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ABSTRACT

PRODUCTION OF THERMOSTABLE BETA-GALACTOSIDASE
FROM THERMOPHILIC FUNGI
FOR USE IN LOW LACTOSE MILK PRODUCTION

Soydan, Meltem
M.Sc., Department of Food Engineering
Supervisor: Prof. Dr. Zumrit B. Ogel

Co-Supervisor: Prof. Dr. Haluk Hamamci

August 2006, 89 pages

The aim of this research was the production of -patactosidase from
thermophilic fungi for use in low lactose milk prertion or other possible
applications. For this purpose, three thermoplfilrgyi Humicola insolensTorula
thermophilaandThermomyces lanuginosugere screened for lactase production.
Highest lactase activity was observedTinermomyces lanuginosughe carbon
source inducing highest extracellular lactase ptbdn in Thermomyces
lanuginosus was determined as arabinose. When grown on arsdiiio
lanuginosusproduced two major lactase activity peaks, onedat day 4 (beta-
galactosidase-A) and second starting following timgiation of biomass
degradation at day 3 suggesting the existence afelh wall-bound beta-
galactosidase (beta-galactosidase-B). Maximum iactof the second enzyme
was at day 10. Crude enzyme stored at 4°C and ®@%Cstable over a period of
one month. Optimum pH and temperature of crude raezyere found as pH 6.8

and 65°C. For concentration of extracellular enzyimaetional ammonium sulfate
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precipitation with 60-85% salt was applied. Comgamnis with commercial lactase
obtained fromKluyveromyces lactisevealed that partially purified lactase from
Thermomyces lanuginosugas 1.3 times more efficient in hydrolysis of tzsx
even at 30°C which is optimum f&luyveromyces lactid.actose hydrolysis was
enhanced at higher temperatures and reached maxenus8-60°C giving 4.7
fold higher hydrolysis thafiluyveromyces lactibeta-galactosidase. Molecular
weight of the second enzyme was determined as Da6bly gel filtration. Being
an extracellular enzyme with optimum pH suitable &airy processes, high

thermotolerance and stability, this enzyme hastarpial for commercial use.

Keywords: Beta-galactosidase, Thermophilic funbinermomyces lanuginosus
Kluyveromyces lactis
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DUSUK LAKTOZLU SUT URET IMi AMACI iLE TERMOF ILIK
KUFLERDEN BETA-GALAKTOZ iDAZ URETIMI

Soydan, Meltem
Yuksek Lisans, Gida Muhendigli
Tez YoneticRrof. Dr. Zimrit B. Ogel
Ortak Tez Yoneticisi: Prof. Dr. Haluk Hame

Agustos 2006, 89 pages

Bu argtirmanin amaci diilk laktozlu sit dretimi veya olasi ggir
kullanim alanlari icin termofilik kiflerden betaighktosidaz Uretimi ve kismi
saflgtirlmasidir. Bu amacla ¢ termofilik kifiHumicola insolens Torula
thermophila ve Thermomyces lanuginosusaktaz Uretimi icin taranmi
Thermomyces lanuginosus’ en iyi aktiviteyi gosterdi belirlenmitir. Hicre
disi laktaz Uretimini en c¢ok indukleyen karbon kagman arabinoz oldgu
bulunmutur. Arabinozda buyuttldiiinde, T. lanuginosudaktaz aktivitesinde iki
tepe noktasi gostergtir. Bunlardan ilki (beta-galactosidase-A) 4. ginde
maksimum aktivite gosterirken, hicre-duvaringslbaldugu distnilen ikinci
enzimin (beta-galactosidase-B) biyokutlegeendeki digust takiben aktivite
goOsterdgi ve 10. ginde maksimum aktivitede ofdugdzlemlenmitir. Enzimin
4°C ve -20°C’de depolarginda bir ayin sonunda hala aktivitesini korgdu
gOrulmisttr. Optimum pHsi1 6.8, optimum sicaklise 65°C olarak bulunngtur.
Hucredsl enzimin konsantrasyonu icin 60-85% tuz kullarakarfraksiyonel
amonyum silfat coktirmesi kullanilghir. Kluyveromyces lactidenelde edilmg

ticari enzimle kiyaslama vyapiginda, Thermomyces lanuginosdan elde
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edilmis kismi saflatiriimis enziminK. lactisin daha aktif oldgu 30°C’de dahi
laktoz hidrolizinde en az 1.3 daha verimli gidusaptannstir. Daha yuksek
sicakliklarda enzimin performansi argmb0-60°C arasinda maksimum aktiviteyi
gostermg ve 50°C’de ticari enzimden 4.7 kat daha verimtiugl bulunmytur.
Enzimin molekuler girhg ise jel filtrastonu ile 156 kDa olarak belirlenytmi.
Enzimin hicre di olmasi, optimum pH drinin st pHsina uygun olmasi, 1siya
dayaniklilgr, uzun sure stabil kalabilmesi endistide kullaallmpotansiyeli
oldugunu gostermektedir.

Anahtar Sozcukler. Beta-galaktozidaz, Termofilik kif,hermomyces
lanuginosusKluyveromyces lactis
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CHAPTER 1

INTRODUCTION

1.1. Lactose and Lactose Intolerance

Dairy products are an important source of many iewis including
calcium, high quality protein, potassium, phosplpand riboflavin. In fact, dairy
foods provide 73% of the calcium available in th& Wood supply. This
information reveals that it is difficult to meetlcam needs if milk or milk
products are not included in the diet. It is knotliat an adequate intake of
calcium throughout life helps to reduce the rislosteoporosis, hypertension, and
possibly some type of cancer like colon cancer (BaBL. D., Miller G. D.,
1998; Milleret al, 2000).

Lactose in figure 1.1 is a disaccharide formedpkl,4 glycosidic bond
between glucose and galactose. It is the prinagaabohydrate in human and
animal milk at a percentage of 7 and 4.8, respelgtivThus, it is the most
important source of energy during the first yearaohuman’s life, providing

almost half of the total energy requirement of im$a(Vesa T. Het al, 2000).

HO
HO u
HO 0 g /A\OH UH
OH
OH
OH
lactoze

Figure 1.1 Chemical structure of lactose
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Lactose has also several applications in the faddstry. It is used, for
instance, in sweets, confectionery, bread and gagsdaecause of its physiological
properties: lactose provides good texture and bwater and color. Lactose is
only about one third as sweet as saccharose andhias half as sweet as glucose
(Vesa T. Het al, 2000).

Dietary lactose is not digested directly; it ne¢dsbe hydrolyzed to its
components, glucose and galactose by lactase fatutied tip of intestinal vili in
the jejunum. There is also lactase-phlorizin hyasel encoded by the gene
encoding lactase in the small intestine. This ereym suggested to splfi-
glycosides with a large hydrophobic alkyl chainimglycosyl ceramides which
are also found in milk (Troelsen J. T., 2005)

In most mammals, lactase enzyme reaches maximaitpcoon after
birth then decreases gradually, reaching a lowl lafter weaning. Researchers
have concluded that human adult-onset lactasengedi controlled by a single
autosomal recessive gene. Researchers using thassllactase ratio and the
lactase/maltase ratio measured in intestinal besp$ound a trimodal distribution
(low, intermediate, and high) of lactase expressiubjects with a homozygous
recessive inheritance pattern had low levels dakeexpression; those who were
heterozygous had intermediate levels; those who éhdémozygous dominant
pattern had high lactase activity (Millet al, 2000). Actually, the decline in
lactase activity, so-called lactose non-persisteacelactose maldigestion or
primary lactase deficiency is not a disease buterathe normal physiologic
pattern. In contrast, maintenance of high lactaseel$, so-called lactase
persistence, occurs in only a few populations et ethnicity like those from
norhern Europe, central Africa and the Middle Ed&tBean L. D, Miller G. D,
1998). There is a hypothesis for lactase persistesuch that it is commonly
observed in areas with long traditions of dairynferg since after the beginning
of dairy farming, there would have been an advanfag those individuals who
had high lactase in their intestine. Resulting framereased survival, high
intestinal lactase would have become typical ohsagroup (Vesa T. Het al,
2000).



1.1.1 Types of Lactose Intolerance

There are mainly three types of lactase deficiesoyigenital, secondary,
and primary. Among them, the most severe one ngeaital lactase deficiency
(CLD) in other words alactasia. It is extremelyeraondition in which detectable
lactase levels are absent or severely reducedrtt &hd remains abnormal
throughout the life. These infants need to follovactose free diet for the rest of
their lives; they can not tolerate even small antewf lactose. Otherwise, severe
diarrheal illness is observed beginning a few dsiex birth (Milleret al, 2000).

As defined above primary lactase deficiency-moshmmon type is the
decline of lactase activity after weaning betweem@ 20 years of age, depending
on race/ethicity. The onset of decline is probatdyermined genetically. Main
symptoms are dehydration, poor calcium absorpti@rrhea, flatulence, bloating,
belching and cramps, and in severe cases, evenrywaiglosive diarrhea
depending on level of tolerance of the individuad ahe amount of lactose
consumed (Shuklat al, 1975, McBean L. D, Miller G. D, 1998). Secondary
lactase deficiency results from small intestineectisns, gastrectomy and
diseases that damage the intestinal epithelium,ef@mple untreated celiac
disease or intestinal inflammation. It is reversjivhen the epithelium heals, the
activity of lactase returns. However, it does nead to severe symptoms of
intolerance (Vesa T. H., 2000).

Sometimes lactose intolerance is confused with miikrgy in which one
or more milk proteins stimulate the immune systemth® body. Table 1.1
indicates the differences between these two disease

1.1.2 Diagnosis

As indicated in Table 1.1, lactose intolerance siamply be diagnosed by
breath hydrogen test since when lactose is incaelpleligested; the remaining
lactose is fermented by the colonic bacteria initibestine forming hydrogen gas.

A portion of hydrogen gas is absorbed to portatutation and subsequently

3



expired in the breath. Lactose intolerance can laésdiagnosed by measurement
of lactase activity in small intestinal biopsy sdesp This measured lactase
activity is compared with the activity of anothena| intestine enzyme, sucrase.
Breath hydrogen test is appropriate for primaryesnmng of the intolerance
however it is not as reliable as the technique da@asecomparison of enzymatic
activities in the small intestine. There are alemajic studies to find a reliable
and fast method for diagnosis of the disease ($evel. T., 2005). In order to
increase reliability of breath hydrogen test, italso possible to measure breath
13co, after **C-lactose ingestion. Measurement of urinary gaketasing an

enzyme strip is another method for diagnosis (Viedd. et al, 2000).

Table 1.1Comparison of milk allergy and lactose intolera(iddler et al, 2000)

Lactose Intolerance Milk Allergy
Cause Low intestinal levels of Abnormal immune response
lactase to ingestion of cow’s milk
protein
Age of onset Early/late childhood Usually in infgnc
Symptoms Abdominal gas, bloating, Abdominal pain, vomitting,
cramps, diarrhea diarrhea, nasal congestion,
skin rash
Diagnosis Breath hydrogen test Food elimination and
challenge, RAST blood test
Dairy Food Use/ Avoidance No need to eliminateydair | Eliminate cow’s milk from
foods, only adjust the dose of the diet for a time
lactose consumed

1.1.3 Prevalence of Lactose Intolerance

Age and ethnicity affects the distribution and lesklactose intolerance.
For instance, in Blacks and Asians, disease usuabyifests itself in early
childhood, whereas in whites, it seems to occuerlah childhood or in
adolescence. The prevalence is above 50% in Somtérida, Africa, and Asia,
reaching almost 100% in some Asian countries. le Wnited States, the

prevalence is 15% among whites, 53% among Mexigamericans and 80% in



the Black population. In Europe it varies from ardi2% in Scandinavia to about
70% in Sicily (Figure 1.2). Although there is natoeigh research about gender
effect on the disease, the results gained so ticates that there is no gender
effect on the disease (Vesa T.ddal 2000).

