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ABSTRACT

High hydrostatic pressure (HHP) stabilized glucose oxidase (GOx) from Aspergillus
niger and xanthine oxidase (XOx) from bovine milk against thermal inactivation. Stability
increased 50 times for native GOx at 240 MPa and 74.5 °C and 9.5 times for native XOx at 300
MPa and 70.0 °C compared to the controlled atmospheric pressure at the same temperature. The
stabilizing effect of HHP was highest at 74.5 or 70.0 °C where the activation volume (AV?) of
inactivation was 57.0 + 12.0 cm® mol™ or 28.9 + 2.9 cm® mol™ for GOx or XOx respectively.
Positive AV7 for all the treatment confirmed that HHP favored GOx and XOx stabilization.

A second approach to increase GOx and XOx stability involved crosslinking aniline or
benzoate. At atmospheric pressure, the thermal stability of GOx was 1.1 times higher after
aniline modification (13.4 + 0.8 min), while it was 0.9 times lower upon modification with
benzoate (16.2 + 1.0 min"t) compared to the native GOx (15.3 + 0.4 min) at 80.0 °C. At HHP,
the thermal stability of the aniline- and benzoate-modified GOx was higher than the native GOx
and it increased 3.7-fold after aniline modification and 2.8-fold after benzoate modification

compared to the native GOx at 240 MPa at 80.0 °C. However, the thermal stability of XOx



remained unaffected after 8 + 1 modifications of carboxyl side groups per XOx monomer with
aniline, or 12 + 5 modifications of amino side groups per XOx monomer with benzoate using
DSC analysis.

At HHP and in the presence of substrates, the catalytic activity of the aniline-modified
GOx resulted in the fastest reaction followed by the benzoate-modified and native GOXx at all
the studied temperatures. At 180 MPa and 69.1 °C, the aniline-modified GOXx catalyzed the
oxidation of glucose 11-fold faster compared to the reaction of the same enzyme at atmospheric
pressure and 25 °C. Negative AV* were assessed for all the studied temperatures which
confirmed HPP favored activation of the enzymes. The highest activation energy was 34.7 £ 2.7,
42.3 + 3.7, 0r 39.4 + 2.4 kJ mol™ at 180 MPa for native, aniline-, or benzoate-modified GOx

respectively.
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CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW

Background

Enzymes are useful biocatalysts for many industry-relevant applications. Global demand
for industrial enzyme was $4.5 billion in 2012, $4.8 billion in 2013, and expected to be $7.1
billion in 2018 with an annual growth rate of 8.2% from 2013 to 2018. Four major categories of
enzymes based on their industrial applications included detergent enzymes, food enzymes,
technical enzymes, and feed enzymes (Sarmiento et al., 2015). Novozymes, DuPont, and DSM
are the biggest industrial enzyme producers (Dewan, 2014) and amylase, lipase, protease, ligase,
phytase, cellulase, and xylanase constitute the major market of the industrial enzymes (Sarrouh
et al., 2012). The global market for detergent enzymes was worth $1.1 billion in 2013 and is
expected to grow the fastest at a rate of 11.3% from 2013 to 2018 to reach $1.8 billion global
market (Sarmiento et al., 2015).

In 2007, the global market for food enzymes was $830 million (lyer and
Ananthanarayan, 2008). Food enzymes are expected to reach $1.7 billion global market by 2018
with a growth rate of 5.1% from 2013 to 2018. The growth rate in Europe is predicted to be the
fastest (Sarmiento et al., 2015). The use of thermostable enzyme increased the number of the
processes in the food industry using enzymes by providing the new possibilities for the industrial

applications (Haki and Rakshit, 2003). Food enzymes are used to improve the quality of bread



using amylases in the baking industry, to produce cheese using rennet and prepare lactose-free
milk using lactase in the dairy industry, and to improve wine color and maintain apple juice
clarity using pectinases in the beverages industry (Sarmiento et al., 2015). However, the
relatively low stability of enzymes compared to chemical catalysis under industrial conditions
limited economically viable utilization of enzymes (lyer and Ananthanarayan, 2008). The
increasing number of publications on enzyme stability in the last 30 years (Figure 1.1) is
consistent with the need in the enzyme industry. However, the total number of publications
reporting stabilization of enzyme are only 37% of the total number of publications on stability of
enzyme obtained in the past 10 years from Science Direct database. Improving enzyme stability

using stabilization techniques can increase the practical applications of industrial enzymes.

Glucose oxidase

Glucose oxidase (GOx, EC 1.1.3.4) is a homodimeric glycoprotein with a molecular mass
of ~160 kDa that consists of two tightly bound flavin adenine dinucleotide (FAD) molecules per
dimer (O'Malley and Weaver, 1972). The enzyme is widely produced using fungi, mainly
Aspergillus niger (Nakamatsu et al., 1975; Pluschkell et al., 1996). Less commonly, Penicillium
(Eryomin et al., 2004), and Saccharomyces (Earnshaw et al., 1995) are used to produce the
enzyme. Table 1.1 summarizes the optimum conditions of temperature and pH for maximal
catalytic activity of GOx from Aspergillus and Penicillium. Among the reported species, the
greatest thermostability of GOx is from Aspergillus niger (Kalisz et al., 1990). Thermal
inactivation of GOx was fitted to a first-order model at atmospheric pressure (Gouda et al., 2003;
Katano et al., 2011; Nakamura et al., 1976; Sattari et al., 2013). Inactivation of GOx from

Aspergillus niger followed a first-order model in the presence or absence of K>SOs, NaCl, or
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lysozyme in the temperature range of 56-67 °C (Gouda et al., 2003). A first-order model was
also reported for the inactivation of GOx from Aspergillus niger in the presence of guanidine
hydrochloride (denaturant) or e-poly-L-lysine (stabilizer) at temperatures between 60 and 78 °C
(Katano et al., 2011). Thermal inactivation of the native and periodate-oxidized GOx from
Aspergillus niger between 50 and 72 °C also followed a first-order model (Nakamura et al.,
1976). Table 1.2 summarizes the first-order rate constant of the inactivation (Kinact) of GOx
reported in other studies.

Activity of GOx is commonly determined using continuous spectrophotometric rate
evaluation by monitoring the formation of oxidized o-Dianisidine acid in the presence of

peroxidase (POx) at 500 nm (Bergmeyer et al., 1974a):

GO
B-D-Glucose + O, + H,O = D-Glucono-1,5-Lactone + H,0O,

oo POx Lo
H,0, + o-Dianisidine(,, ., — o-Dianisidine, .+ H,O

Glucose oxidase has found large-scale practical applications since the early 1950s
(Fiedurek and Gromada, 1997). Yellow Springs Instrument (YSI) developed the first
commercially successful whole blood glucose analyzer in 1975 based on GOx (Wilson and
Turner, 1992). Furthermore, GOX is used for several technological applications in food industries
including in food packaging as an enzymatic oxygen scavenger in combination with catalase (Ge
et al., 2012) and in wine processing for reduced-alcohol wine (Gémez et al., 1995; Pickering et
al., 1998). Other processing purposes include bread making (Tang et al., 2014), mayonnaise and

potato chip processing (Isaksen and Adler-Nissen, 1997; Jiang and Ooraikul, 1989), as well as



apple and pear purée processing (Parpinello et al., 2002). Further it has seen an increasing
number of other potential applications including enhancement of toothpaste and mouth rinse
therapeutic effects on recurrent aphthous ulcers (Adler et al., 1993; Fridh and Koch, 1999) and
textile bleaching in the textile industry (Tzanov et al., 2002). In addition, the catalytic reaction of
GOx has been applied for glucose removal in the processing of liquid egg (Sisak et al., 2006).
The enzymatic reaction of GOx is also important for the production of gluconic acid which has
important food applications, such as cheese curd formation and prevention of milkstone in dairy
industry, and formulation of donuts. Moreover, gluconic acid has been used for pharmaceutical
applications such as prevention of the deficiency of iron and calcium (Ramachandran et al.,
2006). Gluconic acid is mainly produced by microbial fermentation (Singh et al., 2005).
However, the slow production of gluconic acid and presence of unwanted by-products during
microbial fermentation (Wong et al., 2008) proposed bioreactor using GOx as a viable substitute

for gluconic acid production (Godjevargova et al., 2004; Nakao et al., 1997).

Xanthine oxidase

Xanthine oxidase (XOx, EC 1.17.3.2) from bovine was reported in 1902 as the enzyme
responsible for decolorizing of methylene blue in milk samples in the presence of formaldehyde
(Massey and Harris, 1997). The enzyme consists of one molecule of FAD, one atom of
molybdenum, and four atoms of iron per enzyme subunit (Olson et al., 1974). Xanthine oxidase
mainly catalyzes the oxidation of xanthine to uric acid by producing hydrogen peroxide in the
presence of oxygen. The oxidation occurs using the molybdopterin center, the pair of iron-sulfur
clusters, and the bounded FAD (Bray et al., 1961; Olson et al., 1974). Table 1.3 summarizes the

optimum conditions of temperature and pH for maximal catalytic activity of XOx from bovine
4



milk and Arthrobacter. Thermal inactivation of XOx was also reported to follow a first-order
kinetics model at ambient pressure: the inactivation of XOx from rat liver in the presence or
absence of pyridine at 35 to 65 °C (Amini et al., 2011); and the inactivation of XOx from
Arthrobacter M3 in the presence or absence of cosolute and osmolyte at 50 °C (Zhang et al.,
2014). The reported first-order Kinact Of XOx are listed in Table 1.2.

Activity of XOx is commonly determined using continuous spectrophotometric rate

evaluation by monitoring the formation of uric acid at 295 nm (Bergmeyer et al., 1974b):

X0
Xanthine + O, + H,O = Uric Acid + H,0,

Xanthine oxidase ability to catalyze different substrates has been used to fabricate
biosensors to evaluate the freshness of fish by detection of hypoxanthine after the death of a fish
which imparts the bitter spoiled taste (Dervisevic et al., 2015; Devi et al., 2011; Nakatani et al.,
2005), and to detect the caffeine (1,3,7-trimethylxanthine) for evaluation of the quality of
commercial instant tea and coffee (Babu et al., 2007). In addition, XOx also used as biosensor to
detect theophylline (1,3-dimethylxanthine) content which is one of the most common
medications for chronic asthma (Mao et al., 2001; Stredansky et al., 2000). Moreover, the
catalytic activity of XOx is important for the conversion of drugs and prodrugs into their active
forms in the human body such as pyrazinamide for treatment of infectious diseases (Shih et al.,
2013; Yamamoto et al., 1993), and azathioprine for treatment of abnormal immune responses

(Sandborn, 2001).



Enzyme enhancement

Enzymes enhancement aims at improving their stability and activity, hence to produce
reusable, selective, and competitive industrial biocatalysts. Immobilization, protein engineering,
chemical modification, or the use of soluble additives are the most common methods for enzyme
enhancement.

Immobilization strategies, in particular attachment to a solid matrix, typically beads, are
most commonly used to allow enzyme reusage and decrease the process cost (Garcia-Galan et
al., 2011; Katchalski-Katzir, 1993). Immobilization techniques include crosslinking, covalent
binding, adsorption, and entrapment (Katchalski-Katzir and Kraemer, 2000). Agarose aldehyde
gels was used to immobilize a-chymotrypsin by multipoint covalent attachment (Guisan et al.,
1991). The immobilized a-chymotrypsin was 60,000 times more stable compared to the free
enzyme. The stabilization was expressed as the ratio of the half-life of the immobilized enzyme
to the free enzyme after inactivation at 65 °C. However, immobilization reduced the enzyme
activity by 35% compared to the native soluble enzyme.

Glucose oxidase from Aspergillus niger was immobilized using cellulose acetate—
polymethylmethacrylate membrane (Rauf et al., 2006). The immobilized GOx thermostability
increased 46% compared to the native soluble enzyme measured by the retaining activity at 505
nm after incubation at 70 °C. However, immobilization increased the Kn of the enzyme by 2.4
times. Using immobilization on the glass beads maximized the retained activity of GOx from
Aspergillus niger to 250% compared to the free enzyme after incubation at 70 °C (Sarath Babu et
al., 2004). Covalent bonding and entrapment were used to immobilize GOx onto poly(2-
hydroxyethyl methacrylate) membranes (Arica and Hasirci, 1993). The entrapment was more

efficient (93.7%) in the immobilization compared to the covalent bonding efficiency of 17.4%.
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However, the entrapment increased the Ky, of the enzyme 2.1 times, whereas the covalent
bonding increased the Ki 1.5 times compared to the free enzyme. In another study, the stability
of immobilized GOx from Aspergillus niger with lysozyme increased using additives and
modification of the enzyme. The transition temperature, Tm, increased 9 °C and half-life at 70 °C
increased 22 times for the modified GOx with N-ethylmaleimide in the presence of K2SO4 (Gulla
etal., 2004).

Xanthine oxidase was immobilized on beads using polyvinyl alcohol-glutaraldehyde
network (Araujo et al., 1997). The activity of XOx retained up to 72.3% compared to the free
enzyme. The K, of the immobilized XOx increased 1.5 times compared to the free native
enzyme. Immobilization of XOx onto polymeric support of Enzacryl-TIO increased the half-life
of immobilized enzyme to ~100 h compared to the half-life of 3 h at 30°C for the free enzyme
(Johnson and Coughlan, 1978). Immaobilization of XOx on magnetic polysiloxane-polyvinyl
alcohol particles using glutaraldehyde increased the retained activity 3 times compared to the
free enzyme incubated at 65 °C (Neri et al., 2011).

Protein engineering (Chen et al., 2002), and medium engineering (Kalisz et al., 1997) are
among the stabilization methods that have been used for GOx enhancement. XOx stabilization
has also been studied by application of organic media (Amini et al., 2011; Rashidi et al., 2009),
and utilization of cosolute (trehalose) and osmolyte (betaine) additives (Zhang et al., 2014).
However, stabilization effect of high hydrostatic pressure (HHP) at elevated temperatures on
GOx and XOx has not been explored yet.

A large portion of the high pressure literature has reported the inactivating effect of
pressure on microorganisms (Earnshaw et al., 1995; Guerrero-Beltran et al., 2005), and enzymes

with deleterious impacts on food quality (Chakraborty et al., 2014; Hendrickx et al., 1998;
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Katsaros et al., 2009; Ludikhuyze et al., 2003; Riahi and Ramaswamy, 2004; Sulaiman et al.,
2015; Yi et al., 2015). Stabilization or catalytic activity enhancement of several enzymes at HHP
have been documented (Eisenmenger and Reyes-De-Corcuera, 2009b). Recent reports include
the stabilization effect of pressure on B-glucosidase (Terefe et al., 2013; Vila-Real et al., 2010),
pectinases (Tomlin et al., 2013), polyphenoloxidase (Huang et al., 2014), and inulin
fructotransferase (Li et al., 2015).

Currently, high capital cost of HHP equipment limited the HHP applications to high
value-added product (Balasubramaniam et al., 2015). However, as HHP applications have grew
and technology has progressed, the installed high pressure systems exceeded 265 equipment
worldwide by 2014 and the capital cost of HHP equipment has decreased up to three fold in the
last decade (Balda et al., 2012).

Covalently attaching hydrophobic molecules also reported to stabilize enzymes (Gupta,
1991; Mogharrab et al., 2007; Mozhaev et al., 1990; Stepankova et al., 2013). Surface
modification of a-chymotrypsin and Candida rugosa lipase using chemoenzymatic glycosylation
to increase hydrophilic characteristics, and polyethylene glycol to increase
hydrophobic characteristics was studied (Longo and Combes, 1997). Hydrophilic modification
decreased the half-life time of a-chymotrypsin by 90% and Candida rugosa lipase by 79%,
whereas hydrophobic modifications increased the half-life time of a-chymotrypsin by 382%
and Candida rugosa lipase by 344% at 50 °C. Changes in the properties of the surface residue of
the enzyme after crosslinking can increase the enzyme stability. As aromatic residues can engage
in 7 -7 stacking, cation-n and anion-quadrupole types of interactions as well as hydrogen bonds,
there are many options for interaction with nearby residues, as well as with solvent (Koide and

Sidhu, 2009; Philip et al., 2011). Aromatic groups possess a quadrupole moment, leading to their
8



ability to interact with cations on the ring face (Dougherty, 1996; Gallivan and Dougherty, 1999)
or anions on their ring edge (Jackson et al., 2007; Philip et al., 2011). Therefore, presence of
phenyl groups can enhance the hydrophobicity of the enzyme, hence potentially increasing the
enzyme thermal stability.

Moreover, recent reports documented the activation effect of pressure on polyphenol
oxidase from strawberry puree and apple juice (Buckow et al., 2009; Terefe et al., 2010),
Candida antarctica lipase B (Eisenmenger and Reyes-De-Corcuera, 2010), pectinase
formulation from Aspergillus niger (Tomlin et al., 2014), protease from Bacillus species
(Senyay-Oncel et al., 2014), and a-chymotrypsin from bovine pancreas (Levin et al., 2016).
Increase in thermal stability of enzymes potentially enable enzymatic reaction at higher
temperatures. Consequently, higher reaction rates would be feasible at higher temperatures than

it is possible under atmospheric pressure due to thermal inactivation.

Identification of gap of knowledge

To the best of our knowledge: effect of HHP on GOx and XOx stability have not been
reported; effects of hydrophobic modification on GOx and XOx stability have not been reported;
effect of HHP on the catalytic activity of native and modified GOx and XOx have not been

reported.



Research hypotheses

We hypothesized that HHP treatments can stabilize GOx and XOx. Also hydrophobic
modification of the enzymes can stabilize GOx and XOx. Moreover, HHP can be used to increase

the catalytic activity of GOx and XOx.

Specific objectives

1. To stabilize GOx under HHP and determine the pressure range that results in the
greatest stability of the enzyme.

2. To stabilize phenyl-modified GOx under HHP and determine the pressure range
that results in greatest stability of the enzyme.

3. To stabilize XOx under HHP and determine the pressure range that results in
greatest stability of the enzyme.

4. To increase the catalytic activity of the native and modified GOx under HHP and

determine the pressure range that produces the greatest activity of the enzyme.
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Table 1.1.

Optimal catalytic activity conditions of GOx from Aspergillus and Penicillium species.

Species Optimal temperature (°C)  Optimal pH Reference

A. niger 40-60 5.5-6.0 (Kalisz et al., 1990)

A. niger 40 5.5 (Bhatti et al., 2006)

A. niger 30 4.0-5.0 (Altikatoglu et al., 2010)
P. purpurogenum 35 5.0 (Nakamatsu et al., 1975)
P. sp. CBS 120262 25 7.0 (Simpson et al., 2007)
P. amagasakiense 25 6.0 (Witt et al., 2000)
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Table 1.2.

The first-order rate constant of the inactivation of GOx and XOx at different temperatures.

Enzyme Temperature Kinact Reference
(°C) (x10*, s%)
GOx 60 0.9 (Katano et al., 2011)
65 2.2
70 6.6
74 15.0
78 34.0
56 1.34 (Gouda et al., 2003)
60 9.6
63 16
67 24.9
XOx 35 1.1 (Amini et al., 2011)
45 1.3
55 1.5
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Table 1.3.

Optimal catalytic activity conditions of XOx from Arthrobacter and bovine milk.

