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ABSTRACT

INACTIVATION MECHANISM OF POLYPHENOL OXIDASE
DURING ULTRASOUND TREATMENT

BALTACIO LU, Hande
Ph. D., Department of Food Engineering
Supervisor: Prof. Dr. Alev BAYINDIRLI
Co-Supervisor: Prof. Dr. Feride SEVERCAN

June 2014, 109 pages

In this study, the activity and conformational cgas of mushroom polyphenol
oxidase (PPO) were investigated during the inatitimeby heat-ultrasound treatment
at different power, temperature and time combimetioThe secondary structure
change of the enzyme during inactivation was amrayzy using Fourier Transform

Infrared (FTIR) spectroscopy and compared withetheyme activity change.

In thermosonication (TS) treatment, the residuayere activity decreased with
increasing power, time and temperature. The enzyaaivation higher than 99 %
was obtained at 100 % amplitude at 60 °C for 10. rRor comparison, when the
stability of mushroom PPO after thermal treatmeas wnvestigated, approximately
99% inactivation was obtained at 70 °C for 5 minvddue for thermal treatment at
60°C was found as 6.66 min whereas for 100, 806&8n& amplitude TS treatments
at the same temperature, D values were found &8, 2B3 and 3.44 min,

respectively.



FTIR studies showed that the thermal and TS treasneaused an irreversible
change on the secondary structure of the enzymeelix and -sheet content
decreased, while aggregategheet, turns and random coil content increasethglur
the temperature increase. The transition temperdiiy) values of TS and thermal
treatments were 44 and 55 °C, respectively. Tha&ilreshowed that heat and
ultrasound combination behaved synergisticallylendonformational change of the
enzyme. Compared to the thermal treatment, TS ntieyat seemed to be more

effective on the secondary structural change aetdemperatures.

Keywords: Polyphenol oxidase, enzyme inactivatidtrasound, Fourier Transform

Infrared spectroscopy, protein secondary structure.
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Oz

ULTRASON UYGULAMASINDA POL FENOL OKSDAZ ENZM N N
NAKT VASYON MEKAN ZMALARI

BALTACIO LU, Hande
Doktora, G da Muhendisli Bolumu
Tez Yoneticisi: Prof. Dr. Alev BAYINDIRLI
Ortak Tez Yoneticisi: Prof. Dr. Feride SEVERCAN

Haziran 2014, 109 sayfa

Bu aratrmada farkl gug, scaklk ve sire etkileri gomide al narak, s -ultrason
kombinasyonu inaktivasyonu sonras nda mantar PP@namn aktivite ve yap sal
de i imleri incelenmitir. naktivasyon boyunca enzimin ikincil yap s ndaki
de i iklikler, Fourier Donuum K z | Otesi (FTIR) spektroskopisi kullan larakadiz

edilmi ve bu sonuglar aktivitedeki deiklikler ile kar la trim tr.

Termosonikasyon (TS) uygulamas nda artan s cakidman ve genlik ile enzim
aktivitesinin azald belirlenmistir. %100 genlikte, 60 °C’ de 10 dakikTS
uygulamas ile % 99" dan fazla inaktivasyon eldiém@dtir. K yaslama i¢in s | ilem
uygulamas sonras nda enzim aktivitesi belirlenne 70 °C de 5 dakika sonunda
yakla k % 99 oran nda inaktivasyon elde ediltii Dgo de eri sl ilem igin 6.66
dakika, % 100, 80 ve 60 genlik TS uygulamas igiassyla 2.09, 3.33 ve 3.44 olarak

bulunmutur.

Vil



FTIR c¢al malar, uygulanan s|liem ve termosonikasyonun enzimin ikincil yap s
Uzerinde geri doniimsiz bir inaktivasyona neden oldumu ve sl ilem ve TS
boyunca artan s cakl k ile-sarmal ve -tabaka yap igerinin azal rken, toplanm
-tabaka yap, doniler ve tesadufi k vr mlar igerinin artt n gostermektedir.
Gegi scaklk deeri (Tm), TS ve sl ilem igcin srasyla 44 ve 55 °C olarak
bulunmutur. Bu sonuglar, s ve ultrason kombinasyonunumzirein yap sal
de i iklikleri Gzerine sinerjetik etkisi oldwnu gostermektedir. Is| lem ile
kar latrild nda, TS uygulamas nn diik s cakl klarda ikincil yap de iklikleri

Uzerine daha etkili oldw gorulmektedir.

Anahtar Kelimeler: Polifenol oksidaz, enzim inaktsyonu, ultrason, Fourier

De i im K z | Otesi spektroskopisi, protein ikincil yagp.
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CHAPTER 1

INTRODUCTION

Enzymes are important in catalyzing chemical reastiin almost all biological
processes. Due to its substrate specificity, ensyoa@ speed up reactions by lower
activation energy and at the end of the reactionare unchanged. In fruits and
vegetables, enzymes play important role in detgdtire quality attributes such as
texture, flavor, color, nutritional value and semaloproperties (Tsou 1986, Oey
2010).

1.1. Enzymes and Their Structure

With the exception of a small group, all enzymes anoteins. Proteins are polymers
of amino acids joined together by a peptide bortdvéen the carboxylic acid group

of one amino acid and the amino group of the nékere are 20 common amino

acids in protein. Amino acids can be divided irgarfdifferent classes depending on
the structure of their side chains: nonpolar, palecharged, negatively charged and
positively charged. The properties of the aminod aside chains determine the
properties of the proteins they constitute (Pletial. 2006).

Four levels of protein structure exist: primaryc@edary, tertiary and quaternary.
The primary structure of a protein refers to theedir sequence in which the
constituent amino acids are covalently linked tiglto@amine bonds, also known as
peptide bonds (Damodaran et al. 2007). The primaigcture is responsible for the

enzymatic activity.



Secondary structure is known as hydrogen bondedneof the polypeptide chains
of enzymes. Secondary structure of proteins cangisthelices, plated sheets,
turns, and random coils involving the backbone loé polypeptide chains. In
proteins, only three types of helical structuremmaly -, 3;o-, -helix, are found.
Among the three helical structures, thédelix is the major form found in proteins
and it is the most stable. Thehelix is stabilized by hydrogen bonding. In this
structure, each backbone N-H group is hydrogen &édnd the C=0O group of the
fourth proceeding residue. Thehelix can be thought of as having a structurelaimi
to a coil or spring. The “hole” running down thenter of the -helix is too narrow to
permit water to enter, so thehelix is stabilized against disruption by hydrogen
bonding agents such as water (Whitaker 1994, Réated. 2006. Damodaran et al.
2007).

The -sheet is an extended structure with specific génese In this extended form,
the C=0 and N-H groups are oriented perpendicoldéng direction of the chain, and
therefore hydrogen bonding is possible only betwsegments, and not within a
segment. The-strands are usually about 5-15 amino acid resithres In proteins,
two -strands of the same molecule interact via hydrdgemds, forming a sheet —
like structure known as-pleated sheet. Thesheet can be visiualized as a series of
parallel strings laid on top of an accordion-folgedce of paper. Depending on the
N  C directional orientations of the strands, twoetyf -pleated sheet structures,
namely parallel - sheet and antiparalle}l sheet, can form. In paralletsheet the
directions of the -strands run parallel to each other, whereas imother they run
opposite to each other (Platis et al. 2006, Damaodet al. 2007).

Proline is a special amino acid becuse of its umigpucture. Proline involves imino
structures. Introduction of proline into the sequesoreates a permanent bend at that
position. Therefore, the presence of proline #helix or -sheet disrupts the
secondary structure at that point. The presence glfcine residue confers greater
than normal flexibility on a polypeptide chain. $hs due to the absence of a bulky
side chain, which reduces steric hindrance (Whitdk&4, Platis et al. 2006).



The -turn is another frequently observed structurat.uftis occurs when the main
chain sharply changes direction using a bend coetpo$ four successive residues,
often including proline and glycine. In these uriite C=0 group of residue i is
hydrogen bonded to the NH of residue i + 3 instefidt+ 4 as in the -helix (Platis et
al. 2006).

Tertiary structure refers three-dimensional formagdrotein. A number of different
types of bonds are involved in maintaining theiaeyt structure of proteins. These
include electrostatic bonds, hydrogen bonds, hyab bonds (van der Waals
forces), dipolar bonds and disulfide bonds. The tnstable bond is the disulfide
bond. The disulfide bond is the covalent bond whieh be formed between two
cysteine side chains under oxidizing conditionsdiggen bonding results from the
formation of hydrogen bridges between appropridgtens; electrostatic bonds are
due to the attraction of oppositely charged grdopated on two amino acid chains.
Van der Waals bonds are generated by the interadigiween electron clouds
(Whitaker 1994, Platis et al. 2006. Damodaran.e2@07).

Quaternary structure contains more than one pofigeeghain (Damodaran et al.
2007). The four levels of enzyme structure aresitiated in Figure 1 (Nelson and
Cox 2008).
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Figure 1. Protein structure, from primary to quaternary cinee (Nelson and Cox
2008)

These three dimensional structures provide to boggther amino acid side chains
that are distant from one another along the polygepchain. The active site is

formed by amino acid groups from different partstioé linear polypeptide chain,

brought into proximity in the folded enzyme struetu

Enzymes are responsible for numerous catalytictiozes; which are carried out on
their active sites. Enzymes take part in the reacspeed up reactions. If an enzyme
is denatured, catalytic activity is usually lodtah enzyme is broken down into its
amino acids, its catalytic activity is always degad. Thus the primary, secondary,
tertiary, and quaternary structures of enzymeseasential to their catalytic activity
(Tsou 1986, Nelson and Cox 2008).



1.2. Food Enzymes and Related Quality Attributes

Enzymes, although minor constituents of many foqdisy a major role in foods.
Food enzymes can be generally classified in twoswtnose that are added to foods
to cause a desirable change and those that exig&ieds and which may or may not

be responsible for reactions that affect food gqu@ldbamodaran et al. 2007).

Enzymes in fruit and vegetable products affect teeture, color, flavor and

nutritional quality of the product. Some of theseynes are polyphenol oxidase
(PPO), which is responsible for browning and offocadevelopment, peroxidase,
responsible for adverse changes in the flavor ahar clipoxygenase (LOX), which

can contribute to off-flavor development, polygalmonase (PG) and pectin
methylesterase (PME), involved in the degradatibrpectins and affect product
viscosity or texture (Anthon and Barrett 2002, Veeg et al. 1980).

1.2.1. Polyphenol oxidase

Enzymes related to color quality of foods are phem@ases, peroxidases, and other
oxidoreductases. Polyphenol oxidases and peroxdadegradate phenolic
compounds in the presence of oxygen and they forawi polymers called

melanines (Tomas-Barberan and Espin 2001, Damo@t@n2007).

Phenol oxidases are the main cause of enzymatierimg that is associated with

color quality loss during post-harvest storage, pratessing, in damaged fruits and
vegetables. In addition to color quality loss, enayic browning is also harmful to

nutritional value of foods (Hendrickx et al. 199&idikhuyze et al. 2003, Wu et al.

2008).

Polyphenol oxidase (PPO; monophenol, dihydroxy-kEpltalanine: oxygen
oxidoreductase, E.C 1.14.18.1) contains copperodigase, cresolase, catecholase,

diphenolase and phenolase are the different namégscenzyme. PPO is bound to



the membrane of chloroplasts whereas phenolic cangmare found in vacuoles in

plant tissues. Thus, enzymes and substrates ageaseg and this prevents enzymatic
browning. After damaging this physiological barrigghenolic compounds are

oxidized rapidly (Tolbert 1973, Walker 1995, TonBerberan and Espin 2001,

Ludikhuyze et al. 2003).

The enzyme is generally found in all plants, butist in particularly high
concentration in potatos, peaches, apples, banavasados, tea leaves, coffee

beans, and tobacco leaves and also mushrooms R&hit894).

Phenol oxidases or tyrosinases oxidize phenolic poamds to quinones in the
presence of oxygen. PPO catalyzes two differentctimas: cresolase
(monophenolase or hydroxylase) and catecholaségdgiase or oxidase) activity.
Cresolase activity involves the hydroxylation of mophenols composing-
diphenolic compounds. Unlike the cresolase activistecholase activity oxidizes
two o-diphenol molecules to tw@-quinones. PPO always displays catecholase
activity (Mayer and Harel 1979, Mason 1956, Tomask®ran and Espin 2001, Wu
et al. 2008). Figure 2 shows the cresolase andclualtese activities of PPO
(Ludikhuyze et al. 2003).

The quinones are highly reactive substances. Téagt with other quinones, amino
acids, or proteins to produce brown compounds. &leesnpounds deteriorate food
quality and affect nutritional and organoleptic pedies of foods (Vamos-Vigyazo
1981).
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Figure 2. Cresolase (a) and catecholase (b) activities @ REudikhuyze et al.
2003).

1.3. Effect of Heat on Enzyme Inactivation

Fruit and vegetable products are exposed to soeantents in order to inactivate
microorganisms and quality related food enzymes tl@use a problem during
processing and storage. Thermal treatment, suchlaaghing, pasteurization or
sterilization, is the most commonly used methodifiolustrial inactivation of these

enzymes.

Although blanching is a mild heat treatment, ine&d used a method of preservation
by itself. Most of the vegetables and some of tikis are blanched before further
processing, such as canning, freezing or dehydrafitle product is heated to a
predetermined temperature, hold for a time and toeted rapidly during blanching.
There are three ways of blanching produce: watesns or microwave blanching.
Commercial blanching is carried out at temperatetese to 100° C for two to five
minutes in either a water bath or a steam chanddarge number of naturally
occurring enzymes are denatured at relatively lewperatures, and it is likely that a
blanching operation would be used to achieve tBrsugdison 2006).



