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Abstract

Michelle K. BQthwell ajid.Josebh McGuire

In this study the enzymatic activity of adsorbed Thermomonosporafusca E5 and

Trichoderma reesei CBHI cellulases were investigated using fluorescence techniques.

In particular, cellulases were allowed to contact hydrophobic polystyrene surfaces under

conditions of different solution concentrations, and adsorption times. Each of these

variables is known to have a potential effect on enzyme structure and activity at an

interface. Enzymatic activity was measured after partial elution of the adsorbed layer

with both protein-free buffer and the surfactant, dodecyltrimethylammonium bromide.

For E5 at high concentration (0.5 mg/mi), adsorbed enzyme activity decreased about

20 % in increasing adsorption time from 0.25 h to 24 h. At low concentration (0.001

mg/mi), adsorbed enzyme activity decreased by one order of magnitude during a 24 h

period. CBHI layers lost activity only after a sufficiently long contact time with the

surface, and this effect was not strongly dependent on enzyme concentrations in solution.

These findings were explained with reference to structural changes undergone by

adsorbed enzyme as a function of time and available interfacial area.
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ASSAYING THE ACTIVITIES OF
THERMOMONOSPORA FUSCA E5 AND TRICHODERMA REESE! CBHI

CELLULASES BOUND TO POLYSTYRENE

CHAPTER 1

INTRODUCTION

Cellulosic biomass can be converted into fuel and other value added products.

Biomass pretreatment, cellulose sacchanfication and fermentation are the three

fundamental phases of the bioconversion of lignocellulosic materials. This study is most

relevant to the saccharification phase that involves the degradation of cellulose chains

into glucose residues by a system of cellulases and 13-glucosidase. Enzymatic degradation

of cellulose is a heterogeneous process, involving cellulase adsorption to the substrate in

addition to catalytic function. Consequently, it is extremely important to understand the

factors that affect cellulase interfacial structure and function.

In this study, we used fluorescence techniques to determine the effects of

adsorption time and available interfacial area on the activity of selected cellulases bound

to polystyrene. In particular, the enzymatic activities of adsorbed The rmomonospora

fusca E5 and Trichoderma reesei CBHI cellulases were investigated. Cellulases were

allowed to contact hydrophobic polystyrene surfaces under different solution conditions

known to affect adsorbed protein structure. Enzymatic activity was then measured and

discussed with reference to interfacial conformation.

The activity assay is based on the measurement of glucose released by cellulase

acting on its substrate in the presence of 3-glucosidase. Oxidation of glucose by glucose



oxidase results in the generation of hydrogen peroxide (H202), which is coupled with the

conversion of Amplex Blue reagent to fluorescent resorufin by horseradish peroxidase.

This simple one-step assay using a fluorescence microplate reader has been reported as a

highly sensitive fluorogenic probe for the measurement of H202 (Mohanty et aL, 1996;

Thou et al., 1997). When compared with conventional absorbance-based techniques,

fluorescence is often several orders of magnitude more sensitive and more selective.

In these experiments, the activity of bound cellulases was measured after rinsing in an

enzyme-free buffer, as well as following surfactant-mediated elution.
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CHAFFER 2

LITERATURE REViEW

2.1 The Structure and Function ofCellulases

Cellulose is the most abundant carbohydrate on the earth and is relatively energy rich.

Thus it is an attractive energy and carbon source for microorganisms. However, cellulose

is resistant to degradation (Henriksson et aL, 1996). Biodegradation of cellulose requires

the action of several different enzymes whose activities complement one another

(Klyosov, 1990). In general, efficient degradation of crystalline cellulose requires the

synergistic action of enzymes from three distinct classes (Wyman, 1996):

Endo4, 4-3-glucanases or 1,4--D-glucan 4-glucanohydrolases: These enzymes

act randomly on soluble and insoluble 1,4--glucan substrates, and their activities are

commonly measured by the detection of reducing groups released from digestion of

carboxymethylcellulose (CMC). Endoglucanases (EG) display a wide range of

molecular masses (12 to 115 kDa) and isoelectric points (3-9), and a large variability

in the degree of glycosylation (Himmel et al., 1994).

Exo-1, 4-3-glucosidases: This group includes both the 1,4--glucan glucohydrolases,

which liberate D-glucose from 1 ,443-D-glucans and hydrolyze D-cellobiose slowly,

and 1 ,4-3-D-glucan cellobiohydrolase, which liberates D-cellobiose from 1,4-13-

glucans. The molecular weight distribution of cellobiohydrolases (CBHs) is more

uniform, ranging from 40-65 kDa, and the spectrum of isoelectric points centers

closely around 5 (Himmel et al., 1994).



4

-D-glucosidases or 13-D-glucoside glucohydrolases: These enzymes act to release

D-glucose units from cellobiose and soluble cellodextrins, as well as an array of

glycosides.

The degradation of cellulose and hemi-cellulose by fungi and bacteria is carried out

by a collection of glycosidases, which hydrolyze glycosidic bonds within the polymer. In

particular, the polymer is cleaved into large oligomers by endoglycanases, and typically

further degraded into disaccharides and monosaccharides by exoglycanases and

disaccharide hydrolases (Warren, 1996). Endoglucanases and exoglucanases adsorb to

the surface of cellulose particles to initiate hydrolysis, whereas 3-glucosidases are soluble

enzymes (Philippidis, 1996). Characterizing the catalytic properties of various cellulases

(Biely, 1990; Claeyssens and Tomme, 1990; Stahlberg et al., 1993) is very important if

we are to understand how they act cooperatively, and the use of small synthetic substrates

have proven to be very useful in this regard.