Species Optimal temperature (°C)  Optimal pH Reference

Arthrobacter M3 50 7.0-7.5 (Zhang et al., 2014)
Arthrobacter 50 7.0 (Xinetal., 2012)

bovine milk 37 8.0 (Rashidi et al., 2009)
bovine milk 37 8.5 (Mohamadin and Abdel-

Naim, 2003)
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Figure 1.1. Number of publications in Science Direct database using enzyme stability (solid fill)
and enzyme stabilization (pattern fill) keywords (a) from 1986 to 2015 for every 10 years and (b)

in the past 10 years.
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Abstract

High hydrostatic pressure (HHP) stabilized glucose oxidase (GOx) against thermal
inactivation. The apparent first-order kinetics of inactivation of GOx were investigated at 0.1-
300 MPa and 58.8-80.0 °C. At 240 MPa and 74.5 °C, GOx inactivated at a rate 50 times slower
than at atmospheric pressure at the same temperature. The apparent activation energy of
inactivation at 300 MPa was 281.0 *+ 17.4 kJ mol™ or 1.3 fold smaller than for the inactivation at
atmospheric pressure (378.1 * 25.6 kJ mol™). The stabilizing effect of HHP was greatest at 74.5
°C where the activation volume of 57.0 = 12.0 cm® mol™ was highest compared to all other
studied temperatures. Positive apparent activation volumes for all the treatment temperatures
confirmed that HHP favors GOXx stabilization. A second approach to increase GOx stability
involved crosslinking with N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride
(EDC) and either aniline or benzoate. The modified enzyme remained fully active with only
slight increases in Kv (1.3 to 1.9 fold increases for aniline and benzoate modification,
respectively). The thermal stability of GOx increased by 8 °C with aniline modification, while it

decreased by 0.9 °C upon modification with benzoate.
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Introduction

Glucose oxidase (EC 1.1.3.4) is a dimeric flavoprotein that consists of two identical
polypeptide chains covalently linked by disulfide bonds (Rando et al., 1997). Glucose oxidase
(GOx) catalyzes B-D-glucose oxidation to gluconic acid and hydrogen peroxide in the presence
of oxygen as the electron acceptor (Kalisz et al., 1991). This enzyme is commonly extracted and
purified from fungi, with GOx from Aspergillus niger reported to have the greatest
thermostability (Kalisz et al., 1990). Glucose oxidase has been used in biosensor fabrication and
clinical analysis (Atanasov and Wilkins, 1994; Rando et al., 1997; Zhu et al., 2002), textile
bleaching (Tzanov et al., 2002), processing of reduced-alcohol wine (Gdmez et al., 1995;
Pickering et al., 1998), as oxygen scavenger in food packaging (Ge et al., 2012), and in several
other applications. The most successful commercial application is the GOx-based biosensor used
to measure blood glucose of individuals suffering from diabetes. However, the short operational
life due to the lack of stability of the enzyme is a major limitation that has reduced the
availability of commercial GOx biosensors (Altikatoglu et al., 2010) and other enzyme biosensor
for continuous measurement of analytes. Environmental factors play important roles in
enhancing the thermal stability of enzymes including pH (Caves et al., 2011), and the presence of
metal ions (Li et al., 2013), polyelectrolytes (Chaudhary et al., 2009; Srivastava et al., 2005), and
small organic molecules that are involved in maintaining osmotic pressure in the cell (Timson et
al., 2013; Zancan and Sola-Penna, 2005). Glucose oxidase stability has been improved by using
several techniques including immobilization (Bouin and Hultin, 1982; Rauf et al., 2006), protein
engineering (Chen et al., 2002), and reaction medium engineering (Kalisz et al., 1997). Also,
several studies have reported the activating and stabilizing effects of high hydrostatic pressure

(HHP) on enzymes (Duong and Balaban, 2014; Eisenmenger and Reyes-De-Corcuera, 2009b;
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Kirsch et al., 2013; Ly-Nguyen et al., 2003; Mozhaev et al., 1996; Terefe et al., 2013; Vila-Real
et al., 2010). However, the stabilization effect of HHP is not retained after depressurization.
Therefore, HHP alone would not lead to the production of stable biosensors for use at
atmospheric pressure. Finally, covalently attaching hydrophobic molecules can stabilize enzymes
(Gupta, 1991; Mogharrab et al., 2007; Mozhaev et al., 1990; Stepankova et al., 2013). Cross-
linking may contribute to enzyme stability by altering the properties of the enzyme surface. As
aromatic residues can engage in « -x stacking, cation-z and anion-quadrupole types of
interactions as well as hydrogen bonds (for tyrosine and tryptophan), there are many options for
interaction with nearby residues, as well as with solvent (Koide and Sidhu, 2009; Philip et al.,

2011).

Based on the above mentioned stabilizing effects of HHP and hydrophobic modification
of other enzymes, our findings with lipase (Eisenmenger and Reyes-De-Corcuera, 2009a, 2010)
and pectinases (Tomlin et al., 2013; Tomlin et al., 2014), and our obtained preliminary results on
GOx, we hypothesized that HHP and derivatization with hydrophobic groups would stabilize
GOx against thermal inactivation. Therefore, the objective of this research was to stabilize GOx

by applying HHP or by derivatizing surface residues on the protein with phenyl groups.

Materials and methods
Materials

Glucose oxidase from Aspergillus niger (EC 1.1.3.4, Type X-S, Product No. G7141),
horseradish peroxidase (POx, EC 1.11.1.7, Product No. P8250), glucose, o-dianisidine

dihydrochloride, N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC), N-
18



hydroxysulfosuccinimide, aniline, sodium benzoate and tri-nitrobenzenesulfonic acid
(TNBS) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Econopac desalting
columns were purchased from BioRad (Hercules, CA, USA).

The high pressure system consisted of a piston pump (model MP5), two high pressure
reactors (model U111) and a controller unit from Unipress Equipment (Warsaw, Poland). The
schematic of the HHP system was reported previously (Eisenmenger and Reyes-De-Corcuera,
2009a). Silicone oil was used as the pressure medium and the temperature of the reactors was
controlled by connecting the reactor jackets to one of two Isotemp water baths (model 3016D)
from Fisher Scientific (Pittsburg, PA, USA). Switching between water baths was performed
using an array of two 3-way solenoid pinch valves. All the machineries, pressures, temperatures,
and times were controlled and monitored automatically using a computer program written in
LabVIEW 2014 and a data acquisition board model NI cDAQ-9174 using NI 9211, NI 9215, NI
9263, and NI 9481 modules all from National Instruments (Austin, TX, USA). Absorbance
measurements were done with a USB 2.0 Fiber Optic Spectrometer (Model USB2000+) with
UV—vis—NIR light source (model DH-2000-BAL) utilizing deuterium and halogen lamps and

OceanView 1.5.0 spectroscopy software, all from Ocean Optics (Dunedin, FL, USA).

Methods
Sample preparation and treatment conditions

Glucose oxidase was diluted in 50 mM sodium acetate buffer pH 5.1 to ~0.6 units mL™*
and placed on ice before use. Aliquots of 100 pL of the untreated GOx were transferred into
15x15 mm polyethylene plastic resin pouches, heat sealed, immediately immersed in high

pressure reactor fluid initially kept at 10 °C, and the pressure cell closed. The temperature of the
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cold water bath was kept at 10 + 0.1 °C to minimize losing enzyme activity before starting the
desired treatments. Atmospheric pressure (0.1 MPa) was used as a control and 60-300 MPa in
60-MPa increments were applied as high pressure treatments. Five incubation times were
selected for each temperature (58.8 °C, 63.8 °C, 69.1 °C, 74.5 °C, or 80.0 °C) to evaluate the
kinetics of inactivation. Temperatures were selected to provide even increments of the reciprocal
of the absolute temperature (1/T). After reaching the pressure set point, the temperature was
raised to the incubation set point and when 95% of the desired temperature was reached, the
processing time was started. After the processing time was completed, the reactor was cooled
back to 15 °C and then depressurized to ambient pressure while temperature continued to
decrease to approximately 11 + 1 °C. Below 15 °C enzyme inactivation was negligible within the
time frame needed to carry out residual activity measurements. The shortest temperature come-
up time was 66 + 2 s for 58.8 °C. The shortest temperature come-down time was 42 + 2 s for
58.8 °C. The longest temperature come-up was 102 + 2 s for 80.0 °C. The longest temperature
come-down time was 64 + 2 s for 80.0 °C. The order of pressure and temperature sequences was
selected to minimize the thermal inactivation of the enzyme during the heating/cooling transient
periods (Eisenmenger and Reyes-De-Corcuera, 2009a). If depressurization is done before
cooling with the water bath, the adiabatic cooling of depressurization is not sufficient to decrease
the temperature to a level below which the enzyme does not inactivate rapidly. Figure 2.1
represents an example of pressure and temperature history and the sequences of the treatments
for a sample processed at 300 MPa, 63.8 °C, for 0 or 40 min incubation.

Samples were duplicated and assayed in a randomized block design, blocked by
temperature while pressure and processing time were applied in random order. Statistical

analysis of treatment was conducted using SAS statistical software (Cary, NC, USA) utilizing
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analysis of variance (ANOVA), general linear model (GLM) regression, and Fisher’s least
significant difference (LSD) pairwise comparison test at individual error rate of o=0.05.
Kinetics of thermal inactivation

Residual enzyme activity after treatment was determined as the ratio of the activity after
treatment over the activity after a process time of 0 min (Eg. 1). As shown in Figure 2.1, to
obtain treated samples with a process time of 0 min, samples were cooled and then depressurized

immediately after reaching the desired pressure and 95% of the desired temperature.

Acty, o= <Ac_ty> x100 1)
Acty,

where Acty is GOXx activity after treatment for a specific process time and Actyo is GOX activity
after the same treatment conditions for a process time of 0 min.

The processed enzyme activity was determined immediately after each treatment at
ambient conditions. Enzyme activity was measured as the rate of production of oxidized o-
dianisidine. This chromogenic product was measured spectrophotometrically at 500 nm utilizing
a miniaturized procedure with 10 times less sample volume (Bergmeyer et al., 1974a):

GO
B-D-Glucose + O, + H,O = D-Glucono-1,5-Lactone + H,O,

POx
H,O, + 0—D1anlsld1ne(mdmd) — o—D1an1s1d1ne(oxidizcd)+ H,O

The reaction order (zero, first, or second) was analyzed for GOx inactivation at all
processing pressures and temperatures (Table 2.1). Overall, a first-order reaction showed the best
fit. Therefore, the rate constant of inactivation was calculated from the relationship between the

natural logarithm of residual activity and the incubation time. The standard error of the linear
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regression was used as an estimate of the experimental error of the determination of the rate
constant of inactivation of GOx.
Effects of temperature and pressure on the rate of inactivation

To quantify the temperature effect on the kinetics of inactivation of GOx at each selected

HHP, the activation energy of inactivation was calculated using the Arrhenius equation (Eq. 2).
E, 1
ln(kinact) = (' E X ?) + ln(kinact, Tu) (2)

where Kinact IS the rate constant of inactivation of GOx at a constant pressure, Ea the activation

energy, R the ideal gas constant of 8.3145 J mol™ K, T the absolute temperature, and Kinact, T, the

rate constant of inactivation of GOx at a reference temperature To.
To determine the pressure effect on the Kinetics of inactivation at each temperature, the

activation volume of inactivation was calculated using the Eyring equation (Eq. 3).
AVF
ln(kinact) = (' ﬁ XP) + ln(kinact, Po) (3)

where AV is the activation volume, P the pressure, and kinact, P, the rate of GOXx inactivation at

the reference pressure Po. The errors in the estimates of the activation energies and volumes were
reported as the standard error of the linear regression of Arrhenius or Eyring plots respectively.
Modification of glucose oxidase

Glucose oxidase was chemically modified using EDC and sodium benzoate or aniline.
The modification forms an amide bond between benzoate and lysines or aniline with glutamate
and aspartate residues. The modification reaction contained 1 mL of a 10 mg/mL solution of
glucose oxidase in 150 mM HEPES, pH 7.5 buffer, which was mixed with 500 mM of either
sodium benzoate or aniline. The solution was allowed to equilibrate for five minutes on ice. The
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modification reaction was initiated by adding 10 mg/mL EDC and N-hydroxysulfosuccinamide.
Excess reactants were removed by passing the solution through the desalting column equilibrated
in 50 mM NaHPOg4, pH 7.1. Modified enzymes were stored at -20 °C prior to further studies.

The number of modifications per monomer of GOx were determined by two methods.
The labelling of primary amines (lysines and the N-terminus) by benzoate was measured through
a trinitrobenzene sulfonic acid (TNBS) assay. Samples were diluted into 100 mM NaHCO3, pH
8.5 buffer and the absorbance measured. To 500 uL of protein solution 250 uL of 0.01% (wi/v) of
TNBS was added and the reaction allowed to proceed at 37 °C for two hours. The reaction was
quenched by the addition of 125 uL of 1 M HCI and 250 uL of 10% SDS. Sample absorbances at
325 nm were measured on a Shimadzu UV160U UVvis spectrometer. A calibration curve using
either glycine or tryptophan was used to quantify the number of amines in the protein.

The number of modifications were also estimated by MALDI-TOF. Samples were
prepared according to previous procedures and measured on a Bruker MicroFlex MALDI-TOF
instrument (Duff et al., 2016). The difference in the molecular weight of the modified GOx
minus the unmodified enzyme was divided by the molecular weight of benzoate, or aniline,
minus 18 (for the loss of water upon modification).

Quantifying the effects of modification

Thermal stability of unmodified and modified GOx was performed on a MicroCal VP
differential scanning calorimeter (DSC). Scans were performed on 8-12 uM GOx in 50 mM
NazHPOs, pH 7.1 from 20 to 90 °C at a scan rate of 1.5 °C min’. The instrument was controlled
by and the data fit using the Origin 7.0 software supplied by MicroCal. Scans were repeated

twice to obtain errors.
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Michaelis-Menten kinetics were performed in 50 mM sodium acetate, pH 5.1 buffer as a
coupled assay with horseradish peroxidase (POx, 150 nM) and o-dianisidine (110 uM). The
change in absorbance at 500 nm (gs00 = 7500 M cm™1) (Bergmeyer et al., 1974a) was monitored
on a Perkin-Elmer 335 UV-vis spectrometer at 35 °C with concentrations of glucose between 5
and 400 mM. Glucose, POx and o-dianisidine were incubated in a cuvette for two minutes and
the reaction was initiated by addition of either unmodified, or modified enzyme. The initial rate

of reaction was obtained and the data fit to the Michaelis-Menten equation.

Results and discussion
Kinetics of thermal inactivation

The residual activity of GOx decreased with processing time at all processing
temperatures and pressures. The reduction of residual activity at two selected temperatures of
63.8 or 69.1 °C at 0.1 or 300 MPa is shown in Figure 2.2. Processing at the high pressure of 300
MPa protected the activity of the enzyme against thermal inactivation compared to ambient
pressure. In other words, GOx was stabilized by HHP.

Zero, first, and second-order models were used to characterize the relationship between
GOx residual activity and treatment time. Average R? values of 0.91, 0.96, or 0.93 for all
processing pressures and temperatures were obtained when zero, first, or second-order models
were applied respectively (Table 2.1A). Therefore, a first-order reaction was overall the best fit
for all the studied pressures among the other order models. Of the studied orders, first and second
fitted best the experimental data. Although first order is the most commonly used model to
describe the decrease in activity of single enzyme during thermal treatment, at lower

temperatures second order model fitted the data slightly better (Table 2.1). This is likely because
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in addition to temperature, pressure becomes also a denaturant at lower temperatures. Although
determining the exact fractional order may provide a better fit, it would not allow comparison to
other reports in the literature. The rate constant of inactivation was calculated from the first-order
model and the relationship between the natural logarithm of residual activity and the incubation
time. Figure 2.3 illustrates the apparent first-order rate of inactivation of GOx at 74.5 °C at all
studied pressures. Samples treated at high pressures were inactivated at slower rates as indicated
by smaller slopes associated with the plots of the natural logarithm of the residual activity vs.
treatment time compared to the inactivation at ambient pressure. Similar behavior was observed
for all other processing temperatures. The effect of pressure treatment on the rate constant of
inactivation of GOx was significant for all the studied temperatures (p < 0.0001). Calculated
apparent first-order rate constants of inactivation of GOx for all pressure and temperature
combinations are presented in Table 2.2.

An increase in pressure from 180 MPa for most of the samples resulted in a decrease in
R? of the first-order model (Table 2.2). The deviation from first-order inactivation kinetics was
highest at 58.8 and 63.8 °C. At these temperatures, the average R? of the second-order model was
higher than that of the first-order model for samples treated at 180, 240 and 300 MPa (Table
2.1B). Better fitting by a second-order process is consistent with a combined inactivation of GOx
by temperature and pressure. In other words, inactivation at higher pressures and lower
temperatures were closer to second-order inactivation kinetics due to combined inactivation
effects of pressure and temperature. However, a first-order model was used to calculate the rate
constant for all the treatments for the purpose of comparing our results with those in the

literature.
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Our results at ambient pressure are consistent with other studies which have also reported
that GOx follows an apparent first-order inactivation kinetics at atmospheric pressure: GOx from
Aspergillus niger inactivation in the presence or absence of additives in the temperature range of
56-67 °C at ambient pressure (Gouda et al., 2003); GOx from Aspergillus niger inactivation in
the presence of denaturant or stabilizer at temperatures between 60 and 78 °C at ambient
pressure (Katano et al., 2011); thermal inactivation of native and periodate-oxidized GOx from
Aspergillus niger between 50 and 72 °C at ambient pressure (Nakamura et al., 1976); and
inactivation of GOx from unknown source between 40 and 70 °C (Sattari et al., 2013). However,
none of these studies reported a comparison of other kinetic orders of inactivation.

At each pressure, increasing temperature raised the rate constant of GOx inactivation,
Kinact. The rate constant of GOXx inactivation decreased with an increase in pressure from 0.1 MPa
up to at least 180 MPa. There were no significant differences (p < 0.05) in the mean of Kinact for
all treatments at 180, 240, and 300 MPa. The lowest Kinact Was at pressures of 180 to 300 MPa for
all reported temperatures with the exception of 58.8 °C where the lowest Kinact was at 180 to 240
MPa. Therefore, maximal HHP stabilization of GOx was in the range of 180 to 300 MPa for
each processing temperature with the exception of 58.8 °C where the maximal HHP stabilization
was in the range of 180 to 240 MPa (Table 2.2). At pressures where Kinact Was minimal, the rate
of inactivation was 5, 8, 23, 50, or 22 times smaller than at 0.1 MPa at 58.8 °C, 63.8 °C, 69.1 °C,
74.5 °C, or 80.0 °C respectively.

Previously, GOx activity reported at atmospheric pressure and in the range of 20-80 °C
showed a great decrease in the enzyme activity remaining after 50 °C treatment to complete
inactivation at 80 °C (Altikatoglu et al., 2010). The reported rate constants of inactivation of

GOx at atmospheric pressure and at 56 and 63 °C were 0.008 and 0.096 min™ respectively
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(Gouda et al., 2003), which are similar to our observed rates at 58.8 and 63.8 °C. In another
study, Katano et al. (2011) reported inactivation of GOx from Aspergillus niger (Type-Il) by
means of a bioelectrocatalysis method at atmospheric pressure with Kinact Values of 0.005, 0.040,
and 0.090 min™at 60, 70, and 74 °C respectively. These values are smaller than our observed
Kinact Values of 0.006, 0.427, and 5.17 mint at 58.8, 69.1, and 74.5 °C respectively (Table 2.2).
The variation in rate constant of inactivation can be attributed to differences in the native enzyme
activity, and type of the enzyme and the differences in purification procedures.