Pasteurization is a heat treatment, in which feotidated to below 180, used to
extend the shelf life of food at low temperaturBasteurization causes minimal
changes in food when inactivates enzymes and mmgaossms, relatively heat
sensitive. In sterilization, food products are kdatat temperatures above 100
(110-128C) and for a long time to destroy microbial and yene activity.
Sterilization causes the complete destructionlofiable organisms in food products
and allows storing the products at ambient tempeeat with extended shelf life.
Practically, complete sterilization leads to detexiion in food products. For this
reason, commercial sterilization is used in practi€ommercial sterilization is
defined as “a product that has been optimally pssee@ so that under normal
conditions, the product will never spoil nor endanthe health of consumer and also

retain the organoleptic properties and nutrier&glipws 2000, Ramesh 2007).

Some food industries, such as production of gtrices, tomato pastes and juices are
concerned with the inactivation of deleterious eney (Sala et al. 1995). In milk
some of the enzyme, lipase and phosphatase areoylbstby pasteurization,
peroxidase and xanthine oxidase are inactivateskdnjlization (Underkofler 1980).
Inactivation of polyphenol oxidase and peroxiddss tre responsible for browning
and inactivation of pectic enzymes that is resgadedor cloud stability is important

for fruit juices (Lewis and Heppel 2000).

Many studies on enzyme inactivation during heacessing have been carried out
by several researchers. Gunand Bayndrl (1993) studied POD and LOX
inactivation and ascorbic acid retention during eveand microwave blanching of
peas, green beans and carrots. LOX and POD wer asélanching indicator
enzymes during the experiments. When LOX was s=leas the indicator enzymes
ascorbic acid retention during blanching was highefegetables. Also ascorbic acid
retention was found to be higher in microwave corepato water blanched

vegetables.



McCord and Kilara (1983) studied the control ofypdienol oxidase (E.C. 1.14.18)
activity by the use of citric acid. It was reportiat the enzyme was inactivated at
pH 4.0 and was stable to 10 min exposures at 2 {@e pH range 4.0-8.0. At pH

6.5 the enzyme was detected as active at 45 °@Qdattivity detected at 70 °C and

thermal inactivation followed pseudo first-ordendiics.

Peroxidase (POD) inactivation was studied durirgnblhing at different constant
temperatures in peaches, carrots and potatoesjskeis et al. (1997). Bound and
soluble POD were used in this study. Both of theyeres are susceptible to heat

denaturation.

Yemenicio lu et al. (1997) were determined the heat inadtwaparameters of PPO
from different apple cultivars at three differeatrtperatures (68, 73 and 78°C). PPO
followed a first order kinetic model and its actyvof the enzyme initially increased
and then decreased. Heat stability of PPO in apple compared to PPO in other
fruits. Results indicated that PPO in apples wasegdly more heat-stable than PPO

in most fruits.

Anthon and Barrett (2002) studied kinetic paransei PPO, POD and LOX in
carrots and potatoes during thermal inactivaticem@les were heated between 60
and 85 °C for different times. POD activity deceshdy 50% in both carrots and
potatoes at the temperatures studied. Peroxidaseityacfollowed first-order
inactivation kinetics in both vegetables. LOX arfddPwere investigated in potatoes
but not investigated in carrots because LOX and EPfound only in the peel of
carrots, which is generally discarded during conuiaémprocessing. Inactivation of
PPO and LOX did not follow first-order kinetics.

Kinetic parameters of pectin methylesterase (PMibJygalacturonase (PG), and
peroxidase (POD) in tomato juice were determinedAbyhon et al. (2002). The
inactivation kinetics for all three enzymes was edmined in both hot-break

processing (9%) tomatoes and cold-break processin@@domatoes. Inactivation



of POD in tomato juice followed simple first-ord@netics during thermal treatment.
Experimental results indicate that POD in tomatdesnot stable during heat

treatment.

Thermal inactivation kinetics of peroxidase (PODH dipoxygenase (LOX) from
broccoli (florets), green asparagus (tip and steamd carrots (cortex and core)
extracts were determined in the temperature rarigédoto 95°C for 0 to 600 s
(Morales-Blancas et al. 2002). Experimental resultiécate that the kinetics of both
enzymes followed a biphasic first-order model. Hegve LOX in asparagus showed

a monophasic first-order behavior aPZ0In carrots, LOX activity was not detected.

In another study, effect of different water blamghconditions on the quality of pea
during frozen storage was studied. POD and LOX weed as blanching indicator
enzymes. It was found that POD was more heat sthble LOX in peas and no
regeneration of LOX and POD activities was detesdiduring storage at — 4B. In
this study, it was found that 90% reduction in P&&ivity was achieved during a
blanching time of 2.0 min at 80°C (Gokmen et aD20

Inactivation of POD, PPO, and LOX in paprika andicaturing thermal treatment
were studied by Schweiggert et al. (2005). It cdaddshown that the lowest stability
was observed for PPO and this enzyme was completabttivated by heating at
80°C for 10 min in both paprika and chili. LOX was atiaated largely at T for 5
min and at 10%C for 5 min. 98% reduction was observed in PODvit@s in chili

and paprika powder.

Thermal inactivation kinetics of tomato LOX was died by Anese and Sovrano
(2006). Tomatoes were inactivated in the tempeeatange of 80-98°C for 0 - 150
min. Their results showed that tomato lipoxygeniaad a high thermal resistance.
They suggested that applied blanching treatments mo& be adequate to achieve

complete inactivation.
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Mustapha and Ghalem (2007) studied the effect @intlal treatment (55°C/20 min)
on polyphenol oxidase (PPO) and peroxidase (PODAlgerian dates. 20 min
thermal treatment was not sufficient to inactividie enzymes. Activities of POD and

PPO during heat treatment decreased.

Effect of steam blanching on polyphenoloxidase opielase in mango (Mangifera
indica L.) was studied by Ndiaye et al. (2009).e€ffof different steam blanching
time on PPO and POD activity, and the color of pssed mango were determined.
POD was completely inactivated at 5 min and PPO aeaspletely inactivated at 7
min steam blanching. Color loss becomes more inapbrivhen blanching time

exceeds 5 min.

Gouzi et al. (2012) studied the inactivation of ypdlenol oxidase (PPO) from
mushroomAgaricus bisporusluring thermal treatment. Thermal inactivation loé t
enzyme was determined between 50 and 73 °C andfisagr inactivation was

observed when the temperature increased.

1.4. Effect of Ultrasound on Enzyme Inactivation

Generally, thermal treatments are applied to mahythe foods to inactivate
microorganisms and enzymes. However, heat desmaystional components of
foods and affects physical characteristics sudxsire, color, and flavor. In recent
years consumer demand for convenient, fresh-liagg, digh quality food products
has grown. These demands have encouraged theatesesato use minimal thermal
methods. Non-thermal technologies such as ultrakobigh hydrostatic pressure,
super critical carbon dioxide, pulsed electric deelrepresent a more promising
alternative to traditional thermal processing. Efere, the sensory characteristics
and nutritional value of foods are maintained higheality products are obtained
(Fellows 2000).
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One “new” or emerging technology receiving a gréaal of attention is ultrasound.
Ultrasound has attracted a great deal of interesase of the effect on physical,
biochemical, and microbial properties of foods. t8ystic studies of physical,

chemical and biological effects produced by ultcagb began in early 1900s. The
late 1920s was an important time in ultrasoundaresewith potential application in

the food industry, with a number of important udwand effects identified. During

this time, various researchers reported that wtrad could be used to rupture
microorganisms; inactivate enzymes; emulsify oill avater; atomize liquids; cause
agitation inside individual plant; accelerate cheahireactions; and degas liquids
(Torley and Bhandari 2007).

There are different types of ultrasonic apparatusroercially available for small- or
large-scale ultrasound applications including wéiseactors, ultrasonic baths, and
probe systems. A whistle reactor uses a mechamiitasonic source that relies on a
stream of liquid flowing past a metal blade to @auibration. "With ultrasonic baths,
the transducer is bonded to the base or sidesdhtik and the ultrasonic energy is
delivered directly to the liquid in the tank. Hoveey with probes, the high power
acoustic vibration is amplified and conducted itlie media by the use of a shaped
metal horn; and the shape of the horn will deteemthe amount of signal
amplification” (Leadley and Williams 2006, TorlegcaBhandari 2007).

Ultrasound waves, similar to sound waves, haveequiency that is above 20 kHz
and cannot be detected by the human ear. Transmisdi sound occurs due to
ordered and periodical movements of the media, mithional energy passed on to
adjacent molecules without transfer of matter. Rsngf the sound can be divided

into;
(1) Low-power, high-frequency ultrasound (<1 W/cmr100 kHz) is normally

used as a non-destructive analytical method torikte the composition,

structure or flow rate of foods.
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(2) High-power, low- frequency ultrasound (10-1000 W/cr20-100 kHz) is
used at higher frequencies to cause physical disrupf tissues, create
emulsions, clean equipment, or promote chemicaitieas (e.g. oxidation)
(Fellows 2000, Torley and Bhandari 2007).

Combining ultrasound with pressure, temperature,pmssure and temperature
treatments increases its effect in enzyme and imi@kaactivation. Combinations of
ultrasound with heat (thermosonication), pressuranpsonication) and pressure &
heat (manothermosonication) are used. In thermoabon method (TS), the product
is subjected to ultrasound and mild heat at thees@mme. It is considered to decrease
temperatures and times in processing of pasteimzatr sterilization that achieve
the same lethality values as with conventional esses. Manosonication (MS)
combines ultrasound with pressure (100 - 300 kP&)va temperature in order to
provide inactivation of enzymes and/or microorgarss In manothermosonication
(MTS) combination of ultrasound with moderate tenap@re and moderate pressure
are generally used in order to achieve higher rbiatoand enzyme inactivation.
Therefore, shorter times or lower temperaturesuaeg in order to achieve the same

inactivation (Demirdéven and Baysal 2009).

Lopez and Burgos (1995) inactivated lipoxygenaseisigg MTS. They determined
the sonication effect of enzyme concentration, Klysical parameters, pH, sugars
and glycerol on LOX in order to determine inactivatefficiency of MTS. MTS
efficiency for the inactivation of LOX, in phospleabuffer (pH 6.5) increased with
ultrasound amplitude in the range of 0-10dh at treatment temperatures (67.5-
76.3°C). In MTS when ultrasound amplitude increasadtivation energy(E,)
decreased and it was found to be lower than imthkeenzyme inactivation. It was
reported that effect of the pH of the medium ontdmperature dependence of the
inactivation rate was observeH, increased with increasing pH for both MTS and
heat treatment but pH dependence was found to be moMTS than in heat

inactivation. LOX followed first order kinetic mobér MTS inactivation. LOX
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concentration did not affect thermal stability. Hoxer, LOX concentration increased

MTS resistance increased linearly.

In another study inactivation of lipoxygenase iry $ur suspension (1%) was
determined. The suspension was subjected to satndfic for different time, and
frequencies. The time of exposure, pH, and the i@ of ultrasound influenced
the inactivation of the enzyme. Inactivation wag achieved after 3 ultrasound
treatment at pH > 5.0. However, at pHb.0, the activity decreased when the time
increased and approximately 70-85% of inactivati@s observed at pH 5.0 and 4.0
respectively under similar conditions. It was alstermined the effect frequency on
the inactivation of enzyme. Enzyme was not affe@eposure to cavitating 30 kHz
ultrasound for 60 min at any of the pH studied. ldwer, enzyme activity decreased
at frequency >30 kHz and at a pH of 5.0 or belowe Tesults showed that the
enzyme was irreversibly inactivated by ultrasound ao reactivation was observed
after 24 h storage (Thakur and Nelson 1997).

De Gennaro et al. (1999) studied the inactivatibharseradish peroxidase by TS.
The inactivation was performed at 80°C for différattrasonic frequencies (20, 40,
and 60 kHz), for different times and for differanltrasonic powers (0 to 120 W).
Continuous and batch mode were used. In all camditithe inactivation of the
enzyme followed first order kinetics. It was regarthat the decimal reduction time

of peroxidase at 80°C, decreased from 65 to 10dmimg ultrasound treatment.

The inactivation kinetics of peroxidase in watessréNasturtium officinale) was
studied by Cruz et al. (2006). Peroxidase was ivetetld by using heat and the
combined heat/ultrasound (TS) treatment in the &atpre range of 40-926G. The
enzyme Kkinetics showed a first-order biphasic imatbn model in the heat
blanching processes. The enzyme kinetics showeidsiaofder model in the TS
treatments. The activation energy, the rate ofti@aat a reference temperature and
the initial relative specific activity were, respigely, Eaz = 496 + 65 kmdl, ksg7.5c

= 10 + 2min’, proving that the enzyme became more heat lablilgher enzyme
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inactivation was obtained for TS for same time dadhperatures above &5
compared to the thermal treatment. It was conclutlatd TS treatments improve the

quality of the product.

1.4.1. Effect of Ultrasound on Mushroom PPO

Although, there have been too many studies aboit, R@X, and PPO inactivation
during ultrasound treatment, there is very litidormation about mushroom PPO

after ultrasound inactivation in literature.

POD, mushroom PPO, and LOX were inactivated bygusiitS (Lopez et al. 1994).
The results showed that the combination of heat @trdsound had synergistic
effects on the enzymes and heat treatment musireefiu inactivation. Combined
treatment did not alter the z value of peroxidastimated to be 26, but changed
that of lipoxygenase. It was found that when theplode increased, efficiency
increased. While amplitudes increased, decimal c#mlu times at constant
temperature decreased in all cases. It was reveh#&dncreasing pressure caused

increase in the inactivation rate.

Cheng et al. (2013) studied the effect of therma@sand thermal treatments on the
inactivation kinetics of polyphenol oxidase (PP®Mmushroom Agaricus bisporuys

in 55-75C temperature range. They found that the inactivakinetics of PPO
showed a first-order kinetics {R= 0.941-0.989) in both processes. It was reported
that the D values during thermal inactivation vadrieom 112 + 8.4 minto 1.2 + 0.07
min while they varied from 57.8 £ 6.1 min to 0.8885 min during thermosonic
inactivation and the D values of PPO decreased.®y8 times during thermosonic
inactivation compared to the D values of PPO duttiregmal inactivation at the same
temperature range. They concluded that ultrasonddhaat combination was found

to synergistically increase the inactivation of PPO
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1.5. Enzyme Inactivation Mechanism by Ultrasound

"The main mechanisms by which enzyme inactivatisnthought to occur are

cavitation, localized heating and free radical fation. Cavitaion takes place when
ultrasound passes through a liquid medium, causiiegnate rarefactions (negative
pressure) and compressions (positive pressure)hef ultrasound waves are of
sufficiently high amplitude, bubbles are producddhese bubbles collapse with
differing intensities and it is thought to be a aragontribution to cellular disruption.