It is generally believed that cellulases and other carbohydrate-degrading enzymes

operate by acid hydrolysis similar to that of lysozymes (Finkelstein and Ball, 1992). The

presence of carboxylic amino acids in the active sites of amylases, xylanase, and a fungal

glucoamylase has been documented and there is increasing evidence that carboxyl groups

are important for catalysis in some 3-g1ucosidases and endoglucanases (Claeyssens et al.,

1990). Claeyssens et al. (1990) identified a possible catalytic glutamic acid residue in

T. reesei cellobiohydrolase I (CBHI) and endoglucanase I (EG1). However, CBHI and

EGI mutants, which lacked these particular catalytic residues, did not totally inactivate

the enzymes (Mitsuishi et al., 1990).



An important characteristic shared by most cellulolytic enzymes from aerobic

microorganisms is their two domain structure: a large catalytic domain connected to a

small cellulose-binding domain (CBD) by a heavily glycosylated linker region. (Gilkes et

aL, 1991; Srisodsuk et aL, 1993; Millward-Sadler et aL, 1994; Henriksson et al., 1996;

Linder, 1996). Cellulases must have physical contact with crystalline cellulosic substrates

in order to perform their hydrolytic action (Van Wok, 1998). It has been suggested that

cellulases adsorb to the surface of cellulose and cleave a number of bonds while moving

along the substrate (Kyosov, 1990). The CBD is responsible for most of the affinity of

the enzyme towards cellulose (Snsodsuk et al., 1993; Saddler and Penner, 1995; Linder

and Teen, 1996). The CBD-mediated binding of the enzyme has a fundamental role in

the hydrolysis of solid cellulose substrates (Linder and Teen, 1996). While it is not

directly involved in the hydrolysis, if it is removed much of the enzyme activity is lost

(Linder, 1996).

In fungi, all CBDs identified so far are homologous, but in bacteria several different

families of CBDs have been identified (Tomme et al., 1995c). It is clear that removal of

the CBD often reduces enzyme activity on insoluble substrates (Gikes et al., 1991;

Hefford et al., 1992; Coutinho et al., 1992). It is hypothesized that CBDs enhance activity

by increasing the local enzyme concentration on the substrate surface, or by disrupting

non-covalent interactions, thereby increasing substrate accessibility (Din et al., 1994a).

Mattinen et al. (1997) reported that the removal of the CBD had no effect on the capacity

of the catalytic domain to hydrolyze small soluble cellooligosaccharides.



2.1.1 Trichoderma reesei CBHI

The crystal structure ofT. reesei CBHL reveals a large catalytic domain (434 residues)

with the dimensions 6.0 x 5.0 x 4.0 nm. About one-third of the domain is folded into a

f3-sandwich composed of two anti-parallel f3-sheets. The rest of the domain consists of

loops that connect the 3-strands. Some extensive loops stabilized by disulfide bridges

together with the concave f3-sandwich form a 4.anm long tunnel where the active site is

located (Divne et al., 1994a). The cellulose binding of the native and synthesised CBD of

T reesel CBH I have been extensively studied (Limier et al., 1995; LimIer et at, 1996;

Carrard and Linder, 1999). The dimensions of the CBD are 3.0 x 1.8 x 1.0 nm (Kraulis et

aL, 1989). This domain-formsacoinpact structurewith one flat, hydrophobic side and

one more hydrophilic side. On the flat side, there are three aromatic residues exposed and

they have been shown to be responsible for the binding (Linder et aL, 1995; Carrard and

Linder, 1999).

The thermophilic actinomycete, Thermomonosporafusca (T fica), a major degrader

of cellulose in plant residues, is an extensively studied cellulolytic bacterium (Irwin et al.,

1994; Lao and Wilson, 1996; Spiridonov and Wilson, 1999). This species produces six

different extracellular cellulases (Ej-F&)(Wilson, 1988,Zhang.et at, 1995;Tomme et al.,

1 995a,b). E5 is classified as an endocellulase that generates cellobiose as the major
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product of hydrolysis (Spiridonov and Wilson, 1999). The structure and binding of E5

CBD have not been studied; however, the structure and binding of E5 are thought to be

similar to endoglucanase A of Cellulomnasfimi (C. fimi) (Din et al., 1994b; Xu et aL,

1995, Creagh et aL, 1996; Warren, 1996).

2.2 Applications of Cellulases

Cellulases have a number of applications in the chemical process industries,

including those involving in food, pharmaceutical and biomedical technologies. A

number of examples are briefly summerized below.

Conversion of lignocellulosic biomass: The production of ethanol from

lignocellulosic biomass depends on converting the complex cellulosic and

hemicellulosic carbohydrates into simple sugars, which can then be fermented into

ethanol (Schell and Duff, 1996). Currently, a significant amount of ethanol produced

in this way has been reported (Thomas et al., 1995; Bailey, 1996; Lynd, 1996; Freer

etal., 1999).

Food industry: Fungal cellulases are used along with pectinases, 13-glucanases, and

starch-degrading enzymes in brewing, wine production, alcohol fermentation, cereal

processing, fruit processing, and food fermentations. For example, in beer brewing,

cellulases can be added during mashing to accelerate this step. Also, cellulases can be

used to alter the texture of foods, improve the palatability of low-quality vegetables,

promote the extraction of natural products, improve the starch yield during the

steeping step of corn wet milling, enhance the quality of tea, and increase the flavor

of mushrooms (Wyman, 1996).



Waste treatment: Some waste products can be used as economical substrates for fuel

production. For example, Abraham et al. (1997a,b) studied the enzymatic

sacchanfication and fermentation of pretreated tapioca waste and water hyacinth.

They concluded that these two waste products were good renewable and low-cost

energy resources available in India.