Several studies described the pressure inactivation of multiple food enzymes such as
lipoxygenase above 300 MPa (Terefe et al., 2014), polyphenoloxidase above 200 MPa (Wang et
al., 2012), and Bacillus amyloliquefaciens a-amylase above 400 MPa (Grauwet et al., 2010). In
contrast, other studies like ours have documented the increase in thermostability of food enzymes
at moderate pressures including inulin fructotransferase below 200 MPa (Li et al., 2015), B-
glucosidase below 100 MPa (Terefe et al., 2013), carrot pectin methylesterase below 300 MPa
(Ly-Nguyen et al., 2003), lipoxyganse below 300 MPa (Heinisch et al., 1995), and
polyphenoloxidase below 300 MPa (Huang et al., 2014). This suggests that HHP stabilized
enzymes at lower pressure ranges as opposed to destabilizing at higher pressure ranges
(Eisenmenger and Reyes-De-Corcuera, 2009b; Smeller, 2002).

Protein stability under pressure has been generally discussed from strengthening
molecular interactions that produce states with smaller specific volumes (Royer, 2005). Wilton et
al. (2008), measured hydrogen bond lengths in the GB1 domain of protein G by nuclear
magnetic resonance (NMR) shorten on average by 0.022 A up to 200 MPa. This suggests that
HHP stabilized hydrogen bonds and hence the protein structure at this pressure range. Mei et al.

(1999), measured free energies of unfolding in wild-type and mutant azurins under pressure up to
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240 MPa using steady state and dynamic fluorescence techniques. Their results indicated a
positive correlation between pressure stabilization and hydrophobicity of protein at this range of
pressure. Cioni and Strambini (1996), observed the tightening of alcohol dehydrogenase and
alkaline phosphatase dimeric structures by correlating the decreased rate of tryptophan
phosphorescence decay at up to 150 MPa with protein rigidity. They observed the opposite
phenomenon at 150-300 MPa. The reported increase of protein rigidity may in part explain
pressure induced stabilization. Roche et al. (2012), reported that penetration of water molecules
inside the structure cavities was the main cause for unfolding of staphylococcal nuclease at
pressures up to 300 MPa in the presence of denaturant detected by high pressure NMR
spectroscopy. Based on these different reports, one can hypothesize that at moderate high
pressures water penetration is impeded by the formation of a more rigid structure because of
strengthening hydrophobic interactions and hydrogen bonds resulting in stabilized proteins. At
higher pressures water is forced into the protein cavities causing unfolding and loss of activity.
However, the extent to which each of these phenomena occur is dependent on the enzyme
structure and its environment, the pressure induced stabilization appears to be a common
phenomenon observed in several enzymes that are structurally very different (Eisenmenger and
Reyes-De-Corcuera, 2009b). However, the mechanisms of pressure stabilization have yet to be

fully understood (Royer, 2015; Terefe et al., 2013).

Activation energy
The effect of temperature on the rate constant of inactivation of GOx at each of the
selected pressures was calculated as the activation energy (Ea) using the Arrhenius equation.

Figure 2.4 illustrates that the Arrhenius plot was linear for each processing pressure (R? of 0.98
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to 1.00). Table 2.2 shows that the apparent E, at 300 MPa was 281.0 + 17.4 kJ mol™ or 1.3 fold
smaller than for the inactivation at atmospheric pressure (378.1 + 25.6 kJ mol™). In other words,
high pressure decreased the dependence of the rate constant of inactivation on temperature which
led to higher enzyme stability under HHP. Table 2.2 also shows that the apparent Ea for GOx
inactivation significantly decreased with increasing pressure. This observation is in agreement
with the trend of a commercial pectinase formulation studied at 0.1-400 MPa and 55.0-85.0 °C
(Tomlin et al., 2013). No significant differences were found between the activation energy at low
pressure and 400 MPa for stabilization of lipase from Candida antarctica in hexane at 40-80 °C
(Eisenmenger and Reyes-De-Corcuera, 2009a). This is different from our results where
activation energy significantly changed with increasing pressure, suggesting that the HHP effect
on stabilization of enzymes is different for different enzymes, and may be dependent on the
reaction media as well. Nakamura et al. (1976) reported an activation energy of 368 kJ mol™ (88
kcal mol?) for GOx thermal denaturation at atmospheric pressure at 50-72 °C which is similar to
our calculated activation energy. At 52-65 °C and 0.1 MPa, the activation energy of GOx thermal
denaturation from Aspergillus niger was 280 kJ mol™* (Zoldak et al., 2004). This value was
smaller than ours (378.1 kJ mol™?) or Nakamura et al. (1976) because it was derived from

measurements at lower temperatures, different reaction media and pH.

Activation volume

The pressure effects on the rate constant of inactivation of GOx were quantified by
calculating the apparent activation volume (AV?) from Eyring’s equation. The differences
between calculated AV* were significant (p < 0.05) at all studied temperatures (Table 2.2). The

rate constant of inactivation decreased with pressure up to 180 MPa, following a similar trend for
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all temperatures as shown in Eyring’s plot (Figure 2.5). At 180-300 MPa, pressure generally
increased the rate constant of inactivation of GOX, indicating a transition from pressure induced-
stabilization to pressure induced-inactivation (Figure 2.5). These transitions have been reported
for several proteins and enzymes and the theory is well established. An activation volume with a
positive sign is the result of pressures that induce stabilization. In contrast, an activation volume
with a negative sign is the result of pressures that induce inactivation of the enzyme (Smeller,
2002). Finally, a deviation from the Eyring model is observed at the transition from pressure
induced-stabilization to pressure induced-inactivation (Grauwet et al., 2009). Therefore, in this
study, the activation volume of the stabilization of the enzyme was calculated in the linear region
(R? of 0.91 to 0.99) between 0.1 and 180 MPa. A positive apparent AV7 for all the studied
temperatures (Table 2.2) indicated that GOx stability was favored by increasing pressure up to
180 MPa. The apparent AV# increased from 22.8 + 3.3 to 57.0 + 12.0 cm®mol™ as temperature
increased from 58.8 °C to 74.5 °C. The apparent AV* then decreased to 45.8 + 3.5 cm®mol™* at
80.0 °C (Table 2.2). At the lowest temperature of 58.8 °C, increasing pressure had a smaller
protecting effect on the enzyme against thermal inactivation. The maximal protecting effect of
pressure against GOx inactivation was at 74.5 °C. In a similar way, pressure favored stabilization

of a pectinase cocktail was indicated by a positive AV* at 0.1-400 MPa (Tomlin et al., 2013).

Glucose oxidase modification

A second method employed to increase the stability of GOx was chemical modification.
Chemical modification, even with hydrophobic molecules, potentially can stabilize enzymes
(Gupta, 1991; Mogharrab et al., 2007; Mozhaev et al., 1990; Stepankova et al., 2013). Glucose

oxidase was modified with either benzoate or aniline using EDC to form an amide linkage
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between the enzyme and the modifying molecule. Aniline and benzoate were chosen because the
phenyl group can enhance the hydrophobicity of the enzyme, hence potentially increasing the
enzyme thermal stability. Additionally, to explore the effects of modifying with both benzoate
and aniline, several lots of modified enzyme were modified a second time. If GOx was modified
initially with benzoate, then it would be modified in the second round with aniline. Similarly,
some lots of the aniline-modified GOx were modified with benzoate (see the supplemental
section for results).

Benzoate modification was quantified using a TNBS assay. Unmodified GOx was found
to have 11 amines detectable out of the 16 total amines per GOx monomer (15 lysines plus the
N-terminal amine). Modifying GOx with benzoate reduced the detectable amines to 2 + 1.
Therefore, there were 9 + 1 benzoate modifications per GOx. This level of modification is
reasonable as other groups have found 4-6 lysines per GOx monomer can be modified by
hydrophobic groups (Jo et al., 2008; Kamyshny et al., 2002a; Kamyshny et al., 2002b). The
number of anilines modifying GOx cannot be quantified using the TNBS assay because TNBS is
sensitive only to the number of free amines, while anilines modify carboxylate groups.

Mass spectrometry can also be used to estimate the number of modifications. The higher
mass of the modified GOx compared to unmodified GOX represents an increase due to the
presence of modifying groups. Using MALDI-TOF mass spectrometry, an average of 28 + 1
“lysine” residues per GOx monomer were modified by benzoate, while 20 + 2 glutamate and
aspartate residues were modified by aniline. Since there are only 15 lysines per GOx monomer,
additional modifications may have occurred on tyrosine and reduced cysteine residues (Carraway
and Koshland, 1968; Carraway and Triplett, 1970; Means and Feeney, 1971). As for aniline,

there are 30 glutamates and 36 aspartates in GOx; 20 modifications per monomer are reasonable.
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Effects of modifications on GOx

Circular dichroism spectra (Supplemental Figure S2.1) indicate the modifications do not
alter GOx structure. The thermal stability of GOx was monitored by DSC and the thermograms
for unmodified and modified GOx are shown in (Figure 2.6). Thermal denaturation of all the
GOx samples was irreversible, and the thermograms were asymmetric. Despite the irreversibility
of GOx thermal unfolding, the data can still be fit to a two-state (native to unfolded) mechanism
(Zoldék et al., 2004). Due to the irreversibility of GOx unfolding, the thermodynamic parameters
are apparent values (Table 2.3). Benzoate modification slightly destabilizes GOx, decreasing the
Tm by 0.9 °C from 61.4 °C to 60.5 °C. The slight decrease in thermal stability of GOx suggests
that GOXx is not significantly affected by modification. Even more promising is when GOx was
modified with aniline. It is quite clear from the thermograms (Figure 2.6) that modification of
GOx with aniline has a large stabilizing effect with the Tm increasing by 8 °C to 69.4 °C. While it
may seem counterintuitive that modifying an enzyme with hydrophobic molecules increases
thermal stability, it depends upon what other potential interactions may occur with the modifying
hydrophobic group and the surface of the enzyme (Gupta, 1991; Mozhaev et al., 1990).
Presumably with aniline modification of GOx, some highly stabilizing interactions occur
between the phenyl groups of aniline and nearby GOx residues. The large increase in thermal
stability with aniline modification of GOx is very promising for future biosensor applications.

The amount of modification could have detrimental effects on the function of the
enzyme. If key residues for activity get modified, the enzyme function could be lost. The
activities of the unmodified and modified GOx species were determined by Michaelis-Menten
kinetics (Table 2.4). For unmodified GOX, a kcat 0f 446 + 5 st and Ky of 17.5 = 0.8 mM

concurred with literature values at pH 5 (Guo et al., 2010). Modifying GOx with aniline did not
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perturb the efficiency of the enzyme. Both kcat and Km were unaffected, within error, when
compared to unmodified GOX. Benzoate slightly altered the activity of GOx upon modification.
While benzoate modification did not alter the kcat of GOX, the Ky increased almost 2-fold
compared to the unmodified enzyme. The minimal changes to kcat and Kwm for aniline modified
GOx and only a slight increase in the K for the benzoate modified enzyme, without a change in
Keat, Indicates that modification does not particularly perturb the enzyme’s function.

How modification of GOx with aniline result in an increased Tm is unclear. How proteins
accommodate hydrophobic groups on their surfaces is largely unexplored as hydropathy is
typically proposed to lead to decreased solubility and/or increased aggregation. However
aromatic groups possess a quadrupole moment, leading to their ability to interact with cations on
the ring face (Dougherty, 1996; Gallivan and Dougherty, 1999) or anions on their ring edge
(Jackson et al., 2007; Philip et al., 2011). In their study of protein stability, (Pace et al., 2011)
state “The destabilizing force of most interest is conformational entropy”. This leads to the
possibility of solvent re-organization effects as numerous groups propose water near
hydrophobic surfaces forms clathrate (ordered) structures (Head-Gordon, 1995; Teeter, 1984).
Further, Petersen et al. (2009) find clathrate, hydration shells show a strong temperature
dependence of water reorientation. Water can also have anomalous characteristics (Biela et al.,
2012; Biela et al., 2013; Breiten et al., 2013; Chandler, 2005; Krimmer et al., 2014, Patel et al.,
2012), thus its role is difficult to assess. A final comment considers the recent construction and
analysis of a protein lacking charges (Hojgaard et al., 2016). This variant protein remains soluble
and stable, indicating that electrostatic interactions are not required for its structure-function
relationship. The different effects of modifying GOx with aniline vs. benzoate is likely due to the

differences in the location of derivatized residues and the local environment.
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Table 2.1.
Analysis of average correlation coefficients for fitting data to zero, first and second-order models
describing the relationship between GOXx residual activity and treatment time for A) all

processing pressures, and B) 180, 240, and 300 MPa.

A) B)

Correlation coefficient (R?) Correlation coefficient (R?)

T (°C)  for selected order models T (°C)  for selected order models
Zero  First Second Zero  First Second

58.8 091 0.93 0.96 58.8 0.88 0.90 0.94

63.8 090 0.92 0.94 63.8 0.90 0.91 0.93

69.1 091 097 0.94 69.1 0.96 0.96 0.96

74.5 090 0.99 0.91 74.5 0.97 0.99 0.93

80.0 090 0.98 0.88 80.0 0.95 0.96 0.95

Average 0.91 0.96 0.93 Average 0.93 0.95 0.94
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Table 2.2.

Apparent first-order rate constant of inactivation of GOx + the linear regression standard error and

apparent activation energy and apparent activation volume obtained from apparent first-order rate

constant of inactivation of GOx = the linear regression standard error.

Pressu Temperature (°C) E. ()
re 588 R? 638 R® 691 R* 745 R® 800 R? y (_1 R?
- mol™)
(Mpa) kinact (mln-l) X 10-2
01 0.64° 3.40° 42.67° 516.77¢ 1530.03? 378.1f
+0.06 0.97 +0.29 0.98 +2.28 0.99 +31.81 0.99 +36.71 1.00 +25.6 0.99
60 0.29° 1.21° 7.40P 62.33° 449.51° 342.49
+0.03 0.97 +0.15 0.96 +0.56 0.98 +6.28 0.97 +27.28 0.99 +13.6 1.00
120  0.22° 0.52¢ 3.02° 24.50° 201.69° 320.4"
+0.03 0.94 +0.11 089 +0.44 0.94 +2.31 0.97 +15.35 0.98 +27.1 0.98
180  0.13¢ 0.43¢ 2.15¢ 13.70¢ 88.36¢ 302.1'
+0.02 0.94 +0.08 091 +0.21 0.97 +0.48 1.00 +8.19 0.97 +15.2 0.99
240  0.14% 0.45¢ 2.33¢ 10.29¢ 73.13¢ 286.4)
+0.02 0.93 +0.07 0.93 +0.18 0.98 +0.66 0.99 +8.47 0.9 +14.4 0.99
300 0.16° 0.47¢ 1.90¢ 11.63¢ 69.55¢ 281.0
+0.03 0.92 +0.09 0.9 +0.27 0.94 +0.56 0.99 +6.53 0.97 +17.4 0.99
AVF
(cmd 22.8'+3.3 329"+ 6.3 46.8"+10.6 57.0°+12.0 458°+ 3.5
mol?)
R? 0.96 0.93 0.91 0.92 0.99

ab.c.d e Differences in means of kinact With different letter in each column (effect of pressure on
kinact) Were significant (p < 0.05).

f.o.h 1k Differences in means of Ea with different letter (effect of pressure on Ez) were
significant (p < 0.05).

Lm.n.o.p Differences in means of AV* with different letter (effect of temperature on AV*) were
significant (p < 0.05).
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Table 2.3.

Apparent thermodynamic parameters for thermal unfolding of GOx by DSC in 50 mM Na;HPOa,
pH 7.1. Thermograms were fit to a two-state model with two unique unfolding transitions. The
unfolding of GOx is irreversible, therefore the thermodynamic parameters obtained from fits of

the data are apparent values.

Modification Tm1 (°C) AHg app1 (kJ mo1™)? Tm2 (°C) AHq, app2 (kI mo1™)?
None 61.4+0.1 960 + 40 61.4+0.1 1000 + 40
Aniline 69.4+0.3 1090 + 290 69.4+0.3 630 + 210
Benzoate 60.5+0.2 1130+ 80 60.5+0.2 590 + 170

4The apparent enthalpy of denaturation
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Table 2.4.

Michaelis-Menten kinetic parameters for unmodified or modified GOx in 50 mM NaAcetate, pH
5.1 at 37 °C. The assay was performed as a coupled assay with peroxidase and o-dianisidine and

the change in absorbance was measured at 500 nm.

Modification Keat (5 Kv (mM)
None 446 +5 175+0.8
Benzoate 434+ 8 324 +£3.7
Aniline 446 + 14 23.2+1.6

38



350 100

<« 40 min incubation >
300
80
© 250
[a¥
\2./ 200 »
(<]
|-
2 150 40
et
& 100
20
50
0od 0
0 10 20 30 40 20

Time (min)

Figure 2.1. Pressure (A) and temperature (®) profiles in high pressure reactor for treated
sample at 63.8 °C, 300 MPa, and 40 min; as well as 0 min (100% residual activity) sample

pressure (A) and temperature (') profiles for treatment at 63.8 °C, 300 MPa, and 0 min.
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Figure 2.2. Effect of pressure and temperature on average GOx residual activity for treatments at
(4) 0.1 MPa and 63.8 °C, (m) 300 MPa and 63.8 °C, (¢) 0.1 MPa and 69.1 °C, and (>) 300

MPa and 69.1 °C.
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Figure 2.3. Linear behavior of rate constants for GOx inactivation at 74.5 °C for samples treated
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Figure 2.5. Eyring plots to obtain apparent activation volumes from linear regression of In Kinact
versus pressure for samples treated at (¢) 58.8 °C, (®m) 63.8 °C, (4) 69.1 °C, (X) 74.5 °C, and

(%) 80.0 °C.
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Figure 2.6. Thermograms for the thermal stability of 8-12 uM GOx examined by DSC in 50 mM
NazHPOs, pH 7.1 buffer. Scans were performed for unmodified GOx (solid line), aniline
modified enzyme (dashed line) and benzoate modified enzyme (dotted line). Scans were
performed from 20-90 °C at a scan rate of 1.5 °C min-1. Raw data were normalized to the
protein concentration in each experiment and a baseline was subtracted from the normalized
data. Unfolding of the enzymes was irreversible. Aniline modification thermally stabilized GOXx,

while benzoate modification destabilized the enzyme.
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Appendix

2-1) High pressure system for stabilization study.

(a) (b)

HP Reactor#2 HP Reactor#1

Figure A2.1. (a) High pressure equipment and (b) high pressure reactors model U111 used for the

stabilization study.
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Figure A2.2. Schematic of the high pressure system used for the stabilization study.
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2-11) Zero time activities
Table A2.1. The activity for the GOx samples at each pressure-temperature treatment with 0 min

incubation time.