The mechanisms involved in cellular disruption nmagiude shear forces generated
during movement (subcellular turbulance) of the Wleb or sudden localised
temperature (5000 K) and pressure (50 MPa) chaogesed by bubble collapse
(Leadley and Williams 2006, Demirdéven and Bay<#)2and Manas et al. 2006).
Sonication also promotes chemical reactions inmgiH™ and OR free radicals,

formed by the decomposition of water inside theillagimg bubbles. Free radicals so
produced could be scavenged by some amino acidluessi of the enzymes
participating in structure stability, substratedimy, or catalytic functions (Lopez et
al., 1994).Under these extreme conditions, sonication coultsedhe breakdown of
hydrogen bonding and van der Waals interactiorthenpolypeptide chains, leading
to the modification of the secondary and tertigrycture of the protein. With such
changes in the protein secondary and tertiary strecthe biological activity of the

enzyme is usually los(Mawson et al. 2010).

The inactivation of enzymes is generally represemigh simple kinetic approaches
in the literature. The investigation of inactivationechanism of the fruit and
vegetable enzymes by using nonthermal treatmekés t@n interest in the research

area.
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1.6. Infrared Spectroscopy

"Infrared spectroscopy is a vibrational spectrogcegchnique. The chemical bonds
in the molecules have specific frequencies at wihigy vibrate, corresponding to

energy levels. These vibrational frequencies arerdened by the mass of the
atoms, the shape (geometry) of the molecule, amdstiffness of the bonds and the
periods of the associated vibrational coupling.p&dfic vibrational mode has to be
associated with changes in the permanent dipodeder to be active in the infrared

area. Diatomic molecules have only one bond, whiety stretch (i.e. the distance
between two atoms increases or decreases). Mor@lemmolecules may have

many bonds, and vibrations can be conjugated lgattintwo possible modes of

vibration: stretching and bending (i.e. the positad the atom changes relative to the
original bond axis). In such cases the vibratioeadl to infrared absorptions at
characteristic frequencies that may be relatedhemical groups” (Karoui et al.

2008).

"Three types of vibrational spectroscopy are gdlyedastinguished: near-infrared
(NIR), mid-infrared (MIR), and Raman spectroscoplie NIR region lies between
12 500 and 4000 ¢ (0.8-2.5 pum), and NIR spectroscopy operates wiliytat
source from which the sample absorbs specific ®egies corresponding to
overtones and combination bands of vibrationalditaoms of the molecule primarily
of OH, CH, NH and CO groups. The MIR region of #lectromagnetic spectrum
lies between 4000 and 400 ¢n{2.5-50 mm) and is associated mainly with
fundamental molecular stretching and bending vibnal frequency — i.e. the
frequencies of the fundamental vibration modeshef holecules (from the stable
vibrational state to the first excited vibratiorsahte in the electronic ground state)”
(Karoui et al. 2008).

"The mid-infrared spectrum (4000 — 400 tjncan be approximately divided into

four regions and the nature of a group frequency gemerally be determined by the
region in which it is located. The regions are galieed as follows: the X-H

17



stretching region (4000 — 2500 &1y the triple-bond region (2500 — 2000 tinthe
double-bond region (2000 — 1500 tinand the fingerprint region (1500 — 600
cm?'). The fundamental vibrations in the 4000 — 2500" aragion are generally due
to O—H, C—H and N-H stretching. O—H stretching picess a broad band that occurs
in the range 3700 — 3600 ¢mBy comparison, N—H stretching is usually observed
between 3400 and 3300 ¢mThis absorption is generally much sharper thai O—
stretching and may, therefore, be differentiateed Gtretching bands from aliphatic
compounds occur in the range 3000 — 2850 cihthe C—H bond is adjacent to a
double bond or aromatic ring, the C—H stretchingvevanumber increases and
absorbs between 3100 and 3000'¢m

"Triple-bond stretching absorptions fall in the 250 2000 cni regions because of
the high force constants of the bonds.CCbonds absorb between 2300 and 2050
cm', while the nitrile group (CN) occurs between 2300 and 2200 tniThese
groups may be distinguished sincestretching is normally very weak, while
stretching is of medium intensity. These are thestmo@mmon absorptions in this
region, but you may come across some X-H stretchbrgprptions, where X is a
more massive atom such as phosphorus or silicoesel'absorptions usually occur
near 2400 and 2200 cmrespectively”.

"The bands in the 2000 — 1500 trmegion are due to C=C and C=0 stretching.
Carbonyl stretching is one of the easiest absarptim recognize in an infrared
spectrum. It is usually the most intense band engpectrum and depending on the
type of C=0 bond, occurs in the 1830 — 1650'cnegion. Note also that metal
carbonyls may absorb above 2000*cn€=C stretching is much weaker and occurs
at around 1650 ch, but this band is often absent for symmetry ootipnoment
reasons. C=N stretching also occurs in this regiod is usually stronger" (Stuart
2004).

"Raman also lies in a region similar to MIR; in t@ast with the other two

techniques, it involves a scattering process thaeéswhen the incident light excites
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molecules in the sample, which subsequently scHitetight. Most of this scattered
light is at the same wavelength as the inciderttt)idput some is scattered at a
different wavelength. The process leading to thigelastic” scatter is called the
Raman Effect" (Karoui et al. 2008).

"In practice, to measure a sample, a beam of idréight passes through the sample
and the absorbed energy at each wavelength isdetoilhis can be done in two

different ways; by scanning through the spectrurthvei monochromatic beam,

which changes in wavelength over time, or by usingourier transform system to

measure all the wavelengths at the same time. Aesut, taking into account the

effects of all the different functional groups, absorbance (or transmittance)
spectrum is obtained showing at which wavelendtkessample absorbs the infrared
light, thus allowing interpretation of the chemitainds" (Karoui et al. 2008).

Infrared spectroscopy has proved to be a poweofll for the study of biological
molecules. This has been applied for long timetl@r characterization of proteins
and lipids (Stuart 2004).

1.6.1. Fourier Transform Infrared Spectroscopy

There are lots of analytical tools to study proteonformation, such as X-Ray
crystallography, Fourier transform infrared spectetry (FTIR), nuclear magnetic
resonance (NMR) spectroscopy, circular dichroisracgpscopy (CD) (Shi et al.
2003 and Haris and Severcan 1999).

Circular dichroism spectroscopy is good for chaeazing protein structure,
compares the structures of a protein obtained fidfarent sources, and studies the
conformational stability of a protein under stre@Sreenfield 2006). X-ray
crystallography and NMR are used to achieve theptet® structure determination
of a protein at high resolution but they have salisadvantages. The process of X-

ray crystallography is very slow and requires higfality single crystals, which are
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not always available, and the structure of a pnoiteia crystal may not always relate
to its structure in solution. NMR spectroscopy b&nused to determine the structure
of a protein in solution but the technique is pngiselimited to small proteins (30
kDa) (Haris and Severcan 1999).

FTIR has recently become very popular for strudtanaracterization of proteins. It
provides high-quality spectra with very small ambahprotein (10 pg) and also the
size of the protein is not important. It has a da&pplication range from small
soluble proteins to large membrane proteins. Itdlas short measuring time with
relatively low costs compared to the cost of X-mhyfraction, NMR and CD
spectroscopic equipments (Haris and Severcan 1@8fhonaro and Nucara 2010,
Severcan et al. 2001, Barth 2007).

"Fourier-transform infrared (FTIR) spectroscopy bssed on the idea of the
interference of radiation between two beams talyéel interferogram. The latter is a
signal produced as a function of the change oflpatfth between the two beams.
The two domains of distance and frequency aredaterertible by the mathematical
method of Fourier-transformation. The basic compts®f an FTIR spectrometer
are shown schematically in Figure 3 (Stuart 2004g radiation emerging from the
source is passed through an interferometer toah®ke before reaching a detector.
Upon amplification of the signal, in which high-fpgency contributions have been
eliminated by a filter, the data are converted igital form by an analog-to-digital

converter and transferred to the computer for Eotiransformation”.

Analog-to-digital
converter

Source — Interferometer — Sample — Detector — Amplifier |— — Computer

Figure 3. Basic components of an FTIR spectrometer (Stu4p

"The most common interferometer used in FTIR speoetry is a Michelson
interferometer, which consists of two perpendidylglane mirrors, one of which

can travel in a direction perpendicular to the pl@figure 4) (Stuart 2004). Between
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the mirrors there is a beam-splitter, normally mage of KBr coated with
germanium (for the MIR region). The beam-splittelits a beam of light that enters
(incident beam) into two new beams, one reflecteid ¢the moving mirror and the
other onto the fixed (stationary) mirror. The tweams are then reflected back and
recombined at the beam-splitter. Owing to pathedéhces between the mirrors, both
beams undergo constructive and destructive intntas. The recombined beam is
then passed on towards the sampling area, whengeracts with the sample. The
transmitted, diffused or reflected light reaches tletector, where the energy is
digitized, resulting in an output signal consistofghe sum of cosine waves. This is
the interferogram. This interferogram consists h# intensity of energy measured
versus the position of the moving mirror (functiohtime domain), and contains
basic information about frequencies and intensitiess is not directly interpretable.
The interferogram is then converted into a conwewai infrared spectrum (function
of frequency domain) by the mathematical functionown as the Fourier

transforms” (Karoui et al. 2008).

Stationary mirror
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Figure 4. Schematic of a Michelson interferometer (Stua@4)0
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The vibrational spectra of proteins provide infotima about protein secondary
structure from an analysis of the amide bands (M#m2001). These are called
amide A, amide B and amides I-VIIl. The amide | andide |l bands are more useful

for conformational studies than others.

The amide | band is the most useful infrared bandte analysis of the secondary
structure of proteins. It occurs between 1700 a6@01cm'. The amide | band
represents 80% of the C=0 stretching vibratiorhefamide group, coupled to the in
plane N-H bending and C—N stretching modes. Thetdsequency of this vibration
depends on the nature of the hydrogen bonding wnglto C=0 and N-H groups
and this is determined by the particular secongémycture adopted by the protein.
Proteins generally possess a variety of domaintagung polypeptide fragments in
different conformations. The amide | band consi$tselices, -structures, turns and

random structures.

The amide 1l bands represents mainly N-H bendin@%(6 with some C-N
stretching (40%). As with the amide | band, it asgible to split to amide Il band
into components which depend on the secondarytsteiof protein. The amide I
band is observed at 1550 ¢r{Stuart and Ando 1997, Stuart 2004).

It can be estimated the percentage of each steietament like -helix, -structure

and random colil structure by analyzing the amidand/or amide 1l band regions.
Table 1 shows relationships between secondary tatesc of proteins and the
frequencies of amides | and Il. However, detailecrgitative analysis of amide |
and amide Il bands is not always an easy task lsecaunumber of bands due to
various secondary structures overlap heavily. fer dnalysis of the overlapping
amide bands, various spectral analysis methods bhaem proposed. Most are
frequency-based methods which rely on peak assigisne either second derivative

or deconvoluted spectra.
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Table 1 Secondary structures of protein and frequencieanutle I, and Il bands
(Stuart 2004).

Infrared
Secondary structures
Amide | Amide I
-helix 1655~1650 ~1540
~1690, 1680~1675,
-sheet -structure ~1550
~1640, ~1630
Random colil 1655~1645 1535~1530
-turn ~1680, ~1660, ~164pD

The second derivative and deconvolution enhancel lvasolution, enable one to
identify the different structures in a protein aado to monitor structural variations
induced by protein denaturation. Figure 5 illugisathe original, deconvoluted and
derivative spectra of an amide | band (Stuart andoA1997).

Original

Deconvolution

Derivative

| i i i T 1
1700 1680 1660 1640 1620 1600
Wavenumber/cm™!

Figure 5. The original, deconvoluted and derivative spectfeam amide | band
(Stuart and Ando 1997).



To determine the quantitative amounts of diffenerdtein secondary structures- (

helixes, -sheets, etc.,) curve-fitting, partial least squaaealysis, factor analysis,
and neural networks (NN) are used. For quantitadinalysis curve-fitting is often

employed. Figure 6 shows a curve-fitting procesvégcan et al. 2001, Stuart 2004,
Carbonaro and Nucara 2010). Partial least squ&EeS)(methods involve matrix
operations and factor analysis (FA) methods usetitums to model the variance in a
data set (Stuart 2004). Neural networks (NN) aported to be effective way to

predict the secondary structure of proteins fronfRF3pectra (Severcan et al. 2001).

Absorbance ——

-<—— Wavenumber

Figure 6. lllustration of curve-fitting of overlapping infrad bands (Stuart 2004).

There have been lots of studies about protein cordbon determined by FTIR
spectroscopy during thermal, ultrasound and prest@atment. Unfolding of pig
citrate synthase (F&) during thermal treatment was investigated bgmeining the
changes in amide | band sub bands. The resultsaigdi that irreversible change was
observed in the inactivatio(Gevercan and Haris 2003). Secondary structure and
conformation change of bovine serum albumin duhegt treatment (Murayama and

Tomida 2004), structural and functional changedb@fine serum albumin during

24



ultrasound treatment (Gulseren et al. 2007), arelcieof pressure on structural
behavior of bovine serum albumin (Savadkoohi et@ll4) was investigated in the
literature. However, little information was fountbaait inactivation mechanism of

food enzymes determined by using FTIR spectroscopy.