Paper industry: Microbial cellulases can facilitate contaminant removal (Heise et al.,

1996; Jeifries et al., 1994) by releasing toners from fiber surfaces while increasing the

pulp drainage rate. Jeifries and Viikari (1996) reported that enzymatic removal of ink

from recycled fibers is more effective and economical than traditional chemical

deinking methods. They hypothesized that cellulases might reduce the hydrodynamic

drag and also decrease the specific surface area of the fibers and thereby reduce

interaction with contaminants and increase the filtration and flotation rates. This

combined action facilitates separation of toner particles from fibers and enhances

steps that involve separation of fiber and water. Therefore, washing and flotation

become more effective (Jeffries and Viikari, 1996).

Pharmaceutical industry: Commonly only one enantiomer (a molecule that exists in

two racemic forms) of a drug has the desired therapeutic effect, whereas the other can

produce severe side effects (Henriksson et al., 1996). There is a large need for

separation methods which can distinguish the enantiomers of drugs during

preparation and analysis. Cellulases can be valuable for their enantioselectivity.

T. reesei CBHI has been found to be an excellent chiral selector and its properties

were reviewed by Isaksson et al. (1994). In particular, it can be coupled to a solid

support (silica or continuous bed) to form a chiral stationary phase, or used in a
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carrier-free solution in capillary electrophoresis (Vaitcheva et aL, 1993). While a

broad spectnim of racemic solutes can be resolved by CBHI, it functions best with an

amino alcohol such as the drugs used to block f3-adrenergic receptors (13-blockers)

(Henriksson et al., 1996).

Biotechnology applications: The cellulose binding domain retains its binding

characteristics when thsed with heterologous polypeptides. These binding

characteristics make CBDs very useful as affinity tags for a variety of purposes

including protein purification, cellulose binding of diagnostic agents and in the

modification of cellulose-containing fibers such as wood pulp and cotton

(Reinikáinen, 1995; Tomme et al., 1998; Linder et al., 1998).

23 Prof ems a! Inte,faces

The process of adsorption is dependent on three basic components: conformational

constraints within the protein molecule itself, the solution conditions, and the nature of

the surface (Smith and Clark, 1991; Nadarajah et al., 1995; Conceicao et al., 1998).

Proteins are dynamic structures that can adopt different conformations at an interface,

and those with low stability and/or high flexibility will be preferentially adsorbed (Norde,

1992). Hydrophobic and van der Waals interactions along with electrostatic associations

are mainly responsible for the adsorption of proteins (Van Oss, 1995). The influence of a

protein's stability on its adsorption at an interface has been investigated (McGuire Ct al.,

1995; Wang and McGuire, 1997; Visuri et al., 1999). McGuire et al. (1995) reported the

effect of structuraistability on the adsorption and dodecyltrimethylammonium bromide
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(DTAB)-mediated elutability of bacteriophage T4 lysozyme at hydrophilic and

hydrophobic silica surfaces. Their results could be explained using a simple mechaiism

that allows adsorbing protein to adopt one of two states, each associated with a different

resistance to elution and a different interfacial area occupied per molecule. The resistance

to elutability increased with the fractioi of adsorbed protein that was more tightly bound.

Lu et al (1999) emphasized that the structural detail of the adsorbed layer is

normally determined by preferential orientation and packing of protein molecules in the

interface, which is, in turn, associated with electrostatic, hydrophobic, and entropic

interactions. The combination of all the interactions thay result in structural

rearrangements of the protein, and may even lead to denaturation. This alteration of

protein would allow the establishment of more noncovalent bonds with the surface

(Andradeetal., 1996; YoonetaI., 1998) The interfacial region is likely to be less

crowded when adsorption occurs from a solution of low concentration, resulting in

greater resistance to elution (Suvajittanont et al., 1999a,b). The interaction and

attachment of proteins to the surface causes perturbations in the protein structure. Then,

further transitions in the adsorbed protein lead to spreadin& which maximizes protein

contact with the surface, and results in a tighter attachment (Barroug et al., 1998; Yongli

et at., 1999). Lu et al. (1999) investigated structural confonnation of bovine serum

albumin layers at an air-water interface by neutron reflection. Their results suggested that

afthough there is some structural deformation accompanying adsorption, there is no

denaturation of the protein.

In terms of entropic interaction, it has been established that the driving force for

theadsorption of human plasma albumin onvarious surfaces is an entropic effect related
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to the conformational change of the adsorbate (Norde and Anusiem, 1992). Barroug et al.

(1998) provided important information contributing to the understanding of the

mechanism of catalase interaction with hydroxyapatite. In particular, the driving force of

catalase adsorption seems to be structural rearrangements of the protein molecule because

the enzyme adsorbed was about four times less active than the free enzyme in solution.

Yongli et al. (1999) studied conformational changes of fibnnogen adsorption onto

hydroxyapatite (HA) and titanium oxide (Ti02) nanoparticles. The structure of

fibrinogen, a major plasma protein, when adsorbed onto Ti02 and HA was examined in

detail by employing differential scanning calorimetry, circular dichroism (CD), and

fluorescence spectroscopy. It was found that the Ti02 surface slightly decreased the

ordered secondary structure of the protein; the fibrinogen conformations further changed

upon washing and desorption. These results suggested that electrostatic interactions are

the main mechanism controlling the adsorption of fibrinogen to Ti02 and HA surfaces.

This investigation also revealed that the structural changes of fibrinogen upon adsorption

and desorption from Ti02 are time dependent and irreversible.

Tian et al. (1998) studied the effects of structural stability of bacteriopharge T4

lysozyme and three single site mutants differing only in thermal stability on adsorption to

silica nanoparticles using CD. They compared the CD spectra of T4L variants to a simple

adsorption kinetic model allowing for conformationally dissimilar adsorbed states,

measured the effect of structural stability on adsorption kinetic rate constants governing

adsorption into each state, and monitored changes in a secondary structure. They found

that the extent and rate of conformational change upon adsorption varied among proteins.