Pressure Temperature  Activity: Activity, Mean Activity

(MPa) (°C) (units mg?)  (units mg?) (units mg™)
0.1 58.8 87.94 86.44 87.19
63.8 86.83 84.68 85.75
69.1 63.17 64.72 63.95
745 22.57 22.78 22.67
80.0 6.99 8.13 7.56
60 58.8 93.14 91.58 92.36
63.8 92.66 90.33 91.49
69.1 79.58 80.44 80.01
74.5 71.36 70.61 70.99
80.0 49.33 51.60 50.47
120 58.8 94.34 93.14 93.74
63.8 91.06 89.91 90.49
69.1 81.57 79.19 80.38
74.5 72.97 73.68 73.32
80.0 68.27 67.17 67.72
180 58.8 95.26 93.31 94.29
63.8 87.57 88.30 87.94
69.1 82.95 81.87 82.41
74.5 76.72 78.40 77.56
80.0 69.76 71.03 70.39
240 58.8 91.64 90.41 91.03
63.8 90.42 89.00 89.71
69.1 85.38 87.55 86.47
74.5 77.58 76.61 77.10
80.0 66.82 68.02 67.42
300 58.8 89.39 89.93 89.66
63.8 87.28 88.41 87.84
69.1 86.67 87.99 87.33
74.5 75.70 74.84 75.27
80.0 68.83 67.27 68.05
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2-111) Supplemental section

Effects of modification on Glucose Oxidase secondary structure

Near and far UV CD spectra for unmodified and modified GOx were monitored on an
AVIV model 202 circular dichroism spectropolarimeter. At least three scans were performed on
9-11 uM enzyme in 50 mM NaHPOa, pH 7.1 buffer using a 1 mm cuvette for far UV spectra
and a 2 mm cuvette for near UV spectra. Data points were collected every 1 nm with a 10 second
integration time. Data were normalized as the mean residue ellipticity using an average
molecular weight per residue of 110 g/mol (Strader et al., 2001).

For modified enzymes to retain their activity, it is imperative that the structure of the
enzyme remain intact. The effects of modification on the secondary structure of GOx were
monitored by CD spectroscopy (Supplemental Figure S2.1). The far UV CD spectra for modified
proteins had similar minima and intensities compared to the unmodified protein. The near UV
spectra were superimposable for the modified and unmodified proteins. These results indicate

that the structure of GOX is unaffected by the modification by either aniline or benzoate.

Double modification of GOx with aniline and benzoate

Buoyed by modifications having a lack of effects on protein structure, increasing GOx
thermal stability in the case of aniline and minimal effects on enzyme activity, GOx was
modified with both aniline and benzoate. Analyzing the number of modifications by MALDI-
TOF MS yielded that benzoate-modified GOx is modified by 12 anilines, while 35 benzoates
modify GOx previously modified with aniline. Fewer aniline modifications of the benzoate-

modified GOx compared to unmodified GOx suggests that some of the aspartate and glutamate
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groups available in the modified enzymes are no longer available in the benzoate-modified
enzyme. Typically for the single modification reaction, a maximum number of modifications
were reached after two hours of reaction. Perhaps in the case of the double modification,
saturating modification are not obtain within two hours, especially if the modified groups from
the first round of modification hinder access of the modifying molecule in the second round of
modification. Alternately, more groups are available for benzoate modification when GOx is first
modified by aniline.

The thermal stability of doubly modified GOx was also examined by DSC (Supplemental
Figure S2.2). Doubly modified GOx samples had higher thermal stabilities compared to
unmodified enzyme (Supplemental Table S2.1). An increase of approximately 5 °C was
independent of the order in which GOx was modified. The increase in thermal stability is not
quite as high as aniline modification alone. This may be because there are fewer anilines that
modify GOx when the enzyme is previously modified by benzoate. Or, more likely, the benzoate
groups that modify GOx may interfere with potentially stabilizing interactions that aniline groups
form with GOx.

Modifying GOx with both aniline and benzoate decreases the activity of GOx
(Supplemental Table S2.2). A 33% decrease in the kcat 0f benzoate-modified GOx modified with
aniline, along with a slight increase in the Ky are noted. Likewise, aniline-modified GOx
modified with benzoate had a 15% loss in kcat compared to unmodified enzyme. The K also
increases from 17.5 mM to 25.1 mM. The decrease in the activity of the doubly modified
enzymes. However, enough activity remains that doubly modified GOx would still be a viable

option for biosensor use.
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Supplemental Table S2.1.

Apparent thermodynamic parameters for thermal unfolding of GOx by DSC in 50 mM Na;HPOa,

pH 7.1. Thermograms were fit to a two-state model with two unique unfolding transitions. The

unfolding of GOx is irreversible, therefore the thermodynamic parameters obtained from fits of

the data are apparent values.

AHd,app]_ (kJ mOl—

Modification | Tt (°C) y T2 (°C)  AHa, appz (KJ Mo1)e
B -
enzoate- | er 4401 1300 + 80 65.4 + 0.1 590 + 80
Aniline
g
WISl g62+02 117080 66.2+ 0.2 590 + 40
Benzoate

3G 0Ox was modified first with benzoate, then modified a second time with aniline.
bGOx was first modified with aniline, then modified with benzoate.
“The apparent enthalpy of denaturation.
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Supplemental Table S2.2.
Michaelis-Menten kinetic parameters for unmodified or modified GOx in 50 mM NaAcetate, pH
5.1 at 37 °C. The assay was performed as a coupled assay with POx and o-dianisidine and the

change in absorbance was measured at 500 nm.

Modification | Keat (s2) Km (MM)
B te-
SNzOF®™ | 29945 209415
Aniline
Aniline-
, | 368+6  251+13
Benzoate

3GOx was modified first with benzoate, then modified a second time with aniline.
bGOx was first modified with aniline, then modified with benzoate.
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Supplemental Figure S2.1. The secondary structure of 9-11 uM GOx is unaffected by
modification. A) Far UV spectra of GOx unmodified (black line), modified with benzoate (red
line) and modified with aniline (blue line). B) Near UV spectra for unmodified GOx (black line),

GOx modified with benzoate (red line) and GOx modified with aniline (blue line).
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Supplemental Figure S2.2. The thermal stability of 8-12 uM GOx measured by DSC in 50 mM
Na2HPO4, PH 7.1 buffer. Thermograms for GOx unmodified (black line), modified with
benzoate (red line), modified with aniline (blue line), doubly modified with benzoate first and
aniline second ( ) and doubly modified with aniline first and benzoate second (magenta
line). Samples modified with aniline increase the thermal stability of GOx. Benzoate
modifications decrease the stability relative to unmodified GOx (singly modified enzyme) or

aniline-modified GOx (doubly modified enzymes).
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CHAPTER 3
EFFECT OF HIGH HYDROSTATIC PRESSURE AND HYDROPHOBIC MODIFICATION

ON THERMAL STABILITY OF XANTHINE OXIDASE !

L A. Halalipour, M.R. Duff, E.E. Howell, J.I. Reyes-De-Corcuera. To be submitted to Enzyme and Microbial
Technology.
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Abstract

The effect of high hydrostatic pressure (HHP) on the kinetics of thermal inactivation of
xanthine oxidase (XOx) from bovine milk was studied. Inactivation of XOx followed pseudo-
first-order kinetics at 0.1-300 MPa and 55.0-70.0 °C. High pressure up to at least 300 MPa
stabilized XOx at all the studied temperatures. The highest stabilization effect of HHP on XOx
was at 200 to 300 MPa at 55.0 and 58.6 °C, and at 250 to 300 MPa at 62.3 to 70.0 °C. The
stability of XOx increased 9.5 times at 300 MPa and 70.0 °C compared to atmospheric pressure
at the same temperature. The activation energy of inactivation of XOx decreased with pressure
and was 1.9 times less at 300 MPa (97.0 + 8.2 kJ mol ™) than at 0.1 MPa (181.7 + 12.1 kJ mol™).
High pressure decreased the dependence of the rate constant of inactivation to temperature
effects compared to atmospheric pressure. The stabilizing effect of HHP on XOx was highest at
70.0 °C where the activation volume of inactivation of XOx was 28.9 + 2.9 cm® mol™. A second
approach to increase XOx stability involved hydrophobic modification using aniline or benzoate.
The thermal stability of XOx remained unaffected after 8 + 1 modifications of carboxyl side
groups per XOx monomer with aniline, or 12 + 5 modifications of amino side groups per XOx

monomer with benzoate.
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Introduction

Bovine xanthine oxidase (XOx) consists of one molecule of flavin adenine dinucleotide
(FAD), one atom of molybdenum, and four atoms of iron per enzyme subunit (Olson et al.,
1974). As an oxidoreductase, XOx mainly catalyzes the oxidation of xanthine to uric acid by
producing hydrogen peroxide in the presence of oxygen. The oxidation occurs using the
molybdopterin center, the pair of iron-sulfur clusters, and bound FAD (Bray et al., 1961; Olson
et al., 1974). Xanthine oxidase ability to catalyze different substrates has been used to fabricate
biosensors to evaluate the freshness of fish by detection of hypoxanthine levels which imparts a
bitter spoiled taste to dead fish (Dervisevic et al., 2015; Devi et al., 2011; Nakatani et al., 2005),
and to detect of the caffeine (1,3,7-trimethylxanthine) for evaluation of the quality of commercial
instant tea and coffee (Babu et al., 2007). In addition, XOx has also been used as biosensor to
detect theophylline (1,3-dimethylxanthine) content which is one of the most common
medications for chronic asthma (Mao et al., 2001; Stredansky et al., 2000).

Xanthine oxidase stabilization has been studied by procedures including immobilization
onto polymeric supports (Araujo et al., 1997; Johnson and Coughlan, 1978; Neri et al., 2011),
application of organic media (Amini et al., 2011; Rashidi et al., 2009), and utilization of cosolute
(trehalose) and osmolyte (betaine) additives (Zhang et al., 2014). However, the effect of high
hydrostatic pressure (HHP) on XOx stability at elevated temperatures has not yet been explored.
High hydrostatic pressure has stabilized several enzymes (Eisenmenger and Reyes-De-Corcuera,
2009b). Recent reports include the effect of HHP on B-glucosidase (Terefe et al., 2013; Vila-Real
et al., 2010), pectinases (Tomlin et al., 2013), polyphenoloxidase (Huang et al., 2014), inulin

fructotransferase (Li et al., 2015), and glucose oxidase (Halalipour et al., 2016). Therefore, the
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objective of this research was to elucidate the effect of HHP on the stability of XOx at selected

temperatures.

Materials and methods
Materials and equipment

Xanthine oxidase from bovine milk (EC 1.17.3.2, Product No. X4376), N-(3-
dimethylaminopropyl)-N’-ethylcarbodiimide (EDC), N-hydroxysulfosuccinimide, sodium
benzoate and aniline were purchased from Sigma-Aldrich (St. Louis, MO, USA). Xanthine was
obtained from either MP Biomedical (Solon, OH, USA) or Sigma-Aldrich. Potassium phosphate
and potassium hydroxide were purchased from Fisher Scientific (Pittsburg, PA, USA). The HHP
system used in this research is described in a previous report (Halalipour et al., 2016).
Absorbance measurements were made in a multi-mode microplate reader (Model Synergy HTX)

controlled by Gen5 data analysis software both from BioTek Instruments (Winooski, VT, USA).

Methods
Thermal stability treatments at HHP

A volume of 100 pL of 0.15 units mL™ (0.21 mg mL™) untreated XOx in 50 mM
potassium phosphate buffer pH 7.5 was transferred into a 1515 mm polyethylene plastic pouch.
The pouch was then heat-sealed and placed in the high-pressure reactor held at 10 °C. The
pressure was then raised to 50, 100, 150, 200, 250, or 300 MPa. Experiments at 0.1 MPa served
as a control. The temperature was then raised to 55.0 °C, 58.6 °C, 62.3 °C, 66.1 °C, or 70.0 °C.
Incubation temperatures were selected to achieve even increments of the reciprocal of the

absolute temperature based on an Arrhenius approach. The incubation time began when 95% of
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the temperature set point was reached. Five incubation times were selected to obtain the kinetics
of XOx inactivation under HHP for each incubation temperature. Upon completion of the
incubation time, the samples were first cooled down to 15 °C and then the reactor was
depressurized to ambient conditions (0.1 MPa). Figure 3.1 illustrates heating/cooling and
pressurizing/depressurizing sequences for a XOx sample treated at 200 MPa, 66.1 °C, for 0-min
(open symbols) or 20-min (filled symbols) incubation.

The activity of the processed sample was measured immediately after it was removed
from the HHP reactor at ambient conditions at 29 °C. The enzyme activity was determined by
monitoring the formation of uric acid at 295 nm for 3 min following the Bergmeyer et al.
(1974b) method but adapted to the microplate reader by reducing 10-fold the volume of the
reaction mixture. The residual enzyme activity was calculated as a percent relative to the initial
activity. The initial activity was determined as the activity of a sample at the same pressure-
temperature condition but with 0 min incubation time, as shown in Figure 3.1 (Table A3.1
presents XOx activity at 0 min time for each treatments). This accounted for the possible changes
in the activity during the heating/cooling and pressurizing/depressurizing transient periods.

Treatments were duplicated and performed in a randomized block design. Pressure and
incubation time were randomly chosen while treatments were blocked by incubation

temperature.

Kinetics of thermal inactivation at HHP
The thermal inactivation kinetics of bovine milk XOx were evaluated utilizing a first-
order kinetics model. The rate constant of inactivation of XOXx (kinact) Was calculated by linear

regression analysis of the relationship between the natural logarithm of residual activity and
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incubation time. Experimental error in the calculation of kinact was determined utilizing the
standard error of the linear regression. To analyze whether there were significant differences in
Kinact among pressure levels at each temperature, general linear model (GLM) was applied
evaluating “pressure” and “incubation time” as random factors as well as the “pressure” x
“incubation time” interaction with “incubation time” selected as covariate. Linear regression
analysis and GLM were done using SAS statistical software (Cary, NC, USA). The R? values

were used as indicators of the quality of the regression fit.

Effect of temperature on Kinact

Arrhenius equation was used to quantify the effect of temperature on Kinact (Van den
Broeck et al., 2000; Weemaes et al., 1998). Therefore, the activation energy of inactivation (Ea)
in the Arrhenius equation was calculated by linear regression analysis of the natural logarithm of
kinact Of XOx and the reciprocal of the absolute temperature. The error in the calculation of the Ea
was reported as the standard error of the linear regression of the Arrhenius plot. The comparison
of Ea among HHP levels was performed using GLM using “pressure” and ““1/temperature” as
random factors and evaluating “pressure” x “1/ temperature” interaction with “1/temperature”

selected as covariate.

Effect of pressure on Kinact

Eyring equation was used to assess the effect of pressure on the kinact (Ludikhuyze et al.,
1998; Van den Broeck et al., 2000). This allowed calculation of the activation volume of
inactivation (A¥7) by linear regression analysis of a plot of the natural logarithm of the rate

constant of inactivation of XOx and pressure. The experimental error in the calculation of AV*
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was determined utilizing the standard error of the linear regression. The comparison of AV?
among temperature levels was done using GLM, using “temperature” and “pressure” as random
factors and evaluating the “temperature” x “pressure” interaction with “pressure” selected as

covariate.

Modification of XOx for stability

Xanthine oxidase was chemically modified as described previously for glucose oxidase
(Halalipour et al., 2016) with a few minor modifications. Briefly, 100 mM sodium benzoate, or
aniline, was added to a 1-mL solution of 5 mg mL™ XOx in 50 mM KzHPO4, pH 7.5. The
solution was incubated on ice for five minutes before addition of N-(3-dimethylaminopropyl)-
N’-ethylcarbodiimide (EDC) and N-hydroxysulfosuccinimide to concentrations of 10 mg mL™ to
initiate the covalent coupling of benzoate or aniline to XOx. The reaction proceeded on ice for
five minutes. The reaction was stopped by immediately loading the solution onto a 10-DG
Econopac column (BioRad) pre-equilibrated in the same 50 mM K>HPO4 buffer. This column
removes excess reagents and products from the protein. Samples were stored at 4 °C until further
use. Modification reactions performed for > 30 minutes tended to completely abolish the activity

of the enzyme.

Characterization of modified enzyme

Quantifying the level of modification of XOx was performed as previously reported
(Halalipour et al., 2016). Briefly, a trinitrobenzene sulfonic acid (TNBS) assay was used to
monitor labelling of the lysines and the N-terminal amine of XOx by benzoate. Additionally, the

number of modifications by benzoate and aniline were estimated using a Bruker MicroFlex
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MALDI-TOF mass spectrometer. The difference in mass between the modified and unmodified
enzyme was divided by the mass of benzoate or aniline, minus the mass of water (18 Da).

Effects of modification on the thermal stability of XOx were measured on a MicroCal VP
differential scanning calorimeter (DSC). Scans were performed on 0.5-1.5 uM XOx in 50 mM
NazHPO4, pH 8.0 from 25-95 °C at a scan rate of 1.5 °C min. Origin v7.0 software supplied by
MicroCal controlled the instrument and was also used to fit the data. All values were the average
of two independent modification batches.

Michaelis-Menten kinetics analysis was performed at 25°C in 50 mM KzHPOg4, pH 7.5
buffer by directly monitoring the oxidation of xanthine to urate at 295 nm (Bergmeyer et al.,
1974b). Concentrations of xanthine between 0.3 and 50 uM were used to measure the activity of
10-20 nM native or phenyl-modified XOx. The change in the absorbance of the sample at 295
nm was monitored on a Perkin Elmer A35 UV-vis spectrometer. An extinction coefficient of &gs
nm = 9600 M cm™ was used to process the data (Avis et al., 1956). All values were the average

of two independent modification batches.

Results and discussion
Rate constant of inactivation

After all HHP treatments at the studied temperatures, the residual XOx activity was
greater compared to treatments at atmospheric pressure and the corresponding temperature. This
is illustrated in Figure 3.2 which contrasts treatments at 58.6 and 66.1 °C at 300 MPa (open
symbols) against treatments at the same temperatures but at 0.1 MPa (filled symbols). This
behavior indicates the stabilizing effects of HHP on XOx against thermal inactivation. The

residual activity of XOx decreased over time for all the processing temperatures. The decrease in
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XOx residual activity followed an apparent or pseudo-first-order inactivation model with an R?
in the range of 0.95 to 1.00 as summarized in Table 3.1 and illustrated in Figure 3.3 for 70 °C
and 0.1-300 MPa conditions. This is consistent with other studies of thermal inactivation Kinetics
of XOx at ambient pressure. Amini et al. (2011) reported a first-order inactivation kinetics of
XOx from rat liver in the presence or absence of pyridine in the 35 to 65 °C temperature range,
with an R?in the range of 0.95 to 1.00. Zhang et al. (2014) also suggested first-order inactivation
kinetics of XOx from Arthrobacter M3 in the presence or absence of cosolute and osmolyte at 50
°C; however, analyses of the quality of the regression fits were not reported. The rate constant of
inactivation of XOx was significantly (p < 0.0001) affected by pressure. An increase in pressure
resulted in slower inactivation as indicated by a decrease in kinact for all the studied temperatures
(Table 3.1). The lowest value of Kinact Was (0.49 * 0.04)x10"2 min' observed at 300 MPa and
55.0 °C. Temperature also had a significant effect on kinact 0f XOx (p < 0.0001). However, in
contrast to the effect of pressure, an increase in temperature increased Kinact at each pressure level
as summarized in Table 3.1. Increase in temperature to 70.0 °C resulted in the highest Kinact Of
(20.76 + 2.10)x102 min' at atmospheric pressure.