Figure 1.2 Prevalence of adult-type hypolactasia in diffefleatopean countries
and populations (small number = prevalence of auladn, large number =
average prevalence of the country) and the hypotieisograms for the
frequencies of the lactase non-persistence gemsa(V. Het al, 2000)

1.1.4 Strategies to Struggle with The Disease

Several strategies are available to struggle wittmary lactose
maldigestion - the most common type. Most of theepés can tolerate 240 ml
serving of milk in a day. The amount of lactosdéotolerated can increase when
lactose-containing food are consumed with othelidsébods since gastric

emptying is delayed, so reducing and delaying geakogen levels. Delayed



gastric emptying allows more time for lactase pnése digest dietary lactose. It
also reduces the amount of undigested lactoser¢hahes the colon at any one
time (Miller et al 2000). Moreover, toleration to lactose changesotng to
type of dairy food consumed. For instance, manyeségs and ice-cream,
surprisingly chocolate milk are better toleratedrthmilk. In cheese production,
most of the lactose is left with whey. Fermentedrydéoods are also well
tolerated due to consistency of yoghurt resultimglowing in gastric emptying
and release of lactase from bacterial cultures tsesbhke yoghurt. Pasteurization
of yoghurt reduces bacterial effect on lactose stiga, so it is important to
consume yoghurt with active cultures. There are alsidies showing that the
level to lactose tolerance can improve by followiagdiet strategy based on
adaptation of the body to lactose by gradual irszeaf lactose consumed daily.
This results from enhancement of colonic bacterighe intestine to metabolize
lactose. Elimination of lactose from the diet mayually worsen the intolerance
to lactose (McBean L. D., Miller G. D., 1998).

Lactose maldigesters can also consume low lactosactose-free dairy
foods which are commercially available. Lactoseupsdl milk, cheese, ice-cream
are available in the market. Oral enzyme tablet#aning lactase withstanding
stomach acidity is another way to improve toleratockactose. However, allergic

reactions were seen in some cases (Vesa &t &l.2000).

1.2. B-galactosidase

B-galactosidase (E.C. 3. 2. 1. 2B}@-galactohydrolase}-D-galactoside
galactohydrolase, galactosyltransferase and lg¢teae catalyze both hydrolytic
and transfer reactions. The enzyme hydrolyé$4 linkage between glucose and
galactose in lactose (Figure 1.3). This enzyme alsaveso-glycosidic bond of

otherp-D galactopyranosides.



The resulting sugars —glucose & galactose- are tswemore soluble,
more readily fermented, and absorbed directly frtma intestine. Thusp-
galactosidase increases sweetness, solubility igedtility of the final product.
Another difference observed is higher reactivity thiese monosaccharides
compared to lactose. Consequently color, flavod @ste may deteriorate more
during heat treatment because of the browning am@neellization reaction
(Zarateet al, 1990).

(I:HQOH CH,0OH (|:H20H CHzOH
1I O\ J— )I' 'O\ - ’] O OH A O,
H Cr)//H \{ H //H .. OH H,0 HO///H \\\ 5 T// H OH
oH H A O NoH H >, oH H, 1 T KNoOH H
H s/ H - H [-Galactosidase H I /' H HO N v H
H OH H OH H  OH H  OH
Lactose Galactose Glucose

Figure 1.3Hydrolysis of lactose vifi-galactosidase

The mechanism of lactose hydrolysis was first deedr by Wallenfels
and Malhotra (1960) who used the lactase féncoli. The important step is the
formation of the enzyme galactosyl complex with @i@neous glucose liberation.
According to Wallenfels, only D-pyranoside ring Mok hydrolyzed, whereas the
B-glucosidic bond stays intact. However, it can kldbe active side of the
enzyme (Prenosét al, 1987).

Galactose is generally considered to be a comyetitihibitor where it
competes with lactose for the enzyme active sit€$aschel and co workers
(1982) foundu-galactose to be a significantly stronger inhibttwan thef form.

It is suggested that a minimum of three steps werelved, the last of
which allows for hydrolysis or transferase activity
enzyme + lactose @ ——>  enzyme-lactose (2)
enzyme-lactose — > galactosyl-enzyme + glucose 2) (
galactosy-enzyme - acceptc —> galactosyl- acceptor + enzyme  (3)



1.2.1 Transferase Ability off3-galactosidase

Thus, p-galactosidase has a second role, transferasetycfictually, its
hydrolytic and transferase activity occur togetrsnce enzymatic lactose
hydrolysis is a complex process involving a muttéwf sequential reactions with
saccharides as intermediate products. The trassfer@activity by which the
enzyme produces and subsequently hydrolyses assefieoligosaccharides
containing galactose was reported in 1950s (Araretoal, 1952; Pazuet al,
1953). Enzyme transfers galactose moiety to anpaoceontaining a hydroxyl
group as it is shown in the second part of the feéigu4. When this acceptor is
water, galactose is formed. However, other sugasant in the solution, can also
serve as acceptors, and in this way new oligosaicigsaare formed. According to
recent studies, the mechanism is analogous toafhgtsozyme, i.e. there is a
group acting as a general acid which donates apnat the glycosidic oxygen
and another negatively charged group which staslia positively charged
carbonium galactosyl intermediate, probably by fiogra transient covalent bond
(Sinnottet al, 1978, Mahonet al, 1998). The general reaction mechanism can

then be depicted as shown in Figure 1.4.

GAL-OR |

E-GAL-OR
7’ =

E + LAC &= E-GAL-GLC T E-GAL

GLC

GAL Hﬂﬂ

Figure 1.4 A proposed reaction mechanism for the actiofi-galactosidase on
lactose. E: enzyme, LAC: lactose, GAL, galactosAL& carbonium transition
state, GLC: glucose, ROH: acceptor sugar, GAL-ORilagosyl sugar
(oligosaccharide). (Cupplet al, 1990, Mahonewgt al, 1998)



The type and amount of oligosaccharide in the @afdactose hydrolysis
depends on; source of the enzyme, nature and cwaten of substrate, type of
process (free or immobilized enzyme), salts, teaipee and pH, degree of
lactose conversion (Zarate and Lopez Leia al 1990). Peak level of
oligosaccharides increases with increased stalfictpse levels (Mahonest al
1998, Prenosiét al, 1987). For lactose hydrolysis, under industriahditions, a
conversion between 75-85% is considered as beitignalp(Prenosilet al, 1987,
part 2). For oligosaccharide production, highegele are associated with neutral
pH enzymes from bacteria and yeast rather than @diénzymes from moulds.
Moreover, it would seem that galactose can be fearesl to any of the hydroxyl
groups on acceptor sugars, except for C1 hydrokXghitionally, peak levels
follow the order, di> tri> tetra and higher oligosharides and the linkages
synthesized aref(1-6)>B(1-4)>3(1-3)>B(1-2) (Prenosil et al 1987 part2,
Mahoneyet al, 1998, Toba and Adachkt al, 1978, Smart, 1990).

1.2.2 Structural Properties off3-galactosidase

Glycosidases may be classified on the basis ofibdependent criteria,
either via their EC numbers (derived from the chstriof the catalyzed reaction)
or on the basis of their evolutionary relationshipse second criterion, based on
sequence homology, divides glycosyl hydrolases ®fiofamilies (GHFs)of
which the knowrB-galactosidases belong to GHF-1, GHF-2, GHF-35 @HidF-
42. These are all members of a superfamily (or)ctenmed GH-A, which
comprises families 1, 2, 5, 10, 17, 26, 30, 35,439,51 and 53. GH-A enzymes
all cleave glycosidic bonds via a retaining mechamiand possess a catalytic
domain which is based on a TIM barrel fold. Twotghiic acid residues act as
proton donor and nucleophilé and eminate from strands 4 and 7 of the barrel
and for this reason this clan is sometimes refeiweas the 4/7 superfamily (Rojas
et al 2004).



The B-galactosidase oEscherichia coli(EC{$-Gal) belongs to GH-2
family and was instrumental in the development lné bperon model. It is
homotetramer with 222 point symmetry and 465,412 kiolecular weight. Its
monomer is composed of five compact domains pluO~esidues at the N-
terminus that are relatively extended and contehiot the activating interface,
which corresponds to thex-complementation peptide. The first domain
corresponds to a jelly-rofi-barrel while the second domain has a fibronegtpet
[l fold. The third domain forms a distorted TIM fibal and contains the catalytic
site. The forth domain, residues 628-736, is togicklly identical to the second
domain. The core of fifth domain consists of a nol@-stranded, antiparallel
sandwich. The residues Glu461, Met502, Tyr-03 ahtb& have been shown to
be important for catalytic function, or near théaesite. (Jacopsoet al 1994)

TheThermus thermophilua4 p-galactosidase (A#-Gal) consists of 645
amino acid residues and belongs to GH-42. Today-g@&8lactosidases are placed
in GH-42. These enzymes consist of 600—700 amiibrasidues, and exhibit no
sequence similarity with GH-2 Ef-Gal. catalytic residues of AB-Gal were
inferred to be Glul41l and Glu312. A4Gal has a trimeric structure and three
monomers are crystallographically identical. An p&al monomer consists of
three domains: domain A, a TIM barrel fold domas{dues 1-389); domain B,
an o/ fold domain (390-589); and domain C,pafold domain (590-644).
Domain A of A4$-Gal contains a metal-binding site. Cys106, CysI&{5152,
and Cys155, which are highly conserved in GH-42yemes, form a metal-
binding cluster. A43-Gal monomers interact with each other tightlyhdis been
reported that native AB-Gal is monomeric, because its molecular mass was
estimated to be approximately 75 kDa and 80 kDaSBS-PAGE and gel-
filtration, respectively. However, that of recomém A4$-Gal was estimated to
be 170 kDa by gel-filtration, indicating that thecombinant A4-Gal is
oligomeric (dimeric or trimeric). Actually, Af-Gal is trimeric in the crystal
structure, and probably exists as a trimer in Therells, because the trimeric

form shows a tight interaction. It seems that tthiscrepancy was caused by
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differences in the purification methods. For exanphydrophobic column
reduces the specific activity severely. (Hidakal 2002)

Penicilliumsp.p-galactosidase (P9pGal) belongs to family GH-35. Psp-
B-Gal is monomeric with 120 kDa molecular weightkké EC$-Gal, the structure
of Pspp-Gal can be divided into five domains. However, BC{3-Gal the
catalytic site is in the third domain while in Pgsal it is in the first domain
which is a distorted TIM barrel comprising 355 aoanid residues. Active site
residues of Psp-Gal are Glu200 and Glu299. (Rojas al, 2004). Figure 1.5
represents the stereo view of the structural suséipn of PspB-gal, EC$-gal
and A4$-gal.