Moreover, the less stable variants more readily adopt a conformationally altered state at
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the interface. Changes in structure of protein upon adsorption have been reported by

several investigators (Luo and Andrade, 1998; Froberg et aL, 1998; Bilisten et al., 1995;

Kondo et aL, 1992).

Cellulase binding to synthetic surfaces has been studied in order to separate

binding events from catalysis. Baker et al. (1999) studied adsorption of T. reesei CBHI

and T. fusca E5 on model solid surfaces. They found that CBHI and E5 did not adsorb to

hydrophilic silica but did adsorb to hydrophobic polystyrene. The interfacial behavior of

E5 and CBHI cellulases was also studied at silanized silica surfaces (Suvajittanont et al.,

1999a,b). These investigations explored the adsorption kinetics and DTAB-mediated

elution of E5 and CBHL These experiments were performed at solution concentrations

ranging from 0.001 to nearly 1.0 mg/mi. The experiments forE5 showed that the fraction

of adsorbed molecules present in a more tightly bound state decreased as adsorption

occurred from solutions of increasing concentration. The adsorption kinetic data of these

investigations were interpreted with reference to a mechanism allowing for irreversible

adsorption into two dissimilar states. These states were distinguished by differences in

occupied interifacial area, and binding strength (Suvajittanont et al., 1999a). For CBHI,

the adsorption was extremely rapid, consistent with a high affinity for hydrophobic

association. The adsorbed enzyme was partially elutable upon rinsing and incubation in a

protein-free buffer, with the resistance to elution generally lower at higher

concentrations. These results showed that the resistances to surfactant-mediated elution

of CBHI were high, but generally lower at intermediate concentrations.
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2.4EnzymeActivity in the Adsorbed State

Enzyme activity following adsorption to solid surfaces has been investigated (Busto

et al., 1996; Pencreach'h et aL, 1997; Bower et aL, 1998). Quiquampoix et al. (1995)

reported the mechanism and consequences of protein adsorption on soil mineral surfaces.

They also found that the catalytic activity of an adsorbed enzyme is always lower or

equal to that of the enzyme in solution. Bower et al. (1999) investigated the effect of net

charge and charge location on the enzymatic activity of synthetic mutants of

bacteriophage T4 lysozyme in the presence of colloidal silica. They found that enzymatic

activity decreased upon adsorption. The effect of structural stability on the enzymatic

activity of bacteriophage T4 lysozyme (T4L) variants bound to colloidal silica was

described by Bower et al. (1998) as well. Their results showed that less stable enzymes

undergo more structural change upon adsorption, and therefore lose more activity than do

more stable enzymes.

2.5 Assaying Cellulose Activity

Determination of the specific activities of the cellulases (Walker, 1992; Irwin et al.,

1993; Fields et al., 1998), the kinetics of cellulase binding and cellulose hydrolysis

(Bothwell et al., 1997; Medve et al., 1997), as well as the activity of cellulase mixtures

(Baker et al., 1998; Kim et al., 1998a,b) have been investigated using many different

techniques. Assays currently used for the measurement of cellulase activities include the

viscosimetric assay (Chee, 1990), detection in gels (Nieves Ct aL, 1990; Kolbe and
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Kubicek, 1990), the filter paper degrading assay (Irwin et al., 1993; Viasenko et aL, 1997;

Wu and Lee, 1997), and the 3-D-glucosidase analysis (Ahn et al., 1997; Kim et al., 1997;

Busto et aL, 1997). It should be noted that a large number of different, heterogeneous and

poorly defined substrates have been used to measure cellulase activity; therefore, the

results from different studies can be difficult to compare. New assays based on molecular

weight analysis detected by high performance liquid chromatography, hydrolysis of dyed

or derivatized insoluble and soluble polymers, and hydrolysis of derivatized or labeled

low molecular weight substrates have greatly enhanced understanding of complex

cellulase systems (Wyman, 1996).

2.6 Fluorescence Techniques

Fluorescence is the result of a three-stage process that occurs in certain molecules

(generally polyaromatic hydrocarbons or heterocycles) called fluorophores (Johnson,

1998): excitation, excited-state lifetime and fluorescence emission. Fluorescent

compounds, and organic fluorochromes, in particular, have applications in many fields.

In biochemistry, fluorescent compounds are used as fluorogenic reagents for primary

amines in the study of enzymes and other proteins. In particular, a fluorescent probe is a

fluorophore designed to localize within a specific region of a biological specimen or to

respond to a specific stimulus. Absorption- and fluorescence-detecting microplate readers

are particularly useful instruments for enzyme assays. Using advanced cameras and

computer systems, time and space resolved quantitative fluorescence measurements can

be performed (Vergara et al., 1991).
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The high sensitivity and selectivity of fluorescence assays have been the major

driving forces for further development of this technique for enzyme assays. When

compared with conventional absorbance-based assays, fluorescence is often several order

of magnitudes more sensitive and more selective (Mohanty et al., 1996; Diwu et al.,

1997). Moreover, fluorescence is considered a zero-background technique, whereas

absorbance is a measurement of the difference between incident and transmitted

intensities (Diwu et al., 1997). Fluorescence techniques have been used to measure

protein adsorption for many years (El-Hayek et al., 1995; Swain et al., 1997; Rigney et

al., 1998; Smirnova et al., 1999; Gibson et al., 1999). Recently, Kamyshny et al. (1999)

used 8-anilino- 1 -naphthalenesulfonate (ANS), one of the most frequently used

hydrophobic fluorescent probes, to measure protein hydrophobicity. ANS is widely used

for the study of hydrophobic regions in protein molecules, including native and modified

Immunoglobulin G (Relkin, 1998).

The preferred substrate for all fluorometnc assays is one that is optically

transparent and essentially nonfluorescent at the excitation wavelength used to detect the

fluorescence production. With such a substrate, a very small fraction of substrate

oxidation can result in a significant fluorescence increase from a nearly zero background

level.