The kinact of XOx were significantly lower at all high pressures compared to atmospheric
pressure at the same temperature (p < 0.05) as determined by pairwise comparison of the linear
regression using GLM as described in materials and methods. Therefore, in the selected pressure
range, HHP slowed down the kinact Of the enzyme, indicating greater thermal stability compared
to atmospheric inactivation. Significant differences in the kinact Were more pronounced between
0.1 to 100 MPa (p < 0.05) as indicated with different letters within columns on Table 3.1.
Therefore, at the pressure range of 0.1 to 100 MPa the greatest level of the reduction in the Kinact

were observed. Increase in pressure from 100 to 300 MPa decreased the Kinact for all the studied
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temperatures except at 66.1 °C and from 200 to 250 MPa. The level of reduction in the Kinact from
100 to 300 MPa decreased compared to 0.1 to 100 MPa because of approaching to the pressure
induced-inactivation region. At 66.1 °C and 200 MPa, the two determined Kinact Values were
2.19x1072 and 1.89x102 min"t where only the first replicate follows the decreasing trend of the
Kinact Dy pressure from 200 to 250 MPa (2.08x102 min'). However, the differences in the two
observation were not sufficient to exclude one of the replicates as an outlier. No significant
differences were observed in the kinact at 55.0 and 58.6 °C at the higher range of studied pressures
of 200 to 300 MPa. The changes in the Kinact were more pronounced when subjected to increasing
temperature. This was in agreement with another study using glutamate dehydrogenases from
Thermococcus litoralis at 86 to 104 °C where the effect of pressure on increasing thermal
stability of the enzymes was greater at higher temperature (Sun et al., 2001). As the result, the
lowest Kinact Were at the range of 250 to 300 MPa at 62.3 to 70.0 °C. Fraeye et al. (2007) reported
a shift in pressure with the highest stability from 200 to 300 MPa by increasing the temperature
from 45 to 50 °C for study on Aspergillus aculeatus pectinmethylesterase. Similarly, Halalipour
et al. (2016) also reported an increase in the stabilizing effect of pressure at higher temperatures
and an apparent shift in the pressure with the highest stability from 180 MPa at 58.8 °C to 300
MPa at 80.0 °C observed for glucose oxidase from Aspergillus niger.

The observed inhibition of thermal inactivation of XOx by the use of HHP can potentially
enable enzymatic reaction at higher temperatures. Consequently, one can hypothesize that higher
reaction rates would be feasible at higher temperatures than it is possible under atmospheric
pressure due to XOx inactivation.

Thermal inactivation of XOx at atmospheric pressure has been previously studied.

Machida and Nakanishi (1981) reported no change in XOx activity from Enterobacter cloacae

64



for 30 min of incubation below 50 °C to complete inactivation for 30 min of incubation at 70 °C.
Additionally, the Kinact of XOx from rat liver at 55 °C was reported as 0.91x102 min™t (Amini et
al., 2011), which indicated a slower inactivation compared to our reported Kinact 0f XOx from
bovine milk in of 1.21x102 min™ at 55.0 °C. In our study and at 300 MPa, HHP resulted to
decrease the kinact 0f XOx 2.4, 2.8, 4.6, 5.5, or 9.5 times compared to atmospheric pressure at
55.0 °C, 58.6 °C, 62.3 °C, 66.1 °C, or 70.0 °C respectively.

An increase in thermostability of some other enzymes under HHP treatments has also
been reported. The stability of inulin fructotransferase from Arthrobacter aurescens increased at
HHP up to 200 MPa against inactivation at 70 and 80 °C (Li et al., 2015). The thermostability of
carrot pectinmethylesterase was enhanced at HHP up to 300 MPa for treatments at 40 and 60 °C
(Sila et al., 2007). High pressures in the range of 200-400 MPa stabilized a commercial pectinase
cocktail against thermal inactivation processed in the range of 55.0-85.0 °C (Tomlin et al., 2013).

Increases in rigidity and decreases in the fluctuation of enzyme structures under pressure
were hypothesized to enhance the thermostability of enzymes at high pressure (Sun et al., 1999).
Further, Sun et al. (2001) proposed that a pressure of about 50 MPa shifted equilibrium between
substates of glutamate dehydrogenases from Thermococcus litoralis toward producing a more
compact conformational structure. The resulted structure at high pressure inhibited irreversible
aggregation and hence enhanced thermostability. Wilton et al. (2009) reported that the cavities
buried inside the ribonuclease enzyme barnase were the most compressible part of protein at
pressures up to 200 MPa, performed by a pressure dependent NMR study. Therefore, reducing
cavity size can reduce the water penetration into a protein structure, which is the main unfolding
route of staphylococcal nuclease as detected by NMR spectroscopy (Roche et al., 2012). One can

also hypothesize that reducing the amount of water molecules inside cavities can reduce
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fluctuations in the structure of a protein at elevated temperatures. This can consequently enhance
the ability of pressure to guard against thermal denaturation (Cioni and Strambini, 1996).
However, despite the growing number of studies on the high pressure stabilization of proteins,
the mechanisms of pressure-induced stabilization are yet to be resolved (Royer, 2015).

In our previous study, HHP increased 50-fold the stability of glucose oxidase from
Aspergillus niger at 58.8-80.0 °C at 0.1-300 MPa (Halalipour et al., 2016). The highest
stabilization level of XOx in this study was 9.5-fold in the range of 55.0-70.0 °C at 0.1-300 MPa.
Glucose oxidase from Aspergillus niger has a smaller molecular mass of 160 kDa (O'Malley and
Weaver, 1972) compared to bovine XOx with a molecular mass of 290 kDa (Pauff and Hille,
2009). Other studies (Krebbers et al., 2002; Wang et al., 2012) suggested the smaller molecular
mass of peroxidase resulted in the higher stability at high pressures. One can also hypothesize
that smaller molecular size reduces the possibility of water penetration as the main effect of
protein unfolding (Roche et al., 2012) through the folded enzyme structure and hence protects
the native enzyme structure. The grand average of hydropathicity (GRAVY) of both glucose
oxidase from Aspergillus niger (-0.189) and bovine XOx (-0.196) are similar (Gasteiger et al.,
2005), suggesting that GRAVY is not a good indicator of the ability of HHP to induce enzyme
stabilization. However, the packing of hydrophobic groups is different in both enzymes; thus,
hydrophobicity may still play an important role but one can speculate that the location of the
hydrophobic groups along with the protein folding also have an impact in stability and the ability
of HHP to stabilize enzymes. Finally, HHP studies were conducted at the range of isoelectric
points of XOx and glucose oxidase. Therefore, net electrical charges of XOx and glucose oxidase
were neutral and did not play a role in the differences of the observed ability of HHP induce-

stabilization.
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Effect of pressure on Kinact

The effect of pressure on the kinact 0f XOX at each studied temperature was calculated as
the activation volume of inactivation, or AV#, using the Eyring model. Figure 3.4 illustrates the
linearized effect of pressure on the rate of inactivation of XOx. The relationship between the
natural logarithm of the Kinact and pressure was linear up to 200 MPa with an R? in the range of
0.91 to 1.00. Calculation of AV* using pressures greater than 200 MPa caused a deviation from
linearity, suggesting that while pressure stabilized XOx below 200 MP4, it destabilized the
enzyme at higher pressures (Grauwet et al., 2009; Smeller, 2002). Similarly, lipoxygenase was
inactivated above 300 MPa (Rodrigo et al., 2005; Terefe et al., 2014) and stabilized below 300
MPa (Heinisch et al., 1995; Rodrigo et al., 2005). Table 3.1 reports the AV* calculated at
pressures between 0.1 to 200 MPa =+ the standard error of the linear regression in this pressure
range. A positive AV for all the studied temperatures indicated that HHP favored stabilization of
XOx. An increase in temperature from 55.0 to 70.0 °C increased AV* from 9.5 + 0.2 t0 28.9 + 2.9
cm?® mol? indicating that stabilization by HHP was least pronounced at the lowest temperature of
55.0 °C. Activation volumes with positive sign were also reported for a study of inactivation of a
pectinase cocktail at 55.0-85.0 °C at 0.1-400 MPa (Tomlin et al., 2013). In a similar way,
positive A V7 values were reported for glucose oxidase treated between 58.8 °C to 80.0 °C at 0.1
MPa to 300 MPa (Halalipour et al., 2016).

Pairwise comparison of slopes used to determine AV7 using GLM were done to identify
significant differences between AV7 at different temperatures, as presented with superscript
letters in Table 3.1. The AV significantly increased at temperatures between 58.6 to 70.0 °C (p <

0.05). However, the AV* were not significantly different between 55.0 and 58.6 °C (p > 0.05)

67



indicating a smaller effect of pressure on the kinact at the lower temperatures of this study as

discussed earlier.

Effect of temperature on Kinact

The temperature effect on the kinact Was quantified by determination of the activation
energy of inactivation (Ea), from the Arrhenius model at 0.1 MPa to 300 MPa. As illustrated by
Figure 3.5, the relationship between the natural logarithm of the kinact of XOx and reciprocal of
the absolute temperature was linear for all the studied pressures with R? > 0.97. At HHP, the
inactivating effect of temperature was less pronounced than at atmospheric pressure. In other
words, increasing HHP decreased the dependence of the kinact ON temperature as summarized in
the far right column of Table 3.1. The Ea decreased with pressure except from 150 to 250 MPa
and 200 to 250 MPa. The smallest Ea was observed at 300 MPa. The Ea at 300 MPa was 97.0 +
8.2 kJ mol™ or, 1.9 times smaller than at atmospheric pressure (181.7 + 12.1 kJ mol™).

Similar results have been observed for other enzymes. For example, the Ea of carrot
pectinmethylesterase for treatment at 30-55 °C decreased from 48.9 to 31.6 kJ mol™* upon
increasing pressure from 0.1 to 200 MPa respectively. However, the Ea increased from 31.6 to
81.4 kJ mol* by increasing pressure from 200 to 500 MPa respectively due to the induced
inactivation effect of HHP at higher pressure range (Sila et al., 2007). The Ea of a commercial
pectinase formulation studied at 0.1-400 MPa and 55.0-85.0 °C was lowest at 400 MPa (107.3
kJ mol™) and highest at atmospheric pressure (195.9 kJ mol™?) (Tomlin et al., 2013). Similarly,
inactivation at 58.8-80.0 °C decreased the Ea of glucose oxidase at HHP (60-300 MPa) compared
to atmospheric pressure (Halalipour et al., 2016). The glucose oxidase Ea decreased from 378.1

to 281.0 kJ mol™ by increasing pressure from 0.1 to 300 MPa respectively. Furthermore, the Ea
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of XOx from rat liver was 14.2 kJ mol™* at 35 to 55 °C at atmospheric pressure (Amini et al.,
2011). This Ea was lower than our obtained Ea at atmospheric pressure of 181.7 + 12.1 kJ mol™.
The lower value may be because of the higher enzyme stability against thermal inactivation at
lower temperature range and also due to the differences in the source of the studied enzymes,
buffer and pH.

Pairwise comparison of slopes used to determine Ea using GLM were done to identify
whether there were a significant differences between the E, at different pressures, as presented
with superscript letters in Table 3.1. The Ea at atmospheric pressure was significantly different at
all studied high pressures (p < 0.05). Therefore, processing at HHP significantly decreased the
dependence of the kinact to temperature, compared to atmospheric inactivation. Significant
differences in the Ea were more pronounced in the range of 0.1 to 150 MPa (p < 0.05). That said,
no significant differences were found between 150 to 300 MPa (p > 0.05), due to the decreased

effect of temperature on the kinact at higher pressures.

Covalent modification of XOx

Previous studies with glucose oxidase found that covalently modifying the enzyme with
aniline increased thermal stability, while benzoate modification decreased thermal stability
(Halalipour et al., 2016). Chemical modification, even with hydrophobic groups, can increase the
stability of proteins (Gupta, 1991; Mogharrab et al., 2007; Mozhaev et al., 1990). Therefore, we
examined the effects of chemical modifications on XOx. Amide bond formation by EDC
coupling of benzoate or aniline was used to covalently modify XOx.

The number of benzoate molecules that modify XOx can be determined using a TNBS

assay, which quantifies the number of primary amines on a protein. Benzoate will mostly modify
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primary amines, such as lysines and the N-terminal amine, although cysteines and tyrosines can
also be modified (Carraway and Koshland, 1968; Carraway and Triplett, 1970). For unmodified
XO0x, 33 + 3 amines were detected per monomer (out of 89 lysines and the N-terminus). When
modified with benzoate, the number of amines per monomer decreased to 23 + 2 amines. This
indicated that, on average, 10 amines per monomer of XOx were modified with benzoate.
Similar levels of modification were seen for glucose oxidase when covalently linked to benzoate
(Halalipour et al., 2016). The TNBS assay cannot be used to quantify aniline modification of
XO¥x, as the assay is only sensitive to primary amines. Aniline modifies carboxylate groups on
the protein.

An estimate of the number of modifications of XOx was also obtained by MALDI-TOF
mass spectrometry (MS). A peak around 146 kDa, equivalent to the XOx monomer, was used for
quantification. For benzoate-modified XOx, 12 + 5 modifications per monomer could be
detected. This matches fairly well with the TNBS assay results of 10 modifications. For aniline,
MALDI-TOF analysis estimated 8 + 1 modifications per monomer of XOx. There are 56

aspartates and 88 glutamates per XOx monomer.

Effects of Modifying XOx

Xanthine oxidase thermal stability was measured by DSC. The enzyme thermal unfolding
was irreversible for the both the modified and unmodified XOx. The data were fit to a two-state
model with three transitions in Origin v7.0 (Supplemental Figure S3.1). Fits of the thermograms
are given in Table 3.2. The enzyme has previously been characterized to have three transitions
when undergoing thermal denaturation, and the Tws obtained from our DSC match well with

literature (62 °C, 68 °C, and 73 °C) (Burnier and Low, 1985). Thermal stability of XOXx,
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measured by DSC, remained unperturbed by the modification with either benzoate or aniline
(Supplemental Figure S3.2). All three Tms for the unmodified and modified proteins were within
error. This indicates that, unlike glucose oxidase (Halalipour et al., 2016), XOx is not thermally
stabilized by chemical modification by aniline. Nor is it destabilized by benzoate modification.
Overall, chemical modification of XOx by either benzoate or aniline does not affect the thermal
stability of the enzyme.

The effect of modification on the activity of XOx was measured by Michaelis-Menten
kinetics (Supplemental Figure S3.3). A Keat 0f 44 + 1 min™ and a K of 2.2 £ 0.2 uM were
obtained for unmodified XOx (Table 3.3). The Kr, is close to the reported values of 1.2-3.3 uM
at pH 7.4 or 7.8 (Greenlee and Handler, 1964; Pauff and Hille, 2009). While the kcat is an order
of magnitude lower than what has been reported (600 to 1200 min™) (Hille and Massey, 1986;
Massey et al., 1969; Pauff and Hille, 2009), it is similar to the values provided by Sigma-Aldrich
for their preparations. Inactivation of a molybdo-sulfide (Kim and Hille, 1993; Massey and
Edmondson, 1970), and general loss of activity of XOx after purification (Avis et al., 1956) may
account for the difference between our kcat and that of the literature. The effect of modification
on XOx activity was also examined (Table 3.3). Modification of XOx with either aniline or
benzoate did not affect the Km. The keat for aniline-modified XOx was also relatively unaffected,
decreasing by only 10%. Covalent modification by benzoate had a larger effect, the enzyme’s
catalytic efficiency decreased by around 30%. While the activity of XOx decreased with
modification, its substrate affinity did not change, and the enzyme stability remained unaffected

by modification.
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Table 3.1.
Pseudo-first-order rate constant of inactivation of XOx, activation energy of inactivation of XOx,

and activation volume of inactivation of XOx * the linear regression standard errors.

Pressu  Temperature (°C)

re 50 R? 586 R* 623 R* 661 R* 700 R? rioikl; R?
(MP2)  Kinact (Min') x 10?2
1212 1.80% 3.99¢@ 8.79¢ 20.762 181.7¢
0.1 +0.07 0.99 +0.15 0.98 +0.24 0.99 +1.03 0.9 +2.10 0.97 +12.1 0.99
0.97° 1.36° 2.87° 4.84° 10.77° 151.8"
50 +0.10 0.97 +0.07 0.99 +0.17 0.99 +0.30 0.99 +0.51 0.99 +10.6 0.99
0.83°¢ 1.01°¢ 1.97°¢ 3.67° 6.13¢ 132.31
100 +0.09 0.97 +0.10 0.97 +0.21 0.97 +0.30 0.98 +0.73 0.9 +11.0 0.98
0.70¢ 0.96 ¢ 1.66°¢ 2.50¢ 3.58¢ 105.2 1
150 +0.08 0.97 +0.08 0.98 +0.16 0.97 +0.26 0.97 +0.35 0.97 +5.0 0.99
0.60 % 0.79 % 1.33¢ 2.04¢ 2.86° 102.01
200 +0.08 0.95 +0.08 0.97 +0.09 0.99 +0.16 0.98 +0.22 0.98 +51 0.99
0.50¢ 0.68¢ 1.16¢% 2.08¢ 2.43° 107.47
250% +0.05 0.98 +0.08 0.95 +0.05 0.99 +0.13 0.99 +0.07 100 +10.2 0.97
0.49°¢ 0.65° 0.87°¢ 1.61°¢ 2.19f 97.0!
3007 +0.04 0.98 +0.04 0.99 +0.06 0.99 +0.10 0.99 +0.15 0.99 +8.2 0.98
AV?
(cm? 9.5k+0.2 11.1%+1.0 153'+1.2 20.2™M+ 2.6 289"+29
mol?)
R? 1.00 0.96 0.97 0.91 0.95
ab.c.d et pDifferent superscript letter within each column indicated kinact Were significantly different
(p <0.05).
9. i.J Different superscript within the column letter indicated Ea were significantly different (p <
0.05).
k.m.n Different superscript within the row letter indicated A V* were significantly different (p <
0.05).

T Rate constatns at this pressure was not used for the calculation of the activation volume
because they deviated from linearity in Eyring’s plot indicating the transition between pressure-
induced stabilization and pressure induced inactivation.
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Table 3.2.

Apparent thermal stability of modified XOx in 50 mM Na;HPOQO4, pH 8.0 measured by DSC.

Data were fit to three transitions in a two-state model. Unfolding of XOx was irreversible,

therefore the fits to the data yield apparent values.

AHd, app 1 (k\]

Modification ~ Tn1 (°C) Tm2 (°C)

AHd, app 2 (kJ AHd, app 3 (k\]

Tm3 (°C)

mol1)? mol)2 mol1)?

