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ABSTRACT

The stability and mechanism of the action of the enzyme Bacillus
circulans xylanase (1,4-B-D-xylanohydrolase, EC 3.2.1.8) were investigated by
various biophysical techniques. On the basis of the sequence homology
between B. circulans xylanase and xylanase A from Schizophylium commune,
a disulphide bond was introduced between the residues 100 and 148,
S100C/N148C (DS1 mutant). The presence of this covalent cross-link leads 1o
a 5 °C increase in the melting point of the protein, as verified by differential
scanning calorimetry. Introduction of another disulphide bond in a similar
position, V98C/A152C, the DS2 mutant also enhances the stability of the
protein by as much as 4 °C. On the basis of the notion that the increase in the
stability of a protein is proportional to the number of residues encompassed by
the cross-link, the N and C-termini were joined, A1GC/G187,C188, to form the
circular xylanase (cXl}) mutant. This mutant also acquired a 3.8 °C elevated
melting point. A combination of S100C/N148C and A1GC/G187,C188
mutations is accompanied by a 12.3 °C increase in the melting point, which is
3.5 °C more than expected. Thus, the stabilization effect of the two disulphide
bonds appears to be cooperative rather than additive. Moreover, the
thermodynamic data obtained from differential scanning calorimetry under
reversible conditions support previous findings that the stabilizing effect of
disulphide bonds is a consequence of a decreased conformational entropy of the
unfolded state. Furthermore, the resuits of this study support the notion that
the introduction of a disulphide bond can be used as a strategy to prevent the
aggregation of proteins by restricting the exposure of some elements required
for this process.

The active site of Bacillus circulans xylanase contains two acidic
residues, glutamic acids 78 and 172, which are crucial for the catalytic activity

of the enzyme. Fourier-transform infrared and near-UV circular dichroism



spectroscopies were used to determine the pK, of these residues. For the wild
type enzyme, a titration of one of carboxylate groups occurs at pH 6.8, as
evidenced by FT-IR spectroscopy. This titration is absent in the E78Q or E172Q
variants of the enzyme. This, taken with crystallographic data, indicates that
glutamic acid at position 172 has an abnormally high pK, of 6.8. The high pK,
value of Glu 172 is caused largely by electrostatic interactions of this residue
with a proximal glutamic acid at position 78. Furthermore, the circular dichroism
spectrum of the wild type xyianase shows a structural transition at pH 4.9 in
the near-UV region which is absent for the E78C mutant. This taken with the
fact that glutamic acid 78 forms a network of hydrogen bonds with tyrosine 69
and tryptophan 71 indicate that the transition with pK, 4.9 should be attributed
to glutamic acid 78. The presence of two proximal carboxyl groups, from
glutamic acids 78 and 172, results in a pH-dependent destabilization of the
protein structure as evidenced by differentizi scanning calorimetry experiments

with the wild type xylanase and a number of mutant proteins.
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CHAPTER I

GENERAL INTRODUCTION

I.1. OVERVIEW

Xylans are composed of a backbone of 1,4-linked B-D-xylopyranose
residues. According to their origin, xylans of hardwoods, softwoods, or grasses
have different substituents that are covalently linked to the backbane {Puls, et
al., 1989). These substituents may include O-acetyl, a-L-arabionfuranosyl, o-D-

glucopyranosyluronic acid and 4-0-methyl-a-D-glucopyranosyluronic acid.



Birchwood xylan, for instance, can be composed of up to 35% O-acetyl-4-0-
methylglucorono-xylan {Timell, 1867). The substituents of xylan may be further
linked to lignin via ether or ester bonds (Dekker 1983; Azuma & Tetsuo 1988).

The degradation of B-1,4 bonds of xylans involves xylanolytic systems
which include $-1,4 xylanases {1,4-B-D-xylan xylanohydrolase; EC 3.2.1.8) and
B-xylosidases (1,4-B-D-xylan xylohydrolase; EC 3.2.1.37). The former is
generally considered to hydrolyse the xylan backbone whereas the latter
eﬁzyme is implicated in the hydrolysis of the xylo-oligomers (Dekker & Richards
1976}. Cellulases and xylanases have been grouped into at least eight families
on the basis of amino acid sequence identities in their putative catalytic
domains (Henrissat, et al., 1995, Gilkes, et a/., 1991). Xylanases themselves
can be grouped into two families, family F and family G, on the basis of primary
structure similarity (Henrissat, 1992). The former is composed of high molecular
weight xylanases, whereas the latter comprises small molecular weight
xylanases (Gilkes et a/., 1991; Henrissat, 1992). No significant homology in the
catalytic residues could be detected between the two families {Henrissat,
1992).

The potential for biotechnological applications of xylanases has
accelerated research aimed at understanding and manipulating the action of
these enzymes. The use of xylanases has been proposed as food thickeners

(Zeikus, et a/., 1991), for increasing the quality of breads {Maat, et a/., 1992),



extracting coffee (Biely, 991), clarifying juices and wine {Biely, 1985), and more
importantly for prebleaching kraft puips (Nissen, et a/., 1992; Farrell & Skerker,
1992; Wong & Saddler, 1992). In the latter case, to remove the coloured lignin
component, pulp is usually treated with chlorine or chiorine containing
chemicals at high temperatures and alkaline conditions. This process is normally
associated with the production of toxic chloro-organic compounds (Wong &
Saddler 1992). Therefore for bleaching kraft pulps, it is of considerable
importance to replace, or at least reduce, chlorine charges with environmentally
safe substances, biocatalysts. Xylanases are biocatalysts capable of hydrolysing
xylan and thereby releasing lignin. These enzymes, in order to be applicable in
the bleach boosting process, have to meet the following conditions; firstly, to
avoid any damage to pulp strength, they should not have cellulase activity
(Wong & Saddler 1992). Furthermore, they should be stable at high
temperatures and finally, should show high activity at alkaline conditions. The
small size of the Bacillus circulans xylanase protein, which facilitates its
diffusion, and its lack of cellulotic activity fulfil two requirements for an

application in puip bleaching.



i.2. BACKGROUND ON Bacitflus circulans XYLANASE

The 8. circufans. xylanase (1,4-B-D-xylan xylanohydrolase, EC 3.2.1.8)
gene was cloned and hyperexpressed in Escherichia coli {(Yang et al., 1988,
Yang et al., 1989; Sung et a/., 1993} at the National Research Council of
Canada (NRC). This small globular protein, with a molecular weight of 20 kDa
and isoelectric point of about 10 {Wakarchuk, unpublished data), belongs to
family G xylanases {Fig. 1.1, Gilkes et a/., 1991). It contains 185 amino acids
{(Yang et a/., 1988) with a sequence identical to Bacillus subtilis, e..Cept at
position 147 {Yaguchi, et al., 1992). Large numbers of aromatic residues can
be detected in the primary structure; 11 tryptophans, 16 tyrosines, and 4
phenylalanines. Seven aspartic and two glutamic acids are also presentin the
protein. Moreover, five lysines and seven arginines form the basic amino acids
of the enzyme. It is of note that the wild type protein does not contain any
cysteine residues. B. circulans xylanase is considered to be an endoxylanase
involved in the random hydrolysis of xylosidic bonds in xylan to xylo-
oligosaccharides.