Among substrates that have been used to detect H202 are p-hydroxyphenylacetic

acid and 2',7'-dichlorodihydrofluorescein (H2DCF) (Whitaker Ct al., 1991; Trayner et al.,

1995). Under the action of horseradish peroxidase (HRP), p-hydroxyphenylacetic acid

can be oxidized by H202 to form a dimer that is optimally fluorescent above pH 10. Thou

et al. (1997) reported a simple one-step assay that used N-acetyl-3, 7-
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dihydroxyphenoxazine (Amplex Red), a dye similar to Amplex Blue, to detect H202.

This assay uses fluorescence microplate reader or fluorometer. Amplex Red was

successfully applied to the measurement of a variety of oxidases, including the activity of

NADPH oxidase in phagocytes. Recently, Amplex Red has been reported as a highly

sensitive fluorogenic probe for the measurement of H202 released from activated human

leukocytes (Mohanty Ct al., 1997; Trayner et al., 1995). The Amplex Red reagent-based

assay can reliably detect as little as 50 nM 11202, and has several advantages over other

widely used fluorogenic assays for H202. This probe allows detection of 5 pmol H202 in a

96-i

spe

this
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CHAPTER 3

MATERIALS AND METHODS

3.1 Production and Purification of T. fusca E5 and T. reesei CBHI

The rmomonospora fusca E5 cellulase was produced by transformed Streptomyces

lividans TK 24 carrying a plasmid (pGG74) bearing the E5 gene (Ghangas and Wilson,

1987). The production and purification procedures were based on those described earlier

(Suvajittanont et al., 1999a). In particular, the culture was initiated from frozen stock into

15 ml of tryptic soy broth medium containing 5 Lg/ml of thiostrepton (tsr) and incubated

at 30°C for 48 h. This was subcultured into 150 ml of the same medium and incubated

for 24 h. This culture was used to inoculate a 7-liter fermenter containing 4.8 liters of

tryptic soy broth medium plus tsr. The fermentation was allowed to proceed for 48 h at

30°C, with an agitation speed of 150 rpm. Cells were removed by centrifugation

(Beckman J2-MI, Seattle, WA) and filtration (Millipore Pellicon Filter system with a

0.22 micron cassette). The filtered supernatant was adjusted to 1.2 M (NH4)2SO4 and 0.1

mM phenylmethylsulfonyl fluoride, and loaded onto a 150 ml Phenyl Sepharose CL-4B

column (Sigma Chemical Co., St. Louis, MO) preequilibrated with 1 M (NH4)2SO4,

10 mM NaC1, 5 mM KPi, pH 6. The column was washed with 300 ml of the loading

buffer and then 600 ml of 0.3 M (NH4)2SO4, 5 mM NaCl, 5 mM KPi, pH 6. The cellulase

was eluted with 600 ml of 5 mM KPi, pH 6, followed by 600 ml of deionized-distilled

water. All fractions containing E5 were combined and concentrated by ultrafiltration
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using a PM 30 membrane, and adjusted to 10% glycerol. The cellulase was then diluted

1:1 with 0.01 M BisTris, pH 5.4 and loaded on a 150 ml Q-Sepharose colunm (Sigma

Chemical Co., St. Louis, MO) preequilibrated with 0.02 M BisTris, pH 5.4, containing

10 % glycerol. The column was washed with one column volume of loading buffer.

Protein was eluted with a linear gradient of 0-0.3 M NaC1 in the same buffer. Fractions

containing E5 were combined, ultrafiltered and stored at 80 °C until use.

Trichoderina reesei CBHI was purified from crude cellulase (Spezyme CP,

Environmental BioTechnologies Inc., and Menlo Park). The purification process was

described in Piyachomkwan et al. (1997). In brief, the crude cellulase was passed through

a DEAE Sepharose CL-6B column preequilibrated with 50 mM NaOAc, pH 5. The

cellulase was eluted with a linear gradient of 0-0.5 M NaCl in the same buffer. Fractions

containing CBHI were combined, and loaded on ap-amino-phenyl 1- thio-13-D-

cellobioside affinity column with 1 mM D-glucono-8-lactone, 0.1 M NaOAc, pH 5, as

the mobile buffer. The cellulase was eluted by adding 0.01 M cellobiose to the buffer.

The partially purified CBHI fractions were combined and concentrated prior to loading

on a Phenyl Sepharose CL-4B column. The loading buffer was 0.85 M (NH4)2 SO4,

25 mM NaOAc, pH 5. The column was washed with 5 column volumes of the buffer, and

then the protein was eluted with a linear gradient of 0.85-0.35 M (NH4)2 SO4 in buffer.

The CBHI fractions were combined, and the buffer exchanged to 50 mM NaOAc, pH 5

by ultrafiltration with a PM 10 membrane. The concentrated cellulase was stored at

80 °C until use. Both cellulases were judged to be 98-99 % pure as indicated by

SDS-PAGE and CMCase activity.
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3.2 Cellulase Activity Assay

The cellulase activity assay used in this study relies on the Ainpiex Blue reagent,

which, in the presence of horseradish peroxidase (HRP), produces highly fluorescent

resorufin. The reaction pathway is depicted in Figure 1. In brief, carboxymethyl cellulose

(CMC) is converted to glucose through the actions of cellulase and 3-glucosidase. The

glucose is then converted to gluconic acid and hydrogen peroxide through the catalytic

action of glucose oxidase. Finally, the non-fluorescent dye is oxidized to the highly

fluorescent resorufin. Performing this assay with bound cellulase provides an indication

of the quantity of enzyme that is still active.

