Brilliant Blue R-250. According to SDS-PAGE,
the MTG molecular weight was 38.0 kDa. Lanes 1 ~ 3
show a single band; however, lane 1 was impure according
to the graph because the protein was denatured by Triton.
Pure MTG is seen in the gel when pH 10.0 Gly-NaOH
buffer was used as eluent (lane 2).

3.3. Isothermal titration calorimetry
ITC was used to investigate the energetics of the interactions
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Fig. 3. Isothermal titration calorimetry results for MTG adsorbed
onto Pyppn-T at pH 7.0 in 5 mM MES buffer. (A) Raw data from
the ITC experiment. (B) Integrated heat of each injection (dot)
and one-site adsorption fitting (solid line).

between MTG and Pyvpn-T. Fig. 3A presents the ITC raw
data for MTG binding to Pyypn-T. Each negative peak
corresponded to the heat released by the injection of MTG,
which indicated that the binding of MTG to Pypn-T was
exothermic. The exothermic nature of the reaction further
supports the idea that affinity binding in this instance is
primarily driven by electrostatic interactions. Integration of
the area under the negative exothermic peaks provided a
binding isotherm (Fig. 3B) of MTG adsorption to Pyppn-T,
which had multiple identical binding sites independently
available for MTG binding.

MTG adsorption to charged polymers usually leads to an
increase in entropy because either the counterion or water
is released. These two situations should be considered for
entropy changes in a system. External energy would be
needed to release water molecules inside the Ppppn-T
structure during adsorption. However, the MTG adsorbing
onto Pypvpn-T reduces entropy by releasing the counterion
from MTG molecules. These two situations should be
considered for the entropy change of the system. The
entropy change was also determined to be negative using
ITC because the entropic reduction associated with MTG
adsorption is larger than the entropic gain associated with
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Fig. 4. Zeta potentials of MTG, Pynpn, Pynvon-T and the
complexes at different pH values. (A) The comparison for MTG,
Pumpn-T and their complexes. (B) The results for MTG, Pypn
and their complexes.

MTG adsorption. Therefore, MTG adsorption to the Pyppn-T
was the major effect.

3.4. Zeta potential measurements

Fig. 4 shows zeta potentials for the solutions of MTG,
Pyvons Pvvpn-T and their complexes. The zeta potentials
of all of the samples decreased as pH increased. The p/ was
determined as the pH where the zeta potential is zero. The
p! of Pyppn was 4.51 and of Pypypn-T was 4.69 [16, 35].
As shown in Fig. 4A, the MTG showed a higher zeta
potential than Pyppn-T at all pH ranges tested. With the
adsorption of MTG, the zeta potential of Pyppn-T increased
between the pH ranges from 4.0 to 9.0, which could be
correlated with the previous adsorption experiments. Around
pH 6.0, the zeta potential of the complexes was close to
zero because of formation of high adsorption amounts. The
interactions of Pypppn and MTG showed a similar trend.

3.5. Turbidimetric titration
In this affinity precipitation system, adsorption and desorption
were reversible. The pH range for the adsorption interactions
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Fig. 5. Turbidimetric titration for the mixture of Pyypn-T and
MTG at various pH values.

between Pyppn-T and MTG was determined by turbidimetric
titrations by adding HCI to mixtures of high pH as shown
in Fig. 5. The results show that the adsorption of MTG to
Puvpn-T occurred from pH 4.5 to 6.2, which confirmed
the adsorption experiment data. When the pH was within
this range, the charges of Pyppn-T and MTG were opposite,
leading to a strong attractive interaction.

3.6. Low-field NMR relaxation measurements

The LF-NMR T, relaxation time reflects water mobility
inside the polymer or the complexes formed. According to
the curves in Fig. 6, water molecules in Pyppn-T were
more fluid. However, water molecules in the Pyppn-T and
MTG complex decreased from pH 4.6 to 5.8 and increased
from pH 5.8 onwards. The lowest T, relaxation time
occurred at pH 5.8, and this indicates that water molecules
inside the complex were more stable than the other pH
values tested. This result corresponded to the adsorption
experiment and could be due to the change of electrical

2,5004
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Fig. 6. T, relaxation time of Pyppn-T with MTG at different pH
value.

charge distribution and quantity on the Pypvpn-T and MTG
complexes at various pH values.

4. Conclusion

The pH-responsive polymer immobilized L-thyroxin was
used as an affinity ligand for the affinity precipitation of
MTG in water. The optimal adsorption and desorption
conditions were determined experimentally. The turbidimetric
titration and zeta potential measurements explained how
the highest amounts were absorbed. The ITC results
indicated an exothermic energy change, and LF-NMR
showed water inside the complex of Pyppn-T and MTG
during the precipitation process. Electrophoretically pure
MTG was also collected using Pynpn-T from a culture
according to our conditions. A specific strategy for the
separation of MTG was established by a pH-responsive
affinity polymer Pyppn-T. Analysis of the interactions offers
a clear roadmap for affinity ligand screening, purification
conditions optimization, affinity polymer preparation and
other aspects. The results of this study help understand how
protein separation works using a pH-responsive polymer,
which can be used in a wide variety of applications.
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