The three-dimensional structure of the B. circulans xylanase was
determined by X-ray crystallography at 1.6 A resolution (Campbell, et ef.,
1993). The structure of this enzyme consists of a single domain containing
three [-sheets and one o-helix (Fig.l.2). The B-sheets are almost entirely

‘comprised of anti-parallel strands. Two sheets are each composed of five



strands, while the third one ~ontains six strands. The third sheet folds over one
side of the only a-helix present in the structure. The active site of the 8.
circulans xylanase is dominated by aromatic residues; six tyrosines, three
tryptophans, and one phenylalanine {Campbell, et e/., 1993).

The application of 8. circulans xylanase to the prebleaching of kraft pulp,
is unfortunately hampered by its low thermal stability. The availability of
different mutants, the high expression level of the enzyme, and detailed
structural knowledge provide an opportunity to undertake biophysical studies
directed at understanding the thermodynamic and kinetic aspects of the stability
of the wild type xylanase and a number of mutant proteins. Thus, while the
purpose of this thesis is not to produce stable xylanase variants for immediate
industrial application it does set out to provide the fundamental understanding
of stability which can be used by other workers in the design of thermostable

mutants.
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Fig.l.1. Amino acid sequence alignment of low molecuiar weight xylanases
{taken from Wakarchuk et a/., 1994a with permission). The sequence of Baciflus
subtilis and Trichoderma viride have not been shown because the B. subtilis
sequence is identical to B. circulans except at position 147, and 7. viride is
essentially identical to 7. reesei except at positions 9, 143, 144. The sequences
are B. pum. = Bacillus pumilis, C. aceto. = Clostridium acetobutylicum, R. flav.
= Ruminococcus flavefaciens, T. ree. | = T. reesi XYN ll, T. harz. =
Trichoderma harzianum, S. comm. = Schizophyllum commune, S. sp 36a =
Streptomyces sp. 36a, S. liv. B = Streptomyces lividans XYNB, S. liv. C = S.
livicdans XYN C, B. circ. = B. circulans, A. niger = Aspergillus niger, A. tubig.
= Aspergillus tubigenesis, T. ree. | = T. reesei XYN .



- Fig. 1.2. The cartoon structure of the B. circulans xylanase from two views,






.3. PROTEIN STABILIZATION

Due to the harsh physical conditions encountered in industrial processes,
a more widespread application of enzymes in biotechnology depends on our
ability to produce highly stable proteins. Increases in stability of enzymes are
associated with reduced enzyme charges that lowers the cost of their
application. Moreover, various advantages arise by carrying out enzymatic

- reactions at high temperatures;

{a) high conversion rates,

(b} reduction of possibility of microbial growth,

{c) in general, solubility of substrates increases with temperature,

(d} viscosity of the reaction medium decreases with increase in temperature
and consequently reduction in diffusion constraints will lead to higher
reaction rates (Gupta, 1991),

Over the years, various strategies have been developed to enhance the
stability of proteins. Addition of substances, chemica! modification, chemical
cross-linking, enzyme immobilization, replacement of water with organic
solvents, and protein engineering are among the approaches that have been
used to stabilize proteins. Protein engineering perhaps is the most powerful
technique available to enhance protein stability. This approach provides a tool
to aiter the stability of proteins by changing amino acids that affect either

stabilizing interactions in the folded protein or destabilizing interactions in the



unfolded form, or both {Nosoh & Sekiguchi 1990). In site-directed mutagenesis
the underlying strategies to thermostabilize proteins can be classified as
follows:

{a} decreasing the conformational entropy of unfolding by substitution of Gly
with Ala (Mathews, 1987)

{b} replacement of a poor helix former with a good helix former (Margarit, et
al., 1992)

{c) creation of appropriate charges at the end of helices (Mitchison & Baldwin,
1986)

{d) addition of new interactions in the rigid parts of the structure (Mathews,
1987)

{e} elimination of interior cavities {Margarit, et a/., 1992)

{f} substituting asparagine with another suitable residue (Ahern, et a/. 1987)

{g) removal of unfavourable interactions inside the proteins (Inoue, et al.,
1992a)

{h) introduction of disulphide bonds (Kanaya, et a/., 1991; Takagi, et af.,
1990; Matsumura, et al., 1989a)
The assumption that disulphide bonds provide additional stability in globular
proteins mainly arises from the fact that the disruption of disulphide cross-links
is often accompanied by a dramatic decrease in thermodynamic stability of

proteins. For instance, selective red uction and carboxymethylation of one of the



disulphide bonds of hen lysozyme resulted in a 24 °C decrease in thermal
stability of the enzyme (Radford, et a/., 1991). This knowledge has, therefore,
stimulated several attempts to introduce new disulphide bonds to improve
protein stability (Matsumura, et a/., 1989b; Clarke & Fersht 1993; Wetzel, et
al., 1988). In the case of £. coli ribonuclease H for example, 11.8 °C increase
of the melting point was achieved {Kanaya, et al., 1991). Consequently, a
similar strategy was employed to increase the stability of the 8. circulans
xylanase.

A theory originally proposed by Wyman (1964) predicts that the presence
of an acidic group with abnormally high pK, (or a basic group with abnormally
low pK,) should destabilize the protein. This abnormality in the pK, values is a
result of unfavourable interactions inside the proteins, for instance electrostatic
repulsion or the presence of charged residues in an hydrophobic environment.
The proximity of some acidic residues in the active site cleft of the B. circulans
Xylanase and the presence of number of aromatic residues in the active site
suggest that an acidic residue with abnormally high pK, may be present. It
therefore might be possible to substitute one of these residues with an
uncharged residues in order to increase the stability of the enzyme, although it
must be borne in mind that such a substitution could be deleterious to catalytic
activity_.