The molecular mass @&thizomucoiB-galactosidase was found to be 250
000 by gel filtration and 120 000 by SDS-PAGE imdicg that the enzyme was a
dimer of identical subunits (Shaikdt al, 1999). Thermomyces lanuginosiis
galactosidase was also suggested to have a dimsgricture with identical
subunits of 75-80 kDa. The molecular mass of nafivgalactosidase was
estimated by size exclusion chromatography at garant 200-220 kDa during
gel-filtration. This value is not twice of molecublaeight of each subunit as 75-80
kDa possibly due to the fact that the enzyme isagylated and not globular in
its dimeric configuration (Fisheet al 1995). Molecular mass of natig
galactosidases from differerspergillus species,A. oryzae A. foetidus A.
fonsecaeusvere found as 90 000, 126 000, 126 000, respégtirark et al,
1979; Borglum and Sternberg, 1972; Gonzalez anddsion1991).
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Figure 1.5 (a) Stereo view of the structural superpositiorPepf-gal (in cyan),
ECf-gal (in orange) and A$-gal (in brown). (b) Stereo view of the
superposition of their respective TIM barrel donsaifRojaset al, 2004)

1.3. Applications

The use ofi-galactosidase, an enzyme capable of hydrolyzicipse, fills
a niche area in food processes in case of utidimatf lactose and whey solids. Its
main application area is dairy industry low lactosgk production to meet the

need of large percentage of population sufferingmfrlactose intolerance,
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sensitivity to lactose due to their lack of inteati lactase. Lactose can also be
hydrolyzed using acid, but this causes color foromaand fouling of the ion-
exchange resins used in processing (www.fst.rdgkmourses/fs916/lect12/
lectl2.htm). Thus, enzyme technology seems to leentlost proper way to
perform this reaction because enzymes are ablgdmlyze lactose without side
reactions leading to losses in organoleptical dimdeatary properties of milks,
with considerable savings in material and energyth@ industrial processes
(Gekas and Lopez-Leivat al, 1985). Low-lactose milk is produced in processing
plant by adding the liquid enzyme to previouslytpagzed milk and holding it
for 24 hours. The milk is then repasteurized tot hattose hydrolysis once
appropriate level of reduction has been reachedvélkas low-lactose milk with
70% to 100% hydrolysed lactose, lactose reducethg®tcheese, processed
cheese, ice-creams are also produced commerchMiBdanet al, 1998). For
low-lactose milk production, enzyme extracted frlnyveromyces lactisr K.
fragilis which are in GRAS status are used. For oral enztabéets against
lactose intolerance, enzymes which are activecamath acidity like lactase from
Aspergillusspecies are generally used.

Another use of lactase in dairy industry is to @ase sweetness and
digestibility of the final product. Since low solility of lactose leads to its
crystallization causing sandy, gritty texture whisha problem for some dairy
product such as ice-cream, frozen milk, dry milandensed milk, evaporated
milk and in confectionary products with a high camit of milk. Lactase also
improves the utilization of high protein supplengerbntaining milk (Sorensen
and Crisan, 1974). Lactose conversion is also ussdeetener production from
whey, a biological by-product of cheese processsimg;e most of the lactose pass
to whey during cheese production (http://www.eguraedu/~steffe/handbook/
figl51.html).

Environmental pollution caused by by-products ofirdandustry is
another problem related to lactose. Since the mgowf valuable individual
components of whey containing high amount of laetas not economical, it

should be disposed and its disposal becomes a prajblem especially after new
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regulations forbidding disposal of biologically et compounds (Zarate and
Lopez Leivaet al, 1990).

Lactose is used in sweets, confectionery, breadsangages because of its
physiological properties such as providing gooduex and binding water and
color. However, lactose is not fermented by ordi@aker’s yeast. Thus, lactase
can be used since its hydrolysis products can adilyefermented and improve
the toasting of bread and browning of the breadtcdue to enhanced Maillard
reaction. Feed industries might convert whey laztimssugars that do not cause
diarrhea by incorporating lactase into feed forra{Romeranet al, 1964).

In addition, B-galactosidase has found several applications i@ th
laboratories of molecular biologists. Since mangaoisms completely lack this
activity, scientists can splice the gene for enzymie cells, and detect the
presence of the gene by an assaypfgalactosidase. Moreover, lactase can be
used as a reagent for determining lactose in bémabother biological fluids.

(http://lwww.ns.purchase.edu/biology/bio1550lab/atte.htn).

Now, by its transferase activity, lactase has agrothpplication area,
regio-and stereospecific glycoconjugates and odigosaride production which
can be used as a food ingredient, pharmaceuticaa doiologically active
compound. Oligosaccharides are largely indigestiblbe upper intestine so they
can be thought of as low-molecular weight, non-ais; water-soluble dietary
fiber. Thus, they are considered physiologically ndiional foods.
Oligosaccharides increases growth of bifidobactprisent in the colon. This
results in decreasing in the activity of putrectingeteria likeClostridia and toxic
fermentation products (Tomomatst al 1994). Oligosaccharides also lead to
lower blood cholesterol (Chonaet al, 1995; Kikuchiet al, 1996), higher Ca
absorption, a smaller loss of bone tissue (Chomah \Watanukiet al, 1995),
lower incidence of colon cancer (Rowlaatlal, 1997), improved liver function
(Hawkins et al, 1993). Moreover, transgalactosylated oligosasdkarcan be
used as a suitable replacer of lactose in ice-cnextures and other products
because their configurations are similar to thdaofose and because they prevent
crystallization of this saccharide (Modktral, 1990).
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Since pB-galactosidases with different properties are reags for
numerous different applications, screening of newraes of this enzyme which

is active at different conditions introduces a griywesearch area.

1.4. Sources of Enzyme

B-galactosidase is produced by various organismedmy plants, animals,
microorganisms. It exists in many plants like Resa; almonds, tips of wild
roses, seeds of soy beans, alfalfa, and coffee l¢Wals et al, 1960). The
enzyme has also been found in animals like snaikhe intestine of dogs, rabbits,
calves, sheep, goats, rats, rams, bulls, boarsléWealset al, 1960; Cajoriet al,
1935; Conchie 1959a). Moreover, numerous studiesshawn the presence of
enzyme in human saliva, distribution of lactasdeituses of primates and farm
animals (Heilskowet al, 1951), in tissues of rats and mice and in plaseram
and urine of dogs. According to research of Daatl Kretchmer (1962), lactase
activity is maximum in the jejunum, moderate in deapum, least in the cecum
and absent in the stomach (Pomeranz, 1964).

Although these various plant and animal sourcdh@Enzyme are present,
potential commercial source of the enzyme has beemsidered as
microorganisms due to complexity of other sourcEke most thoroughly
investigated B-galactosidase with regard to reaction mechanisimeet
dimensional structure (Jacopseinal, 1994), genetic structure is the one obtained
from E. coli. Other bacterial sources are various strainsLattobacillus
(Wallenfels and Malhotrat al 1960, Wierzbicki and Kosikowslet al, 1971),
Shigella(Rickenberget al, 1960),Pneumococc({Fleming and Neillet al, 1927),
Staphylococc(Creaseet al, 1955),Bacillus megatheriunjLandmaret al, 1957),
Bacillus stearothermophilu&Goodmaret al, 1976), Thermus aquaticu@JlIrich et
al, 1972),Sclerotina sclerotiorunfCristineet al, 1992).
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1.4.1. Thermophilic Fungi

The first thermophilic true fungus was foundMacor pussilusy Lindt

in 1886. Thermophilic fungi grow within a tempernauange of 20°C to 50°C or

higher. Forms such asspergillus fumigatusAbsidia ramosaand others, which

may grow at or near 50°C but which also grow weleanperatures below 20°C,

are considered thermotolerant and are excluded finoemophilic fungi(Cooney

and Emerson, 1964) WhilEhermomyces lanuginosaan grow at 60°C which is

the highest temperature at which thermophilic furagas grow,Humicola stellais

the one which can grow at the lowest possible teatpee. This slightly differs

from the highest growth temperature of thermotelerenesophiles such as

Aspergillus fumigatu@Figure 1.6 Cooney and Emerson, 1964).
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Figure 1.6 Temperature profiles of various thermophilic fungi
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Thermophilic fungi are also important for industr@ocesses such as
edible mushroom production, tobacco processing..teparation of the beds
for mushroom usually involves a typical microbialfsheating and composting of
the carefully prepared mixtures of horse manure stralv or other ingredients.
Atkins (1961) describes this as an aerobic processich eating occurs to about
60°C for several days. Fungi take role in transfogihe original material into an
excellent substratum for the mushroom mycelium destroying unwanted pests
by performing a very effective pasteurization. Tdezomposition of the readily
available nutrients in the raw starting materialsoaprevents subsequent
unwanted heating. The isolations from mushroom amsnhmade by investigators
at the Butler County Mushroom Farm in Pennsylvamawed presence of fungi,
Humicola griseavar. thermoidea Humicola lanuginosa Torula thermophila
Myriococcum albomycest appears that these fungi contribute to thd Heat is
generated, and are also involved in the criticabdgosition processes required
for the production of a good mushroom bed (Coomel/lEBmerson, 1964; p141).

Thermophilic fungi with the highest growth temperat Thermomyces
lanuginosuswas isolated first in 1899 by Tsiklinskaya, who etved the fungus
on patato which had been inoculated with gardeh $his specie is undoubtedly
one of the most ubiquitous of the thermophilic fulgpw the authors uniformly
use the original nam&hermomyces lanuginosuas proposed by Tsiklinskaya
(Table 1.3) (Cooney and Emerson, 1964; p82-83).

Table 1.2Synonyms offhermomyces lanuginosus

Humicola lanuginosa Bunce (1961)
Thermomyces lanuginosus Tsiklinskaya (1899, pp500-505)
Sepedonium lanuginosum Griffon and Maublane (1911)
Sepedonium thermaphilum

cyclosporumandS. Thermaphilum Velich (1914)
ovosporum

Acremoniella sp. Rege (1927)
Acremoniella thermophila Curzi (1929)
Monotospora lanuginosa Mason (1933)
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Thermomyces lanuginosugan grow easily on YpSs medium
(Composition was given in Appendix) at 45°C. Optimgrowth occurs between
45-50°C. No growth is observed at temperaturegeliblow 30°C or above 60°C.
It is a real thermophilic fungus, which presumablytkgrizes enzymes of higher
working temperatures due to its higher optimum terapure and better thermal
stability than its mesophilic counterparts. Therefat seems to be an ideal source
for thermostable enzyme production (Rezessy-Seabb 2003;Xiong, 2004.

The colonies appear white and felty at first, ld®s1 1 mm high, but soon
turn gray, or greenish gray, beginning at the geotdhe colony. Gradually the
colony turns purplish brown, and at this time tlgarasubstratum stains a deep
pink or wine color due to diffusible substancesstsd by the colony.

Thermomyces lanuginosu§&igure 1.7 and 1.8) has colorless, septate
hyphae of 1.5-41 in diameter; short, often septate, unbranchedialgores with
10-15u in long, or branched near the base, single fildargnaleuriospores on
each aleuriophore, which are colorless, smoothedalspherical when young
becoming dark brown, sculptured with age.

Thermomyces lanuginosus extremely common in all types of self-
heating material, guayule rets, hay and grassgegacdmpost, manure, mushroom
compost, potato, oats, straw, and also in birdstsnand sun-heated soils. It
colonizes composts after peak-heating and perdistsughout the high-
temperature phase. However, it cannot degradelesdiiand it seems to live as a
commensal with cellulose-decomposing species, sipasome of the sugars
released from the plant cell walls by their cellgic activities
(http://helios.bto.ed.ac.uk/bto/microbes/thermoatm
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Figure 1.7 Humicola(or ThermomycgdanuginosusColonies growing on potato-dextrose
agar (top left) and malt extract agar (top rigtth&C. This fungus produces single spores
by a balloon-like swelling process at the tips bbr$ hyphal branches (bottom, left). At
maturity  (bottom  right) the spores have brown, pguued walls.
(http://helios.bto.ed.ac.uk/bto/microbes/thermohtm

Figure 1.8 Spores ofT. lanuginosuggrown on YpSs agar for eight days (Picture was
taken in central laboratory in Middle East Techhitiiversity by inverse light
microscopy.)
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1.4.1.1 B-galactosidase fromThermomyces lanuginosus

Fischer and co-workers, 1995 have studipejalactosidase from
Thermomyces lanuginoséd CC 16455 strain. Thermophilicity is important not
only for application during pasteurization, butcalmportant for less possibility
of microbial contamination, decreasing viscosity, iscreasing rate of reaction
with increasing temperature. Table 1.4 summarizesésults of characterization

experiments of intracelluld-galactosidaséom T. Lanuginosus

Table 1.3.Properties of intracellulgi-galactosidasérom T. lanuginosugFisher
et al, 1998)

pl 4.4-4.5
pH optima 6.7-7.2
stability 6-9

Temperature stability at 50°C 47% remaining act. after 48 h

Molecular weight (kDa) 200 (tertiary structure)
75-80 (primary structure)