FTIR spectroscopic analysis of mushroom PPO wassiiyated in the temperature
range 25 — 45 °C. It was reported that tyrosinaze predominately- helix, it was
indicated by the presence of a strong band at £651 The deconvoluted spectra of
tyrosinase at different temperatures indicated #adve 40 °C the secondary
structure of the enzyme began to change with istngaemperature. A new band at
1616 cni (aggregation band) appeared at 45 °C and itssitjeincreased with time
(Tse et al. 1997). Weemaes et al. (1997) determihedchange in the mushroom
PPO enzyme after thermal and pressure treatmenising FTIR spectroscopy.
Thermal treatment was applied to the enzyme upOtC9It was revealed that
mushroom PPO was a heat sensitive enzyme and viagedi after temperatures
50°C. Furthermore, FTIR study showed that thernealaturation of the enzyme was
irreversible and change in the activity was du¢h global conformational change
of the enzyme. However, the enzyme was very pressiable and FTIR-
spectroscopy showed that changes in the strucfutee@nzyme due to the pressure

and thermal treatment were different.

Smeller et al. (2003) studied the pressure stglolithorseradish peroxidase (HRP).
The conformational changes in the secondary streaddi horseradish peroxidase
were investigated by using FTIR spectroscopy dupiressurization. It was reported
that HRP was stable under high pressure with anldiny midpoint of 12.0 £ 0.1
kbar.

Dirix et al. (2005) studied the stability of recoimént Aspergillus aculeatu®ME
(pectin methylesterase), an enzyme with highelix content, as a function of
pressure and temperature. The conformational &talibs monitored using FTIR

(Fourier transform IR) spectroscopy. They obsermeatein unfolding followed by
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amorphous aggregation, which makes the proces®igible, at temperatures above
50C. It was reported that hydrostatic pressure grehsn 1 GPa was necessary to
induce changes in the enzyme’s secondary struddWé& stability towards thermal
denaturation was increased by pressure. Tempesadbme/e 6@ were necessary to

cause significant PME unfolding and loss of aggiat 200 MPa.

Marchioni et al. (2009) investigated effect of attound on proteins in aqueous
solution with FTIR spectroscopy, UV-VIS spectrosgogrcular dichroism and light
scattering. Secondary structures of six differertdtgins (myoglobin, cytochrome,
lysozyme, trypsinogen, bovine serum albumin andhymotrypsinogen A) were
determined. The experiment was performed using Hrasound, which has
frequency of 1 MHz, and sonication times of 10, 20, 40, 50, and 60 min were
used. It was found that a different behavior oft@ires under sonication depends on
the dominant secondary structure typehélix or -sheets). The results suggested
that the free radicals, produced by water songlgdiect significantly the changes of

structural order.

The effect of ultrasound on the secondary struabfifgovine serum albumin (BSA)
was studied by FTIR (Liu et al. 2010). The relatoantents of -helix, beta-fold,
beta-turn and random coil under different ultragbtreatment power and time were
quantitatively determined via analysis of the amlicddhanges of infrared spectra of
BSA using curve fitting method. It was reportedt ttiee secondary structure of BSA
had variation trend from-helix to beta-sheet, however, the relative comsteahdom

coil had not significant change.

The secondary structure of the mushroom PPO trelagjethe high hydrostatic
pressure (HHP) was analyzed by Fourier transforimaned spectroscopy (FTIR).
The -helix content of mushroom PPO was decreased HitH? treatment, which
indicated that the secondary structure of PPO ad(¥4i et al. 2012).

The effect of ultrasound on the activity and confation of -amylase, papain and
pepsin was investigated. It was reported that smgnstructural components,
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especially -sheet, of these three enzymes were significamtifjuénced by
ultrasound (Yu et al. 2014).

1.7. Aim of the Study

In food industry, enzymes play important role. knation of some enzymes is
crucial for many processes to have the desired foo@lity. Non-thermal
preservation technologies or the combination ofs¢héechnologies with heat
treatment at low temperatures have gained impastaoc the inactivation of
microorganisms and enzymes for the productionsoofi$ with higher quality if
compared with that of thermal processing of foodshigh temperatures. The
inactivation of enzymes is generally representeith wimple kinetic approaches in
the literature. The aim of this study is the inigegion of changes in structure and
activity of the mushroom polyphenol oxidase atetiint operation parameters such
as non-thermal process main variable, temperaturé @me. Thermal and
thermosonication (TS) treatments used in this studyrder to inactivate PPO
enzyme. After thermal and TS treatment changestivity was determined. In order
to understand the conformational changes of PP€ #fermal and TS inactivation,
secondary structure was analyzed by using FTIRtsm®opy. Detailed secondary
structural analysis of mushroom PPO was done byaheetwork (NN) and curve-
fitting analysis, using the amide | band (1700-1660") of FTIR spectra. Secondary

structural changes compared with the change ienlzgme activity.
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CHAPTER 2

MATERIALS AND METHODS

2.1. Enzyme Preparation and Activity Assay

Mushroom PPO (E.C 1.14.18.1) was purchased fromm&it. Louis, MO, USA).
Lyophilized PPO was dissolved in 0.05 M phosphaiéieo (pH 6.5). In activity
determination experiments the enzyme was dissoivgzhosphate buffer (pH 6.5,
0.05 M) at 0.08 mg/ml and for the conformationahiche experiments the enzyme
was dissolved in phosphate buffer (pH 6.5, 0.05aMj0 mg/ml.

PPO activity was determined by measuring the rairooease in absorbance at 420
nm. 2 ml of 50 mM potassium phosphate buffer (pB) Gnd 0.3 ml of 0.2 M
catechol solution in the phosphate buffer were thimeth 0.3 ml of the enzyme
solution. The change in absorbance was followedisigg BOECO (Model S22,
Germany) UV-VIS spectrophotometer at room tempeeafd5 + £C). Absorbance
values were recorded at every 5 s for 3 min. Enzgatieity was calculated from the
slope of the initial linear portion of the curveotied with Az versus time. One unit
of PPO activity was defined as an increase in daswe of 0.001/min at 420 nm.
Enzyme activities were measured 3 times and expdess residual activity
(Weemaes et al. 1997; Sun and Song 2003).

2.2. Thermal Treatment at Ambient Pressure
Thermal treatment of mushroom PPO was performearsing temperatures in the

range of 20-8%C with a 16C increment for 0, 5, 10, 15, 20, 25 and 30 mine Th

enzyme solutions (5 ml) in a glass tube with arrrsiameter 16 mm and a depth of
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50 mm were heated in temperature controlled drglbloeater (HBR-48, Daihan
Scientific Co. Ltd., Seoul, Korea) at selected temapures and times. They were
immediately transferred to ice water to stop thenmactivation instantaneously and
the enzyme activity measurement was performed &fieto 60 min storage. All the

experiments and measurements were performed &tpl{¥Veemaes et al. 1997).

2.3. Thermosonication (TS) Treatment

The ultrasonic processor (UP400S, Dr. Hielscher BmBermany) with titanium
alloy sonotrode was used for the application ohipgwer ultrasonic vibration. The
ultrasonic transducer is integrated in a housirag th assembled with stand. The

sonotrode is coupled to the ultrasonic processothe horn.

The processor has an effective output power of ¥0n liquid media. "The
ultrasonic processor generates longitudinal mechanvibrations by means of
electric excitation (reversed piezoelectric effegt)h a frequency of 24 kHz. The
power output of the processor can be steplesslystaat] between 20% and 100% of
the maximum output. The set value remains constiadkér all operating conditions".

Technical specifications of processor have beeargin Table 2.

Table 2. Technical specifications of processor

Technical specification

Nominal output power 400 W
Working frequency 24 kHz
Output control Amplitude 20-100%

Pulse-pulse mode (processor cycle)
10%-100% per second
factor

The ultrasonic transducers use electric excitatmmenerate ultrasound, which is

transferred to the sample via various sonotrodesotsodes are composed of
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titanium alloy. The sonotrode with diameter of 3 niH8, Dr. Hielscher, GmbH,
Germany) was used with UP400S and connected tprdeessor by an adapter horn
(AH22, Dr. Hielscher, GmbH, Germany). The acouptisver density for this tip is
460 W/cnf and maximum amplitude is 210n.

Pulse control mode (cycle) can be used to exposédemsitive sample to high
intensity ultrasonic waves. The pulse mode (pramesgcle) factor between non-
operation and acoustic irradiation can be contislyouaried between 0 and 1. The
set value equals the acoustic irradiation timeetosids: the difference to one second
is the pause time. For example, if the set valuB.Ts this means that the power

discharge equals to 0.7 seconds with a pause fid& seconds.

In this study PPO solution was added to the patasgihosphate buffer (50 mM, pH
6.5) in a glass tube with an inner diameter of 16 and a depth of 50 mm. The tip
of horn was immersed about 5 mm into 5 ml solutibime ultrasonic amplitude was
chosen as 60, 80 and 100% (125, 170 and 210 pmjceé®ion was carried out in
temperature controlled dry block heater (HBR-48ihBa Scientific Co. Ltd., Seoul,
Korea) at various temperatures ranging 20@6@ith a 16C increment for 0, 5, 10,
15, 20, 25 and 30 min. The temperature of the molstwas recorded before and
after the process. Immediately after inactivatite, tubes were removed and cooled
in an ice bath and the residual enzyme activity massured. These conditions were
chosen according to previously reported studies eo@yme inactivation and
applicability by the industry considering econonhidanension (Kadkhodaee and
Povey 2008).

2.4. Fourier Transform Infrared (FTIR) Spectroscopy
In order to determine the conformational changBR® after inactivation, secondary
structure was analyzed by using FTIR spectrosco@nsmission spectroscopy was

applied for determination of protein bands in thamples. "Transmission

spectroscopy is the oldest and most straightforvrd@rdred method. This technique
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is based upon the absorption of infrared radiagibspecific wavelengths as it passes
through a sample. It is possible to analyze samipldbe liquid, solid or gaseous
forms when using this approach”. In this methodeagqs samples are placed in €aF
windows with a spacer, which are put into demouetéiquid cell. A typical liquid
cell is shown in Figure 7. Other window materialsiat are not soluble in water can
also be used. The spacer is usually made of poiftiedroethylene (PTFE, known as
‘Teflon’) and is available in a variety of thickrees, hence allowing one cell to be

used for various pathlengths (Stuart 2004).

Back Front
window  window

Back plate Gasket Gasket Front plate

#

Infrared
radiation )
[

T Syringe port

Spacer
Figure 7. Schematic of a typical liquid cell.

However, these windows have some disadvantagesautige. They are perfectly
smooth and after long time periods some leakagarsedn the sample which affects
the spectrum. In order to eliminate this problem haee used special windows of
different design that consist of flat cover windand a second window (sample
window) which has a circular cavity to put into galenat the center of window.
Depending upon the path length of the window oriigva micro liters are required to
fill the sample hole. These windows are fitted imtanetal jacket through which

heating or cooling liquid from an external bath cagulate. There is no problem in
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the usage of these windows for measurements attémgperatures and /or long-time

experiments. These windows are shown in Figure 8.

Teflon ring Teflon ring
Cabj disk flat CaBy disk
with lower

center and
circular groove

pathlength: 5 pm and up

cross section of CaF, disk gl vione: Sewsi L L.

Figure 8. Cak, disk having a circular cavity in the middle of thettom window.

Infrared spectra were obtained using Perkin-ElnpcBum 100 FTIR spectrometer
(Perkin-Elmer Inc., Norwalk, CT, USA) equipped wighMIR TGS detector. The
sample compartment was continuously purged withailryo minimize atmospheric
water vapor absorbance, which overlaps in the sgeaegion of interest, and carbon
dioxide interference. To overcome this problem,gphectrum of air was recorded as

background and subtracted automatically by usipyapiate software.

Mushroom PPO (Sigma) was dissolved in 50 mM phaspibaffer (pH 6.5) to yield

a final protein concentration of 70 mg/ml for FTiReasurements. Measurements
were performed in O buffer for quantitative secondary structure asialyl0 | of
sample was put between Gakindows having a 6 m path length and then windows
was inserted into a cell. In order to control terap&re, cell connected to the
thermostated circulating water bath. A thermocowas placed on the outside of the

cell to monitor the temperature of the cell. Eapbctrum of enzyme solutions and
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buffer were collected in the 1200-2800 tmregion at 25 °C. A total of 400 scans

were taken for each interferrogram at 2 'cresolution.

For thermal inactivation studies, measurements wertormed in RO buffer. Prior
to infrared experiments, the enzyme was dissolveddd mM phosphate buffer
(prepared with BO). Enzyme solution was allowed to stand 24 h ptior
measurement to allow H-D exchange. 1Dof sample was put between GaF
windows having a 50m path length and then windows was placed intcsistem
described above. Samples were heated over a linggyerature gradient from 25
to70°C with 2°C intervals and then cooled back he 25°C. Each spectrum of
enzyme solutions and buffer were collected in t#4@012200 crif region. A total of
128 scans were taken for each interferrogram an2 resolution. Infrared spectra

were recorded continuously.

In this study, measurements were also performdob@ buffer for TS inactivation
studies. Prior to infrared experiments, the enzywes dissolved in 50 mM
phosphate buffer (prepared with@). Enzyme solution was allowed to stand 24 h
prior to measurement to allow H-D exchange. Enzgoletion was put in a glass
tube with an inner diameter of 16 mm and a deptBGimm. The tip of horn was
immersed about 5 mm into 5 ml solution. The ultreas@mplitude was chosen as
100% (210 pm). Sonication was carried out in terapuee controlled dry block
heater (HBR-48, Daihan Scientific Co. Ltd., SedUbrea) at various temperatures
ranging 20-66C with a 16C increment for 10 min. The temperature of the tioms
was recorded before and after the process. Imnedgliatter inactivation, the tubes
were removed and cooled in an ice bath and|idf sample was put between GaF
windows having a 50m path length and then windows was placed intcsyistem
described above. Each spectrum of enzyme soluéindsbuffer were collected in the
1400-2200 cri region. A total of 128 scans were taken for eatlrierrogram at 2

cm? resolution.
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2.4.1 Data acquisition and spectroscopic analysis

Collections of spectra and data manipulations veareied out using Spectrum 100
software (Perkin-Elmer). Infrared spectra of bufémiution were measured under
identical conditions. Each sample was scanned thmees and their averages were

used for visual and quantitative comparison.