Understanding the detailed kinetic and thermodynamic aspects of stability
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of the engineered mutants demands the application of suitable techniques to
explore the molecular aspects of stabilization. Differential scanning calorimetry

(DSC) is undoubtedly the most potent approach to achieve that goal.

l.4. DSC AND THERMAL STABILITY STUDIES

The study of the unfolding of proteins induced by heat or chemicals can
shed light on aspects of protein stability. In addition to providing basic
mechanistic insight, such investigations can be of high practical value since the
increasing applications of enzymes in biotechnology require an understanding
and manipulation of protein stability. In turn, information on the mechanism of
protein unfolding can provide insight into the reverse process, i.e. protein
folding.

Differential scanning calorimetry {DSC) is the technique of choice in
studying the thermal stability of proteins. The basis of the experiment is to
measure the heat absorption in a system as the temperature is being raised
through the point where the sample changes from its native state to where it
is completely denatured. Measurements of heat absorption of the sample in éne
cell and the buffer alone in a second cell are taken simultaneously so that any
heat changes of the buffer are cancelled out. The resulting data are plotted as
heat capacity at constant pressure (C,} versus temperature to give the so called

thermograms. The area under the curve corresponds to the calorimetric enthalpy
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(AH) of the transition (Cantor & Schimmel 1980). It is therefore possible to
determine overall thermodynamic parameters such as transition enthalpies,
entropies and transition temperatures. Moreover, based on the shape of the
thermograms and the calorimetric enthalpy one can determine the number of
discrete domains in a macromolecule or the number of subunits that are
strongly bound together. This informationis of particular importance for proteins
that are too large for crystallographic studies (Privalov, 1982, 1989). The
information can be easily extracted from DSC data if an equilibrium exists
between the folded and unfolded form(s) of the protein under the conditions of
the experiment. Sometimes, however, complications arise when irreversible
denaturation of a sample coincides with reversible unfolding. In such cases
additional information is required in order to interpret the DSC data. Irreversible
denaturation of proteins can be attributed to several factors. Many enzymes,
once unfolded, become inscluble and form aggregates. As a protein unfolds,
hydrophobic residues are exposed to water. Such hydrophobic surfaces may
form intermolecular interfaces via aggregation in an attempt to maximize the
entropy of the solvent. Other processes like incorrect refolding, disulphide
exchange, peptide chain hydrolysis, amino acid and disulphide linkage
destruction should be also taken into account as the causes of irreversible

denaturation (Ahern & Klibanov, 1987).
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1.5. MECHANISM OF ACTION OF XYLANASES

Analysis of the primary sequence alignment of 15 family G xylanases
indicates that only two glutamic acid residues are absolutely conserved in this
family (Fig.l.1, Wakarchuk, et a/., 1994a). This suggests an important role for
these two acidic residues in the catalytic process. A site directed mutagenesis
study of the Bacillus pumilus xylanase, a G family xylanase, showed that two
glutamic acid residues are intimately involved in the catalytic mechanism (Ko,
et al. 1992). Furthermore, a preliminary examination of the glutamic acid
residues of Bacillus subtilis xylanase suggested their critical participation in
catalysis (Wakarchuk, et a/., 1992). In this réspect they are similar to acidic
side chains in hen egg-white lysozyme where two acidic residues Glu 35 and
Asp 52 play a major role in the hydrolysis of the substrate. Studies of other
glycosidases, specially xylanases and cellulase_s, have supported the notion that
all glycosidases share a common mechanism with hen egg-white lysozyme in
which carboxyl groups are involved in catalysis (Bray & Clarke, 1990, and
references therein).

Allglycosidases examined to date catalyze stereoselective hydrolysis; the
configuration about the anomeric centre is either inverted (single displacement
reactioh) or retained {double displacement reaction) upon hydrolysis of the
glycosidic linkage {Gebler, et al. 1992). An NMR study has demonstrated that

two members of the G family xylanases, Bacillus subtilis and Schizophyllum
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commune xylanases, hydrolyse their substrate by retention of configuration
(double displacement reaction) (Gebler, et a/., 1992). The primary sequence of
the B. subtilis is exactly the same as 8. circulans xylanase except that a serine
in the former is replaced with threonine in the latter. It is therefore reasonable
to consider that the hydrolysis reaction catalyzed by 8. circulans xylanase
proceeds with retention of the anomeric configuration and a double
displacement mechanism. Site directed mutagenesis and X-ray crystallographic
studies have also revealed the involvement of other residues such as tyrosine
69, tyrosine 80, and to a somewhat less extent aspartic acid 11 and arginine
112 in catalysis (Wakarchuk, et al. 1994a). It is of note that tyrosines 69 and
80, and arginine 112 are entirely conserved among the G family xylanases

{(Wakarchuk, et al. 1994a).
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1.6. OBJECTIVES

In the production of paper, during the processing wood, it is necessary
to remove lignin, since the latter causes a yellow/brownish colour. This is
normally accomplished by the use of chlorine or chlorine containing chemicals
leading to the formation of dioxin and other chlorinated organic compounds
known to be harmful to the environment. As mentioned earlier, bleaching craft
pulp is usually carried out at high temperatures and under alkaline conditions.
In order to replace chlorine and chlorine dioxide with xylanase it is critical to
identify a thermostable enzyme from a natural source, or to stabilize presently
existing xylanases. The small size of 8. circulans xylanase facilitates hydrolysis
of the substrate, since the enzyme has a high diffusion rate. Furthermore, it is
unable of degrading cellulose and can be expressed at high levels 100 mg/L.
These facts taken with the available X-ray structure, and availability of a
number of mutant proteins provide an excellent opportunity to undertake
biophysical studies aimed at production of highly stable mutants. The strategy
adopted to achieve this goal is based on the introduction of the disulphide
bonds into different regions of the protein. Furthermore, various biophysical
experiments are designed to understand the mechanism by which increases in
stability are gained.