Metal dependency no

Substrate Specificity 0-NPp-NPG>>lactose

0-NPG; o-nitrophenyB-D galactopyranoside
p-NPG; p-nitrophenyB-D-galactopyranoside

1.4.2. Other FungalB-galactosidases

Since most of th@-galactosidases from bacterial sources are inttdael
and are not in GRAS (generally recognized as ssti#)s, they are not used
especially in food systems. Furthermore, fungi ghigher yields and their
enzymes show broad stability profiles. Therefohe, tommercially availablg-
galactosidases have been mainly obtained from fuegist and molds. The most
important sources are Kluyveromyces lactis, Kluyveromyces fragilis

(Sacchoramyces fragiligCastilloet al, 1990; Caputtet al, 1948; Wendorff and
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Amundsonet al 1971) and soméspergillus species which are accepted as
GRAS by FDA. (Ladercet al, 2002) The enzymes from yeast are generally
membrane bound (Pastore and Peirlal, 1979), active at neutral pH and, thus,
employed in milk and sweet whey. The enzymes framgf are generally
extracellular, active at acid pH and are used tordlyse lactose in acid whey
(Gekas and Lopez-Leivat al, 1985). However, researchers have found that
cellulases and proteases producedSaytalidiumthermophilum thermophilic
fungus, have generally an optimum pH around netytréArifo glu, Ogel, 2000;
Ifrij, Ogel, 2002). This indicates that enzymes bé&rmophilic fungi may be
suitable for dairy processing

Aspergillus oryzaeis one of the fungal sources of extracellufar
galactosidase that has been used commercially ,(RPekSanti, Pastoret al,
1979). Park and co-workers have tried to purify ahdracterizg-galactosidase
from Aspergillus oryzaeThey have found 50°C as the optimum temperatnde a
5 as the optimum pH and high pH stability. Galagtegs a competitive inhibitor
while the other hydrolysis product, glucose was amotinhibitor. Because of the
high pH (6.5) of milk, enzyme was found more appiaie for whey application
than hydrolysis of lactose in milk.

Studies are also conducted on the purificationuofyél p-galactosidases.
These studies involve similar purification stepdie3e steps are ammonium
sulfate fractionation, choromatography on DEAEdelse, choromatography on
CM-cellulose and DEAE-sephadex column choromatdgrapespectively (Park,
De Santi, Pastoret al, 1979; Borglum and Sternberg al 1972). Table 1.2
summarizes general properties of fungrglalactosidases.
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Table 1.4 Some yeast and fungal sourcespefalactosidase and their general
properties

opt.

Source opt. pH | T.(°C) Location | Reference

Wierzbicki & Kosikowski

(1973)

Matioli, Moreas & Zanin
Kluyveromyces fragilis 6.3-6.5 35-45 Cell bound (2001)

Park, Santi, Pastore
Aspergillus oryzae 45-5 55-60 E (1979)

Borglum & Steinberg
Aspergillus foetidus 35-4 66-67 E (1972)

Gonzalez & Monsen
Aspergillus fonsecaeus 26-4 55-60 E (1990)

not

Aspergillus niger 3.5-45 55 reported | Wallerstein Co. (1974)

Wierzbicki & Kosikowski
Scopulariopsis 3.6-5 50-65 E (1973)

Shaikh, Khire & Khan
Rhizomucor 4.5 60 E (1997)
Mucor pusillus 4.4 60 I Sorensen & Crisan (1974)

Macris & Markakis
Fusarium moniliforme 3.8-5 50-60 E (1981)
Neurospora crassa 4 E Comp & Lester (1971)

Fischer, Scheckermann &
Thermomyces lanuginosus 6.7-7.2 -- I Wagner (1995)
Penicillium simplicissimum 4-4.6 55-60 E Cruz & coworkers (1999)

E: extracellular; I:intracellular

Borglum and Sternberg (1972) have found that a mutdrain of
Aspergillus foetidugBlack Fungi) produces lactase extracellularly aeported
its characterization and purification. Results hbaeen very similar to that found
in A. oryzae Gonzalez and Monsan also have searchedpfgalactosidase
activity in Aspergillus fonsecaeusRecent research of-galactosidase from
Aspergillus nigerevealed that the role @tgalactosidase oA. nigerin nature is
more likely in removing3-linked galactose residues from plant-derived okhgaol
polysaccharides, than the hydrolysis of lactosés Tias been proven by different
expression rates on different carbon sources. Highexpression off-

galactosidase encoding lacA gene has been obsernvedose, arabinose, pectin
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and xylan (Figure 1.9). In contrast to what hasnbeepected, lactose has given
low expression, as in the case of glucose, frucgaslactose, mellibiose, raffinose,

starchiose and some gums (Vries and co-woriead 1999).
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Figure 1.9 Chemical structures of pectin, xylan, arabinosglopyranose,
xylofuranose



Sorensen and Crisan (1974) have also screened phdodilamentous
fungi which exhibit intracellular lactase activity order to obtain a thermostable
enzyme. Selection of themophilic filamentous fuhgs been based on exhibition
of good growth on lactose containing media. TheyeHaund thatMucor pusillus
was the bestThermomyces lanuginosaad Torula thermophilahave also shown
activity. in this study by Sorensen and Crisan @)9%he main aim of focusing on
thermophilic fungi was the possible usage of thexctiwe fungal lactases to
reduce lactose content in milk during or immediatellowing pasteurization.

Park and Pastore (1979) have further screened Pighlactosidase
producing fungi. They have found tHatopulariopsishas shown highest activity
betweenSpicariaandAspergillusspecies. The enzyme of this organism has been
found highly thermostable and very active in ackdl phus suitable for cottage
cheese operation and acid whey disposal. In otderfind different p-
galactosidases for different applications, Macrigd aVMlarkakis (1981) have
focused org-galactosidase production Husarium moniliformeyrown in whey.

Shaikh, Khire and Khan (1999) has sou@itizomucorsp for both the
activity of B-galactosidase and comparison of the solid state sabbmerged
fermentation. Semi-solid fermentation was formeidgd to growA. oryzae(Park,
De Santi, Pastoret al 1979) and solid state cultivation was employedKon
fragilis (Becerra, Gonzalez Sicet al, 1996). Becerra and his co-workers also
worked on the purification db-galactosidase frorK. lactis using FPLC. These
authors have compared different methods like gktafion, ion-exchange
chromatography, affinity chromatography. It was doded that highest
purification fold was attained by affinity chromgtaphy; however ion exchange
chromatography with FPLC system (Fast performaipeid chromatography)
was the fastest procedure even though purificdttthwas not so high (Becerra
et al, 1998).

Comp and Lester (1974) studidteurospora crassand found twof-
galactosidases, one being intracellular, the obie@ng extracellular. These two

enzymes were active at different pH values. Inttalee one was active mostly at
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pH 7, whereas extracellular one was active at pHWhen B-galactosidase
induction was examined using different sugars [karabitol, L-arabinose, D-
galacticol, D-xylose and D-galactose, it was fotimat L-arabinose, D-galacticol
and L-arabitol were good inducers for both intrad axtracellular enzyme.
Although lactose on the induced intracellular eneyahpH 7, it had no effect that

much effect on the extracellular enzyme.

1.5. Aim of the Study

Lactose intolerance is common as much as 70-90%aast populations
and is the result of low level or low activity oddtase. Some commercial
solutions have been found against lactose intoberanch as low lactose milk and
oral enzyme tablets. Fung&igalactosidases are generally used for the pramtucti
of oral enzyme tablets due to their high stabiétystomach acidity. While, yeast
B-galactosidases obtained frdfn lactis, K. fragilisare used for low-lactose milk
production. Previous studies indicate that enzynoésthermophilic fungi
generally show their activity at or above neutrdl @rifoglu and Ogel, 2000;
ifrij and Ogel, 2002) in contrast to what is obserireother fungi.

In this respect, objectives of this research wheegroduction and partial
purification of B-galactosidase from a thermophilic fungus, deteatnom of
conditions for better activity and production, figathe analysis of some of the

biochemical properties and lactose hydrolyzingighif the selected enzyme.
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CHAPTER II

MATERIAL AND METHODS

2.1. Materials

Wheat bran, corn and cotton bagasse which were asaexhrbon source
were prepared and turned into a powder by grindm@ miller. L-arabinose
(Merck), o-nitrophenyl-B-D-galactopyranoside (Sigma-Aldrich), glucose redge
kit (Thermo Electron Corporationj-galactosidase oK. lactis (Sigma) and all

other chemicals were of analytical grade.

2.2. Methods

2.2.1. Stock Preparation of Microorganisms

Three thermophilic fungal specigdumicola insolengkindly provided by
Dr. Mehmet Batumfrom ORBA AS., Thermomyces lanuginos@BS 288.54
and IMI kindly provided by Prof. Dr. Peter Bielyoin Slovac Academy of
SciencesTorula thermophilavhich is our own isolate were inoculated into stant
containing Potato Dextrose Agar and YpSs mediumpéhpix A) and were
maintained at 20°C, 4°C and -20°C. Stock culturesewsubcultured every 2

months.
2.2.2. Qualitative Detection of Fungap-galactosidase Activity
X-gal (X-gal 5-bromo 4-chloro 3-indoly-D galactoside) (Sigma) was

dissolved in N-N-dimethyl-formamide in a 20:1 (mdymatio in a 1.5 ml

eppendorf tube. The tube was covered with alumifainand was stored at -20°C.
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Isopropylbetathiogalactoside (IPTG) solution wagirepared by mixing 0.024g
IPTG with water to a final volume of 1 ml in 1.5 mppendorf tubes. Then the
solution was filter sterilized and stored at 4%TG is used as an inducer and X-
gal as an indicator gf-galactosidase activity in bacterial species.

In order to understand the applicability of X-gadatment for validity of
B-galactosidase existence in fungi, sterile petatgd containing YpSs agar were
prepared. 100 X-gal and 5@ IPTG solutions were spread over the plate by a
spreader in aseptic conditions, and then platese wacubated at room
temperature for 45 min in order to let X-gal & IPTBfuse through the agar. A
known intracellulaB-galactosidase producdmermomyces lanuginosuss then
inoculated to X-gal treated plates and incubatedafiproximately 5 days until
well-growth of fungi and blue colour formation wesbserved.

For preliminary screening of three thermophiliondguand carbon source,
sterile petri plates were prepared by adding medifYpSs agar containing
different carbon sources; pectin, xylan, wheat peaabinose, lactose. 1J0I0X-
gal was spread over them and incubated again foird3PTG was not added in
order to see solely carbon source effect as indudeen, Humicola insolens
Thermomyces lanuginosuSBS, Torula thermophilawas inoculated to X-gal
treated plates and incubated until well-growth afndi was observed.
Observations were made based on color change dme. @ue-green color

indicated presence @fgalactosidase.

2.2.3. Growth of Microorganisms

Pre-culture and main culture media were based ddsYpoth (Appendix
A). 3-5 mg spore from stock slants was inoculateth ipre-culture medium
volume of which was 2% of the main medium. Fordgkeemination of spores, pre-
cultures were incubated at 45°C and 155 rpm fon 24 rotary shaker incubator.
After incubation, pre-cultures were transferredrain-culture, then main culture
was incubated at 45°C, 155 rpm for 12 days. Enzaatieity and biomass were

determined by taking samples at each day of growth.
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2.2.4. Enzyme Assay

Starting from the first day of incubation, supd¢amh samples were
removed and filtered. Total amount of sample tatenughout the incubation
period did not exceed 10% of the initial volumeted main medium not to cause
any disturbance in the microbial growth due to waduchangeo-Nitrophenyl- -
D-galactopyranoside (0-NPG) was used as substateerizyme assay. This
substrate is converted to galactose ammitrophenol which is yellow in color and
thus intensity of color was determined as absoméycspectrophotometer at 420
nm wave length.