Water is the most frequently used environment fiofolgical systems, which is a
strong infrared absorber, in the FTIR studiesiveg strong bands around at 1700 —
1500cn, which interferes with the bands of interest agsirom functional groups
belonging to proteins. As the infrared absorptidbrnvater masks protein bands, it is
often required to subtract the water bands from dtwaple spectra by using the
appropriate software. So to remove water absorpbands, the spectrum of
suspension buffer were subtracted from the spesftranzyme solution. In the
subtraction process the water band located aroli2dl eni* was flattened. Spectrum
100 software (Perkin-Elmer) was used for the swhita procedure. After

subtraction procedure protein bands were obtained.

For the determination of protein secondary strigtuariations, OPUSNT data
collection software (Bruker Optics, Reinstetten,ri@any) was used to generate
Fourier self-deconvolution and second derivativecsa from amide | band (1700-
1600 cni). The second derivatives spectra were obtainedpplying a Savitzky—
Golay algorithm with nine smoothing points and thdsrivatives vector normalized
at 1700-1600 cihand then the peak intensities were calculated.pBaé minima of
the second derivative signals were used, since ¢chegspond to the peak positions
of the original absorbance spectra. In the Fousgelf-deconvolution, a half
bandwidth of 14 ciand resolution enhancement fackor 2.4 were used for the

absorbance spectra. Deconvolved spectra were fittsd_orentzian band profiles.

NN analysis of the samples in,® was applied as described in Severcan et al.

(2001). In the Amide | region curve-fitting analysvas used to obtain information
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about the changes in the secondary structure aérihgme during thermal treatment
in D,O. Curve-fitting analysis was performed by usinga@s 32 (Galactic
Industries, Salem, NH, USA) software. The centesitpms for each sub-band were
determined by second derivative analysis and tlapesh of the underlying bands
were chosen as Gaussian. The iterations were pegtbuntil the correlation was
better than 0.995 (Stuart 2004, Haris and Sevet@€®9, Severcan and Haris 2003,
Garip and Severcan 2010).

2.5. Statistical Analysis

The data were analyzed as a completely randomiestja by analysis of variance

using Minitab 16 (Minitab Inc.State College, PA)ebh separation was performed
by Tukey test at p < 0.05 level. Analyses resultsanthe mean with triplicate.
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CHAPTER 3

RESULTS AND DISCUSSIONS

3.1. PPO Inactivation

PPO, the main cause of enzymatic browning, is driteemost noticeable enzymes
in plants. Enzymatic browning is the result of @tidn ofo-diphenols into unstable
guinones by PPO enzyme in the presence of moleaxggen. o-Quinones are
highly reactive compounds and react with other plgenand non-phenolic
compounds to give brown pigments. These reactioag after the texture, flavor,
color and nutritive value of food products. Therefahe control of PPO activity is

important.

PPO activity can be determined by measuring the ehsubstrate disappearance or
the rate of product formation. The product formatican be determined
spectrophotometrically by measuring the opticalsitgrof the colored compounds
formed from quinones. The use of spectrophotometdollow colored compound
formation from quinones is the easiest method lier neasurement of the reaction
rates. Catechol is the most suitable substratePf® (Queiroz et al. 2008). The
effect of catechol concentration in substrate smudn rate of reaction is shown in
Figure 9. According to these results 0.2 M catectmhcentration in substrate
solution was selected for enzyme activity determmomaas in indicated in the
literature (Sun and Song 2003, Bay nd rl et aD&0
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Figure 9. Graph of rate of reaction versus catechol conceotr® in substrate
solution.

In recent years, ultrasound has been used as amalve process to thermal
treatment for inactivation of enzymes. However,gasaf the ultrasound alone may
not be sufficient for the inactivation of the foedzymes; combination of ultrasound
with mild heat treatment has found to be effectiic® enzyme inactivation

(O'Donnell et al. 2010). Furthermore long-time usfeultrasound alone causes
increase in temperature which affects the food ityuahversely. Temperature

increase during sonication at different ultrasgroever and time is shown in Figure
10.

According to the graph, temperature reaches toC88after 30 min ultrasound
application. However, it has been reported that PPt a heat stable enzyme, and
short times is adequate to inactivate PPO at teatymexs between 70 and °@0
(O'Donnell et al. 2010). By using dry block heatite temperature of the enzyme
solution was hold as constant during the experimfectually, the temperature varied
at £2°C with respect to the average temperaturerefbre, inactivation of PPO was

achieved by using TS treatment.
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Figure 10. Temperature increase during sonication at 100% (&ap( ), 80% (170
pm) () and 60% (125 pm) () ultrasonic powers.

3.1.1. PPO Inactivation during Thermal Treatment

The residual enzyme activity of mushroom PPO dftermal treatment for different
time intervals is shown in Figure 11. When stapitift mushroom PPO after 30 min
exposure to different temperatures was investigated enzyme remained fully
active up to 48C (data not shown). There was a slight decreasegitire period of
30 min at 40°C and activity of enzyme was detecte®9.84 + 2.70% after 30 min
heat treatment at 40 °C. BetweerPfG@Gnd 70°C, higher inactivation was achieved
and approximately 99% inactivation was detectabl@0gC for 5 min (Figure 11).
Furthermore, no activity was observed over 80°GidRel enzyme activity after 30
min heat treatment at 50 and°60~ere detected as 23.60 + 1.26% and 0.42 + 0.03%,
respectively. From the graph, it could be seen thatrate of PPO inactivation
depended on temperature and increased with inageasmperature and time (p <

0.05). Furthermore, there was a significant intéoac(p < 0.05) among time and
temperature.
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Figure 11.Thermal stability of PPO.

Results found in this study were similar to thosernd in literature. The mushroom
PPO enzyme remained fully active up to’@5after 10 min exposure to different
temperatures and between’@%and 70°C a gradual decline in activity was observ
and above 70°C no activity was detectable (McCond &ilara 1983). It was
reported that mushroom PPO enzyme did not shownsiderable inactivation up to
45°C. The considerable inactivation of PPO startedvabt®C and accelerated by
further increase of the heating temperature. Howahe enzyme maintained 23 —
36% of its activity after 30 min at 80 ( im ek and Yemenicidu 2007). The
highest stability of PPO from edible mushroéwmaricus bisporusvas found in the
30 35°C range, and no remaining activity could bruid after incubation of the
enzyme at 65°C for 30 min. It was reported thatdeeline in PPO activity was very
drastic at temperatures above 45°C. At 50°C, 50RR®D activity in mushroom was
lost after 30 min of heating, whereas at 55°C ntlba® 80% of the PPO activity was
lost (Gouzi et al. 2012).
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Cheng et al. (2013) studied the thermal stabiliti? 8O in mushroom during 30 min
at temperatures ranging from 30°C to 75°C. Thentladistability of mushroom PPO
for 30 min declined as the temperature increasaah 80 to 75°C. The decline in the
PPO activity was very rapid at temperatures abd®546% of PPO activity in
mushroom extract was lost when heated for 30 msba€, whereas more than 90%
of the PPO activity was lost when it was heated3ormin at 60°C. Furthermore,
these results were in agreement with lonita et(2014), who examined thermal
inactivation of tyrosinase from A. bisporus in tlegnperature range 50 —%5and

found that the thermal treatment caused a gradacakdse in tyrosinase activity.

However, thermostability of PPO from different soes is various. Pineapple PPO
activity reduced approximately 60% after exposord@ — 60°C for 30 min, residual

activity was about 7% after 5 min at 85°C and 1&f%ér 5 min at 90°C (Chutintrasri

and Noomhorm 2006). In Victoria grape PPO the cetepinactivation was reported
after 10 min at 70°C (Rapeanu et al. 2006). PP@etad from strawberry was also
thermosensitive. Its activity reduced 50% aftermid of heating at 55°C and the
enzyme was almost completely inactivated after i©onthermal treatment at 65°C
(Dalmadi et al. 2006).

3.1.2. PPO Inactivation during Thermosonication (T$ Treatment

The residual enzyme activity of PPO after ultragbtreatment at 100, 80 and 60%
amplitude at different temperatures is representedFigure 12, 13 and 14,
respectively. The activities of PPO dropped sliglatliring the period of 30 min at
20°C after ultrasound treatment at 100% amplitdde maximum inactivation was
about 15.38 + 0.83% after 30 min treatment at 20ri@act, higher PPO inactivation
was observed after treatments between 30 and @dthQiltrasound compared to the
activity in untreated samples. Accordingly, theidaal activity was approximately
68.71+ 0.78% after inactivation at 30°C for 30 n#i6,08 + 1.92% after inactivation
at 40°C for 30 min and 7.68 *+ 0.25% after inactoatat 50°C for 30 min. However,

99% inactivation was achieved at 60°C for 10 min.
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Similar trend was also observed for 80 and 60% #ng@ ultrasound treatment.
After 80% amplitude ultrasound treatment for 30 mesidual enzyme activity was
found as 85.91+1.64%, 77.73+£0.79%, 57.14+0.75%8561+0.43% for 20, 30, 40
and 50°C, respectively. This inactivation were fd@as 86.67+1.04%, 79.93+1.62%,
60.94+0.86% and 11.59+0.50% for 20, 30, 40 and H@&Spectively after 60%
amplitude ultrasound treatment for 30 min. Howe®&% inactivation was obtained
for 15 min for 80% amplitude and for 20 min for 6@¥hplitude at 60 °C ultrasound

treatment.

It could be seen from the graphs, residual enzyotigity decreased with increasing
amplitude, time and temperature. Time, temperaame ultrasonic power had a
significant effect on (p < 0.05) the inactivatioh mushroom PPO. Interaction of
time and temperature, time and amplitude, temperatand amplitude were
significant (p < 0.05). Also, there was a signifitanteraction between time,
temperature and ultrasonic power (p < 0.05). Agsult the residual activities of
mushroom PPO decreased significantly (p < 0.05h wige of ultrasonic power,

temperature and time.
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Figure 12. Residual PPO activities after ultrasound treatna¢rit00% amplitude at
different temperatures.
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Figure 13. Residual PPO activities after ultrasound treatnar0% amplitude at
different temperatures.
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Figure 14. Residual PPO activities after ultrasound treatna¢n0% amplitude at
different temperatures.

In order to compare the effect of thermal and tleesomication treatment on the
activity of PPO enzyme at 60°C, residual enzymévitiets (%) were plotted as a
function of time (Figure 15). As can be seen frdme figure, PPO enzyme was
effectively inactivated after ultrasound treatmanfi00% amplitude compared to the

thermal treatment alone.
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Figure 15.Residual PPO activities after thermal and thermizsmeatments at 60°C
(( ) Thermal treatment, () ultrasound treatment at 100% amplitude, )(

ultrasound treatment at 80% amplitude, angd (ltrasound treatment at 60%
amplitude).

The decimal reduction time (D-value) was calculased presented in Table 3 in
order to evaluate the effect of treatment time. Thealues of PPO treated by
thermosonication were found to be less than thealDes obtained from thermal

treatment at the same temperature. It can be baildRPO has been found to be
sensitive to the ultrasonic waves. The z-valugb@imal and TS treatments obtained
by plotting the D-value on a log scale as a fumctd temperature. The temperature
was started from 40°C because inactivation of tmeyme was observed after this
temperature for thermal treatment. The z-valuethefmosonication treatments of
100, 80 and 60 % amplitude were obtained to be 11515.43 and 14.37°C,

respectively. The z-values of thermosonicationtinesats were higher than the z-
value of thermal treatment, which was found as 35 Similarly, higher z-value

(13.8°C) was obtained when inactivation of mushrd@i®© was carried out in buffer

using thermosonication compared to when inactivatas carried out using thermal
treatment (z=10.3°C) (Cheng et al. 2013). Thisdat#is that the heat and ultrasound

act synergistically in inactivating the enzymes.
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Table 3.D-values of thermal and thermosonication PPO imatitin

D-value of
D-value of thermal o
Temperature (°C) _ thermosonication
treatment (min) _
treatment (min)

100% 80% 60 %

amp amp  amp

20 - 208.33 217.39 220.54
30 - 99 136.99 149.25
40 263.15 44.05 65.79 84.74
50 23.41 12.16 14.88 16.92
60 6.66 2.09 3.33 3.44
70 1.097 - - -

z value (°C) 12.53 15.11 1543 1437

Enzyme inactivation by ultrasound is widely repdrte literature and TS treatment
was found to be better than thermal treatmentHerimactivation of different types
of enzymes such as pectinmethylesterase, PPO,ylpoases and peroxidases

responsible for deterioration of fruit & vegetapléce.

The combined effect of heat and ultrasonic wave$ l/cnf of absolute pressure
for the inactivation of mushroom PPO were studiedpéz et al. 1994). Heat
resistance at 70.7°C and MTS inactivation at arolakbs pressure of 4 kg/dmand
ultrasound amplitude of 35 um at 37 and 70.7°C a$lnoom PPO was compared.
Synergistic effect of heat and ultrasonic wavesP&O inactivation was reported.
Furthermore, effect of ultrasound amplitude on mosm PPO inactivation at 4
kg/cn? of absolute pressure at 60°C were investigatedvals reported that the
greater the amplitude, the higher the efficiencyinkar decrease in log D values for
an increase in ultrasound amplitude level overrdrge 35-145um was observed.

They reported that heat or pressure assisted aftiaprocessing of juice can
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substantially reduce enzyme resistance and the treatment required for

inactivation.

The effect of thermal and thermosonic treatmentsthen inactivation kinetics of
polyphenol oxidase (PPO) in mushroomgéricus bisporus in 55 — 75C
temperature range was studied for 0-30 min (Chengl.e2013). The ultrasound
treatments were carried out at 25 kHz frequency=0% of the maximal equipment
power with pulse durations of 5 s on and 5 s oféatperatures ranging from %5to
75°C for 0-30 min. It was reported that mushroom PR@riide enzyme extract was
inactivated relatively slowly at 56, while at temperatures higher than’G0the
inactivation rate of mushroom PPO increased dra@lfi It was found that residual
mushroom PPO activity was only about 1.0% afGsGfter thermosonication
treatment for 15 min, whereas 3 min long thermasation at 78C completely
inactivated the enzyme. The D values of PPO deedeldy 1.3 - 3 times during
thermosonic inactivation compared to the D valuds PO during thermal
inactivation at the same temperature range. It ecagluded that the inactivating
effect of combined ultrasound and heat was foundyaergistically enhance the

inactivation kinetics of PPO.