It is understood that two glutamic acids are conserved among G family

xylanases and that they play a major role in the hydrolysis of the substrate. A
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structure of the enzyme and substrate co-crystallized suggests that one of the
acidic residues acts as an acid catalyst and the other as a nucleophile
(Campbell, et al., 1993; Wakarchuk, et a/. 1994a}. Regarding the role of the
glutamic acids, the questions to be addressed in this thesis are as follows.
Firstly, which of the glutamic acids acts as an acid catalyst? To act as an acid
catalyst requires the side chain to be protonated at neutral pH, in other words
the glutamic acid in question should have an elevated pK,. This leads to the
second question; what are the physical forces that enable an acidic residue to
remain protonated at neutral pH? Finally, in terms of stability, what are the

costs of such an arrangement?
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CHAPTER I

THE EFFECT OF A DISULPHIDE BOND ON THE
RATE LIMITING STEP IN THE THERMAL
DENATURATION PATHWAY OF B. circulans
XYLANASE: DIFFERENTIAL SCANNING
CALORIMETRIC AND THERMAL INACTIVATION
STUDIES

It.1.INTRODUCTION

The introduction of disulphide bonds has proven to be an effective
strategy to increase protein stability {Matsumura et al., 1 989a,b; Kanaya et a/.,
1991; Clarke & Fersht, 1993). Therefore, in an attempt to increase stability of
the B. circulans xylanase a disulphide bond was introduced into the protein. The

position of introduction was based on the similarity of its sequence compared
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to xylanase A from Schizophyllum commune. This bond, between S100C and
N148C (to vield the DS1 protein), links the only a-helix of the protein to the
nearby f-strand (please see Fig.lli.1 in chapter I},

Since, upon denaturation, protein molecules acquire a random coil
structure, it was predicted that disulphide bonds decrease conformational
entropy of the unfolded state (Flory, 1956). The decrease in entropy is
accompanied by an increase in the free energy of the unfolded state, AG,,. Any
increase in AG,, the difference in the free energy between the unfolded, U, and
native state, N, shouid drive the unfolded state toward the native state,

because AG,=-RTIn{[U]/[N]};

Ne=U IL1

This is known as the two-state reversible model, It indicates that denaturation
is consistent with a single cooperative transition from the native state to the
unfolded state.

There has been considerable interest in studying the mechanism of
stabilization of proteins due to incorporation of novel disulphide bonds (Wetze!,
1987; Clarke & Fersht, 1993;). However, most of these studies suffer from
incomplete thermodynamic analysis (Betz, 1993). In some studies AG, cannot

be determined because denaturation is irreversible. instead, increased stability
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relative to the wild type protein is usually defined as an increase in either the
melting point or in the time required for enzymatic activity to decrease 50% at
an elevated temperature, Clearly, using this information alone, the mechanism
by which a disulphide bond increases the stability of protein cannot be
determined. Therefore, a combination of various approaches (see below) was
used in order to determine the mechanism of stabilization achieved by the
introduction of the disulphide bond.

To assess the extent of stabilization due to introduction of the disulphide
bond, differential scanning calorimetry was applied. The detailed thermodynamic
analysis of the calorimetric thermograms, however, was hampered by the
irreversibility of the thermal unfolding. So far, no general procedure has been
offered to interpret differential scanning calorimetry data for the irreversible
denaturation of proteins. Nevertheless, Sanchez-Ruiz and his colleagues (1988}
have developed a simple model that can be successfully used to obtain the
activation energy of unfolding for the two-state irreversible denaturation of
proteins. Their strategy is based on the fact that the irreversibility of protein
denaturation is accompanied by an increase in the apparent melting point as the
rate of heating the sample {scanning rate) is increased. Consequently, we have
used a similar strategy to analyze calorimetric data for the wild type xylanase
and the DS1 mutant. Since the conditions required for the two-state irreversible

denaturation of proteins are not fulfiled, supplem«:ntary experiments were
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performed in order to understand the mechanism(s) by which the disulphide
bond stabilizes the protein.

In the presence of a "subdenaturing™ concentration of urea, thermal
unfoiding for both wild type protein and the mutant turned out to be reversible.
Surprisingly, in the case of the wild type xylanase, dependence of the apparent
melting point upon scanning rate at the reversible condition appeared to be
similar to the irreversible one. This finding seems to be the first experimental
evidence that supports the theoretical prediction of Lepock et a/. (1992). They
predicted that the apparent transition temperature for reversible unfolding can
also be scan-rate dependent. Moreover, our study indicates that the increased
stability of the disulphide bridge containing mutant is a result of the change of

the rate-limiting step in the thermal denaturation pathway.
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I1.2.MATERIALS AND METHODS

Unless otherwise stated, materials used in this study were purchased
from the Sigma chemical company. The bacterial strains used in this work have
been described in detail elsewhere (Sung et al, 1993; Wakarchuk et al.,
19943). Site-directed mutagenesis was performed by Dr. Warren Wakarchuk at
the National Research Council of Canada, Ottawa as already described

(Wakarchuk et al., 19944a,b).

11.2.1.Protein expression

E. coli cells containing the plasmid carrying 8. circulans. xylanase gene
were obtained from Dr. Warren Wakarchuk. They were grown in 2YT medium
{16 g yeast extract, 10 g bacto-tryptone, 5 g NaCl, 1 L of H,Q). The plasmid
contained an ampicillin resistance marker, the /a¢c/ gene, part of the lacZ
structural gene, two copies of TAC promoter, and one copy of /lacUV5 promoter
{(Wakarchuk et al., 19943a). The antibiotic ampicillin was added at 150 mg/L to
all cultures of plasmid-containing strains. Small cultures were used to inoculate
fresh medium (1 L} in a shake flask. After about 18 hrs induction by IPTG with

the final concentration of 100 uM, cells were harvested by centrifugation.
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I1.2,.2.Protein purification