For enzyme assay, 10 mM substrate was prepare@llinM sodium
phosphate buffer at pH 7.0. Supernatants were ppptely diluted. Temperature
of water bath and spectrophotometer were adjusied0fC. Diluted sample,
substrate and buffer solutions were individuallgubated in water bath for 5 min
for equilibration of temperature. After 5 min in@ilon, blank solutions were
prepared. For enzyme blank, 0.3 ml sample was attdedvettes containing 1.2
ml buffer (0.1M sodium phosphate buffer at pH 78y for substrate blank, 0.3
ml buffer was added to cuvettes containing 1.2ubkgrate solution. Then, 0.3 ml
sample was added to cuvettes containing 1.2 miaibs Absorbance difference
was measured at every 25 seconds for approximdlynin at 420 nm by
Shimadzu UV-spectrophotometer and data were reddogdJV-Prope software
program connected to the spectrophotometer. Fdn sample, at least double
measurements were performed.

The absorbance values were plotted versus tinopeSlabsorbance/min)
was determined by linear regression. This value thas converted to enzyme

unit per ml with the help of a of standard curvéirded (Sec. 2.2.8.)
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2.2.5. Measurement of Biomass

In order to determine dry mass of fungi and toeobs growth daily, the
biomass on the filter paper was incubated at 6@¥ClLfday and weighted after
waiting in desiccator for 10 min. The ratio of éfénce in weight of biomass
before and after drying to the volume of supernasample gave the value of dry

biomass per ml of sample.

2.2.6. Standard Curve Preparation

One unit of enzyme activity is defined as the amiaf enzyme liberating
1 umol of o-nitrophenol per min under the assay conditionsilesd above (Park
et al, 1979; Shaiklet al, 1997; Sorensen and Crisan, 1974). For stockiealu-
nitrophenol was dissolved in 4 ml ethanol (96%) &PR0.1 M sodium phosphate
buffer at pH 7.0 to final concentration of 62.5mBlank solution was prepared
by mixing 4ml ethanol and 2ml of the buffer used $tock solution preparation.
Then, serial dilutions from the stock solution weesformed as shown in Table
2.1.

Blank was prepared by adding 0.3 ml buffer to 1.2btank solution.
Sample was prepared by adding 0.3 ml buffer tondl. ®-nitrophenol (ONP) in
appropriate dilution. Then, absorbance of sample ma&asured at 420 nm in
reference to blank by Shimadzu UV-VIS spectroph@tan at 60°C until a
constant absorbance was observed. This procedweaepaated for all dilution
rates tabulated below. Finally, absorbance valuesrewplotted against
concentration of the solution. For each dilutionuble samples were used and
experiment was carried out in triplicate. The slame range in which linearity
was observed was determined. Slope (abs/mM ONP)used as the conversion
factor in determining enzyme activity to enzyme tisiml.

U/ml = Activity (abs/min) / slope (abs/mM ONP) *,610,3)
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1,5/0,3 is the ratio of total volume of cuvettectode enzyme volume in
cuvette. Slope of the standard curve which is cmiee factor was found to be

2,6 abs/mM ONP and the resulting standard curpegsented in Appendix B.

Table 2.1Serial dilutions ob-nitrophenol for standard curve preparation

Dilution Preparation Molarity Molarity
Factor of the o-nitrophenol in the cuvette
solution (mM) (mM)
Stock 62.5 50
10X 1 ml stock + 9 ml B 6.25 5
50X 2 ml 10X + 8 mB 1.25 1
100X 1 ml 10X + 9 mB 0.625 0.5
200X 2ml 50X +6 mlB 0.3125 0.25
400X 2ml 100X + 6 ml B 0.15625 0.125
500X 2ml 100X + 8 ml B 0.125 0.1
1000X 2ml200 X +8 ml B 0.0625 0.05
2000X 2ml 400 X +8 ml B 0.03125 0.025
5000X 1 ml 1000X + 4 ml B 0.0125 0.01
10000X 0.5 ml 1000X + 4.5 ml B 0.00625 0.005
20000X 0.5 ml 2000X + 4.5 ml B 0.003125 0.0025
50000X 0.5 mI 5000X + 4.5 ml B 0.00125 0.001

B-0.1 M sodium phosphate buffer at pH 7.0

2.2.7. Determination of Storage Stability

Supernatant (crude enzyme) samples were takentfrerd” and 18' day
of growth; the days at which peak activities of@ne were observed. At least 30
ml sample from both was stored at 4°C in refrigarat 1.5 ml epppendorf tubes.
Another 30 ml sample was mixed with glycerol in ambof 5% of the sample
and final solution was placed in refrigerator @°@ in 1.5 ml epppendorf tubes.
Every two days of storage, one eppendorf tube alentfrom 4°C and -20°C, 2X
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diluted and the activity was determined as desdrilbe Sec. 2.4. In order to
determine storage stability of crude enzyme sampihés procedure was applied

for approximately 1 month.
2.2.8. Optimization of Temperature

Crude enzyme samples were taken frdthaéid 18' day of growth of
Thermomyces lanuginos@BS; the days at which peak activities of enzyneeew
observed. The temperature of the water bath andUXh&/IS spectrophotometer
was adjusted to 30, 40, 45, 50, 55, 60, 65, 70C 788quentially. At each
temperature, enzyme activity of the samples froith ldays was measured as in
Sec. 2.2.4 at pH 7.0. Finally, activity versus tengpure graph was plotted to

determine optimum temperature of the crude enzyme.
2.2.9. Optimization of pH

Crude enzyme samples were taken frdtha#id 18' day of growth of
Thermomyces lanuginos@BS; the days at which peak activities of enzyneeew
observed. 0.1 M acetate buffer was prepared atatkes of 4, 5, 5.5 and 0.1 M
sodium phosphate buffer was prepared at pH valliés@5, 6.6, 6.8, 7, 7.2, 7.4,
7.5, 7.6, 8 and finally Tris-HCI buffer was prepéa pH values of 8 & 9. 10 mM
substrate solution was prepared for each pH vajumiing substrate with the
buffers defined above. Then, enzyme activitieshaf samples from both days
were measured as in Sec. 2.2.4 at 60°C. Finallivityoversus pH was plotted to

determine the optimum pH of the crude enzyme.
2.2.10. Kinetic Parameters of Enzyme

Substrate ¢-NPG) solutions in buffer at pH 7.0 were prepared at
concentrations of 1, 5, 10, 30, 45, 60 mM. Eachssabe solution and crude

enzyme was incubated in water bath at 60°C for Butes. Activity of crude
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enzyme sample was also measured at 60°C for eddtrate concentration as
described in Sec. 2.2.4. Finally, unit activityesizyme, in other words velocity of
reaction was plotted against substrate concentraliichaelis-Menten constant,
Km and maximum velocity, ¥axwere determined with the help of the method
described by Lineweaver and Burk (1934).

2.2.11. Fungal Morphology

Biomass samples afhermomyces lanuginos@@BS 288.54were taken
from each day of growth under aseptic conditioramfr3® day to 13' day.
Photographs of these samples were taken by Nikgitabicamera. Moreover,
these samples were observed under inverse lightrostope by 100X
magnification in the central laboratory in MiddleadE Technical University.
Macro and micro views of the samples was used doalize the growth day by

day and to compare it with the biomass data medsagelescribed in Sec. 2.2.3.
2.2.12. Determination of Protein

Protein was determined by Bradford method (BratifigkM., 1976) for
samples gathered from Ammonium Sulfate Precipmati®ovine serum albumin
was used as standard protein. However, for sangaltered from gel filtration
and anion-exchange chromatography, rough estimafipnotein were performed
by measuring absorbance of the sample at 280 nnik@y&002) and protein
profile was drawn based on these data.

2.2.13. Electrophoretic Analysis

Electrophoretic analysis was performed after amuoron sulfate
precipitation and anion exchange chromatographyrdoogy to the procedure
defined by Laemmli (Laemmli U. K., 1970). 324 sample was loaded to each

well. PageRuler from Fermentas was used as mankkbjal was loaded to well.
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2.2.14. Optimization of Fractional Ammonium SulfatePrecipitation

In order to find ammonium sulfate concentrationaihwould give better
yield and purification fo-galactosidase, optimization was needed to beechrri
out. First, percentages of ammonium sulfate use \determined as 30%, 30-
45%, 45-60%, 60-75%, 75-85% (http://www.biotéms$tate.edu/facilities/
protein/manuals/542B_Sec7.pdf). 4 L of 0.05 M sodiphosphate buffer at pH
7.0 was prepared and used for dialysis after pitatipn. Supernatant sample
(crude enzyme) taken from ®iday of growth were continuously stirred by
magnetic stirrer at 4°C and ammonium sulfate wake@do 30% saturation by
gradually adding salt within 45 min-1 h, avoidirgaming on the surface of the
sample. After adding all the salt enough to make shmple saturated to the
desired value, sample was kept for 1 h for preaijpih. After 1 h, sample was
centrifuged at 10480 rpm (12000 rcp) for 30 min4&EC. While centrifuging,
dialysis tubes were prepared by dipping them imtidirig water containing 0.1 %
EDTA and 0.1% sodium bicarbonate for 5 min. Aftentifuging, precipitated
part was separated and dissolved in 1 ml buffeigrbedialysis. Then, samples
were put in dialysis bags and placed in 2 L dialysuffer stirred by magnetic
stirrer. Ammonium sulfate was added to the remai@gueous phase to make the
concentration 45% from 30% and the procedure waeated. Dialysis was
carried for 1 day and buffer was refreshed everyn.18amples were investigated
for their protein amount and enzyme activity in erdio find yield and

purification fold of each saturation percentage.

2.2.15. Anion-Exchange Chromatography

Anion-exchange chromatography was performed by G-P(Fast
Performance Liquid Chromatography) in Central Labary in Middle East
Technical University. Commercially available, ready use strong anion-
exchange column, HiPrep 16/10 Q XL was used. lamipde gathered from 60-
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85% ammonium sulfate precipitation of crude enzyfmem Thermomyces
lanuginosusCBS 288.54was loaded to the column. Flow rate was adjustet to
ml/min. 0.02 M sodium phosphate buffer at pH 7.& waed for equilibration and
also as start buffer. Column was run for 3.5 hadsnt elution was performed by
0.02 M sodium phosphate elution buffer at pH 7.@taming 0.68M NaCl by
linearly increasing salt concentration from 0 t68).M. Eluted fractions
containing 2 ml sample were collected every 2 nWhile weakly binding
proteins to the column were eluted first, strongading proteins were eluted last,
they required higher salt concentration. UV-detectinnected to the FPLC was
used for drawing protein profile by plotting absambe of the samples at 280 nm
with respect to time. Fractions in the vicinitypefak protein values were analysed
for their enzyme activities and then electropherethalysis of the fractions

showing higher activity were carried out by SDS-HA& in Sec. 2.2.13.

2.2.16. Determination of Molecular Weight

Molecular weight of the sample gathered from 6048&mmonium sulfate
precipitation was measured by gel filtration witRLEE (Fast Performance Liquid
Chromatography) in central laboratory in Middle E€3%chnical University.
Commercially available, ready to use, Superdex @2@p grade column which is
selective for proteins with a molecular weight rarg§ 10 000- 600 000 kDa was
used for gel filtration. 1 ml sample gathered fréM85 % ammonium sulfate
precipitation of crude enzyme frorhermomyces lanuginos@BS 288.54 was
loaded on the column. Flow rate was adjusted tordlfnin. 0.05M sodium
phosphate buffer at pH 7.0 was used for equilibratind also as the start buffer
and elution buffer. Proteins with high molecularigie were eluted first. UV-
detector connected to the FPLC column was usedriowing protein profile by
plotting absorbance of the samples at 280 nm vatipect to time. Fractions in
the vicinity of peak protein values were analysed their enzyme activities in

order to understand which peak value correspondgdgalactosidase. Proteins
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with known molecular weights were loaded before shenple under the same
conditions and standard curve was drawn. Basedhisncurve, the molecular

weights of fractions were estimated.