A similar result was also observed for lemon pediarase. The activities of PE
dropped slightly during the period of 1 hour in teenperature range between 40 and
50°C. After heating at 50°C without the ultrasouhé residual activity was only
30% decreased whereas with the ultrasonic treatfoe68 min, the residual activity
was 83% decreased (Kuldiloke et al. 2007). Theré&tment was also found to be
better than the heat blanching process for thetiramon watercress peroxidase,
known as heat resistance enzyme (Cruz et al. 200@&nother study tomato juice
was subjected to TS treatment and reduced PMEtgdty 90% at 60 °C, 65 °C and
70 °C for 41.8, 11.7 and 4.3 min exposure, respagti\Wu et al. 2008).

In a recent study, fresh apple juice was thermasd®d using ultrasound in-bath (25
kHz, 30 min, 0.06W/cﬁ) and ultrasound with-probe sonicator (20 kHz, 8 40
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min, 0.30W/cr) at 20, 40 and 60 °C for inactivation of enzympslyphenolase,
peroxidase and pectinmethylesterase). It was regdhat the inactivation of all the
enzymes was more pronounced for apple juice treatiédprobe compared to those
treated in-bath type sonicator and the highesttivetion of enzymes was obtained
at 60 °C for 10 min. residual activities of PPCatezl with probe at 20 °C for 5 and
10 min was found as 98.16 and 97.04%, respectivelgit higher reduction was
observed in activity of PPO at 40 °C, residual\aii¢is for 5 and 10 min at 40 °C
was found as 61 and 53%, respectively. Considersddection was reported in
activity of PPO at 60 °C, residual activities fomebd 10 min at 60 °C was found as
21.15 and 6.15%, respectively. These results wererdance with those reported in
the study (Abid et al. 2014).

3.2. FTIR Studies

3.2.1. Infrared Spectroscopy of PPO in KD

In the present study, secondary structure of tlzgraa was analyzed by using FTIR
spectroscopy. For this purpose enzyme solution laniter were placed in CaF
windows which were inserted into demountable ligcedl. The spectrum of air was
recorded as background and subtracted automati¢ediy these spectra. The
spectrum of buffer was subtracted from the speatranzyme solution to remove
water absorption bands. In the subtraction protesswater band located around
2125 cni was flattened. After subtraction procedure probeinds were obtained. In
order to get best spectrum for protein bands opétion was applied. At the end of
the optimization 400 scan and 2 ‘¢mesolution was chosen. Spectrum of enzyme

solution, buffer and subtracted spectrum of thegandbands are shown in Figure 16.
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Figure 16. Spectrum of enzyme solution, buffer and subtrasgeectrum of protein
bands.

Absorbance (1750 — 1500 & Fourier self-deconvolution (1750 — 1500 Hmand
second-derivative (1700 — 1600 ¢yrFTIR spectrum of PPO inJ® buffer at 25 °C
are shown in Figure 17. In the absorbance spectthenpeak at 1653 chis
assigned as amide | band which arises from maimlide C=0O stretching (80%)
frequencies of the protein backbone and the pe&k3Q cnt is assigned as amide |I
band which is due to N-H bending (60%) and C-Ntshkiag (40%) vibrations of the
peptide backbone (Stuart 2004, Haris and Severé8)1
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The position of the amide Il band is sensitive sutgration, shifting from around
1550 cmt to a wavenumber of 1450 ¢m The amide Il band of the deuterated
protein overlaps with the H-O-D bending vibratien, making it difficult to obtain
information about the conformation of this band.wdwer, the remainder of the
amide 1l band at 1550 cinmay provide information about the accessibility of
solvent to the polypeptide backbone due to therinnion of the NH bending
vibration to the amide II. The most useful infrarednd for the analysis of the
secondary structure of proteins in agueous medihdsamide | band, occurring
between approximately 1700 and 1600*crRroteins generally contain a variety of
domains containing polypeptide fragments in différeconformations. As a
consequence, the observed amide | band is usualtynglex composite, consisting
of a number of overlapping component bands reptegghelices, -structures, turns

and random structures (Stuart 2004).

Analysis of amide | band (1700-1600 by using second derivative and Fourier
self-deconvolution techniques gives qualitativeoinfation on the secondary
structure of a protein (Haris and Severcan 1998¢ deconvoluted spectra revealed
that the major amide | band at 1653 tmvas due to -helix structure. The peak
located at 1676 cthwas assigned to-turn structure. The band at 1636 tmas
often assigned to-sheet structure. The peak at located around 161%7veas due to
aggregated -sheet structure. The amide Il which was locateti54i8 cnit could not
be readily assigned to any particular secondanyctire. This band was used to
monitor hydrogen-deuterium exchange (Severcan asdsF003, Murayama and
Tomida 2004).

Quantitative secondary structure analysis of PP@LD buffer was carried out by
using NN analysis method. According to the NN as@lyPPO contained 42.33 +
3.06 % -helix structure, 21.33 *+ 4.73 %sheet structure, 19.67 + 1.15 % turns and
16.67 = 1.53 % random coil structure, demonstrattireg PPO enzyme washelix
dominating enzyme. This finding agreed with thggored by Tse et al. (1997) and
lonita et al. (2014).
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Figure 17. (A) Absorbance (1750 — 1500 &y (B) Fourier self-deconvolution
(1750 — 1500 crM), and (C) second-derivative (1700 — 1600 3MRTIR spectrum of
PPO in HO buffer at 25 °C.
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3.2.2. Infrared Spectroscopy of PPO in BD

In order to determine the secondary structure aodfocmational changes of
mushroom PPO during thermal and thermosonicatieatritent, measurements were
performed in DO buffer. Figure 18 displays absorbance, Fourirdgeonvolution,
and second-derivative FTIR spectrum of PPO y® Duffer at 25 °C. It could be
seen from the absorbance spectrum of PPO thantfuedl band at 1550 ¢t seen
for PPO in HO buffer, disappeared and shifted to the 1455"cmsuggesting that
hydrogen-deuterium exchange occurred. The bandsnaxs in BO were in good
agreement with the bands observed yOHor both Fourier self-deconvolution and

second derivative analysis.

According to the Fourier self-deconvolution anasytsie band located at 1652 tiis
due to -helix structure. The peak located at 1673'dsmassigned to-turn structure.
The band at 1635 chris assigned to-sheet structure. The peak at located around
1616 cnt' is due to aggregatedsheet structure. There was a shift towards lower

frequencies due to the hydrogen-deuterium exchantie sub bands.
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Figure 18. (A) Absorbance (1750 — 1400 ¢ (B) Fourier self-deconvolution
(1750 — 1400 ciM), and (C) second-derivative (1700 — 1600'¥MTIR spectrum of
PPO in DO buffer at 25 °C.
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3.2.3. Effect of heat treatment on mushroom PPO egyme

Representative absorbance spectra of PPO in tt@-17800 crit region recorded at

different temperatures are shown in Figure 19.dswbserved that the intensity of
amide | band decreased as the temperature incrdedeecen 25 — 70 °C. This
indicates that there is a change in the secondeugtsre of the enzyme. However,
no change was observed for the spectral pattertvgebr 70 — 80 °C (data not
shown). The FTIR spectrum above 70 °C and thab&iCafter cooling were very

similar to each other, stating complete inactivaid the PPO over 70 °C.

Figure 19. Representative absorbance spectra of PPO O Duffer over a
temperature range of 25-70 °C (solid lines) anatspm of the PPO measured at 25
°C after cooling from 70 °C (dotted line).
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To explore the temperature induced changes in skeecgrstructure of PPO in detail,
Fourier self-deconvolution techniques applied te tATIR spectra. Figure 20
presents the representative deconvolved spect&Of solution in the 1700 — 1600
cm’ region measured between temperature range of 2% °C and at 25 °C after
cooling. According to the deconvolved FTIR speadf&PO, there was little change
in the temperature range of 25 — 40 °C. Markedtsplethanges were noted after this
temperature and additional new bands due to aggregesheet structures appeared
at 1683 and 1616 ¢ These bands were detected when proteins are udedat
(Severcan and Haris 2003). The intensity of thesedb increased with the
increasing temperature. When temperature was laieaek to 25 °C, from 70 °C,
these bands were still observed, indicating arvém&ble change in the structure of
PPO. Moreover, intensity of-helix and -sheet structure decreased and shifted to
the lower values while the temperature increasedoup0 °C. These observations

indicated the loss of secondary structure of PP@hguhe thermal treatment.
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Figure 20. Representative Fourier self-deconvolution spectr@RO in DO buffer
over a temperature range of 25 — 70 °C (solid Jireesl spectrum of the PPO
measured at 25 °C after cooling from 70 °C (dditey).

According to the X-ray analysis, mushroom tyrosenas a tetrameric protein
composed of two subunits (H and L). H subunit is ttomain of the enzyme and
containes 13 -helices, eight mostly shortstrands and many loops in domain. The
active site of the enzyme is made up a bundle of feelices in the center of the
domain. It is also reported that the L subunit ¢ginsof 12 antiparallel -strands
assembled in a cylindrical barrel of six 2-strandbdets and is not involved in the
activation mechanism of the enzyme (Ismaya et @1 As stated in X-ray
analysis, reduction in the-helix affects the active site of the enzyme andsed

structural deterioration.
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The intensities of the amide | band and its comptsevere plotted as a function of
temperature in order to estimate the thermal uiriglof PPO more precisely (Figure
21). As stated previously, the intensity of the 2,68635 crit band decreased as the
temperature increased and multistep transition repsesented for these bands. In
both cases first transition was observed at 36ntCtlae higher transition occurred at
64 °C. Intensity profile of the band at 1652 tindicated that -helix structure was
gradually lost up to 64 °C. Howeverhelix structure change occurred sharply in the
temperature range 64 — 70 °C. Similar trend was @lisserved for the amide | band
change, showing thathelix structure was the main secondary structoraponent

of the PPO, agreed with the NN analysis.

Simultaneously, the intensity of the aggregationcbat 1616 ci increased with the
increasing temperature. The band located at 1616 firstly appeared at the
temperature around 42 °C. The intensity of the Hareghrly increased up to 64 °C
and no significant change was observed after #ngperature. Similarly, Tse et al.
(1997) found that the secondary structure begachémge above 40 °C and a new
band at 1616 cihappeared at 45 °C for mushroom tyrosinase.
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Figure 21.A plot of the temperature induced changes in thensity of the amide |
and its components for PPO during thermal treatrf(ent1652 cn, ( ) 1616 cnf,
( ) 1635 cn, and () amide ).
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Using the intensity profiles, transition temperatyif,) for the different amide |
components was determined and represented in Falblee T,valuedor -helix, -
sheet, aggregatedsheet structure and amide | band were determisegt@nd 55
°C. This value was very close to that reported yChrd and Kilara (1983) and
Weemaes et al. (1997) whom found Vialue as 54 °C and 51.8 °C, respectively.

Table 4. Transition Temperatures (Tm) for different amideoimponents for PPO
during thermal treatment.

Structure Amide | band (cf) Tmvalue (°C)
-helix 1652 54.72
-sheet 1635 53.5

Aggregated -sheet 1616 57.07

Amide | 1653 53

3.2.4. Curve-fitting analysis of PPO during ThermalTreatment

In order to determine secondary structural changeng thermal treatment inJD
curve-fitting analysis was applied to the Amideebion (1700 — 1600 ch). The
contribution of each component band to the amidand is shown in Figure 22 for
two different temperatures (25 and 70 °C). Thelba 1652 cidue to the -helix

and that at 1635 cindue to the -sheet structure became weaker as temperature
increases from 25 to 70 °C, whereas other bandsodile aggregated-sheet (1683

and 1616 ci), turns (1676 ci) and random coil (1640 ¢h structures became

much stronger at 70°C.
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Figure 22.Curve-fitting analysis of amide | band (1700 — 1608") of PPO during
thermal treatment.
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Secondary structural change (%) of PPO during takrmeatment estimated by
curve-fitting analysis is shown in Table 5. Accaowglito the curve-fitting analysis,
PPO contained 38.87 = 0.02 %helix, 27.91 + 0.02 %-sheet, 14.93 + 0.01 %
turn, 15.01 + 0.01 % random coil and 3.27 £ 0.06dgregated -sheet structures in
untreated sample. This result was accordance tatiNN result which indicated that
PPO was -helix dominating enzyme. Previous circular dicermi (CD) studies
reported values of 35.3 % (Liu et al. 2013), 35.7¥%et al. 2012) and 41.3 % (Liu
et al. 2009) for -helix content of PPO.-helix content decreased from 38.87 + 0.02
% to 19.40 = 0.21 % (p < 0.05);sheet content decreased from 27.91 + 0.02 % to
15.88 + 0.02 % (p < 0.05) whereagurn, random coil and aggregateesheet
structures increased up to 21.93 = 0.14, 22.47 60 G&and 20.31 + 0.27 %,
respectively (p < 0.05).
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Table 5. Secondary structure change (%) of PPO estimatecubae-fitting during
thermal treatment.