Protein purification employed a modification of the protocol described by
Schleif & Wensink {1981). In an icebath, a mixture of cell paste and alumina
was ground for at least 15 min. While being mixed, extraction buffer {10 mM
sodium acetate, pH 5.3) and DNase | (with a final concentration of 20 yg/mL)}
were added. The mixture was centrifuged at 4400 g for 20 min. The
supernatant was further centrifuged at 12100 g for 30 min. The purification
was continued by exhaustive dialysis of the supernatant against 6 L extraction
buffer for 24 hrs using a mco 3500 Spectropor 3 dialysis bag (Canlab,
Mississauga, Ontario). After centrifugation for 30 min at 10000 rpm, the
supernatant was separated and loaded onto a Poros HS [l column {Perseptive
Biosystems, Cambridge, MA) pre-equilibrated with 10 mM sodium acetate pH,
5.3. The column was eluted with the same buffer until zero absorbance was
achieved. It was further eluted with a gradient of 0-0.3 M NaCl at 5 mi/min
flow rate. The enzyme eluted at a salt concentration of about 0.12 M. The
fractions containing xylanase were analyzed by gel electrophoresis. Using an
Amicon filter, with less than 3000 Da molecular weight cutoff {Amicon,
Danvers, MA), the eluent was concentrated to final volume of 5 mL. The
sample was applied to Toyopeari resin column (HW 50-s, 1000-90000 MW,
Supelco Canada, Mississauga, Ontario) that was already equilibrated with 50

mM ammonium acetate pH 6.0, and was eluted with the same buffer at 0.5
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mb/min flow rate. The concentration of xylanase or its mutants was determined
from the absorbance of 280 nm, using an extinction coefficient of A" ™™ =

4.07.

1.2.3.Enzyme activity

Enzyme activity was measured based on the reaction of reducing sugars
with hydroxybenzoic acid hydrazide reagent (Lever, 1972}. Experimental
mixtures centained 7 mg/mL soluble fraction of Birchwood xylan and 4 pyg/mL
of enzyme in assay buffer (50 mM sodium citrate, pH 5.5). Following 3 minutes
incubation at 40 °C, 50 ul of the mixture was mixed with one mL of 10 mM
NaOH to stop the hydrolysis. Hydroxybenzoic acid hydrazide reagent with a
fina!l concentration of 0.05 M was added to the solution. To develop the colour,
samples were immersed in boiling water for 10 minutes. Intensity of the colour

resulting from the reaction was measured at 420 nm.

II.2.4. Thermal inactivation kinetics

For thermal inactivation kinetics experiments, solutions of wild type
xylanase and disulphide bridge mutant (0.125-1 mg/mL} were immersed in a
water bath at different temperatures and their activities were measured after
periodic withdrawal of an aliquot. Since the plot of In{[E]/(E,]) ([E,] and [E] are

the concentrations of the active enzyme at the time zero and t, respectively) vs.
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time at a given temperature results in a straight line, the thermal denaturation
of the wild type enzyme follows a first-order rate law. On the other hand, the
plot of 1/[E] vs. time provides a straight line for the disulphide mutant indicating
that thermal denaturation kinetics of the mutant obeys a second-order rate law.
In both cases the slope of the plots provides apparent kinetic rate constants
{Kyp! for the irreversible denaturation of the wild type and disulphide bridge

xylanases.

Ii.2.5.Differential scanning calorimetry

Calorimetric thermograms were obtained using a MC-2 Microcal
differential scanning calorimeter. Protein solutions were prepared in ammonium
acetate buffer, pH 6.0, at a concentration of 0.5-1 mg/mL. All solutions were
degassed under vacuum. The reversibility of the thermally induced transitions
was always checked by reheating the solution in the calorimeter cell
immediately after cooling, following the first run. Baselines obtained by filling
both cells with the corresponding buffer for each particular condition were
subtracted from the sample experimental trace, thus giving the apparent heat
capacity profile. The transitions were corrected for the minor difference in heat
capacity between the initial and the final states, using the Progress baseline
procedure. The resulting curve, after normalization to the concentration of

protein, is called the excess heat capacity profile. Data treatment was performed
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Fig.ll.1. A typical excess heat capacity curve versus temperature for the wild
type xylanase in ammonium acetate buffer obtained by a MC-2 differential
scanning calorimeter. The hatched area is proportional to the heat evolved at
a given temperature, Q.
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using the Origin software provided by the manufacturer of the calorimeter
{Microcal Inc.). The enthalpy of denaturation was determined by integratibn of
the heat capacity function (Fig.ll.1). ToEal enthalpy of denaturation (Q,)
corresponds to the full area under the curve. Whereas, enthalpy of partial
denaturation of protein {Q) can be obtained from integration of the heat
capacity function taken from the temperature where the enzyme is in its native
form to the desired temperature.

Due to the slow instrumental response of differential scanning
calorimeters in some cases, the shape of calorimetric thermograms is distorted
{Mayorga & Freire, 1987). Fig.ll.2 shows the shape of the output, and corrected
signals at various scanning rates. Ideally, the output signal should be a
rectangle. As is clear from the Fig.ll.2 the shape of the output signal is
increasingly distorted as scanning rate increases. Mayorga & Freire (1987) have
developed a mathematical procedure by which such distortions can be
corrected. These distortions are more evident far sharp transitions. As already
reported (Galisteo et a/., 1991), in the case of proteins due to their broad
calorimetric transitions, the instrumental distortions of the shape of the heat
capacity function can Be ignored (Fig.11.3)}. This figure shows the calorimetric
thermograms of ribonuclease before and after a correction based on the
dynamic deconvolution procedure. A small dependence of melting point upon

scanning rate can be observed which is in agreement with previous reports
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Fig.ll.2. A typical instrumental response (output signal, solid line) to 2
rectangular calibration pulse (input signal). Dashed line is the corrected signal
based on a dynamic deconvolution procedure. A, two input signals with
intensities of 8 and 2 mcal at the scanning rate of 84 deg./hr. B, An input signal
with the intensity of 8 mcal at the scanning rate of 20 deg./br.
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Fig.ll.3. A, Differential scanning calorimetric thermograms of ribenuclease
before, solid line, and after, dashed line, instrumenta! response correction at the
scanning rate of 84 deg./hr. B, The comparison of the DSC data for
ribonuclease at the scanning rate of 20 deg./hr, solid line, and 84 deg./hr,
dashed line, after removing instrumental distortions.
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{Mayorga & Freire, 1987). Ribonuclease has been chosen as a control to make
sure that scan-rate dependence observed for the xylanases is not an artifact

from the calorimeter used throughout this study.