None 59.1+0.2 15+1 65.3+0.1 78 £12 75.0+0.2 23+6
Aniline 59.0+0.1 15+5 65.3+04 83+11 746104 36+12
Benzoate 59.6 £ 0.1 12+1 64.8+0.4 4117 74.5+0.2 101

& Apparent enthalpy of thermal denaturation.
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Table 3.3.
Michaelis-Menten kinetic values for modified XOx measured in 50 mM K;HPQOg4, pH 7.5 at 25

°C. Assays were performed by measuring the formation of urate by the change in absorbance at

295 nm.
Modification Keat (Mint) Km (M)
None 44+1 22102
Aniline 40+1 1.8+0.2
Benzoate 30+1 22+0.2
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Figure 3.1. High pressure reactor temperature () and pressure (A) profiles for a 20 min
incubation time at 66.1 °C and 200 MPa; and temperature (L) and pressure (A) profiles fora 0

min incubation time at 66.1 °C and 200 MPa.
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Figure 3.2. Average (n=2) residual activity of XOx for treatments at (ll) 0.1 MPa and 58.6 °C,

(C7) 300 MPa and 58.6 °C, (A) 0.1 MPa and 66.1 °C, (A) 300 MPa and 66.1 °C.
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Figure 3.3. Xanthine oxidase thermal inactivation with pseudo-first-order linear regression trend
lines used to calculate kinact for samples treated at (¢) 0.1 MPa, (®) 50 MPa, (4) 100 MPa, (X)

150 MPa, (><) 200 MPa, (®, dotted) 250 MPa, and (+, dashed) 300 MPa at 70.0 °C.
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Figure 3.4. Eyring plot for the rate constant of inactivation of XOx at (#) 55.0 °C, (®) 58.6 °C,

(A)62.3 °C, (X) 66.1 °C, and () 70.0 °C.
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Figure 3.5. Arrhenius plot to obtain the Ea at (¢) 0.1 MPa, (®) 50 MPa, (4) 100 MPa, () 150
MPa, (*) 200 MPa, (®) 250 MPa, and (+) 300 MPa.
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Appendix

3-1) Zero time activities
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Table A3.1. The activity for the XOx samples at each pressure-temperature treatment with 0 min

incubation time.

Pressure Temperature  Activity, Activity, Mean Activity

(MPa) (°C) (unitsmg®)  (units mg?) (units mg™)
0.1 55.5 0.0522 0.0561 0.0542
58.6 0.0512 0.0524 0.0518
62.3 0.0479 0.0491 0.0485
66.1 0.0445 0.0471 0.0458
70.0 0.0416 0.0380 0.0398
50 55.5 0.0557 0.0569 0.0563
58.6 0.0538 0.0549 0.0544
62.3 0.0522 0.0538 0.0530
66.1 0.0522 0.0505 0.0514
70.0 0.0497 0.0472 0.0485
100 55.5 0.0598 0.0581 0.0590
58.6 0.0590 0.0563 0.0576
62.3 0.0559 0.0574 0.0567
66.1 0.0549 0.0561 0.0555
70.0 0.0538 0.0523 0.0530
150 55.5 0.0591 0.0582 0.0587
58.6 0.0549 0.0560 0.0554
62.3 0.0567 0.0556 0.0562
66.1 0.0569 0.0544 0.0557
70.0 0.0519 0.0533 0.0526
200 55.5 0.0590 0.0574 0.0582
58.6 0.0547 0.0560 0.0554
62.3 0.0550 0.0535 0.0543
66.1 0.0541 0.0512 0.0526
70.0 0.0524 0.0501 0.0512
250 55.5 0.0576 0.0594 0.0585
58.6 0.0561 0.0587 0.0574
62.3 0.0551 0.0545 0.0548
66.1 0.0549 0.0536 0.0542
70.0 0.0501 0.0514 0.0507
300 55.5 0.0575 0.0561 0.0568
58.6 0.0560 0.0536 0.0548
62.3 0.0521 0.0540 0.0531
66.1 0.0522 0.0502 0.0512
70.0 0.0515 0.0503 0.0509
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3-11) Supplemental section
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Supplemental Figure S3.1. Fit of a DSC thermogram for unmodified 2.2 uM of XOx monomer
(thick black line) in 50 mM Na;HPOa, pH 8.0 buffer. Scans were performed from 25-95 °C at a
scan rate of 1.5 °C min'’. The fit of the data is shown as thin red lines. The data could be fit to

three different transitions.
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Supplemental Figure S3.2. DSC thermograms for the thermal denaturaiton of unmodified
(black line), aniline modified (red line) and benzoate modified (blue line) XOx. Protein

concentrations were 2-2.4 uM monomer.
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Supplemental Figure S3.3. Michaelis-Menten kinetics of unmodified (@), aniline modified ()

and benzoate modified (« ) XOx measured in 50 mM K2HPOs, pH 7.5 buffer at 25 °C.
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CHAPTER 4
STABILIZATION AND CATALYTIC ACTIVITY OF NATIVE OR PHENYL-MODIFIED

GLUCOSE OXIDASE AT HIGH HYDROSTATIC PRESSURE !

L A. Halalipour, M.R. Duff, E.E. Howell, J.I. Reyes-De-Corcuera. To be submitted to Biotechnology and
Bioengineering.
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Abstract

High hydrostatic pressure (HHP) stabilized the aniline-, and benzoate-modified glucose
oxidase (GOXx) at all the studied temperatures compared to atmospheric pressure. At HHP, the
thermal stability of the aniline- or benzoate-modified GOx was higher than that of the native
GOx. At 240 MPa and 80.0 °C, aniline-modified GOx was 3.7 times more stable than the native
GOx; and benzoate-modified GOx was 2.8 times more stable than the native GOx. At 80.0 °C,
aniline-modified GOx was 69 times more stable than the enzyme at 0.1 MPa. Similarly, at 80.0
°C, benzoate-modified GOx was 63 times more stable at 240 MPa than the enzyme at 0.1 MPa.
In addition, the catalytic activity of the native, aniline-, or benzoate-modified GOXx increased at
HHP compared to atmospheric pressure and was highest at around 180 MPa for all the enzymes
at all the studied temperatures. At 180 MPa and 69.1 °C, aniline-modified GOx produced the
fastest catalytic rate followed by benzoate-modified GOx and native GOx. At 180 MPa and 69.1
°C, aniline-modified GOx catalyzed the oxidation of glucose 11 times faster than at atmospheric
pressure and room temperature. For the activity enhancement studies, increase in temperature
increased the activation volume of reaction and the highest values were -38.5 £ 10.2, -37.3 £ 9.3,
or -33.5 + 7.8 cm® mol™ for the aniline-, benzoate-, or native GOx treated at 69.1 °C
respectively. The highest value of activation energy was 34.7 £+ 2.7,42.3 + 3.7, 0r 39.4 £ 2.4 kJ

mol™ at 180 MPa for the native, aniline-, or benzoate-modified GOXx respectively.
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Introduction

Glucose oxidase (GOx) is a homodimeric glycoprotein with a molecular mass of ~160
kDa that consisting of two tightly bound flavin adenine dinucleotide (FAD) per dimer (O'Malley
and Weaver, 1972). The enzyme catalyzes the oxidation of B-D-glucose to 6-gluconolactone with
simultaneous production of the hydrogen peroxide in the presence of molecular oxygen
(Leskovac et al., 2005). The produced 5-gluconolactone is spontaneously hydrolyzed into
gluconic acid in aqueous solution (Wohlfahrt et al., 1999). Glucose oxidase has been studied for
over 50 years with applications in research, biomedical diagnostic and industrial processing
(Caves et al., 2011). For instance, GOx has been applied for glucose removal in the processing of
liquid egg and reduced-alcohol wine (Gémez et al., 1995; Pickering et al., 1998; Sisak et al.,
2006). The catalytic activity of GOx is also important for the production of gluconic acid which
has important food applications, such as cheese curd formation and prevention of milkstone in
dairy industry, and formulation of donuts. Moreover, gluconic acid has been used for
pharmaceutical applications such as prevention of iron and calcium deficiency (Ramachandran et
al., 2006). Gluconic acid is mainly produced by microbial fermentation (Singh et al., 2005).
However, the slow production of gluconic acid and presence of unwanted by-products during
microbial fermentation (Wong et al., 2008) led to proposing a bioreactor using GOx

(Godjevargova et al., 2004; Nakao et al., 1997).

Previously, we reported the stabilization of native GOx against thermal inactivation by
high hydrostatic pressure (HHP) as well as hydrophobic modification of the native enzyme
(Halalipour et al., 2016); and hence proposed the possibility of further stabilization of the
modified GOx at HHP as well as conducting the enzymatic reaction of the native and modified

enzyme at elevated temperatures. Catalytic activity enhancement of some enzymes at HHP has
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been documented (Eisenmenger and Reyes-De-Corcuera, 2009b). Recent reports include the
activation effect of pressure on polyphenol oxidase from strawberry puree and apple juice
(Buckow et al., 2009; Terefe et al., 2010), Candida antarctica lipase B (Eisenmenger and Reyes-
De-Corcuera, 2010), pectinase formulation from Aspergillus niger (Tomlin et al., 2014),
protease from Bacillus species (Senyay-Oncel et al., 2014), and a-chymotrypsin from bovine
pancreas (Levin et al., 2016). Here we report the effect of HHP on the stability of the aniline- or
benzoate-modified GOx as well as the catalytic activity of the native, aniline-, or benzoate-

modified GOx.

Materials and methods
Materials and equipment

Glucose oxidase from Aspergillus niger (EC 1.1.3.4, Product No. G7141), horseradish
peroxidase (POx, EC 1.11.1.7, Product No. P8250), glucose, and o-Dianisidine dihydrochloride
were obtained from Sigma-Aldrich Chemical Company (St. Louis, MO, USA).

The same high pressure pump and temperature control system as previously reported
(Halalipour et al., 2016) were used. However, for the catalytic activity study instead of the U111
high pressure reactor, a high pressure optical cell (model U103) from Unipress Equipment
(Warsaw, Poland) was used to monitor the reaction progress in situ. The optical cell is a
cylindrical HHP reactor into which a quartz cuvette can be snuggly fitted. It has aligned sapphire
windows that allow a fiber optic spectrometer model USB2000+ and an UV—vis—NIR light
source (model DH-2000-BAL) from Ocean Optics (Dunedin, FL, USA) to be connected via
optic fibers to monitor the enzyme reaction continuously. Cylindrical reaction cuvettes (2.1 cm

length x 0.74 cm ID x 0.96 cm OD) use two Teflon rod caps with O-rings to enclose the reaction
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mixture and prevent mixing of the reaction solution with the silicon oil pressurization fluid. A
thermocouple inserted through the side of the reactor measured the temperature inside the high
pressure optical cell adjacent to the quartz cuvette. Absorbance data collection was performed at
500 nm using OceanView 1.5.0 software also from Ocean Optics. The data acquisition system
and LabVIEW program (National Instruments, Austin, TX, USA) were described previously
(Halalipour et al., 2016) and were used to control and monitor the pressure, temperature, and

process time during the treatments.

Methods
Sample preparation and reaction conditions

The same procedure that was used to stabilize the native GOx was followed for the
stabilization of the aniline-, or benzoate-modified GOx under HHP (Halalipour et al., 2016).
However, the highest pressure set point increased to 360 MPa to better monitor the possible
pressure-induced inactivation. Therefore, the incubation pressure was set to 0.1, 60, 120, 240, or
360 MPa. The incubation temperature was set to 69.1 °C, 74.5 °C, or 80.0 °C which stabilization
were more pronounced in our previous report.

For the catalytic activity study native, aniline-, or benzoate-modified GOx were diluted in
50 mM sodium acetate buffer pH 5.1 to ~0.12 units mL™. Aliquots of 10 pL of enzyme were
then added to 310 pL of chilled reaction cocktail in a quartz cuvette. In the 320 pL reaction mix,
the final concentrations were 5 pM GOx, 0.16 mM o—Dianisidine, 90 mM B-D-glucose, 233 uM
oxygen, and 26 uM of POx. The cuvette was sealed with the cap avoding the inclusion of air
bubbles. The reaction vial was immersed in the high pressure fluid kept at 5 °C, and the pressure

cell closed. The initial temperature was kept at 5 + 0.1 °C to minimize the reaction progress
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before starting the desired treatments. Moreover, to ensure consistency of all the experiments,
pressurizing always started 90 s after the addition of GOXx to the reaction vial. Using the program
written in LabVIEW, the pressure was set to 0.1 MPa as control, 60, 120, 180, or 240 MPa. The
temperature was set to 25.0, 53.9, 58.8, 63.8, or 69.1 °C. The reaction progress was monitored
for 10 min as the pressure set point and then 95% of the temperature set point was reached.
Pressurizing was performed before increasing temperature to minimize the possible thermal
inactivation of the enzymes during the heating period (Eisenmenger and Reyes-De-Corcuera,
2009a).

A randomized block design was used for the design of the experiments. Temperature was
selected as block while pressure and processing time were randomly chosen for the duplicated
treatments. General linear model (GLM) was used to determine the differences between
inactivation rates, catalytic rates, activation volumes, activation energies, or extinction
coefficients due to pressure-temperature treatments utilizing SAS statistical software as

explained in previous chapter (Cary, NC, USA).

Effect of HHP on enzyme activity
Glucose oxidase catalyzed reaction follows a Ping-Pong Bi-Bi mechanism and described
by the Equation (1) and the scheme below (Leskovac et al., 2005; Romero et al., 2012):

B Vimax | Glucose][O;]
’ [GIUCOSG] [OZ]+Km, Glucose [02]+Km, 0, [Glucose]

1)

k
GOx + Glucose <—>11§_11 GOx-Glucose — GOX,equced T Glucono-1,5-Lactone

k kg
GOXreduced + 02 (_)ki GOXreduced'Oz - GOx + H202
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where v is the velocity of the reaction, vmax is the maximal velocity of the reaction, [Glucose] and

[O] are glucose and oxygen concentrations, Km, ciucose and K, o, are the Michaelis-Menten

constants for the glucose and O respectively, ki and ks are the enzyme and substrate association
rate constants, k-1 and k-3 are the enzyme and substrate dissociation rate constants, and k2 and ka
are the rate constants of the formation of the products. The v,,,, in Ping-Pong Bi-Bi mechanism
defined as:

Vimax= [GOX] k2 Ka /(k2 + Ka) = [GOX] kcar (2)

where [GOx] is the enzyme concentration and keat is the catalytic rate of reaction (Romero et al.,
2012). In the excess of glucose and oxygen to enzyme, Equation (1) was simplified to:

V = Vo= [GOX] Keat 3)

The Ky, Glucose Was 17.5, 32.4, or 23.2 mM for the native, aniline-, or benzoate-modified
GOx respectively (Halalipour et al., 2016). The Ky, o, was 20 uM for native GOx (Nakamura et

al., 1976). To ensure that glucose and oxygen are in excess, the linearity of the reaction progress
was monitored at all the studied pressure-temperature treatments. The R? value was used as the
indicator of the linearity and it was in the range of 0.93 to 1.00 at all the studied pressure-
temperature treatments. Moreover, the greatest change in the [Glucose] and [O2] was 16.4 uM at
all the studied pressure-temperature treatments which is <1% of the initial [Glucose] and 8% of
the initial [O2].

The produced H»O; oxidizes o-Dianisidine in the reaction vial in the presence of POx
(Bergmeyer et al., 1974a). The oxidized o-Dianisidine was detectable in the high pressure optical
cell by absorbance at 500 nm. The absorbance at this wavelength was then correlated to the
concentration of the produced oxidized o-Dianisidine in the high pressure optical cell. The

velocity of the reaction was then calculated as the concentration of the oxidized o-Dianisidine
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over time over the linear range of the curve of absorbance at 500 nm versus time with R?> 0.93.
Experimental error in the calculation of the velocity was calculated as the standard error of the
linear regression of the concentration of the oxidized o-Dianisidine vs. time.

Increases in pressure and decreases in temperature decrease the volume of solution (V).
Decreases in V results in increasing solute concentration and thus, absorbance at 500 nm.
Therefore, the concentrations obtained from the absorbance of the solutions were corrected by
multiplying to the ratio of the known Vp, 1/ Vo1 mpa, 25 «c of water listed in Table 4.1 (USNIST,
2008) in the range of 0.92 to 1.02. These corrections allowed us to determine the concentration
of the oxidized o-Dianisidine only due to pressure-temperature treatments.

In addition, the extinction coefficient of the oxidized o-Dianisidine (&o-pianisidine) Was
obtained for each selected pressure-temperature treatments. It is important to correct the
extinction coefficient values because changes in the extinction coefficients by pressure-
temperature variations can result in errors in the determination of the concentration. For
example, the importance of changes in the haemoglobin extinction coefficients by temperature
variation was studied for the accurate spectrophotometric determination of haemoglobin
concentration (Kim and Liu, 2007). The &o-pianisidine Calculated from the linear regression of the
absorbance at 500 nm vs. five different concentrations of o-Dianisidine over the path-length of
the quartz cuvette multiplied by the ratio of the known Vp, 1/ Vo.1 mpa, 25 °c OF water. Samples were
duplicated and the error in calculation of ¢o-pianisidgine Was estimated using the standard error of the

linear regression.
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Dependence of enzyme activity on temperature
The apparent activation energy (Ea) of the native, aniline-, or benzoate-modified GOx
reaction was calculated from the Arrhenius equation to quantify the temperature effect on the

enzyme activity:

olnk

o)

E a
R (4)

P
where R is the ideal gas constant, T the absolute temperature, P is the pressure, and k is the

reaction rate constant. The error in the calculation of the Ea was reported as the standard error of

the linear regression of In(k) vs. /T multiplied by R.

Dependence of enzyme activity on pressure
The apparent activation volume (A7) of the native, aniline-, or benzoate-modified GOx
reaction was quantified from the Eyring model to determine the pressure dependence of the

enzyme activity:

(aln k) AV*

— 5
oP ). " RT ®)

The error in the calculation of the A V* was reported as the standard error of the linear

regression of the slope of In(k) vs. P multiplied by RT.