Temperature ) Random Aggregated
-helix -sheet -turn ]
(°C) coil -sheets
25 3887+ 2791= 1493 = 15.01 =
3.27 £ 0.06
0.02 0.02 0.01 0.01
30 35.68 25.14 14.74 19.94 +
450+ 0.01
+0.06 0.13 0.02 0.03
40 2691+ 2283= 18.07 = 2192 +
10.28 £ 0.04
0.01 0.01 0.01 0.01
50 2542+ 1950= 16.81 2222
16.05 £ 0.07
0.10 0.33 0.07 0.09
60 24.01 18.24 17.67 21.20 £
18.88 £ 0.60
+0.18 0.14 0.13 0.16
70 19.41 16.25 21.68 + 2248
20.19 £ 0.17
+0.16 0.14 0.18 0.65
25 (after
) 19.40 £ 15.88 = 2193 + 2247
cooling from 20.31 £ 0.27
0.21 0.02 0.14 0.60
70°C)

Graphical representation of the change in the skgnstructure components is
represented in Figure 23. This representation atdit that -helix and -sheet
structures were lost as the temperature increasetia@ formation of aggregated

sheets and the increase in the turns and disometise (1640 crh).
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Figure 23. Graph of secondary structure change (%) of PPOrditgpto the curve-
fitting analysis during thermal treatment.

3.2.5. Effect of Thermosonication (TS) treatment omushroom PPO enzyme

Representative absorbance spectra of PPO in tH@-17800 crit region recorded at
different temperatures during ultrasound treatnaeatdisplayed in Figure 24. It was
observed that absorbance spectra of PPO at 25 @C@0% amplitude at 20 °C
ultrasound treatment were similar in terms of antidand and the intensity of amide
| band decreased as the temperature increased dretaie20 — 60 °C at 100%
amplitude ultrasound treatments. This indicated there was a change in the
secondary structure of the enzyme during TS treattntdowever, no change was
observed for the spectral patterns between the EpEttrum at 60 °C ultrasound
treatment and that at 25 °C after cooling from°60ultrasound treatment, stating

complete inactivation of the PPO after 60 °C utital treatment.
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Figure 24. Representative absorbance spectra of PPO.@ Buffer recorded at
different temperatures during ultrasound treatnfsolid lines) and spectrum of the
PPO measured at 25 °C after cooling from 100% anu@i60 °C (dotted line).

Fourier self-deconvolution of the FTIR spectra wasained in order to explore the
TS induced changes in secondary structure of PRi&tial. Figure 25 presents the
representative deconvolved spectra of PPO solitidhe 1700 — 1600 ciregion

measured at different temperatures during ultraddoeatment and at 25 °C after
cooling from 100% amplitude 60 °C. Deconvolved FHpectra of PPO at 100%
amplitude 20 °C did not change too much accordinthat at 25 °C. After this TS
treatment, marked spectral changes were noted.tidddi new bands due to
aggregated -sheet structures became evident at 1682 and 1616after 100%

amplitude 40 °C, indicating protein denaturatioe&can and Haris 2003). The
intensities of these bands increased while the ¢eatpre increased. When
temperature was lowered back to 25 °C, from 100%liarde 60 °C, these bands
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were still observed, indicating an irreversible mia in the structure of PPO. The
intensities of -helix and -sheet structure decreased while the temperatareased
up to 60 °C during TS treatment. Furthermore, #meds at 1640 cthdue to random
coil and at 1670 cth due to turns became apparent at 100% amplitud€C60
demonstrating increase in unordered structuresselbbservations indicated the loss
of secondary structure of PPO during the TS treatraed mechanism of enzyme

inactivation for TS was different that for temperat

Similarly, secondary structural components, esgigciasheet, of -amylase, papain
and pepsin were significantly influenced by ultnast (Yu et al. 2014). The
secondary structure of six different proteins (ciimme, lysozyme, myoglobin,
bovine serum albumin, trypsinogen, anghymotrypsinogen A) was affected from
ultrasound and it was reported that the free rdsliggoduced by water sonolysis,

have an important role in the changes of structon@gr (Marchioni et al. 2009).
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Figure 25. Representative Fourier self-deconvolution spectr@RO in DO buffer
recorded at different temperatures during ultragotnreatment (solid lines) and
spectrum of the PPO measured at 25 °C after cofilorg 100% amplitude 60 °C
(dotted line).

For more precise estimation of inactivation mectanduring TS treatment, the
intensities of the amide | band and its componeveése plotted as a function of
temperature of TS treatments (Figure 26). No sicanit change in terms of band
intensities was observed between the bands at 208Q00% amplitude 20 °C. As
shown in graph, the intensities of the 1652 and5163i* band decreased as the
temperature increased during TS treatments afté®ocl@mplitude 20 °C ultrasound
treatment. Simultaneously, the intensity of the raggtion band at 1616 ¢m

increased with the increasing temperature for Eatinents. The intensity of the
band increased slowly up to 100% amplitude 40 °@ fumther increase in the

intensity was observed after this inactivation.
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Figure 26. A plot of the changes in the intensity of the amiided its components

for PPO during TS treatment (( 1652 cnt, ( ) 1616 cnt, () 1635 cnit, and ()
amide ).

Using the intensity profiles, transition temperatyif,) for the different amide |
components was determined and represented in Galblee T,valuedor -helix, -
sheet, aggregatedsheet structure and amide | band were determisett@und 44
°C. These values were lower than that found fomtla¢inactivation as about 55 °C.
This indicated that ultrasound treatment begansoupt secondary structures of the
enzyme at lower temperatures compared to the thdamaetivation. This may be
associated with the different enzyme inactivaticechanism of ultrasound caused by

cavitation, localized heating and free radical fation.
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Table 6. Transition Temperatures (Tm) for different amideomponents for PPO
during TS treatment.

Structure Amide | band (cf) Tmvalue (°C)
-helix 1652 43.86
-sheet 1635 41.74

Aggregated -sheet 1616 43.78

Amide | 1653 43.70

3.2.6. Curve-fitting analysis of PPO during TS Treément

For quantitative determination of secondary strradtahanges during TS treatment
in D,O curve-fitting analysis was applied to the Amidegion (1700 — 1600 cf).
The contribution of each component band to the arhidand is shown in Figure 27
for 25 °C and 100% amplitude 60 °C ultrasound meat. The bands at 1652 ¢m
due to the -helix and that at 1635 chdue to the -sheet structure became weaker
by the ultrasound treatment, whereas other bandsalthe aggregatedsheet (1683
and 1616 c), turns (1670 ci) and random coil (1640 ¢ structures became

stronger after 100% amplitude 60 °C ultrasoundrneat.
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Figure 27. Curve-fitting analysis of amide | band (1700 — 1680") of PPO during
TS treatment.
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Secondary structural change (%) of PPO during EStrment estimated by curve-
fitting analysis is shown in Table 7. According ttee curve-fitting analysis, PPO
contained 38.87 + 0.02 %helix, 27.91 + 0.02 %-sheet, 14.93 + 0.01 %turn,
15.01 + 0.01 % random coil and 3.27 + 0.06 % aggee -sheet structures at 25 °C
before TS treatment. After TS treatmenrtelix content decreased from 38.87 + 0.02
% to 22.12 + 0.26 % (p < 0.05);sheet content decreased from 27.91 + 0.02 % to
13.42 + 0.02 % (p < 0.05) whereagurn, random coil and aggregatedsheet
structures increased up to 23.09 = 0.13, 26.42 26 and 14.94 + 0.11 %,
respectively (p < 0.05).

Table 7. Secondary structure change (%) of PPO estimatecubae-fitting during
TS treatment.

TS
Temperature at ) Random Aggregated
-helix -sheet -turn )
100% coll -sheets
amplitude (°C)
25 3887+ 2791= 1493 15.01 =
3.27 £ 0.06
0.02 0.02 0.01 0.01
20 36.00+ 24.75% 16.18 £ 17.95 +
5.12 £ 0.06
0.40 0.98 0.33 0.20
30 3167+ 2131+ 18.88 £ 21.18 +
6.97 + 0.08
0.03 0.02 0.25 0.13
40 2739+ 18.75% 20.79 = 23.38 =
9.68 + 0.08
0.72 0.23 0.47 0.10
50 23.37 = 16.56 2139+ 25.65
13.03£0.10
0.01 0.01 0.30 0.38
60 22.74 = 13.65 % 22.79 = 26.50 =
14.32 £0.12
0.10 0.04 0.21 0.23
25 (after
) 2212 1342 + 23.09 = 26.42 +
cooling from 1494 +0.11
0.26 0.02 0.13 0.26
60°C)
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Graphical representation of the change in the skgnstructure components is
shown in Figure 28. This representation indicatet t-helix and -sheet structures
were lost as the temperature increase with the dbom of aggregated-sheets and

the increase in the turns and disorder structuG4qtm').

Figure 28. Graph of secondary structure change (%) of PPOrditgpto the curve-
fitting analysis during TS treatment.

FTIR studies revealed that mushroom PPO enzymeinesersibly inactivated at
100% amplitude at 60 °C during thermosonicatiomttnent whereas irreversible
inactivation of the enzyme was at 70 °C for thertredtment. Furthermore,Value

of thermosonication treatment which was around @4was lower than that of
thermal treatment, which was around 55 °C. Thesaultse suggested that
thermosonication treatment began to affect thers#my structural component of the
PPO enzyme at lower temperatures compared to gren#th treatment. It was also
suggested from FTIR studies that conformation ceangf PPO caused by

ultrasound and temperature were different. At the ef the thermal treatment,
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formation of aggregated -sheet structures was higher than that found for
thermosonication treatment due to the lower inatm temperature. Heat and
ultrasound combination behaved synergistically be tonformation changes of

enzyme.
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CHAPTER 4

CONCLUSION AND RECOMMENDATIONS

In the present study, changes in structure andigctif the PPO during thermal and
thermosonication treatment were investigated. Adiogrto the inactivation studies,
the enzyme activity decreased with increasing teaipee and time and PPO was
completely inactivated at 70°C for 5 min duringrthal treatment. Similarly, as
temperature, ultrasonic power and time increasegheh inactivation rate was
obtained during thermosonication treatment. D vdbrethermal treatment at 60°C
was found as 6.66 min. For 100, 80 and 60 % ang@iwltrasound treatment at same
temperature D values were found as 2.09, 3.33 afdl @in, respectively. It was
concluded from the inactivation studies that hdatesound combination is seen to

be more effective compared to heat treatment atoneducing enzyme activity.

FTIR studies for thermal treatment suggested tmatRTIR spectrum at 70 °C and
that at 25 °C after cooling were very similar taleather. This revealed that PPO
was irreversibly inactivated above 70°C compatibidn the inactivation studies. It
was found from the Fourier self-deconvolution aseythat the intensity of-helix
and -sheet structure decreased when the temperatureagsed. However, the
intensity of the aggregation bands 1616 and 1683 imereased with the increasing
temperature and these bands still observed aftetivation at 70°C, indicating the
loss of secondary structure of PPO. According ®NIN analysis, it was found that
PPO enzyme was-helix dominating enzyme and contained 42.33 + 346-helix
structure, 21.33 = 4.73 %sheet structure, 19.67 + 1.15 % turns and 16.653 %
random coil structure. Furthermore, similar resédisnd for curve-fitting analysis,
shown that PPO contained 38.87 = 0.02 #elix, 27.91 + 0.02 %-sheet, 14.93 +
0.01 % -turn, 15.01 = 0.01 % random coil and 3.27 = 0.0&dgregated -sheet
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structures. According to the curve-fitting analysibelix content decreased from
38.87 £ 0.02 % to 19.40 + 0.21 % (P < 0.05%heet content decreased from 27.91 +
0.02 % to 15.88 + 0.02 % (P < 0.05) wheredarn, random coil and aggregated
sheet structures increased up to 21.93 £ 0.14,722.8.60 and 20.31 £ 0.27 %,
respectively (P < 0.05).

For TS treatment, PPO was irreversibly inactivateti00% amplitude at 60°C for 10
min according to the conformation studies. It waparted from the Fourier self-
deconvolution analysis that the intensities dielix and -sheet structure decreased
while the temperature increased up to 60°C duriSgtréatment. Furthermore, the
bands at 1640 cindue to random coil and at 1670 trdue to turns became
apparent at 100% amplitude 60°C, demonstratinge@ser in unordered structures.
According to the curve-fitting analysis, it was fauthat after TS treatmenthelix
content decreased from 38.87 £ 0.02 % to 22.126 @ (P < 0.05), -sheet content
decreased from 27.91 + 0.02 % to 13.42 + 0.02 % @F5) whereas-turn, random
coil and aggregated-sheet structures increased up to 23.09 + 0.132260.26 and
14.94 £ 0.11 %, respectively (P < 0.05).

In conclusion, the results gathered in this stutipwsed that inactivation and
conformation studies were consistent. Inactivatitudies revealed that TS treatment
was found to be more effective than thermal treatme terms of enzyme
inactivation at lower temperatures. FTIR studiesvedd that thermal and TS
inactivation of the enzyme was not due to a sntainge in the active site, this was
due to the global conformation change of the enzyfhewas indicated that
conformation changes of PPO caused by ultrasouddhaat were different. At the
end of the thermal treatment formation of aggredjatsheet structures was higher
than that found for thermosonication treatment doethe higher inactivation
temperature. Heat and ultrasound combination ehaynergistically with respect
to the enzyme inactivation and conformation chang@és overall results suggested
that mushroom PPO enzyme was inactivated at loveenpératures during

thermosonication treatment compared to the thetraatment.
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As a recommendation, the research may be contimyedovering with more
ultrasound combinations. Manothermosonication (MF&tment may be studied as
more effective method on the enzyme inactivationls® effect of ultrasound
treatment on the enzyme may be investigated. Rardistudies, TS treatment may
be developed as an alternative food pasteurizatietnod for the production of fruit
juices such as apricots, peaches, cherries whiehwadely consumed in Turkey,
because of its advantages. It is considered tlasyhtem established in this study
will be a model for other scientific studies anéate a new working area for many
researchers. Furthermore, the results gathereusrstudy will support the usage of

the ultrasound in the food industry for enzyme fination purposes.
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APPENDIX A

ANOVA TABLES

Table A. 1L ANOVA table for thermal inactivation of mushrod?®O.