I1.2.6.Circular dichroism spectroscopy

The CD spectra of xylanase proteins were obtained using a JASCO J-600
spectropolarimeter. The instrument was calibrated with ammonium-d-
camphoresulphonate. Spectra in the near UV region were measured in a 1 cm
pathlength cylindrical quartz cell with a protein concentration of about 0.3-0.5
mg/mL in either 50 mM ammonium acetate or 20 mM phosphate buffer.
Spectra in the far UV region were measured in a 0.02 cm pathlength cylindrical
quartz cell with a similar protein concentration in 20 mM phosphate buffer. The
normalization of spectra was performed using the software provided by the
instrument manufacturer. The molecular weight of the wild type protein was
considered to be 20,397 Da. Except for the case of c¢Xl and ¢DS1 mutants,
small variations in the molecular weight due to mutations were ignored during

the normalization of the mutants’ spectra.
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I1.3. DIFFERENTIAL SCANNING CALORIMETRY OF THE WILD TYPE XYLANASE
AND DISULPHIDE BRIDGE VARIANT (DS 1) UNDER IRREVERSIBLE CONDITIONS

Information obtained by differential scanning calorimetry (DSC) can be
treated based upon reversible thermodynamics if reversibility of the thermal
denaturation is maintained throughout the transition zone. This reversibility can
be verified by reproducibility of a thermogram upon a second heating of a
cooled sample {Freire et al., 1990). Fig.ll.4 shows the original DSC data for the
wild type xylanase and DS1 variant in ammonium acetate buffer. As is clear
from the figure, the thermal denaturation process occurs irreversibly as
indicated by the lack of any transition in the second run. Furthermore,
calorimetric profiles show a clear scan-rate dependence (Fig.Il.5, Fig.ll.6) even
after correction for instrumental response,

Scan-rate dependence of calorimetric thermograms has been assumed to
arise from the presence of an irreversible step in the thermal denaturation
pathway (Sanchez-Ruiz et al., 1988; Freire et al., 1990; Sanchez-Ruiz, 1992).
In other words, the protein denaturation process is controlled by kinetic rather
than thermodynamic factors. In such a case, the extent of denaturation of the
protein depends on the temperature and the length of time that the protein
spends at that temperature. Therefore, at lower scanning rates, the melting
point of the protein will be less than that of higher scanning rates, because

there is more time for irreversible denaturation te occur during the run.
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The presence of an irreversible step in the denaturation pathway
complicates the obtention of valuable information that can be obtained if
reversible thermodynamics applies. The first major attempt to overcome this
obstacle was made by a Spanish group (Sanchez-Ruiz et a/., 1988). They
successfully demonstrated that when denaturation of a protein occurs between
only the native state "N" and an irreversibly denatured state "I" (N — |, the so
called two-state irreversible model) the activation energy of denaturation can
be determined from the slope of InK, and In{In{Q,/{Q,-Q})} versus 1/T, or from

the slope of In(v/T, ) versus 1/T,,. based on following equations:

) vC, .1
Q-Q
v _AE o E
;:. ol exp( RTM) 1.2
Qr =£ 1 _1 ll.3
nffn 51~ 2l

where K is the rate constant, v the scanning rate, Q, the total heat of the
calorimetric transition, Q the heat evolved at a given temperature, C, the excess
heat capacity at that temperature, E the activation energy, A the frequency

factor in the Arrhenius equation, and T,, the apparent melting point in degrees
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Fig.ll.4. Original calorimetric recordings for the wild type xylanase (WT) and
DS1 mutant at a scanning rate of 13 °C/hr in 50 mM ammonium acetate, pH
6.0, with the protein concentraticn'of approximately 1 mg/mL. The dashed lines
are the second heating runs after cooling down the samples.
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Fig.ll.5. Differential scanning calorimetric transitions for wild type xylanase at
different scanning rates. The numbers represent the scanning rate in degs./hr.
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Fig.ll.6. Differential scanning calorimetric transitions for the DS xylanase at
different scanning rates. The numbers represent the scanning rate in degs./hr.
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Kelvin. The two-state irreversible model is an approximation of a more general

and realistic model with k, <k, and k;> >k, that can be expressed as {Lumry

& Eyring, 1954):

k&
NwU-1I 1.4
k,

In order to determine whether or not the denaturation mechanism obeys
a two-state irreversible model, calorimetric data were analyzed based on
Equations IL. 1-il.3. It has been shown that if InK and In[In{Q,/{Q,-Q)}] versus 1/T
and In{v/T,2) against 1/T,, remain linear, the denaturation process obeys a two-
state irreversible model. In such a case the activation energy can be easily
obtained form the slope of the plots. Denaturation of the wild type and DS1
xylanase cannot be approximated by a two-state irreversible model as indicated
by the nonlinear curves abtained for both InK and In[in(Q,/{Q,-Q)}] versus 1/T
(Fig.ll.7.B and C, Fig.1.8.8 and C), although the plot of In{v/T,? against 1/T,,
is linear for both of the proteins (Fig.ll.7.A and Fig.ll.8.A). Arriaga et a/. (1992},
based on studying irreversible denaturation of f-lactamase | from Bacillus
cereus, have concluded that the linear behaviour of In(v/T,?) against 1/T,,

(Equation 11.2) is the most rigorous test for aprlicability of the two-state
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Fig.}l.7. Plots corresponding to equations {ll.1-11.3) in the text for the wild type
xylanase. (A} Plot of In{v/T,,2) versus 1/T,,. (B) Arrhenius plots obtained from the
calorimetric transitions with varying scanning rates of 12.8 (W), 19.8 (O}, 56.3

(A), and 80.7 deg./hour { V) and from thermal inactivation kinetics {Q). (C)
In{in(Q,/{Q,-Q))) versus 1/T at the scanning rates of 12.8 (M), 19.8 ((J), 56.3

(A}, and 80.7 deg./hour { V).
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37



irreversible model. However, our results indicate that this criterion is not
necessarily of generai validity. Clearly in the case of xylanase to be able to
apply the two-state irreversible model each Equation, I1.1, 11.2, and 11.3, should

be valid.