Results and discussion
Effect of HHP on modified enzyme stability
The inactivation kinetics of the aniline- or benzoate-modified GOx followed an apparent

first-order model with the quality of the regression fit of R? in the range of 0.92 to 1.00 as
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summarized in Table 4.1. Decreases in R? were more pronounced at higher studied pressures
which is consistent with the native GOx inactivation study at HHP and with the fact that greatest
correlation coefficients are obtained for grater slopes under similar data dispersion (Halalipour et
al., 2016). The rate constant of inactivation (kinact) for both aniline- or benzoate-modified GOx
was significantly (p < 0.0001) affected by pressure. An increase in pressure resulted in slower
inactivation as indicated by a decrease in the Kinact up to 240 MPa for all the studied temperatures
(Table 4.1). This indicates that HHP stabilized aniline- and benzoate-modified GOx against
thermal inactivation. Temperature also presented significant effect on the Kinact Of modified GOx
(p < 0.0001). However, in contrast to pressure, temperature increased the kinact Of the aniline- and
benzoate-modified GOx at all the studied pressures. At 0.1 MPa, the inactivation was fastest for
both of the aniline- or benzoate-modified GOx at all the studied temperatures. At 0.1 MPa, the
reported Kinact was (28.60 + 2.02)x1072 or (36.80 + 1.79)x102 min, (426.99 + 30.54)x107 or
(557.57 + 29.04)x102 min, or (1343.70 + 76.01)x1072 or (1625.68 + 98.36)x102 min* for the
aniline- or benzoate-modified GOx at 69.1, 74.5, or 80.0 °C respectively. The atmospheric Kinact
of the native GOx was (42.67 + 2.28)x1072, (516.77 + 31.81)x107, or (1530.03 + 36.71)x1072
mint at 69.1, 74.5, or 80.0 °C respectively (Halalipour et al., 2016). This indicated that the
aniline-modified GOx inactivated slowest compared to the native or the benzoate-modified GOx
at atmospheric pressure at each corresponding temperature which is consistent with the DSC
results of our previous study. The benzoate-modified GOx inactivated at a slower rate than the
native GOx at 69.1 °C; however, it inactivated faster than the native GOx at 74.5 or 80.0 °C.
Previous DSC study indicated benzoate modification slightly but insignificantly decreased the
stability of the enzyme which was consistent with the current rate of inactivation at 74.5 and 80.0

°C.
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At 240 MPa, kinact Was slowest for both aniline- and benzoate-modified GOx compared to
all the studied pressures. The slowest Kinact for the aniline-modified GOx were (1.48 + 0.07)x107?,
(7.36 + 0.59)x1072, or (19.58 + 2.70)x102 min' at 69.1, 74.5, or 80.0 °C respectively. The Kinact
for the benzoate-modified GOx were (2.04 + 0.14)x1072, (10.22 + 1.26)x1072, or (25.79 +
3.95)x102 mint at 69.1, 74.5, or 80.0 °C respectively. The Kinact at 240 MPa of the native GOXx
was (2.33 + 0.18)x1072, (10.29 + 0.66)x102, or (73.13 + 8.47)x1072 at 69.1, 74.5, or 80.0 °C
respectively (Halalipour et al., 2016). This indicated that the aniline-modified GOx followed by
the benzoate-modified GOx inactivated slower compared to the native GOx at 240 MPa at each
corresponding temperature. Therefore, HHP stabilized the aniline-modified GOx by 19, 58, or 69
times compared to the aniline-modified GOx at 0.1 MPa at 69.1, 74.5, or 80.0 °C respectively.
Compared to the native GOx inactivation at atmospheric pressure, HHP stabilized aniline-
modified GOx by 29, 70, or 78 at 69.1, 74.5, or 80.0 °C respectively. Moreover, HHP stabilized
benzoate-modified GOx by 18, 55, or 63 times compared to the benzoate-modified GOx at 0.1
MPa at 69.1, 74.5, or 80.0 °C respectively. Compared to the native GOx inactivation at
atmospheric pressure, HHP stabilized benzoate-modified GOx by 21, 51, or 59 at 0.1 MPa at
69.1, 74.5, or 80.0 °C respectively.

Activation energy of the inactivation was evaluated to determine the effect of temperature
on Kinact at each studied pressure. The Ea of inactivation (Table 4.1), decreased with pressure up
to 240 MPa and increased from 240 MPa to 360 MPa. At 240 MPa, the Ea was 238.4 £19.0 or
233.8 +19.9 kJ mol* for the aniline- or benzoate-modified GOXx respectively. Decrease in the Ea
(slope of Arrhenius plot) at HHP indicated the smaller changes in the kinact at HHP by increasing

temperature. The smaller changes in the Kinact at HHP by temperature indicated that the
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inactivating effect of temperature was decreased at HHP. The obtained Ea of the aniline- and
benzoate-modified GOx were not significantly different among the studied pressures (p < 0.10).

The activation volume of inactivation was quantified to determine the temperature effect
on Kinact at each studied temperature. The AV of inactivation (Table 4.1), increased with
temperature which indicated the greater decrease in Kinact at higher temperature. In other words,
the stabilizing effect of HHP increased with temperature. At 80.0 °C, AV* was 86.0 + 6.6 or 83.6
+8.9 cm® mol* for the aniline- or benzoate-modified GOx respectively. The calculated A V7 of the
aniline- or benzoate-modified GOx were not significantly different among the studied

temperatures (p > 0.10).

Effect of HHP on enzyme activity

The &o-pianisidine Values changed at different pressure-temperature treatments as reported on
Table 4.2. Pressure and temperature had antagonistic effects on the extinction coefficient. As
explained in the Materials and methods, the contribution of pressure and temperature on volume
changes (hence concentration) was corrected using the the known Vp, 1/ Vo.1 mpa, 25 °c Of water.
This allowed us to determine the &o-pianisisine ONly because of the changes in the optical
absorbance at the studied pressure-temperature conditions. The &o-pianisidine Values were
significantly smaller at 0.1 MPa compared to all the studied HHP, whereas the &o-pianisidine Values
were not significantly different between different level of pressures at HHP. Therefore, the &
pianisidine &t HHP was calculated using results from pressure in the range of 60 to 240 MPa at each
specific temperature as listed in the last row of Table 4.2. The &o-pianisidine Was lowest at 0.1 MPa
and 69.1 °C (6.90 + 0.12 mM* cm™®) and highest at HHP and 25.0 °C (8.49 + 0.30 mM™ cm) at

our process conditions. The importance of temperature effect on changing the optical absorbance
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spectra and extinction coefficients were discussed in order to obtain more accurate values of the
concentration changes (Kim and Liu, 2007). The report from Cordone et al. (1986) showed
decrease in temperature from 25 to -73 °C increased the edeoxyhaemoglobin at 758 nm by ~0.22 mM*t
cm™.

At all the HHP treatments, the production of oxidized o-Dianisidine using native, aniline-
, or benzoate-modified GOx was faster compared to the treatments at atmospheric pressure and
the corresponding temperature. The changes in the concentration of oxidized o-Dianisidine at 0.1
MPa and 25.0 °C for the native GOx as well as at 180 MPa and 69.1 °C for the native, aniline-,
or benzoate-modified GOx are plotted in Figure 4.1. The deviation from linearity at the initial of
the reaction was attributed to slow mixing and reagent diffusion in the quartz cuvette. The final
concentrations of oxidized o-Dianisidine increased at HHP and the aniline-modified GOx
resulted in the highest concentration of the product followed by the benzoate-modified GOx and
the native GOx at 180 MPa and 69.1 °C. Therefore, both HHP and temperature increased the rate
of reaction of native, aniline-, or benzoate-modified GOx. To evaluate the velocity of reaction at
the studied conditions, concentration of the produced oxidized o-Dianisidine over time was
determined. Table 4.3 provides the velocity of the reaction at all the studied pressure and
temperature treatment combinations for the native, aniline-, or benzoate-modified GOx.
Decrease in the velocity and R? of the linear regression at atmospheric pressure at 63.8 or 69.1
°C indicated the thermal inactivation of the native, aniline-, or benzoate-modified enzyme at
these conditions despite the stabilization effects of modification. In a similar way, the deviation
from linearity for activity assessment of Candida antarctica lipase B at 0.1 and 400 MPa was
suggested as thermal inactivation of the enzyme at temperatures above 63.5 °C (Eisenmenger

and Reyes-De-Corcuera, 2009a). At atmospheric pressure at 63.8 or 69.1 °C, native GOx and
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benzoate-modified GOx indicated similar deviation from linearity, whereas the deviation from
linearity was smaller for the aniline-modified GOx. This agrees with our finding of the higher
thermal stability of the aniline-modified GOx compared to the benzoate-modified or the native
GOXx, previously observed by differential scanning calorimetry method (Halalipour et al., 2016).
At atmospheric pressure, increase in temperature from 25.0 °C to 53.9 °C increased the velocity
of reaction for the native, aniline-, and benzoate-modified GOx by 2-fold. Similarly, activity of
the GOx from Aspergillus niger increased 2-fold reported for increasing the temperature from 25
°C to 55 °C (Kalisz et al., 1991). However, the velocity of the reaction for the native, aniline-,
and benzoate-modified at atmospheric pressure decreased at 58.8, 63.8, or 69.1°C compared to
53.9 °C because of the observed thermal inactivation of the enzymes.

At 60 to 240 MPa, increase in temperature always increased the velocity of the reaction
for the native, aniline-, and benzoate-modified GOx. This indicated the enzymes were protected
against thermal inactivation at these HHP in contrast to atmospheric pressure. As shown in Table
4.3, increase in pressure up to 180 MPa accelerated the reaction as indicated by an increase in the
velocity of reaction at all the studied temperatures for the native, aniline-, and benzoate-modified
GOx. However, this acceleration of reaction toward producing more products was not favored by
increasing the pressure from 180 MPa to 240 MPa as indicated by a decrease in the velocity at
240 MPa for all the studied enzymes. Similarly, Mozhaev et al. (1996) reported enzymatic
activity of a-chymotrypsin increased up to 360 MPa, whereas pressure higher than 360 MPa
decreased the activity due to pressure-induced denaturation of the enzyme.

The slowest velocity of reaction was at atmospheric pressure, whereas the reactions at
180 MPa resulted in the highest velocity values for the native, aniline-, or benzoate-modified

GOx at all the studied temperatures. The combined effects of temperature and pressure produced
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the greatest increase in reaction velocity in aniline-modified GOx followed by the benzoate-
modified GOx and the native GOx. The velocity of the reaction catalyzed by aniline-modified
GOx increased 1.1, 4.1, 5.4, 6.6, or 11.3 times at 180 MPa at 25.0, 53.9, 58.8, 63.8, or 69.1 °C
respectively compared to the velocity of the aniline-modified GOx at 0.1 MPa and 25.0 °C.
Similarly, the velocity of the reaction for the benzoate-modified GOx was 1.1, 4.0, 5.0, 6.1, or
9.3 times higher at 180 MPa at 25.0, 53.9, 58.8, 63.8, or 69.1 °C respectively compared to the
velocity of the benzoate-modified GOx at 0.1 MPa and 25.0 °C. Finally, the velocity of the
reaction for the native GOXx increased less than modified GOx at HHP and was 1.1, 3.4, 3.9, 4.8,
or 7.3 times faster at 180 MPa at 25.0, 53.9, 58.8, 63.8, or 69.1 °C respectively compared to the
velocity of the native GOx at 0.1 MPa and 25.0 °C. Treatments at 180 MPa at 25.0 °C resulted in
the same level of acceleration for all the three enzymes where the changes in the velocity were
less pronounced. The observed increase in HHP effect by increasing temperature was in
agreement with study of activation of a-chymotrypsin for catalyzing analide where level of
activation at HHP increased by temperature from 6.5-fold at 20 °C to 30-fold at 50 °C (Mozhaev
et al., 1996). Therefore, the combination effects of temperature and pressure on the studied
enzymes in our research resulted in up to 11-fold activation at 180 MPa and 69.1°C. Egg white is
an important product in the food industry and de-sugaring the egg white (glucose content of 4.01
mg mL™) using GOx to 98% of the initial glucose content has been reported to take 3 h at 25 °C
(Sisak et al., 2006). The observed 11-fold increase in activity of the aniline-modified GOx at
69.1°C at 240 MPa can suggest to possibly decrease the process time of egg white to under 20
min or the cost of enzyme usage by approximately 90%.

Increases in activity of some other enzymes under pressure have also been reported.

Activity of B-glucosidase from strawberry increased by 76% at 400 MPa while HHP at 600 and
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800 MPa inactivated the enzyme (Garcia-Palazon et al., 2004). Increase in pressure up to 400
MPa increased activity of polyphenol oxidase from apple juice by 44.0 + 8.2 % compared to the
activity of the enzyme in a freshly squeezed apple juice, whereas increase in activity of the
enzyme reduced to 27.1 £ 1.9 % by increasing pressure from 400 MPa to 500 MPa (Buckow et
al., 2009). The rate of viscosity reduction of pectin using a pectinase formulation from
Aspergillus niger increased 2.6-fold at 300 MPa and 62.4 °C compared to the rate at atmospheric

pressure at 45.0 °C (Tomlin et al., 2014).

Dependence of enzyme activity on temperature

The dependence of the enzyme activity on the temperature for each native, aniline-, and
benzoate-modified GOx was assessed by evaluation of Ea at all the studied pressures. Error in the
calculation of E, at each pressure was expressed as the standard error of the linear regression as
reported in Table 4.4 for each studied enzyme. Arrhenius plot was linear at HHP for the native
and modified enzymes with the R? in the range of 0.90 to 0.99. The lowest R? was observed at
240 MPa for each enzyme due to pressure induced-inactivation. Moreover, calculation of Ea at
0.1 MPa was not applicable using Arrhenius model because of deviation from linearity due to
thermal inactivation of the enzymes. Therefore, only at HHP increase in temperature always
favored the enzymes activation. For all three enzymes, the highest value of Ea; was at 180 MPa
(34.7 +2.7,42.3 £ 3.7, or 39.4 + 2.4 kJ mol* for the native, aniline-, or benzoate-modified GOx
respectively). As listed in Table 4.4, Ea values then decreased by increasing pressure from 180
MPa to 240 MPa due to decrease in activation at this pressure. Moreover, Ea values were higher
for the aniline-modified GOX, followed by the benzoate-modified GOx and the native enzyme at

all the studied pressures. Similarly, Tomlin et al. (2014) observed an increase in the Ea at 300
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MPa (42.4 + 11.3 kJ mol™) due to activation of a pectinase formulation from Aspergillus niger at
high pressure.

Pairwise comparison tests determined the significant difference between the Ea due to the
pressures for each native, aniline-, and benzoate-modified GOx (Table 4.4). The Ea significantly
increased from 60 MPa to 180 MPa for all the studied enzymes. Therefore, HHP significantly
increased the acceleration of the reaction of the enzymes by temperature up to 180 MPa.
However, the decrease in Ea values at 240 MPa for all the three enzymes resulted in no
significant difference in Ea. Pairwise comparisons were also conducted to assess the significant
differences in Ea due to modification at each studied pressure. Results are presented with
subscript Greek letters in each column of Table 4.4. Aniline modification of GOx significantly
increased the effect of temperature on the acceleration of the reaction compared to the native
enzyme. In addition, the effect of temperature on the acceleration of the reaction by the benzoate
modification was not significantly different than the native GOx. The higher effect of
temperature on the aniline-modified GOx reaction can also be attributed to the higher stability of
the aniline-modified GOx against thermal inactivation compared to the native and benzoate-

modified GOx.

Dependence of enzyme activity on pressure

The dependence of the enzyme activity on the pressure for each native, aniline-, or
benzoate-modified GOx was assessed by quantification of the activation volume (A7) at all the
studied temperatures. Error in the calculation of the A¥* at each temperature was the standard
error of the linear regression as reported in Table 4.5 for each studied enzyme. Since the purpose

of this study was to evaluate the activation effect of HHP on the enzymatic reaction, only
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pressures up to 180 MPa were used in calculation of the AV7. As mentioned in pervious section,
pressure at 240 MPa reduced the velocity of the reaction which indicated pressure induced-
inactivation. Therefore, the AV7 of each studied enzyme was calculated in the pressure range of
0.1 to 180 MPa with the R? in the range of 087 to 0.99. The AV7 evaluation resulted in negative
values for native, aniline-, or benzoate-modified GOx at all the selected temperatures which
indicated activation was favored by increasing pressure up to 180 MPa. The lowest calculated
AV# values for native and modified GOx were at 25 °C where -0.8 + 0.2, -0.9 £ 0.3, or -1.0 + 0.2
cm®mol™ obtained for native, aniline-, or benzoate-modified GOx respectively. A similar small
value of -2.2 cm® mol™ has been reported as the A¥* of a-chymotrypsin indicating activating
effect of pressure for treatment at 0.1 to 200 MPa at 20 °C (Luong and Winter, 2015). Similarly,
pressure enhanced catalytic activity of naringinase as indicated by a negative AV* of -9.0 + 2.8
cm®mol* studied at 0.1-160 MPa at 30 °C (Pedro et al., 2007). Increase in temperature increased
the AV7 and the highest values were -38.5 + 10.2, -37.3 + 9.3, or -33.5 = 7.8 cm®mol™* for
aniline-, benzoate-, or native GOx treated at 69.1 °C respectively. In other words, effect of
pressure on the catalytic activity of the native, aniline-, and benzoate-modified GOx was highest
at the highest studied temperature. Beside effect of pressure on activation of enzyme, increase in
activity at elevated temperatures was also attributed to the pressure induced-stabilization
reported for Candida antarctica lipase B at 80 °C (Eisenmenger and Reyes-De-Corcuera,
2009a). Similar trend in AV* compared to our study was also reported where temperature
increased the effect of pressure on the catalytic activity of thermolysin protease as indicated by
increasing AV7 from -71 cm®mol™ at 25 °C to -95 cm®mol™* at 45 °C (Kunugi et al., 1997).
Pairwise comparison tests of linear regressions using GLM determined the significant

difference between AV7 due to temperatures for each native, aniline-, or benzoate-modified GOx
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(Table 4.5). The AV7 significantly increased from 25.0 °C to 69.1 °C for the aniline-modified
GOx. Same trend were observed for the native and benzoate-modified GOx, however, AV*
between 53.9 and 58.8 °C was not significantly different for native and benzoate-modified GOx.
This was due to less pronounced effect of temperature on the velocity of the reaction at lower
temperatures. Pairwise comparison tests were also conducted to assess the significant differences
between AF* due to modification at each studied temperature. The AV7 values were not
significantly different due to enzyme modification as presented with subscript Greek letters in
each column of Table 4.5. One can hypothesize that although the aniline-modified GOx
presented the highest velocity of the reaction at HHP, the level of changes in the velocity by
pressure are independent from the hydrophobic modification of the surface residues. In other
words, increase in pressure from 0.1 to 180 MPa resulted in similar level of acceleration of the
reaction regardless of hydrophobic modifications.

The effect of pressure on the activation of enzymes has been discussed from the
relationship between the activation volume and the rate of catalyzing substrate. More negative
activation volume attributed to the greater activity enhancement under HHP
(Boonyaratanakornkit et al., 2002). Frye and Royer (1998) suggested that pressure affects the
rate of reaction by changing native protein structure due to solvation of hydrophobic groups,
electrostriction of charged and polar groups, and compression of structure. However, the
pressure-induced the level of acceleration of the reaction was similar regardless of modification
and hence the hydrophobic effects might not play the main role in pressure induced-activation.
Moreover, Michels et al. (1996) suggested presence of substrate increases enzyme activity by
protecting the structure of enzyme at high pressure against unfolding. However, different

substrates may result in different pressure effect where Kunugi et al. (1997) observed pressure
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range with highest activity of thermolysin protease changed from 100-120 MPa for a
heptapeptide substrate to 200-250 MPa for a dipeptide amide substrate. Finally, Schuabb et al.
(2016) reported that the effect of pressure on the catalytic activity of a-chymotrypsin and
peroxidase strongly depends on the interfacial properties of the adsorbed enzyme on different
adsorbent materials. However, they did not observe changes in the structure of the adsorbed
enzymes at the studied surfaces using Fourier transform infrared method. Despite the numerous
reports on the effect of HHP on enzyme stability and activity, the exact mechanisms of pressure

induced activation of enzymes have yet to be elucidated.
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Table 4.1.
The kinact of modified GOx =+ the linear regression standard error and A¥# and E, of inactivation +
the linear regression standard error. Bolded values are given indicating the slowest Kinact, greatest

AV#, and smallest Ea.