Figure 1. The reaction pathway used to measure cellulase activity.

cellulase
CMC Glucose

3-glucosidase

glucose oxidase
Glucose +02 Gluconic acid +H202

HRP H5

H202

CHH52

N-Acetyl-3,7-bis(diethylamino)phenoxazine Oxazine-1
(Non-fluorescent) (Highly fluorescent)
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Polystyrene wells (medium-binding, 96-microplate wells, Corning, Inc., MA)

were used as hydrophobic surfaces without modification. Adsorption was carried out

under static conditions by exposing each well to 100 p.1 of cellulase solution at room

temperature. In particular, 1'. fusca E5 (0.001 and 0.5 mg/mi) and 1'. reesei CBHI (0.07

and 0.7 mg/mi) were allowed to contact the surface for 0.25, 1 and 24 h. The microplates

were sealed with a plastic cover to prevent evaporation during the incubation period.

After adsorption, the enzyme film in each well was carefully rinsed with 200 p.1 of

50 mM NaOAc, pH 5.5, and then incubated in the same buffer for 20 mm. The buffer

was then replaced with 100 p.1 of the substrate mixture, prepared as described in Table 1.

The plates were sealed with a plastic cover to prevent evaporation, protected from light

with aluminum foil, and then incubated for 4 h at 37°C. Following incubation,

fluorescence intensity was measured using a fluorescence microplate reader with the

filter set for excitation at 590 nm and emission at 645 nm (CytoFluor 2350; PerSeptive

Biosystems, Framingham, MA).
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Table 1. Recipe for preparing the substrate mixture.

Component Amount Definition

Carboxymethyl cellulose (CMC) 1 mg/mi -

Horseradish peroxidase (HRP) 1 U/mi 1 U is defined as the amount of
enzyme that will form 1.0 mg
purpurogallin from pyrogallol in 20
seconds at pH 6.0 at 2°C

Glucose oxidase 1 U/nil 1 U is defined as the amount of
enzyme that will oxidize 1.0 p.mole
of J3-D-glucose to
D-gluconolactone and H202 per
minute at pH 5.1 and 35 °C.

N-Acetyl-3,7-bis(diethylamino)phenoxazine 100 ,tM Dissolved in dimethylsulfoxide
(Amplex Blue A 832-63-JL), (Molecular Probes, Inc. (DMSO).
Eugene, OR)

-Glycosides 1 U/mi 1 U is defined as the amount that will
liberate 1.0 jimole of glucose per
minute from salicin at pH 5.0
at 37 °C.

NaOAc buffer 50 mM -

In separate experiments, cellulase films were prepared as described above.

Following, 100 jxl of 0.03 M dodecyltrimethyammonium bromide (DTAB) was added to

each well and allowed to interact with the adsorbed layer for 15 mm. Each well was then

rinsed with 200 ii of 50 mM NaOAc, pH 5.5, buffer and incubated in the same buffer for

20 mm. The substrate mixture (100 jiJ) replaced the buffer, and fluorescence intensity

was measured after incubation for 4 h at 37°C. All fluorescence measurements were

corrected for background fluorescence by subtracting that recorded in control

experiments which lacked cellulase.
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To assay the activity of unbound cellulase, 100 pJ of E5 (0.002 and 1.0 mg/ml) or

CBHI (0.14 and 1.4 mg/ml) were added to the microplate. The plates were sealed with a

plastic cover to prevent evaporation. Each enzyme, at both concentrations, was allowed

to contact the surface for 0.25, 1 and 24 h at room temperature under static conditions.

The substrate mixture (100 jil, Table 1) was added after the incubation was complete.

Fluorescence intensity was measured after 4 h incubation at 37°C using a fluorescence

microplate with the filter set as described above. Each assay was carried out in triplicate.

The non-fluorescent background was substracted from the control experiments

(conducted in the absence of cellulase).

A standard curve for this assay was constructed by using cellobiose as the

substrate. Cellobiose is a major product of CMC hydrolysis, and can be enzymatically

hydrolyzed to glucose. Cellobiose (100 pJ) was added to the wells in concentrations

ranging from iø mg/mi to 1 mg/mi. The substrate mixture (100 j.i.l, Table 1) was then

added (these mixtures contained no CMC). Incubation was carried out at

37°C for 4 h. Following incubation, fluorescence intensity was measured using a

fluorescence microplate reader with the filter set for excitation at 590 nm and emission at

645 nm (CytoFluor 2350; PerSeptive Biosystems, Framingham, MA).
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3.3 Estimation of Adsorbed Mass

Solutions of E5 were prepared at 0.039 and 0.560 mg/mI, and solutions of CBHI

were prepared at 0.190 and 0.798 mg/mi. Each solution was mixed with 0.001 g

polystyrene microspheres (0.2 14 tm diameter, Bangs Laboratories, Fisher, IN), and

adsorption was allowed to occur for 1 h at 25°C, with agitation at 100 rpm. The mixtures

were then filtered (Ultrafree CL 0.1 Lm Durapore membrane filter tubes, Millipore

Corporation, Bedford, MA) at 4°C for 80 mm at 7,000 rpm (Beckman J2-MI, Seattle,

WA), and absorbance (280nm) of the filtrate recorded (Du'-62 Spectrophotometer,

Beckman Instrument, Inc. CA). Adsorbed mass was determined by mass balance. As

illustrated in Figure 2, there are two possible outcomes of this membrane separation: i)

cellulase adsorbs to the particles, and is retained; or ii) the cellulase does not adsorb to

the particles, and passes through the membrane. A particle free sample was used to

provide a controlled comparison. All experiments were performed in triplicate.
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Figure 2. Schematic of microporous membrane filtration system 

~ = particle 

* = cellulase 

retentate 
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membrane 
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cellulase-particle complexes 
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unbound cellulase passes 
through the membrane 
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RESULTS AND DISCUSSION

4.1 Concentration and Contact Time Effects on Bound Cellulase Activity as Indicated
by Fluorescence Intensity.

Results from the fluorescence intensity experiments are shown in Figures 3

and 4. The fluorescence intensity of E5 adsorbed from solution at high concentration

(0.5 mg/mi) after elution with buffer decreased about 20% with increasing adsorption

time over a period of 24 h (Figure 3). On the other hand, the fluorescence intensity of the

E5 layer adsorbed at low concentration (0.001 mg/nil) decreased by one order of

magnitude during the 24 h period (p = 0.0001, F-test, two-sided p-value). In addition,

fluorescence intensity was in each case lower when adsorbed from solutions of low

concentration.