% Residual versus Time, Temp

Factor Type Levels Values
Time fixed 7 0, 5, 10, 15, 20, 36
Temp fixed 6 20, 30, 40, 50, 60, 7

Analysis of Variance for % Residual Activity, usiAgljusted SS for Tests

Source DF Seq SS Adj SS Adj MS F

Time 6 4860.9 4860.9 810.1 504.74 0.000
Temp 5 224206.0 224206.0 44841.2 27937.130.000
Time*Temp 30 6749.7 6749.7 225.0 140.17  0.000
Error 84 134.8 134.8 16

Total 125 235951.5

S=1.26692 R-Sq=99.94% R-Sq (adj) = 99.91%

89



Grouping Information Using Tukey Method and 95.0%n@dence

Time N Mean Grouping

0

5
10
15
20
25
30

18
18
18
18
18
18
18

711 A
63.4
57.1
55.8
54.4
52.9
52.3

E
E

Means that do not share a letter are significaitferent.

Grouping Information Using Tukey Method and 95.0%n@dence

Temp N Mean Grouping

30
20
40
50
60
70

21
21
21
21
21
21

100 A
100 A
95
43
10.3
11

Means that do not share a letter are significaitferent.
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Table A. 2. ANOVA table for thermosonic inactivation of mushrmd?PO

Residual Activity versus Time, Temp, Amplitude

Factor Type Levels Values
Time fixed 7 0, 5, 10, 15, 26, 30
Temp fixed 5 20, 30, 40, 50, 6

Amplitude  fixed 3 60, 80, 100

Analysis of Variance for % Residual Activity, usiAgljusted SS for Tests

Source DF SeqSS AdjSS AdjMS F P
Time 6 47074.6 46590.8 7765.1 5179.21  0.000
Temp 4 330441.330793.1 82698.3 55158.42 0.000
Amplitude 2 1509.8 1570.4 785.2 523.73 0.000
Time*Temp 24  14074.313983.9 582.7 388.63 0.000
Time*Amplitude 12 1005.9 1001.9 83.5 55.69 0.000
Temp*Amplitude 8 341.1 341.7 42.7 28.49 0.000
Time*Temp*Amplitude 48  1519.6 1519.6 31.7 21.12 0.000
Error 210 3149 314.9 15

Total 314 396281.4

S=1.22445 R-Sq=99.92% R-Sq (adj) = 99.88%
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Grouping Information Using Tukey Method and 95.0%n@dence

Time N Mean Grouping

0
5
10
15
20
25
30

45
45
45
45

839 A
64.7 B
58.3 C
55.0 D

45 51.0 E
45 48.7 F

45

45.0 G

Means that do not share a letter are significaitferent.

Grouping Information Using Tukey Method and 95.0%n@dence

Temp N
20 63
30 64
40 62
50 63
60 63

Mean Grouping

921 A
857 B
73.5 C
30.6 D
8.6 E

Means that do not share a letter are significaitferent.

Grouping Information Using Tukey Method and 95.0%n@dence

Amplitude N Mean Grouping

60
80
100

105 604 A
105 58.2 B
105 55.7 C

Means that do not share a letter are significaitferent.
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Table A. 3. ANOVA tables for intensity changes during TS treairin

Intensity change of 1651 ¢hversus TS Temperature

Factor Type Levels Values
Temperature fixed 7 25, 20, 30,5m 60, 25

Analysis of Variance for intensity change of 1651 ¢ using Adjusted SS for Tests

Source DF Seq SS Adj SS Adj MS F P
Temperature 6 0.340628 0.340628 0.056771 64.27 0.000
Error 14 0.012367 0.012367 0.000883

Total 20 0.352996

S=0.02972 R-Sq = 96.50% R-Sq (ad]) = 94.99%

Grouping Information Using Tukey Method

Temperature N Mean Grouping
25 3 0.75867 A

20 3 0.75567 A

30 3 0.70133 AB
40 3 0.66433 B
50 3 0.51133 C
60 3 0.45400 C
25(cooling from 70) 3 0.45200 C

Means that do not share a letter are significadifferent.
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Intensity change of 1615 ¢hversus TS Temperature

Factor Type Levels Values
Temperature fixed 7 25, 20, 30,5m 60, 25

Analysis of Variance for intensity change of 161%'¢ using Adjusted SS for Tests

Source DF Seq SS Adj SS Adj MS F P
Temperature 6 0.196782 0.1967820.032797 222.34 0.000
Error 14 0.002065 0.002065 0.000148

Total 20 0.198848

S=0.01215 R-Sq=98.96% R-Sq (adj) = 98.52%

Grouping Information Using Tukey Method

Temperature N Mean Grouping

60 3 0.39450 A
25(cooling from 70) 3 0.39000 A

50 3 0.31533 B

40 3 0.24933 C

30 3 0.17900 D
25 3 0.15867 D
20 3 0.15667 D

Means that do not share a letter are significaitferent.
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Intensity change of 1638 ¢chversus TS Temperature

Factor Type Levels Values
Temperature fixed 7 25, 20, 30,5m 60, 25

Analysis of Variance for intensity change of 1638'¢ using Adjusted SS for Tests

Source DF Seq SS Adj SS Adj MS F P
Temperature 6 0.209273 0.209273 0.0348791.81 0.000
Error 14 0.005969 0.005969 0.000426

Total 20 0.215241

S=0.02065 R-Sq=97.23% R-Sq (adj) = 96.04%

Grouping Information Using Tukey Method

Temperature N Mean Grouping
25 3 0.70633 A

20 3 0.68967 A

30 3 0.62967 B

40 3 0.56593 C

50 3 0.48757 D

60 3 0.46070 D

25(cooling from 70) 3 0.44945 D

Means that do not share a letter are significadifferent.
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Intensity change of Amide | versus TS Temperature

Factor Type Levels Values
Temperature fixed 7 25, 20, 30,5m 60, 25

Analysis of Variance for intensity change of Amidesing Adjusted SS for Tests

Source DF Seq SS Adj SS Adj MS F P
Temperature 6 0.053904 0.053904 0.008984 61.08 0.000
Error 14 0.002059 0.002059 0.000147

Total 20 0.055963

S=0.01213 R-Sq=96.32% R-Sq (adj) = 94.74%

Grouping Information Using Tukey Method

Temperature N Mean Grouping
25 3 0.42967 A

20 3 0.42700 AB

30 3 0.41233 AB

40 3 0.39333 B
50 3 0.32833 C
60 3 0.31250 C
25(cooling from 70) 3 0.30800 C

Means that do not share a letter are significaitferent.
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Table A. 4. ANOVA tables for curve-fitting analysis during tineal treatment.

% change of -helix content versus Temperature

Factor Type Levels Values
Temperature fixed 7 25, 30, 40,&m 70, 25

Analysis of Variance for % change ofelix content, using Adjusted SS for Tests

Source DF Seq SS Adj SS Adj MS F P
Temperature 6 1029.29 1029.29 17155 20567.21 0.000
Error 14 0.12 0.12 0.01

Total 20 1029.40

S=0.0913282 R-Sq=99.99% R-Sq (adj) = 99.98%

Grouping Information Using Tukey Method

Temperature N Mean Grouping
25 3 388697 A

30 3 356846 B

40 3 26.9084 C

50 3 25.4160 D

60 3 24.0143 E

70 3 19.4052 F
25(cooling from 70) 3  19.4013 F

Means that do not share a letter are significadifferent.
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% change of -sheet content versus Temperature

Factor Type Levels Values
Temperature fixed 7 25, 20, 30,5m 60, 25

Analysis of Variance for % change ofsheet content, using Adjusted SS for Tests

Source DF Seq SS Adj SS Adj MS F P
Temperature 6 379.853  379.853 63.309 5460.36  0.000
Error 14 0.162 0.162 0.012

Total 20 380.015

S=0.107677 R-Sq=99.96% R-Sq (adj) = 99.94%

Grouping Information Using Tukey Method

Temperature N Mean Grouping
25 3 27.910 A

30 3 25.137 B

40 3 22.828 C

50 3 19.502 D

60 3 18.239 E
70 3 16.249 F
25(cooling from 70) 3 15.882 F

Means that do not share a letter are significaitfgrent.
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% change of -turn content versus Temperature

Factor Type Levels Values
Temperature fixed 7 25, 20, 30,5m 60, 25

Analysis of Variance for % change ofturn content, using Adjusted SS for Tests

Source DF Seq SS Adj SS Adj MS F P
Temperature 6 151.635 151.635  25.273 4753.79  0.000
Error 14 0.074 0.074 0.005

Total 20 151.709

S=0.0729128 R-Sq=99.95% R-Sq (adj) = 99.93%

Grouping Information Using Tukey Method

Temperature N Mean Grouping
25(cooling from 70) 3 219319 A

70 3 21.6760 B

40 3 18.0672 C

60 3 17.6684 D
50 3 16.8133 E
25 3 14.9324 F
30 3 14,7377

Means that do not share a letter are significadifferent.
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% change of random coil content versus Temperature

Factor Type Levels Values
Temperature fixed 7 25, 20, 30,5m 60, 25

Analysis of Variance for % change of random coihtemt, using Adjusted SS for

Tests

Source DF Seq SS Adj SS Adj MS F P
Temperature 6 129.708 129.708  21.618 373.25 0.000
Error 14 0.811 0.811 0.058

Total 20 130.518

S=0.240660 R-Sq=99.38% R-Sq (adj) =99.11%

Grouping Information Using Tukey Method

Temperature N Mean Grouping
70 3 22.4764 A
25(cooling from 70) 3 22.4708 A

50 3 22.2231 A

40 3 21.9183 A

60 3 21.2032 B
30 3 199369 C
25 3 15.0147 D

Means that do not share a letter are significaitferent.
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% change of aggregateesheet content versus Temperature

Factor Type Levels Values
Temperature fixed 7 25, 20, 30,5m 60, 25

Analysis of Variance for % change of aggregatesheet content, using Adjusted SS

for Tests

Source DF Seq SS Adj SS Adj MS F P
Temperature 6 967.09 967.09 161.18 4770.24  0.000
Error 14 0.47 0.47 0.03

Total 20 967.56

S=0.183818 R-Sq=99.95% R-Sq (adj) = 99.93%

Grouping Information Using Tukey Method

Temperature N Mean Grouping
25(cooling from 70) 3 20.314 A

70 3 20.194 A

60 3 18.875 B

50 3 16.046 C

40 3 10.278 D
30 3 4.504 E
25 3 3.273 F

Means that do not share a letter are significadifferent.
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Table A. 5. ANOVA tables for curve-fitting analysis during Tatment.

% change of -helix content versus Temperature

Factor Type Levels Values
Temperature fixed 7 25, 20, 30,5m 60, 25

Analysis of Variance for % change ofelix content, using Adjusted SS for Tests

Source DF Seq SS Adj SS Adj MS F P
Temperature 6 705.30 705.30 117.55 2734.73  0.000
Error 14 0.60 0.60 0.04

Total 20 705.90

S=0.207326 R-Sq=99.91% R-Sq (adj) =99.88%

Grouping Information Using Tukey Method

Temperature N Mean Grouping
25 3 38.870 A

20 3 36.000 B

30 3 31.666 C

40 3 27.394 D

50 3 23.367 E
60 3 22.741 F
25(cooling from 70) 3 22.125 F

Means that do not share a letter are significaitferent.
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% change of -sheet content versus Temperature

Factor Type Levels Values
Temperature fixed 7 25, 20, 30,5m 60, 25

Analysis of Variance for % change ofsheet content, using Adjusted SS for Tests

Source DF Seq SS Adj SS Adj MS F P
Temperature 6 590.307  590.307 98.384 2032.53 0.000
Error 14 0.678 0.678 0.048

Total 20 590.984

S=0.220011 R-Sq=99.89% R-Sq (adj) = 99.84%

Grouping Information Using Tukey Method

Temperature N Mean Grouping
25 3 27.910 A

20 3 24750 B

30 3 21306 C

40 3 18.746 D

50 3 16.560 E
60 3 13.649
25(cooling from 70) 3 13.423 F

Means that do not share a letter are significadifferent.

103



% change of -turn content versus Temperature

Factor Type Levels Values
Temperature fixed 7 25, 20, 30,5m 60, 25

Analysis of Variance for % change ofturn content, using Adjusted SS for Tests

Source DF Seq SS Adj SS Adj MS F P
Temperature 6 166.815 166.815  27.802 568.78 0.000
Error 14 0.684 0.684 0.049

Total 20 167.499

S=0.221091 R-Sq=99.59% R-Sq (ad)) = 99.42%

Grouping Information Using Tukey Method

Temperature N Mean Grouping
25(cooling from 70) 3 23.0936 A

60 3 22.7931 A

50 3 21.3895 B

40 3 20.7943 B

30 3 18.8783 C

20 3 16.1811 D
25 3 14.9324 E

Means that do not share a letter are significaitferent.
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% change of random coil content versus Temperature

Factor Type Levels Values
Temperature fixed 7 25, 20, 30,5m 60, 25

Analysis of Variance for % change of random coihtemt, using Adjusted SS for

Tests

Source DF Seq SS Adj SS Adj MS F P
Temperature 6 335.312 335.312  55.885 2473.88  0.000
Error 14 0.316 0.316 0.023

Total 20 335.629

S=0.150300 R-Sq=99.91% R-Sq (ad)) = 99.87%

Grouping Information Using Tukey Method

Temperature N Mean Grouping
60 3 26.498 A
25(cooling from 70) 3 26.418 A

50 3 25.652 B

40 3 23381 C

30 3 21.182 D

20 3 17.950 E
25 3 15.015 F

Means that do not share a letter are significadifferent.
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% change of aggregateesheet content versus Temperature

Factor Type Levels Values
Temperature fixed 7 25, 20, 30,5m 60, 25

Analysis of Variance for % change of aggregatesheet content, using Adjusted SS

for Tests

Source DF Seq SS Adj SS Adj MS F P
Temperature 6 381.774 381.774 63.629 13870.97 0.000
Error 14 0.064 0.064 0.005

Total 20 381.839

S=0.0677290 R-Sq=99.98% R-Sq (adj) = 99.98%

Grouping Information Using Tukey Method

Temperature N Mean Grouping
25(cooling from 70) 3 14.9414 A

60 3 143187 B

50 3 13.0314 C

40 3 9.6848 D

30 3 6.9673 E
20 3 5.1223 F
25 3 3.2731 G

Means that do not share a letter are significaitferent.
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