Temperature (°C)

Pressure Ea (kJ

' H 2 2 2 2
(MPa) Modification 69.1 R 74.5 R 80.0 R mol) R
Kinact (min_l) x 102
. 28.607 426.99¢ 1343.70', 355.2%,
o Aniline 902 0.99 +30.54 0.98 +76.01 0.99 4307 0.95
' 36.80M 557.57% 1625.68" 349.6",
Benzoate +1.79 0.99 +99.04 0.99 +08.36 0.99 +34.0 0.94
. 4.94° 59.23f, 172.36/, 327.8FF,
o Aniline 1023 0.99 1247 0.99 +10.76 0.99 +30.6 0.95
6.36"p 73.83" 202.06% 319.2H1,
Benzoate +027 0.99 45 55 0.98 4518 1.00 +31.0 0.95
. 1.91¢, 15.369, 35.79%, 270.37¢,
120 Aniline +0.15 0.98 1158 0.97 +178 0.99 +98.0 0.95
2.49% 22.36%p 48.07%p 273.3Y,
Benzoate +0.96 0.97 +161 0.98 +2 64 0.99 +30.9 0.93
1.48¢, 7.36", 19.58', 238.4%,
Aniline 0.99 0.98 0.95 0.98
240 . +0.07 +0.59 +2.70 +19.0
2.04%¢ 10.22"; 25.79%g 233.8%,
Benzoate 1014 0.99 +1.26 0.96 +3.05 0.93 +199 0.98
. 2.09¢, 12.939, 39.29, 270.56,
- Aniline 1023 0.97 +1.70 0.95 16,67 0.92 £90.2 0.98
2.93% 15.88'; 53.39% 267.7°,
Benzoate +0.30 0.97 1171 0.97 +738 0.95 +16.8 0.99
A AB B
AV* Aniline 62.3% 0.97 177 0.99 SO 0.99
(cm® mol ) +10.8 +8.5 +6.6
62.0¢, 75.1¢P, 83.6°,
Benzoate +10.9 0.96 +11.2 0.98 +8.9 0.98

a-IDifferences in the kinae Of aniline-modified GOx with different letter (effect of pressure on kinac)
were significant (p < 0.10).

™ -Y Differences in the kinat Of benzoate-modified GOx with different letter (effect of pressure on
kinact) Were significant (p < 0.10).

A-B Differences in the A¥7 of aniline-modified GOx with different letter (effect of temperature on
AV?) were significant (p < 0.10).
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C-D Differences in the AV* of benzoate-modified GOx with different letter (effect of temperature
on AV?) were significant (p < 0.10).

E-G Differences in the E, of aniline-modified GOx with different letter (effect of pressure on Ea)
were significant (p < 0.10).

H-J Differences in the Ea of benzoate-modified GOx with different letter (effect of pressure on Ea)
were significant (p < 0.10).

«-p Differences in the aniline- and benzoate-modified GOx with different Greek letter (effect of
modification on the kinact at each pressure-temperature treatments, effect of modification on the
AV7 at each temperature, and effect of modification on the Ea at each pressure) were significant
(p <0.10).
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Table 4.2.

Average extinction coefficient (n=2) of the o-Dianisidine at each pressure-temperature treatments

+ the linear regression standard error. Numbers in parentheses are the Vp, v/ Vo.1 mpa, 25 °c Of water

used for correction of the collected absorbance at each studied pressure-temperature treatments.

Pressure

Temperature (°C)

25.0 53.9 58.8 63.8 69.1
MPa
( ) Eo-Dianisidine (ml\/l_1 Cm_l)
o1 7.72¢ = 0.13 738 + 009 7100 = 009 7.05% + 011 6.90* = 0.12
' (1.00) (1.01) (1.01) (1.02) (1.02)
60 8.47° + 0.14 839° + 014 827° + 016 823 =+ 007 814> =+ 0.08
(0.98) (0.99) (0.99) (0.99) (0.99)
120 851> + 0.34 8.44> + 017 836" + 014 829 =+ 011 813° =+ 0.09
(0.95) (0.97) (0.97) (0.97) (0.97)
180 853> + 0.33 8.44> + 016 826" + 016 820 =+ 015 810° =+ 0.22
(0.94) (0.95) (0.95) (0.95) (0.95)
240 8.45° + 031 8.28° + 022 823 =+ 022 822" * 029 821° * 027
(0.92) (0.93) (0.93) (0.94) (0.94)
60-240 8.49 + 0.30 8.39 + 0.32 8.28 + 0.29 824 + 0.33 8.15 = 0.35

a-b Differences in the eo-pianisidine iN €ach column with different letter were significant (p < 0.10).
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Table 4.3.
The velocity of the reaction for the native, aniline-, and benzoate-modified GOXx at each pressure-
temperature treatments + the linear regression standard error. Bolded numbers are given

representing the highest value of the velocity at each temperature.

Temperature (°C)

P(r,‘f/f;‘;;e Modification 250 R®* 539 R® 588 R® 638 R® 691 R
v (x10%, mM* min?)

None oot 099 HE 0g9  ASEE 099 MM 097 L 003

0.1 Aniline > 099 325 099 30F g9 A 098 L3 gg5

Benzoate 1161.182 1.00 3(')_202; 0.99 20'?03; 0.99 16%8; 0.97 1(').1075": 0.93

None OB 099 FAE 099 3% 099 Y0 098 YT 098

60 Aniline 1(')%; 1.00 46?:5 0.99 46%023? 0.99 66.155 0.99 7(').10551 0.98

Benzoate o 099 o 099 o 099 VU 099 MO 096

None 16?(?; 0.99 36?07 ;099 36?(?31 0.99 46?0% 0.99 6(.).2095 0.99

120 Aniline L2 100 VY 099 %O 100 ST 098 fE oo

Benzoate  or 100 oo 099 TOF 099 %% 099 E oo

None 16.601;’ 1.00 5(')_105; 0.99 56?(?; 0.99 76.3019:£ 0.99 13:33* 0.99

180 Aniline 2% 099 O°TE 099 BE 099 12EE g0 SHE o8

Benzoate 16?(?5 0.99 56?615:1 0.99 76401(;—’ 0.99 86?(??:—“ 0.99 13:2?’ 0.99

None o100 B 099 CF 100 TV 099 S 098

240 Aniline 16?0721 1.00 36%); 0.99 46_75’(;—’ 0.99 66%5: 0.99 1%:3?’ 0.99

Benzoate oo 099 o 098 prv 099 S0%F 099 SO 0.9
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Table 4.4.
Dependence of the enzyme activity on temperature presented by the Ea calculated at each studied

pressure for the native, aniline-, and benzoate-modified GOx * the linear regression standard error.

Pressure (MPa)
Modification ~ 0.1f  R%*f 60 R? 120 R? 180 R? 240 R?

Ea (kJ mol?)
20.8%, = 25.4°, + 34. 7%+ 24.6% +
None - - 0.99 0.97 0.98 0.93
11 2.2 2.7 4.0
- 28.9% + 35.7% + 4231 + 35.1% +
Aniline - - 0.98 0.94 0.98 0.90
2.1 5.1 3.7 7.5
23.20, + 30.91, % 39.41, + 30115+
Benzoate - - 0.98 0.95 0.99 0.91
2.1 4.1 2.4 6.0

1 The Ea and R? cannot be calculated at 0.1 MPa using Arrhenius model because of deviation
from linearity due to enzyme inactivation.

a-¢ Differences in the Ea of native GOx with different letter (effect of pressure on Ea) were
significant (p < 0.10).

d-9 Differences in the Ea of aniline-modified GOx with different letter (effect of pressure on Es)
were significant (p < 0.10).

h-J Differences in the Ea of benzoate-modified GOx with different letter (effect of pressure on
Ea) were significant (p < 0.10).

«-p Differences in the Ea of native, aniline-, and benzoate-modified GOx with different Greek
letter in each column (effect of modification on Ea) were significant (p < 0.10).
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Table 4.5.

Dependence of the enzyme activity on pressure presented by the AV* calculated at each studied

temperature for the native, aniline-, and benzoate-modified GOx =* the linear regression standard

error.
Temperature (°C)
Modification  25.0 R? 53.9 R? 58.8 R? 63.8 R? 69.1 R?
AV* (cm® mol?)
-0.8%, + -7.3%+ -10.6°, + -19.5% % -33.59, +
None 0.91 0.81 0.91 0.94 0.90
0.2 2.5 2.4 3.4 7.8
N -0.9%, + -9.37,+ -14.79, + -22.5", + -38.5', +
Aniline 0.87 0.94 0.99 0.86 0.88
0.3 1.7 1.3 6.5 10.2
-1.0,+ 9.1, -13.8%, + 22,7+ -37.3M,
Benzoate 0.90 0.88 0.94 0.96 0.89
0.2 2.4 2.5 3.2 9.3

a-d Differences in the A7* of native GOx with different letter (effect of temperature on AV7) were

significant (p < 0.10).

e-1 Differences in the AV7 of aniline-modified GOx with different letter (effect of temperature on
AV?) were significant (p < 0.10).
I-m Differences in the AV* of benzoate-modified GOx with different letter (effect of temperature
on AV?) were significant (p < 0.10).
« Differences in the AV# of native, aniline-, and benzoate-modified GOx with same Greek letter in
each column (effect of modification on A¥7) were not significant (p > 0.10).
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Figure 4.1. Progress of the production of oxidized o-Dianisidine during 10 min treatment using
(X) native GOx at 0.1 MPa and 25.0 °C, (®) native GOx at 180 MPa and 69.1 °C, () benzoate-

modified GOx at 180 MPa and 69.1 °C, and (4 ) aniline-modified GOx at 180 MPa and 69.1 °C.
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Appendix

4-1) High pressure system for activation study.

High Pressure Pump
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Figure A4.1. Schematic of the high pressure system using optical cell model U103.
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4-11) Arrhenius plots to obtain the E, of native, aniline-, and benzoate-modified GOx.

-7.0

In (v, MM min-Y)

290 - .

-10.0
2.90E-03 3.00E-03 3.10E-03 3.20E-03 3.30E-03 3.40E-03

Temperature! (K1)

Figure A4.2. Arrhenius plots to obtain the Ea of native GOx for treatment at (¢) 0.1 MPa, (m)

60 MPa, (A) 120 MPa, (X) 180 MPa, and () 240 MPa.
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Figure A4.3. Arrhenius plots to obtain the Ea of the aniline-modified GOx for treatment at ()

0.1 MPa, (®) 60 MPa, (4A) 120 MPa, (X) 180 MPa, and (><) 240 MPa.
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Figure A4.4. Arrhenius plots to obtain the Ea of the benzoate-modified GOXx for treatment at ()

0.1 MPa, (m) 60 MPa, (4) 120 MPa, (X) 180 MPa, and () 240 MPa.
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CHAPTER 5

OVERALL DISCUSSION AND SUGGESTED FUTURE STUDIES

Overall discussion

We studied the effects of HHP and chemical modification of GOx and XOx with phenyl
groups. Overall, at the studied temperatures, HHP increased the thermal stability of GOx and
XOx compared to treatments at atmospheric pressure. The stabilization effect of HHP increased
with temperature for GOx and XOx up to 74.5 and 70.0 °C respectively, and the differences in
rate of inactivation was more pronounced at higher temperatures. The pressure that induced the
greatest stability changed from 180 to 300 MPa as temperature increased from 58.8 to 80.0 °C
whereas it was consistent at 300 MPa for XOx at all the studied temperatures, however, there
were no significant differences in the rate of inactivation among the highest pressures ranges. In
addition, the relative extent to which HHP stabilized GOx was greater than XOx. Moreover,
under pressure, the rate of reaction of the native or the modified GOx catalyzed reaction were
faster compared to treatments at atmospheric pressure. The aniline-modified GOx catalyzed the
fastest reaction at all the studied conditions. From one enzyme to the other enzyme the reported
results are different for studies of: pressure that results in the greatest stability or activity; the
level of stabilization for each enzyme; the effect of pressure on modified enzymes; and the
changes in the effect of pressure by temperature. However, no supportive mechanism of these
phenomena under pressure were documented. Insights into the mechanisms of pressure effects

on proteins are critical to further explore the application of HHP for the enzyme enhancement.
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It is important to understand why and how the effect of pressure is different from one
enzyme to the other. However, despite the increasing number of investigations on effect of
pressure on proteins, the mechanism of how pressure affects proteins has yet to be elucidated
(Royer, 2015). Important structural changes such as penetration of water into the structure or
conformational changes in the active sites under pressure most likely explain the mechanism of
pressure effects on enzymes. Relevant structural considerations and studies include:

1. Subunit interaction under pressure: subunit interaction of oligomeric proteins such as dimeric
GOx and XOx, or octameric alcohol oxidase under pressure is of great importance. Subunit
interaction can produce intermediate forms of the dissociated monomers under pressure with
higher stability and activity. Tetrameric structure of pig heart lactate dehydrogenase with
four identical subunits dissociated into dimers reversibly up to 200 MPa and further pressure
resulted in irreversible dissociation from dimers to monomers detected by high pressure
small-angle X-ray scattering which employed double flat crystal monochromators and a bent
cylindrical mirror with 1:1 magnification (Fujisawa et al., 1999). Subunit interaction was
reported reversible and it can possibly explain the reason of the deviation of GOx
inactivation from a first-order model at higher pressures. One can hypothesize the duration of
exposure to HHP affects the extent to which conformation of enzyme is modified. Also, upon
depressurization, refolding or re-association of subunits may not be instantaneous. Therefore,
the dynamics and reversibility of the effects of HHP needs to be considered when analyzing
residual activity or performing any structural measurement. In another study, during high
pressure denaturation of met-myoglobin, high pressure small-angle X-ray scattering has been
successfully applied to detect the intermediate, partially unfolded, and formation of dimers of

met-myoglobin under pressure at HHP up to 200 MPa and at 10, 20, 30, or 45 °C using a
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high pressure cell with two diamond windows of 3.0 mm diameter and 1 mm thickness that
can take pressure up to 200 MPa (Spinozzi et al., 2007).

Structural cavities under pressure: cavities (void spaces in the folded structure associated
with the tertiary or quaternary structure of a protein) buried inside the ribonuclease enzyme
barnase were the most compressible part of protein at pressure up to 200 MPa, detected by a
high pressure NMR spectroscopy (Wilton et al., 2009). One can hypothesize that, under
pressure, a reduction in the cavity size can reduce the fluctuation of the structure and protect
the enzyme against thermal denaturation.

Solvent interaction under pressure: effects of pressure on the hydrogen bonding in the solvent
can also result in stabilization and denaturation of the protein structure. In the study of
lysozyme up to 400 MPa using high pressure small-angle X-ray scattering method, pressure
up to 200 MPa resulted in small changes in the water structure, however, structural changes
in the solvent water at pressure higher than 200 MPa correlated to the very sensitive changes
in intermolecular interactions between the protein molecules at higher pressure range
(Schroer et al., 2012). At pressure about 200 MPa, the solvent structure changed by
disruption of the second water hydration layer. Moreover, by measurement of the potential of
intermolecular interactions of lysozyme using small-angle X-ray scattering method, structural
changes in the solvent water affected the intermolecular interactions the highest compared to
the ionic strength, temperature, and protein concentration up to 400 MPa (Moller et al.,
2012).

Hydration of cavities under pressure: changes in the cavities and solvent interaction under
pressure can define the significance of the hydration of cavities. Penetration of water

molecules inside the structural cavities was reported as the main cause of unfolding of
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staphylococcal nuclease at pressure up to 300 MPa in the presence of denaturant detected by
high pressure NMR spectroscopy (Roche et al., 2012).

. Water molecules buried in cavities under pressure: using NMR chemical shift methodology,
volume changes in the structure of lysozyme close to the buried water molecules were
interestingly reported mostly as expansion under pressure up to 200 MPa, although the
overall effect of pressure was compression of the structure (Refaee et al., 2003). In this study,
they suggested increasing in structural mobility due to the buried water can cause the
pressure induced channel opening or denaturation at elevated pressures. Therefore, one can
hypothesize that different level of stabilization for different enzymes is related to the
presence of buried water molecules and the ability of the water to diffuse through the
cavities.

Hydrogen bonds under pressure: hydrogen bonds are important for the correct folding of the
protein structure. Shortening of hydrogen bonds in ubiquitin protein up to 250 MPa have
been detected using high pressure NMR spectroscopy (Nisius and Grzesiek, 2012).
Moreover, hydrogen bonds in the GB1 domain of protein G were shortened up to 200 MPa as
detected by high pressure NMR spectroscopy (Wilton et al., 2008). Therefore, HHP
stabilized hydrogen bonds and hence the protein structure at the reported pressure range.
Hydrophobic core under pressure: site-directed mutagenesis used to alter the hydrophobicity
of azurin core. The free energies of unfolding of the wild-type and mutant azurins were
measured under pressure up to 240 MPa using steady state and dynamic fluorescence
techniques (Mei et al., 1999). Their results indicated a positive correlation between pressure

stabilization and hydrophobicity of the core of azurins. One can also hypothesize that the
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possibility of the water penetration or presence of water molecules inside the protein
structure can decrease due to the hydrophobicity of the core.

8. Active sites under pressure: pressure induced structural changes and compressibility were
greatest in the loop 10-16 where the active site of the bovine pancreatic trypsin inhibitor is
located detected by NMR chemical shift methodology at 200 MPa (Williamson et al., 2003).
Therefore, one can hypothesize that the compression of the active site and residues at the
position of the active site effects the dissociation or association constants and equilibrium of
enzyme-substrate bindings at HHP. Also at HHP the enzyme-substrate interactions can be a

factor of the substrate molecular size because of high compression of the active site.

Suggested future studies

1. Determine the most stable dissociated monomers or dimers of GOx and XOx under pressure
using high pressure small-angle X-ray scattering.

a. Application of crosslinking or entrapment techniques under pressure to retain the
structure with the greatest stability.

b. Fabrication of GOx and XOx biosensors at the pressure with the highest stability of
the enzymes to retain the stable structure on the surface of the electrode.

2. Determine the location and number of the structural cavities in GOx and XOx and their
effects on the compressibility and level of stabilization of the enzymes using a high pressure
NMR spectroscopy.

3. Characterize the effect of solvent interaction on the enhancement of GOx and XOx under
HHP.

a. Toanswer if water-water interactions are increased under HHP or water-protein

interactions.
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Determine the pressure that water penetrated in cavities and the structural changes of GOx
and XOx by increasing pressure all the way to the unfolding of the enzyme.

a. Determine if enzyme surface with hydrophobic group, positively charged, or
negatively charged modifications can alter the water penetration and hence results in
different behavior of different enzymes.

Determine the location and number of the buried water in the GOx and XOx structure and if
extraction of the buried water molecule in an organic solvent increase or decrease the
stability and activity of the enzymes.

Study the different inter- and intra-molecular hydrogen bonds in the structure of GOx and
XOx and how shortening or expansion of each effects the behavior of the under pressure
structure.

Determine if mutagenesis (at a controlled level to keep the folded structure unaffected) of
proteins with same type and number hydrophobic residue (hence same hydropathy index) but
at different position (hence different hydrophobicity in the protein core after folding) can
clarify the effect of pressure on the proteins hydropathy.

Determine the compressibility of the active sites of GOx and XOx under pressure.

a. Determine if hydrophobic/hydrophilic modification of residue close to the active site
can change the substrates binding efficiency at HHP in the compressed active site.

b. Determine if the compressed enzyme is affected by substrate sizes due to impacts on:

i. the native structure of the enzyme protected by presence of substrate against
unfolding and

ii. the diffusion of the substrate to the active site of enzyme at HHP.
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