As shown in Figure 4, the fluorescence intensity of the CBHI layer adsorbed

from solutions prepared at high enzyme concentration (0.7 mg/nil), after elution with

buffer, decreased significantly over an interval of 24 h (p = 0.0001, F-test, two-sided p-

value). Similar results were obtained with CEHI layers adsorbed from low concentration

(0.07 mg/nil). In contrast to the time.dependent behavior of bound E5 seen in Figure 3,

CBHI layers lost fluorescence intensity only after a sufficiently long contact time with

the surface. This effect was not strongly dependent on whether adsorption occurred from

low or high enzyme concentration in solution. In addition, the level of fluorescence

recorded for a given adsorption time was less dependent on the solution concentration

used during adsorption than was E5.
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The data of Figures 3 and 4 are perhaps best explained with reference to

conformational changes that may occur upon adsorption. In particular, when adsorption

occurs from solutions of low enzyme concentration, the interfacial region is likely to be

less "crowded" such that the interfacial area occupied per molecule is relatively high.

Thus an adsorbed molecule may more readily alter its conformation in this case,

increasing noncovalent contacts with the surface through hydrophobic associations.

Yan et al. (1995) found that protein adsorbed from low to moderate concentrations

experiences a more extensive loss of structure upon adsorption to a hydrophobic surface

than when adsorbed from high concentration. At high concentration, the collision

frequency with the surface is so great that an adsorbed protein has neither time nor room

to optimize its interaction with the surface (Morrissey, 1977). As enzyme interfacial

activity is no doubt related to its interfacial structure, we would expect fluorescence

intensity to decrease when adsorbed from solutions of lower concentration. These

arguments are consistent with the time-dependent behavior seen for each enzyme as well.

In short, with sufficient interfacial area available for unfolding, increasing adsorption

time would be accompanied by a decrease in adsorbed enzyme activity, and therefore

fluorescence intensity. CBHI showed similar time-dependent behavior after adsorption at

low and high concentrations. This is likely a result of CBH.I being capable of attaining

only submonolayer coverage at hydrophobic surfaces (Suvajittanont et al., 1999b). That

is, while CBHI can take part in strong hydrophobic associations, at a given concentration,

it adsorbs in a lesser amount than E5 does. The fact that a significant loss in fluorescence

intensity was not observed until adsorption time reached 24 h would be consistent with

CBHI conformational change kinetics being generally slower than that of E5.



27

Fluorescence intensity was measured after partial elution of the adsorbed layer

with DTAB as well. We would expect that cellulase resistant to removal by DTAB would

show less fluorescence intensity than a cellulase layer of similar age resistant only to

buffer elution. This is because bound enzymes resistant to surfactant-mediated elution are

more tightly bound and therefore more conformationally altered, which would be

consistent with decreased activity (Suvajittanont et al., 1999a,b). Figures 3 and 4 show

that nearly all catalytically active enzymes were eluted by DTAB, independent of

adsorption time, except for the case of E5 adsorbed from high solution concentration. At a

hydrophobic surface, protein elution by DTAB is thought to occur mainly through a

displacement mechanism, where surfactant makes hydrophobic associations with the

surface. Proteins are thus "pried" off the surface. This is in contrast to solubilization,

where surfactant binds to protein rendering it highly charged, hydrophilic and less surface

active. It may be that DTAB-mediated elution was less effective in the experiments

represented by Figure 3a as the interface was simply more crowded.
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Figure 3. The fluorescence intensity of E5 layers adsorbed from solution,
elution with buffer (U), elution with DTAB ([]).The concentrations of
(a) 0.5 mg/mi and (b) 0.001 mi/mi at adsorption times of 0.25, 1 and 24 h.



29

2000

1800 a
1600

1400

.E 1200

1000
8 800

1

0250.25112424
Adsorption time (h)

2000

1800 b

1600

1400

.E 1200

1000.

8 800

600

400

200

0 II II_I-
0.25 0.25 1 1 24 24

Adsorption time (h)

Figure 4. The fluorescence intensity of CBHI layers adsorbed from solution,
elution with buffer ) elution with DTAB (El. The concentrations of
(a) 0.7 mg/mI and (b) 0.07 mg/ml at adsorption times of 0.25, 1 and 24 h.
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In order to determine whether decreases in fluorescence activity with time were

due to surface-induced conformational change as opposed to denaturation that would

naturally occur with time at room temperature, fluorescence experiments were carried out

with each cellulase in solution. The fluorescence intensity of unbound E5 and CBHI

cellulases at high and low concentrations is shown in Figure 5. These data indicate that

time in and of itself had little effect on cellulase activity. Thus we conclude that structural

changes undergone by adsorbed enzyme, as a function of time and adsorbed interfacial

area, were responsible for the trends observed in Figure 3 and 4.
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Figure 5. The fluorescence intensity of (a) Unbound E5, 0.5 mg/mi (j) and 0.00 1 mg/ml
) (b) Unbound CBHT, 0.7 mg/mi (ti) and 0.07 mg/mi U) in solution
after 0.25, 1 and 24 h incubation times.
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4.2 Relationship between Fluorescence Intensity and Specific Enzyme Activity.