I[.4.REVERSIBLE UNFOLDING OF THE WILD TYPE XYLANASE AND THE DS1
MUTANT

The irreversibility of calorimetric scans of xylanase and its mutant may
be due to the aggregation of the unfolded {or partially unfolded) protein. Since
in some cases aggregation occurring during therma! denaturation can be
prevented by agents such as guanidinium chloride or urea {Freire et al., 1992),
the DSC scan of xylanase and the mutant was studied in the presence of 2.5
M urea. At the scanning rate of 58 degs./hr and in the presence of urea,
calorimetric scans are accompanied by 5.6 and 5.0 degs. decrease in the
melting point of wild type xylanase and DS1 mutant, respectively. The presence
of urea is not accompanied by any detectable change in the structure of either
the wild type xylanase (see Fig.lll.10 in Chapter.lll) or the DS1 mutant (Fig.11.9}
as verified by circular dichroism spectroscopy. At this concentration of
denaturant, reversible unfolding of both wild type and the DS1 xylanase was
observed (Fig.ll.10). Therefore, the irreversibility seems to be mainly a result of

aggregation. Due to the perturbed shape of the transition, at the scanning rate
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Fig.il.9. Far-UV CD spectrum of the DS1 mutant with the protein concentration
of 0.45-mg/mL in the absence, solid line, and the presence, dashed line, of 2.5
M urea in 20 mM phosphate buffer at pH 6.0.
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of 58 degs/hr, an attempt to fit the data to the two-state reversible model failed
(Fig.ll.11). Since B. circulans. xylanase is a small single-domain globular protein
with molecular weight of 20 kDa (Campbell et al., 1993) and there is no
evidence for dimerization, the perturbed shape of the thermograms are likely
due to high scanning rates. This is supported by the fact that lowering the
scanning rate is accompanied by diminution of the distortion of the shape of the
thermograms ({Fig.ll.11). At the lowest scanning rate, 13 degs./hr, the
calorimetric data can be fitted to the two-state reversible model. In the
presence of urea, 133 and 138 kcal/mol are obtained for the calorimetric
enthalpy of the wild type xylanase and disulphide bridge mutant, respectively.
Moreover, based on the following equation, the change in free energy of
stabilization due to the introduction of disulphide bond in the presence of 2.5

M urea was found to be 3.1 kcal/mol;

A(AG)=AG(mutant)-AG(Wild type) ILs

AG(Wild type) is zero at t,,, while the AG{mutant) can be obtained by the Gibbs-
Helmholtz equation {(Equation I11.6 in Chapter lll}. Since no consistent change
is observed for the C, upon denaturation, the AC, value was considered to be
zero, It is of note that, in spite of the considerable increase in the stability of

the DS1 mutant, the engineered disulphide bond does not alter the secondary

40



] T Y T T
0.60 - ]
Toh
O
=
= 030 4
Q
£
o -
v
o)
8- 0.00 ¢ "“.""-\"\"J"\I"\" -
[/ 2]
QO
T
>
«yard
'l-—-l 1 N I ¥ N L . A
]
& 090} .
=
=
< 4
o
= 060 J
R=
20
by
@)
030} -
0.00 | |
1 1 1 1 5 L

30 ' 40 l 50 60 70

Temperature, °C
Fig.N.10. Original calorimetric recordings for the wild type xylanase, A, and
disulphide-bridge mutant, B, at the scanning rate of 58.0 °C/hr in 2.5 M urea

at pH 6.0 with protein concentration at about 0.5 and 0.6 mg/mL, respectively.
The dashed lines are the second heating run after cooling down the sample.
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Excess heat capacity

Temperature, °C

Fig.ll.11. Differential scanning calorimetric thermograms and the best fit of the
two-state reversible model for the reversible denaturation of the, A, wild type
at two different scanning rates of 13.3 (O), and 58.7 (O) °C/hr and, B,
disulphide-bridge xylanase at the scanning rates of 13.2 (O) and 58.3 (O0)°C/hr
in the presence of 2.5 M urea.
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and tertiary structure of the protein, as evidenced by circular dichroism
spectroscopy (see Fig.lll.4 and Fig.lll.5 in Chapter lll} and also by X-ray
crystallography (Wakarchuk, et al, 1994b). Moreover, introduction of the
disulphide bond did not lead to any reduction in the enzymatic activity. Thus,
the locus chosen as the site of disulph'ide bond seems to be suitable as it
enhances protein stability with no change in enzymatic activity.

Surprisingly, in addition to the distortion of the shapes of the endotherms
(Fig.ll.11), dependence of the apparent melting point upon scanning rate was
observed for both wild type and DS1 xylanase in the presence of urea (Fig.ll.12
and Fig.11.13}. The comparison of Fig.ll.12 with Fig.ll.5 clearly indicates that for
wild type xylanase, presence or absence of an irreversible step has almost no
effect on scan-rate dependence of calorimetric thermograms. Therefore, the
overall thermal denaturation rate is controlled by the rate of reversible unfolding, |
i.e. kisk; Equation 11.4. This condition is normally seen when protein
denaturation follows a two state irreversible model (Sanchez-Ruiz et a/., 1988).
Additionally, the two state irreversible denaturation of proteins can be described
as the rate of refolding of unfolded state (U) to the native state (N) being much
slower than its conversion to the irreversible state (1). It seems that the latter
criterion is not fulfilled by wild type xylanase, thus deviation f}om the two state
irreversible model is observed.

For the DS1 mutant, however, the scan-rate dependence of the apparent
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Fig.ll.12. Differential scanning calorimetric transitions for the wild type xylanase
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Fig.ll.13. Differential scanning calorimetric transitions for the DS1 mutant at
different scanning rates in 2.5 M urea. The numbers represent the scanning
rates in deg./hr,
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meiting point is less in the presence of urea (Fig.ll.13) than in its absence
(Fig.Il.8). These data suggest that although the rate of reversible unfolding of
the disulphide mutant (DS1} is low, it does not control the overall rate of protein
denaturation. In this case it seems that irreversible denaturation is the rate
determining step of the thermal denaturation pathway. This conclusion is
further supported by the thermal inactivation kingtics experiments described
below. Lepock and his coworkers (1992), by simulating differential scanning
profiles for reversible and irreversible protein denaturation, have predicted that
the apparént transition temperature for completely reversible unfolding can have
a scan-rate dependence when the scan rate exceeds the rate of unfolding.
Apparently the work described in this chapter provides the first experimental
evidence that argues for the validity of Lepock's prediction. Furthermore, it is
shown that the shape of the thermograms are increasingly distorted as scanning
rate increases {Fig.ll.11). Therefore, in order to avoid misleading analysis of the
perturbed tharmogram shapes, due to unsuitable scanning rates, calorimetric
runs should be performed et different scanning rates to make sure that there is
no perturbation in the shape of the DSC thermograms. In other words,
experiments should be carried out at a scanning rate where complete
equilibrium is established between the folded and unfolded formis) of a protein.