2.2.17. Standard Curve Preparation for the Determiation of Glucose

Concentration

Liquid glucose reagent —glucose oxidase-peroxidaszyme kit- was
obtained from Thermo Electron Corporation. Thisgesd oxidizes glucose to
gluconic acid and hydrogen peroxide by glucose as&d then hydrogen peroxide
is converted to red quinoneimine dye in the presevicperoxidase, HBA (4-
hydroxybenzoic acid) and 4-aminoantipyrine. Theemsity of color is
proportional to the glucose concentration and cammeasured photometrically
between 460-560 nm. In order to measure glucoseecdration of sample,
standard curve was needed to be prepared befoneegperiment. First, 35 mM
(maximum concentration that can be measured a&tyray the reagent) glucose
solution was prepared. Then serial dilutions weagied out as in Table 2.2.
Solutions were incubated at 37°C for at least 5 Blank was prepared by adding
10 pl distilled water to 1.5 ml glucose reagent solnti®ample was prepared by
adding 10ul glucose solution in appropriate dilution to 1.5 meagent solution.
Then, absorbance of sample was measured at 500 maference to blank by
Shimadzu UV-VIS spectrophotometer until a constbdorbance was observed.
Finally, absorbance values were plotted againstemtnation of glucose. For each
dilution, double samples were used. Slope was ferbnversion of absorbance
values to glucose concentration. One example afltreg standard curve is
presented in Appendix C.
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Table 2.2Serial dilutions of glucose solution for standewive preparation

Dilution Factor Preparation Molarity (mM)
X Stock 35
1.4X 2ml X+ 0.8 ml d:O 25
3.5X 1ml1.4X+1.5mldED 10
7X 1ml1.4X+ 4 mldHO 5
35X 0.5 ml 3.5X + 4.5 ml dO 1
70X 1 mlI 35X + 1 mldHO 0.5

dH,0; distilled water

2.2.18. Determination of Lactose Hydrolysis

Lactose is hydrolyzed into glucose and galactos@-galactosidase and
glucose is known to be much less reactive in texask reactions than galactose
as described in Sec. 1.2. Thus, glucose amounbeamsed as an estimation of
lactose hydrolysis. First, 15 ml samples of 5%daetsolutions in 0.1 M sodium
phosphate buffer at pH 7.0 -percentage near todacamount in milk- and 15 ml
of 10% sodium bicarbonate were prepared in falated by using distilled water.
The activity of enzyme obtained from 60-85 % ammansulfate precipitation of
crude enzyme frofhermomyces lanuginos@BS 288.54 was determined. 1.35
unit of enzyme was added to 13.5 ml 5% lactosetisoll U: 10 ml 5% lactose)
and solution was started to be incubated at 60%ater bath. Time of addition
was recorded. After 1 h incubation, 1 ml sample wae®en and reaction was
stopped by adding 1 ml 10% sodium bicarbonate peeppreviously. Next, 14
sample with sodium bicarbonate was added to 1.5glmtose reagent and
incubated for 5 min at 37°C or 15 min at room terapge, then absorbance was
measured at 500 nm in reference to blank contaib@ng distilled water and 1.5
ml reagent. This procedure was repeated for 3,0622, 29, 51, 98, 144, 240
hours of incubation. Finally, %lactose conversiaswlotted with respect to time.
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2.2.19. Temperature Effect on Lactose Hydrolysis

Enzyme obtained from 60-85 % ammonium sulfateipr@tion of culture
supernatant fronThermomyces lanuginosusas added into 5% lactose solution
in ratio of 1 Unit to 10 ml 5% lactose solution. réa falcon tubes prepared
accordingly were incubated at 30°C, 40°C and 5@@arstely and the same
procedure as in Sec. 2.19 was applied. Data wkeatat 2, 4, 20, 44, 68, 98, 144,
240 hours of incubation. In order to observe whethetose was hydrolysed
spontaneously with time at high temperature, caigarto glucose in 5 % lactose

solution without addition of enzyme was also inigeged with respect to time.

2.2.20. Comparison with Commercial Enzyme

The activity of enzyme obtained from 60-85 % ammon sulfate
precipitation and that of the commercially avaitabp-galactosidase of
Kluyveromyces lacti€Sigma)were determined. Same unit of enzyme from both
organisms was added into 5% lactose solution i @t 1 Unit to 10 ml 5%
lactose solution. Three samples prepared accokdiwgke incubated at 30°C,
40°C and 50°C and the same procedure as in Sé&cwad applied. Data were
taken at 2, 4, 20, 44, 68, 98, 144, 240 hours@ibation.
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CHAPTER 1lI

RESULTS AND DISCUSSION

The aim of this study was the production and paparification of
extracellula-galactosidase from thermophilic fungi. In thispest, a number of
thermophilic fungi were first subjected flegalactosidase activity screening using

the chromogenic substrate X-Gal.

3.1.p-galactosidase Production by Thermophilic Fungi

X-Gal is used in conjunction with IPTG for the dgten of -
galactosidase activity in bacterial colonies inodbodmetric assay to distinguish
recombinants (white) from non-recombinants (blxelzal is cleaved at thg 1-4
bond between galactose and the 5-Bromo-4-chlorwd8lyl part of X-Gal byg-
Galactosidase via hydrolysis. The cleavage of X+@sillts in the production of a
water insoluble blue dichloro-dibromo-indigo pretape at the site of enzymatic
cleavage.
(http://www.apolloscientific.co.uk/otherProductsfdsciences_Enzyme.htm).
However, since the function of X-gal and IPTG isdxhon the working principle
of the lac operon . coli. There was no information available to know if Atg
could be equally, efficiently used to detect fungrgalactosidase activity or not.

In this research, X-gal was first tried dmermomyces lanuginosua
known intracellularp-galactosidase producer (Fisher al 1995), in order to
examine the applicability of X-gal treatment. Figu.1 shows formation of green
color, which indicates that X-gal can be used moy ¢or detection of bacteridl-

galactosidase activity but also for the detectibfungal B-galactosidases.
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Figure 3.1 Thermomyces lanuginos@BS grown on YpSs agar (Appendix A)
containing X-Gal and IPTG.

After validation of the applicability of X-gal fahe detection of fungdl-
galactosidase producers, this technique was usedd®@ening a number of
available thermophilic fungi and for the investigat of carbon source inducing
B-galactosidase production. Therefore IPTG was ddéd into the growth media.
The fungus showing begtgalactosidase activity was found to Deermomyces
lanuginosu<LBS. FurthermoreThermomyces lanuginosasuld grow and give a
significant green color on all carbon sourcesalt grow on arabinose and xylan
more easily. All three fungus species grow and sfayalactosidase activity on
arabinose and wheat bran. (Figure 3.2 and Tab)e 3.1
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Figure 3.2 Growth of thermophilic fungi on various carbon smes for the detectiop-galactosidase
activity by X-gal treatment (aJhermomyces lanuginos@BS, (b)Humicola insolens(c) Torula
thermophilagrown on modified YpSs medium containing arabinageeat bran, lactose, xylan and

pectin as carbon source instead of starch (Appeigdix



Table 3.1Tabulated form of Figure 3.2

Arabinose | Xylan Wheat Pectin Lactose

g| ¢c| 9| ¢c|] 9| ¢| 9| c g9 c

T.lanuginosus

CBS
H.insolens + + + 1+ 1 _1_1+ 1 _
T.thermophila | + + 1+ +1 1 _1 + _

g; growth;
c; colour change

3.2. Selection of the Best Carbon Source f@-galactosidase Production by

Thermomyces lanuginosus

After preliminary screening of carbon source by &-greatment,
guantitative analysis based on activity measuremes performed in order to
determine the best inducing carbon source of ®llpctin, wheat bran, arabinose,
lactose, corn bagasse, cotton bagasse. Pre-culimeeanodified YpSs broths
(main culture) containing these carbon sources wepared as described in Sec.
2.2.3. Enzyme activity of samples from each flasll at each day of incubation
was measured according to the procedure givencn2sé. The carbon source at
which maximum activity was observed throughout theubation period was
selected as the best inducing one of all definev@bResults of the experiments
showed thafThermomyces lanuginos@BS could not grow well in submerged
liquid cultures when hardly miscible carbon sourtike cotton bagasse, corn
bagasse were used. The carbon source that indbeekighest extracellulgs-
galactosidase production was found as arabinos&visfol00 fold higher
production of lactase as compared to that of l&c{dgble 3.2). This result is in
accord with the literature. Vries and coworkers 990 revealed that higher

expression ofi-galactosidase encodingcA gene inAspergillus nigeroccurs on
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xylose, pectin, xylan and arabinose (highest) thiaractose, in contrast to what
was expected. Wheat bran also induced expressitecAfpossibly due to the
presence of arabinoxylan in its structure (Vm¢sal 1999). Moreover, research
on B-galactosidase secreted Ngurospora crassahowed that there were tvigo
galactosidases, one was intracellular, the otheresttracellular. Highest inducing
sugar for both enzymes was found to be L-arabirmwgk lactose was inducing
approximately 20 fold less than L-arabinose (Comg laester, 1971).

In nature, arabinose is generally found in thecstme of polysaccharides
like hemicelluloses which can not pass into cetitesss they are hydrolyzed by
enzymes secreted to the extracellular environméné presence of arabinose
within the medium might act in signalling the organ the presence of
induction of

polysaccharides in the medium, which would expldhe

extracellulaf-galactosidase.

Table 3.2 Maximum B-galactosidase activities ofhermomyces lanuginosus
grown on different carbon sources by submergeddiqultivation

Carbon . Wheat . Corn Cotton
Arabinose Pectin | Lactose

Source Bran bagasse | bagasse

X(E:it?(vity 0.25 001277 0,02 0,026 signl\ilf(i)cant signl\ilf(i)cant

(U/ml) +0,02 +0,01 | £0,005| 0,01 growth growth

When activity and biomass was analysed throughbet growth of
Thermomyces lanuginos@BS in YpSs medium containing arabinose as the sole
carbon source, two peak points in activity and eéase of biomass after first peak
point of activity were observed (Figure 3.3). Adiyvgave first peak point on
either 3 or 4" day of growth, afterwards a slight decrease wélsvied by a

sharp increase in activity giving a second peamfd’hor 11" days of growth. It
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was suggested that there might be two enzymesjsogsecreted extracellularly
during initial days of growth and the second onecWwhs located perhaps on the
cell-wall is released following the initiation ofdmass degradation at day 3 as a

result of fragmentation of the mycelium.
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5 1025
4] 1020 _
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3 £
P lois 2
g °] “z
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@ 2 1010 <
14 + 0,05
0 \ \ \ \ \ ‘ 0,00
0 2 4 6 8 10 12 14
Time of Incubation (Days) —A— Biomass (g/L)
—e— Activity (U/ml)

Figure 3.3 Activity and biomass change throughout the groefti hermomyces
lanuginosusCBS in modified YpSs medium containing 1.5% arabe@s the
sole carbon source.

3.3. Optimization of Assay Conditions

Enzyme assay was conducted based on the contimoeasurement of
absorbance versus time, rather than the stop a$hkag, there was no need to
optimize the assay time. First of all, it was regdito test the substrate to see if it
is decomposed spontaneously without enzyme ontnetis observed that even at

75°C, substrate did not self-decompose.
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Activity was also measured every day throughoatgiowth of the fungus
by using both enzyme and substrate blank. It wasdahat blank type did not
have a significant effect on activity. However, cgnculture supernatants had a
natural yellow color and substrate also turned yaibow color in the presence of
B-galactosidase, it was thought that color of sugiamt could mask the activity,
causing misleading results. For this reason, sapents were diluted and enzyme
blank was used instead of substrate blank.

Activity of crude enzyme at different dilution estwas examined in order
to assure that there was no effect of buffer (0.8ddium phosphate buffer at pH
7.0) on activity of the enzyme. It was observed tinere was no positive or
negative effect of the buffer on activity (Figurel3 According to the results, %

dilution was selected for further experiments.