In order to interpret the fluorescence intensity data in a fair and comprehensive

manner, it is important to quantify the relationship between fluorescence intensity and

specific enzyme activity. Estimation of specific activity in this case requires a

quantitative relationship between fluorescence intensity and cellobiose, and knowledge of

the mass of adsorbed enzyme present in each experiment. Figure 6 represents the

standard curve, which shows that the relationship of the cellobiose and the fluorescence

intensity was nonlinear. However, the data as discussed with reference to Figures 3 and 4

fall within an apparently reliable region of this curve.
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c 0.006

0.004
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Figure 6. Standard curve for the cellulase activity assay (R2 = 0.985 1)
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Microporous membrane separations demonstrated that both CBHI and E5 adsorb

to hydrophobic polystyrene. Estimation of the adsorbed mass using the polystyrene beads

can be used as an indirect method to quantify the amount of adsorbed cellulase at the

interface since we could not get a direct measure of adsorbed mass in the wells of these

tests. Values of adsorbed mass corresponding to each of the solution concentrations

tested are listed in Table 2. We could not determine the adsorbed mass of E5 at 0.001

mg/ml. Therefore, we used the value of adsorbed mass (shown in Table 2) recorded by

Suvajittanont et al. (1999a,b) to carry out specific activity calculations. While

Suvajittanont et al. used silanized silica as the adsorbent, good agreement between the

results obtained by solution depletion and those recorded by Suvajittanont et al. lend

some credibility to this approach.

Table 2. Values of adsorbed mass used for specific activity calculations

Cellulase Cellulase concentration
(mg/mi)

Adsorbed mass (mg/rn2)

Microporous Ellipsometry
separation Suvajittanont et al.

(1999ab)

E5 0.5 2.224 2.239
0.001 - 1.015

CBHI 0.7 0.365 0.365
0.07 0.400 0.40 1
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As shown in Fig 7, at high and low concentrations of enzyme, specific activity

decreased with increasing adsorption time. In addition, the trends for adsorption time and

available surface area effects on activity recorded in Figures 3 and 4 are generally

preserved.
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Figure 7. Specific activities of adsorbed E5 and CBIF{J (.tmo1 cellobiose/minlmg cellulase)
at 0.25,1, and 24 h adsorption times. The cellulase concentration used: (a) E5, 0.5
mg/mi () and 0.001 mg/mi (I). (b) CBI-II, 0.7 mg/mi () and 0.07 mg/mi (.



CHAPTER 5.

CONCLUSIONS

The activity exhibited by adsorbed layers of E5 decreased with adsorption time,

suggesting that surface-induced unfolding resulted in generation of less active enzyme

conformations. E5 activity loss was highly dependent on the enzyme concentrations in

solution, such that activity loss occurred more readily at a less crowded interface. CBHI

layers lost activity only after a sufficiently long adsorption time with the surface as

opposed to the time-dependent behavior observed for bound E5. This effect was not

strongly dependent on enzyme concentrations.

36
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APPENDIX



APPENDIX A

Preliminaiy experiment for ceilulase activity assay

1. Determination ofthe amount offi-glucosidase required for the CMCase activity
assay.

(3-glucosidase 'is generally responsible for the regulation of the entire cellulolytic

process, since endoglucanase and cellobiohydrolase activities are often inhibited by

cellobiose. In this study, the amount of 3-glucosidase that should be added to the

substrate mixture, needed to be determined. The amount that produced the highest

fluorescence intensity, when in the presence of the other reaction components was

chosen. The results showed that the highest fluorescent intensity was produced when

1 U/mi of 3-glucosidase was present (Figure Al).
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Figure Al. The fluorescence intensity of cellulase activity as a function of increasing
amounts of 3-glucosidase. The cncentrations of -glucosidase used are
0.1 U/mi (), 0.25 U/mI (s), 0.5 U/mi (A), and 1 U/mi (X).
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2. Determination of the amount ofHRP required for the CMCase activity assay.

HRP is commonly used to amplify signals in enzyme-linked irmnunosorbent

assays. In this study, we identified the amount of HRP which produced the highest

fluorescence intensity in the CMCase activity assay. The results showed that 1 U/nil HRP

exhibited the highest fluorescent intensity (Figure A2).
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Figure A2. The fluorescence intensity of cellulase activity as a function of increasing
amounts of HRP.
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3. Determination of the incubation times for the CMCase activity assay.

The amount of time bound cellulase was allowed to interact with the substrate

mixture was varied in order to optimize this variable. The results showed that the 4 h

incubation time exhibited the highest fluorescent intensity (Figure A3), and thus this

incubation time was used for subsequent experiments.
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Figure A3. The fluorescence intensity of cellulase activityas a function of increasing
incubation time. The incubation times used are 1 h (), 2 h (U), 3 h (A), and
4h(X).
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APPENDIX B

Statistical analysis for adsorbed cellulase activity

Summary of stati stical finding:

There is convincing evidence that the adsorption times had a significant effect on

the activity of the adsorbed cellulases for both high and low concentrations of E5 and

CBHI. The activities of cellulases adsorbed for various times (0.25 vs. 1 vs. 24 h) were

significantly different (F-test, two-sided p-values) as shown:

Summary of the statistical analysis of adsorption time on fluorescence intensity

Type Concentration
(mg/mi)

Elution Comparion of
Adsorption times (h.)

ANOVA
two-sided

p-values)

E5 0.5 Buffer 0.25 vs. 1 vs. 24 0.0001
DTAB 0.25 vs. 1 vs. 24 0.0001

0.001 Buffer 0.25 vs. 1 vs. 24 0.0001
DTAB 0.25 vs. 1 vs. 24 0.0206

CBHI 0.7 Buffer 0.25 vs. 1 vs. 24 0.0001
DTAB 0.25 vs. 1 vs. 24 0.0001

0.07 Buffer 0.25 vs. 1 vs. 24 0.0001
DTAB 0.25 vs. 1 vs. 24 0.0001

4 4

-