0.25

y = 0.2067x - 0.0032
R? = 0.9983

0.2

0.15

0.1

Activity (abs/min)

0 0.2 0.4 0.6 0.8 1 1.2

Dilution rate

Figure 3.4 Effect of dilution rate on activity of crud@-galactosidase of
Thermomyces lanuginosuGBS grown on modified YpSs medium containing
arabinose as carbon source.
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3.3.1 Optimization of pH

Samples from first and second peak point of agtiwiere taken. Activities
were determined at 60°C and at different pH valeging from 4 to 8 as
described in Sec. 2.2.9.

For the sample taken from the first peak pointacfivity, at day 4,
optimum pH was found to be 7.6 (Figure 3.5) whetbasvalue was 6.8 for the
sample taken from the second peak point of actiatyday 10 (Figure 3.6).
Previously, the intracellulap-galactosidase ofhermomyces lanuginoswgas
examined and pH optima was found as 6.8 (Fishex, 1995) which correlates
with the results of the second enzyme. The observatf two different pH
optima supports the existence of two differprgalactosidases (Sec. 3.2). One is
secreted extracellularly during the initial daysgobwth, while the second one
may be located on the cell wall or cell membrang iarexcreted as a result of the
fragmentation of the mycelium. Such a fragmentaisan fact an advantage since
it eliminates the need for expensive and diffiadll disintegration techniques as
in Fisher's research; where the authors have ragteells by using glass bead
mill (Fisheret al, 1995).

In the literature, fungaP-galactosidases are known to be acidle.
galactosidase frorAspergillusspecies was investigated and pH optima was found
between 3-5 (Parlket al, 1979; Borglum and Steinberg, 1972; Gonzalez and
Monsen, 1990). pH optima of some other fungajalactosidases are listed in
Table 1.4. Due to this property of fungal lactasbgy are generally used in
production of oral enzyme tablets or whey procegsirPrevious studies have
shown that thermophilic fungi generally show theastivity at or above neutral pH
(Arifo glu and Ogel, 2000ifrij and Ogel, 2002). Results found f@hermomyces
lanuginosusp-galactosidase are in accord with these previolsermhtions. A
fungal enzyme with optimum pH at neutral-alkaling gpuggests potential usage

of this enzyme oThermomyces lanuginosusthe dairy industry.
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Figure 3.5 Optimization of pH of crude enzyme taken frofhday of growth on
modified YpSs medium containing 1.5% arabinoseaalsan source.
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Figure 3.6 Optimization of pH of crude enzyme taken fromt"iday of growth
modified YpSs medium containing 1.5% arabinoseaalsan source.
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3.3.2 Optimization of Temperature

In order to find the temperature at whiglgalactosidase shows maximum
activity under the defined assay conditions, atéigsiwere determined at pH 7.0
and at different temperatures ranging from 30°C5%C as described in Sec. 2.2.8.

For both enzyme components, optimum temperaturefoussl to be 65°C
(Figure 3.7). Thermophilic fungi produce thermostadnzymes and they are less
prone to microbial contamination, which is impottaspecially during the long
operating time of immobilized enzyme systems. Mwegp higher temperature
decreases viscosity so increases rate of reac8oich enzymes can also improve
the economy of the lactose hydrolysis as a restiltheir greater stability
(Maciunska et al 1998). When such an enzyme is added to milk befor
pasteurization, it can retain most of its activdy the end of pasteurization.
Essentially, thermostablp-galactosidases have received considerable attentio
because of their possible utilization in the indastprocessing of lactose-
containing fluids. Even lactase of the extremertiogghileThermus aquaticuand
Thermoanaerobiursp. 2905 have temperature optima at 80°C (Uletz& 2001;
Ulrich et al, 1972). ArcheabacteriurBulfolobus solfariticusshows maximum
activity over 90°C (Pisanet al 1990). However, when fungal and ye@st
galactosidases are compared (Table 1.4), it cacobeluded thaThermomyces
lanuginosusgrown on YpSs medium containing arabinose as carkmurce

produces one of the most thermostable fufggdlactosidases.
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Figure 3.7 Optimization of temperature of crude enzyme takem 11" and 4"
days of growth on modified YpSs medium containing% arabinose as carbon
source.

3.4. Effect of Storage on Enzyme Activity

Crude enzyme samples were stored at 4°C and 20°€bout 1 month.
When activity was measured, it was concluded thiadptes at both 4°C and -20°C
preserved their activity at the end of a month (Feg3.8 and Figure 3.9).
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Figure 3.8 Storage effect on crude enzyme taken fréhady of growth.
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Figure 3.9 Storage effect on crude enzyme taken frofi d@y of growth.
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3.5 Kinetic Parameters of Enzyme

According to the results, further kinetic studigere conducted on the
enzyme excreted at day 11 (named@-amlactosidas®). In order to understand
the affinity of substrate for enzyme, Michaelis-Nlm constant, K can be
determined. Lower the value shows higher affinityeazyme for its substrate.
The Michaelis constant § can be seen to be the substrate concentration for
which the (initial) rate of reaction reaches hal2) of the maximum. Figure 3.10
represents the reaction velocity with respect taceatration of substrate-
nitrophenolf-D- galactopyranoside. The data were also plottgdhle method
described by Lineawer and Burk (1934) (Figure 3.K})and \Vihax Were found as
2.48 mM and 0.44 U/ml, respectively. Whilg,Kalue was slightly higher than
that of other organisms, it was less than thedf the purified intracellulap-
galactosidase ofhermomyces lanuginos$able 3.3). This might be the result
of strain differences or reduction of affinity feubstrate due to purification as in
case oRhizomucosp. (Shaikret al, 1999)

Table 3.3Km value of different organisms forNPG

Organism Km value (mM) Reference
Thermomyces lanuginosud1,3 Fisheret al, 1995
(purified, intracellular)

Rhizomucossp. (purified) 1,32 Shaikhet al, 1999
Rhizomucosp. 0,785 Shaikhet al, 1997
Aspergillus fonsecaeus 1,78 Gonzalez & Monsan, 1991
Aspergillus foetidus 1,613 Borglum & Sternberg, 1972
Aspergillus oryzae 0,77 Parket al 1979
Thermomyces lanuginosug,48

(in this research)
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Figure 3.10 Activity of Thermomyces lanuginosysgalactosidase-B versus
substrate concentration (substratetitrophenolf-D- galactopyranoside)
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Figure 3.11 Lineweaver-Burk Plot forp-galactosidase-B ofThermomyces
lanuginosus
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3.6. Fungal Morphology During Growth in Submerged Q@ilture

In order to understand the reason behind the iser@ap-galactosidase
activity after decrease in biomass on tHe day (Figure 3.3), photographs of
Thermomyces lanuginosgsown on modified YpSs broth containing arabinase
carbon source was taken by both a Nikon digital eran(Figure 3.12) and an
image analysis system composed of a computer withofaware program
connected to an inverse light microscope prese@emntral Laboratory in METU
(Figure 3.13). When looked at those figures, it easily be detected that
filaments are broken into pieces in the days foltmvthird day of growth.
Moreover, as time continues, fragmentation increaBerease in fragmentation
explains the decrease in biomass aftdrday of growth and strengthens the
suggestions about the existence of cell wall-borghlactosidase which is
excreted and shows increasing activity afféday.

Figure 3.12- confirms the above suggestions. Atfitst days of growth,
filaments were intact, however, later, number gitsms, vacuoles in the cells
and dimensions of vacuoles increased. Additionaliss movement in the
cytoplasm was observed and it became harder tthseeuclei. Especially, after
the 6th day, integrity of cells were lost. Arrows the Figures 21, 22 and 23 show
the break points of filaments. After 8th day, spation begins. Finally, after 10th
day, cells appear to have entered the death phaghis stage, cells have very
large vacuoles with almost no cytoplasm. It is lijkéhat at this stage proteases

are released from the vacuoles causing loss oineaagtivity.

52



. 39day of growth

\
b. 4" day of growth

Figure 3.12 Photographs offhermomyces lanuginos@BS 288.54 grown on
modified YpSs broth containing arabinose as carbmurce. (a-b, days 3-4; c-d,
days 5-6; e-f, days 7-8; g-h, days 9-10; i-j, dhysl?2)
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Figure 3.12 continued
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f. 8" day of growth

Figure 3.12 continued
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g. 9" day of growth

&

h. 10" day of growth

Figure 3.12 continued
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i. 11" day of growth

j. 12" day of growth

Figure 3.12 continued
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a.3" day of growth

b. 4" day of growth

Figure 3.131000X magnified images dthermomyces lanuginos@BS 288.54 taken
by inverse light microscope grown on modified Yd8eth containing arabinose as
carbon source (a-b, days 3-4; c-d, days 5-6; e¥fsd; g-h, days 8-9; i-j, days 10-11;
k, day 12)
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Figure 3.13 continued
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f. 7" day of growth (100X)

Figure 3.13 continued
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g. 8" day of growth

h. 9" day of growth

Figure 3.13 continued
Arrows indicate break point of filaments.
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i. 10" day of growth

j. 11" day of growth

Figure 3.13 continued
Arrows indicate break point of filaments.
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k. 12" day of growth
Figure 3.13 continued
Arrows indicate break point of filaments.

3.7. Partial Purification of Thermomyces lanuginosus p-galactosidase

In this research, extracellular enzyme was ofr@sesince intracellular
enzymes require expensive and difficult cell disgnation techniques and they
are harder to purify due to many cell componenggeapng after burst of the cell.
Since extracellular enzymes are very diluted dueh® large volume of the
medium, they need to be concentrated before patific. In this study,-
galactosidase-B ofThermomyces lanuginosusvas partially purified and
concentrated by fractional ammonium sulfate preéafgn and anion-exchange
chromatography.
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3.7.1. Optimization of Fractional Ammonium SulfatePrecipitation

Thermomyces lanuginosus/as grown as described in Sec. 2.2.3.
Supernatant sample was taken by filtering the gnawedium using coarse filter
paper when the activity ¢f-galactosidase was maximum, oﬁh]dhy of growth.
Ammonium sulfate precipitation is a simple and @ént method used for
concentration of proteins (Pagk al, 1979, Fisheet al, 1995, Shaikfet al, 1999).
In order to purify the-galactosidase to some extend together with corate,
fractional ammonium sulfate precipitation was cimoas a method. In order to
find the optimum salt concentration giving the bgetd and purification fold, the
activity of enzyme and amount of protein was fouelter precipitation by
increasing salt concentration stepwise as 30%,530;415-60%, 60-75%, 75-85%
(Sec. 2.2.14).

Table 3.4 summarizes the results of optimizatiqpeeiments. The activity
and purification fold was found higher at salt cemtcations between 60-85%.
Yield results also show that approximately 63.5% tloé p-galactosidase is
recovered during precipitation between 60-85%. Eaglpurification fold was at
75-85%

In the literature, purified intracellulgt-galactosidase ofThermomyces
lanugisosus by fractional ammonium sulfate precipitation haksown 1.4
purification fold with 62,8% yield which is simildo our findings (Fischeet al,
1995). However, in our study purification fold wésund as approximately 5
between 60-85% of salt concentration which is highan the literature value.
Compared to other results in literatufegalactosidase oRhizomucorsp. has
shown 88% vyield and 3.18 purification fold at 90%tusation of ammonium
sulfate (Shaiklet al, 1999).
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Table 3.4 Optimization of ammonium sulfate concentration five partial
purification of Thermomyces lanuginosfsyalactosidase

Total Spec.

Vol Protein | Activity | Pro. Total Act. Purfn.

(ml) | (mg/ml) | (U/ml) (mg) Act. (U) | (U/mg) | Fold Yield
Crude extract 89 0,144 0,148 12,816 13,179 1,08 1,000 100
0-30%
NH4S04 prec. 5,8 0,2396 0,201 1,390 1,168 0,841 0,817 8,864
30-45%
NH4S04 prec. 4,6 0,0573 0,064 0,264 0,311 1,181 1,149 2,863
45-60%
NH4S04 prec. 2,5| 0,09445 0,212 0,236 0,531 2,248 2,186 4/027
60-75%
NH4S04 prec. 5,9 0,2085 0,662 1,230 3,906 3,175 3,088 29,637
75-85%
NH4S04 prec. 59 0,107 0,756 0,631 4,461 7,067 6,872 33,852
over 85%
NH4S04 prec. | 213,4 0,03 0,022 6,40p 4596 0,718 0,698 34,876

Samples from each step of ammonium sulfate pretipit were also

analysed by SDS-PAGE in order to be able to makenason about the

molecular weight of the enzyme (Figure 3.24). Ehbands designated by arrows

were mainly observed at approximately 118, 80 andk@a molecular weights.

Polyacrylamide gradient and homogenous gel analgdisintracellular -

galactosidase offThermomyces lanuginosusas revealed that the molecular

weight of the enzyme in the primary structure isMeen 75-80 kDa (Fishet al,

1995). In our study, the second band in the figuas near 80 kDa suggesting

that this might b-galactosidas®-.
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over 85 7-85 6(-75 4-60 t-gal M 0-45 30

Figure 3.14 SDS-PAGE analysis of samples collected from amoransulfate
precipitation. Numbers above show the ammoniumasulpercentages used for
precipitation at each step. B-gdl:galactosidase oKluyveromyces lactig15
unites), M; marker proteins, D11 & D3; crude enzysaenples from 1 .and &
day of growth.

3.7.2. Anion Exchange Chromatography

In  previous studies, after ammonium sulfate préafn,
choromatography on DEAE-cellulose, choromatography CM-cellulose and
DEAE-sephadex column choromatography were usedecésply in order to
purify p-galactosidase (Park, De Santi, Pasteteal 1979; Borglum and
Sternberg et al 1972). Fisher and co-workers (1995) used 4 stép
chromatography -combination of hydrophobic intamacttand anion exchange
chromatography with pH shift- to purify intracebul p-galactosidase of

Thermomyces lanuginosus a recent study, Becerra and co-workers (18993])
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several methods for the purification &luyveromyces lacti$i-galactosidase.
They concluded that affinity chromatography gawe lilghest purification factor
while gel filtration and ion-exchange in the FPLy3tem has demonstrated to be
faster (each run takes about 0,5-1 hour whereds afénity chromatography run
takes about 8 hours) accurate and reproducible.

In this research, as a second step of purificatianion-exchange
chromatography in the FPLC system was used as idedcin Sec. 2.2.15.
Amount of protein was determined by measuring dizwe of each fraction at
280 nm. Three peaks at 554" and 13% min were observed in the
chromatograph (Figure 3.15). First peak at”" 2®inute is likely to be a
contaminant. When the resulting chromatograph ({€@ul5) was compared with
B-galactosidase activity in each fraction (Figurg&63, it was observed that peak
values of activity and protein amount overlappethwaach other. SDS-PAGE
analysis of fractions with high@rgalactosidase activity shows three concentrated
bands designated by arrows at 48 kDa, 70-85 kDal@fell20 kDa, respectively
(Figure 3.17). This result is in accord with FiguBe4. However, in order to
obtain complete purification, further studies mbst conducted to get mainly
fractions between 30-60 min by changing salt cotraéon used in the elution
buffer.
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Figure 3.16 B-galactosidase activity of fractions collected framon exchange
column connected to FPLC system.
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Figure 3.17 SDS-PAGE analysis of collected from anion exchange
chromatography. Numbers above shows the elutiore t{min). M; marker
proteins.

3.8. Determination of Molecular Weight by Gel Filtration

Molecular weight of native p-galactosidase from Thermomyces
lanuginosusgrown on modified YpSs medium containing arabinasecarbon
source was determined by gel filtration column amied to a FPLC system.
Amount of protein was determined by measuring dimwe of each fraction at
280 nm. Proteins were separated from each otherdiog to their molecular
weight; protein with highest molecular weight isuted first. The molecular
weight of proteins at peak points showing high amiai protein was determined

by comparing with chromatograph of proteins of knawolecular weight. Three

70



peaks were observed in the chromotagraph (Figd®).3rirst peak at 85minute
is likely to be a contaminant. Molecular weightse aorresponding to the
remaining peaks are designated on the resultingr&i8.18.

When the resulting chromatograph (Figure 3.18) w@®pared with3-
galactosidase activity in each fraction (Figure93.1it was observed that a peak
exists 88' minute, which was near the second peak of chrognapd at 87.313
minute corresponding to 122.154 kDa. The molecwizight of protein eluted at
85" minute was calculated as 140-156 kDa. Fisher amgorkers (1995)
determined the molecular weight of intracellulazyme as 200-220 kDa by size
exclusion chromatography. 156 kDa is approximateige the molecular weight
of the possible monomeric form of the enzyme edwchaas 80 kDa by SDS-
PAGE by Fisher and co-workers (1995). Such a remdly strengthen the
suggestions made by Fisher and co-workers (199%) that the3-galactosidase

of Themomyces lanuginoshas a dimeric structure.
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Figure 3.19 p-galactosidase-B activity of fractions collecteenfr FPLC gel
filtration column.

3.9. Determination of Lactose Hydrolysis

In order to determine the lactose hydrolysis efficly of enzyme obtained
from ammonium sulfate precipitation at 60-85% sation, glucose oxidase-
peroxidase assay was used (Sec.2.2.18). Before reaelsurement of lactose
hydrolysis, reagent standard curve was plotted escribed in Sec. 2.2.17.
(Appendix C). Slope of the standard curve was usedetermine amount of
glucose formed through lactose hydrolysis. Figui203and Figure 3.21 show
lactose conversion bf-galactosidase ofhermomyces lanuginosas different
temperatures. Accordingly, enzyme has shown béisitgdor lactose hydrolysis
at 50°C, which is different than the optimum tenapa@re of activity at 65°C
(Figure 3.7). After 3 days of incubation at 50°@mnest 50% of lactose was
converted to glucose and galactose. This may bealtiee higher stability of the

enzyme at 50°C.
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Figure 3.20 Percent lactose conversion Bygalactosidase-B oThermomyces
lanuginosusat different temperatures. (RT: Room Temperature)

Prolonged incubation up to 10 days, only sliglnigreased conversion to
60% (Figure 3.21). Such a slow down in the effickewf enzyme might be the
result of product inhibition due to accumulationgafiactose or glucose. Most of
the B-galactosidases from different organisms have mtote have such a
characteristic. Borglum and Sternberg found thatigase inhibited thej-
galactosidase oAspergillus foetidusvhereas glucose did not. Same result was
also observed for the enzymde oryzae while 25 mM galactose showed 15%
inhibition, glucose had no effect on enzyme actieten at high concentration of
glucose up to 400 mM (Pardt al 1979). It can be suggested that galactose
inhibits fungalp-galactosidases rather than glucose. However, yeastme was
found to be inhibited 60% by glucose, 7% by galset@/Vendorff and Amundson,
1971).Sulfolobus solfataricugnzyme also showed inhibition mainly by glucose

rather than galacose (Pisaial, 1990).
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Figure 3.21 Percent lactose conversion Bygalactosidase-B oThermomyces
lanuginosusat room temperature (RT), 40°C and 50°C for prgéahtime.

In order to compare the yield d¥-galactosidase ofThermomyces
lanuginosuswith the commercial enzyme, lactose hydrolysis egxpent was
repeated using commercial enzyme obtained fkdnyveromyces lactitogether
with B-galactosidase fronthermomyces lanuginosuSame unit of enzyme was
used in the lactose hydrolysis assays as deschib&kc. 2.2.20. Results are
presented in Figure 3.22. Accordinglg, lactis enzyme was most efficient at
room temperature. However, when looked at the divezaults, even at room
temperature the enzyme of lanuginosusvas 1.3 times more efficient than the
enzyme ofK. lactis At 50°C, lactose hydrolysis bf-galactosidase ofT.

lanuginosugseached to 4.7 fold thggalactosidase df. lactis
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Figure 3.22 Percent lactose conversion IBygalactosidase oKluyveromyces
lactis (KL) and Thermomyces lanuginos@$L) at room temperature, 40°C and
50°C.
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CHAPTER 4

CONCLUSION AND RECOMMENDATIONS

In this study, production op-galactosidase active at neutral pH from
thermophilic fungi was analyzed in order to appy the purpose of low lactose
milk production.

As a result of screening for extracellulfirgalactosidase activity,
arabinose was found as best inducing carbon squssibly by signaling the
organism the presence of polysaccharides in theiumedWhen biomass and
activity was analysed throughout the growth, twalp@oints in activity and
decrease in biomass after first peak point of @gtwere observed. Moreover,
optimum pH of the enzymes collected at the peahktpaf activity was found as
7,6 and 6,8. Presence of two peak points in agtauitd different optimum pHs
was suggested to be result from the presence ofdifferent enzymes that the
one is an extracellular enzyme while the other iselk-wall bound one. In
addition, in order to be able to explain biomaskiotion after first peak point of
activity, photographs of the growth medium wereetalon each day of growth.
These photos show that fragmentation begins aifter feak point of activity,
which confirms our suggestion as the presenceagflebound enzyme liberating
following fragmentation. Auto-fragmentation of myicen eliminates the need for
usage of expensive cell-disintegration techniques.

Optimum temperature of the enzyme was found58€.6The enzyme
was stable over a period of one month when stard@CGiand -20°C. Kand Vnax
were found as 2.48 mM and 0.44 U/ml, respectiv®iplecular weight of the
enzyme is estimated as 140-156 kDa by gel-filtratio

Purification fold and yield obtained at the end ahmonium sulfate
precipitation was approximately 5 and 65%, respebti For complete
purification, anion exchange chromatography reguftether study by changing

buffer and its concentration used in elution.
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Partially purified p-galactosidase-B of Thermomyces lanuginosus
hydrolyses 50 % of lactose within 3 days at 50°@neT of incubation can be
shortened by using pure and concentrated enzymen@ecial enzyme from
Kluyveromyces lacti®iydrolysed only 13% lactose at room temperatuiield¥
were much lower at higher temperatures.

Further studies may be carried out by using heialoses containing
arabinose as a carbon source of growth medium rimefietors. In addition,
transferase ability of the3-galactosidase offhermomyces lanuginosusnd

galacto-oligosaccharide formation during lactoseérblysis can be studied.
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APPENDICES

A. Composition of Growth Medium

Table A.1 Composition of YpSs medium

D

YpSs agar Modified YpSs
agar
Yeast Extract 049 049
KoHPO, Olg Olg
MgSO,.7H,O 0.05¢g 0.05¢g
Carbon source 1.5 g Soluble starch  1.5g X
Agar 29 29
Water 100 ml 100 ml
YpSs broth Modified YpSs | Pre-culture
broth medium
Yeast Extract 049 049 049
K,HPO, 0.1g 0.1g 0.1g
MgSO,.7H,O 0.05¢ 0.05¢g 0.05¢g
Carbon source 1.5 g Soluble starch 1.5g X 1.5 g Glucos
Water 100 ml 100 mi 100 ml

X: one of the carbon sources listed below;
arabinose, pectin, xylan, corn bagasse, cottondsagavheat bran, lactose
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B. Standard Curve for Enzyme Activity
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Figure B.1 Absorbance of hydrolysis producb-fitrophenol) at dilution rates
described in Table 2.1
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Figure B.2 Absorbance of hydrolysis produab-Qitrophenol) at dilution rates
corresponding to the linear range.
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C. Standard Curve of Glucose oxidase-peroxidase Assay
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Figure C.1 Standard curve of Glucose oxidase-peroxidase dssayse in the
determination of lactose hydrolysis.
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