Itis interesting to note that there are no detailed reports regarding a high

scan-rate dependence for the reversible denaturation of a protein. This is
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probably due to the fact that there has been no reason to check scan-rate
dependence of calorimetric endotherms when the process is reversible. Possibly
the only reported study dealing with scan-rate dependence of the reversible
denaturation of a protein was performed by Mayorga & Freire (1987). They
observed a 10 seconds relaxation time for the reversible unfolding of
ribonuclease at a temperature close to its melting point. This corresponds to
less than 0.3 degs. increase in the melting point of the ribonuclease due to the
change of scanning rate from 10 to 90 deg./hr. This is in no way comparable
to B. circulans xylanase for which an approximately 4 degs. increase of the

apparent melting point was observed for a similar change in the scanning rate.

I.5.THERMAL INACTIVATION KINETICS

As shown previously {Arriaga et al., 1992; Galisteo et a/., 1991; Freire
et al., 1990) interpretation of DSC data can be aided greatly by studying the
thermal inactivation kinetics of enzymes. This approach, accompanied by the
results from differential scanning calorimetry, aliows us to characterize the
mechanism of the thermal denaturation of both the wild type xylanase and
disulphide-bridge mutant. Since, the plot of In{{E}/{E,]) versus time results in a
straight line (Fig.ll.14}, thermal denaturation of the wild type xylanase obeys a
first-order rate law. The slope of this line provides the apparent reaction rate

constant (K,..). As the protein concentration was increased no change in the
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Fig.ll.14. Thermal inactivation kinetics of the wild type and disulphide bridge
xylanase, DS1, at 58.5 and 63.5 °C, respectively. (A) Plot of the In ([EVIE,))
versus time at two different concentrations of the wild type enzyme, (@) 0.125
mg/mL, and (O} 1 mg/mL. {B) Plot of 1/[E] versus time at two different
concentrations of the disulphide-bridge mutant, (@) 0.125 mg/mL, and {O) 1.

mg/mL. [E,] and [E] are the concentrations of the enzyme at the time zero and
t, respectively.
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values of K,,, was observed (Fig.ll.14). in other words, K,,, for the thermal
denaturation of the wild type xylanase is concentration independent. Thus, the
rate limiting step in the denaturation of this protein cannot be ascribed to an
aggregation process, i.e. k;2k,. This is further supported by the fact that the
apparent melting point for the reversible denaturation of the wild type xylanase
(Fig.ll.12) shows as much scan-rate dependence as the irreversible denaturation
{(Fig.Il.5).

The results from calorimetry taken with the results from thermal .
inactivation kinetics experiments indicate that, for the wild type xylanase, the
scan-rate dependence of the calorimetric thermograms is a result of a slow step
during the reversible unfolding of the protein' rather than the presence of an
irreversible step. In the case of the DS1 mutant, however, the plot of 1/[E]
versu's time results in a straight line (Fig.ll.14). Consequently, kinetics of the
therrmal denaturation of this mutant complies with the second-order rate law.
The apparent kinetic rate-constant (K,,,} can be obtained from the siope of the
plot. Unlike wild type xylanase, K., for the DS1 mutant increases as the
concentration of the protein is being raised (Fig.ll.14). The second-order rate
reaction behaviour taken with the dependence of the denaturation kinetics upon
concentration suggest that, for the DS1 mutant, aggregatidn is the rate limiting
step in the denaturation pathway, i.e. k, { k;, Equation 1.4, This observation

completely supports the finding from DSC that the irreversible ¢tep in the
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Fig.ll.15. Thermal inactivation kinetics of the wild type and disulphide mutant
xylanase at 0.125 and 1 mg/mL, respectively at different temperatures. {A) wild
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mutant at {O) 59, (O) 60, (A) 61, and (@) 61.5 °C.
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denaturation pathway of the DS1 mutant controls the rate of protein
denaturation.

In order to construct an Arrhenius plot, the kinetic constants for the
denaturation of the wild type and DS1 xylanase (K,.,) were obtained at different
temperatures (Fig.ll.15). The Arrhenius plots for the wild type protein and the
mutant either obtained from thermal inactivation kinetics or from DSC data
(Fig.ll.7 and Fig.l1.8} appear to be non-linear. This indicates that the rate
constants for the thermal denaturation of both wild type and the DS1 xylanases
consist of the rate constants of the different steps on the denaturation pathway
li.e. K, is a function of k,, k,, and k,). In other words, the kinetic rate constant
values of individual steps on the denaturation pathway contribute to determine
the overall denaturation rate. The lack of complete superimposability of curves
in Fig.Il.7.B and Fig.ll.8.B can be explained as follows. The design of the
thermal inactivation kinetics experiments requires that the heat treated samples
are cooled down in order to determine the proportion of the native {(N) and
irreversibly denatured (I} forms of the protein. During the cooling process, the
reversibly unfolded form (U} is being distributed between the native state (N)
and irreversibly denatured state (i). Therefore the amount of both native {N) and
irreversibly denatured {I) forms are overestimated. The extent of overestimation
of either of these species depends on the relative values of k, and k,, and also

population of the unfolded state. Obviously, in the case of wild type xylanase,
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this deviation is negligible {Fig.li.7} indicating that, due to slow reversible
unfolding rate, the unfolded state {U} is not populated. However for the DS1
mutant, since k;<k,, the unfolded state probably is more populated. Upon
cooling, its refolding to the native state leads to a greater error in estimating the
concentration of the native state at various temperatures. Furthermore, the two-
state irreversible model is based on the assumption that the thermal
denaturation process follows a first-order rate law, that is certainly not the case
for the DS1 mutant.

For the wild type xylanase, the apparent rate constants (K,,,) obtained
from thermal inactivation kinetics are similar to those obtained from DSC
(Fig.I.7}. As shown in the Appendix, K,,, values from thermal inactivation
kinetics can be used to predict the molar fraction of the native form as a
function of temperature. Moreover, since heat capacity at constant pressure
(Cp) is proportional to dX,/dT, Ce/Q, {or 1/QdQ/dT} can be predicted and
compared to experimental values obtained from DSC (Fig.ll.16). Two
assurnptions were made to establish a relationship between the thermal
inactivation kinetics and DSC. Firstly, the enthalpy of conversion of the
unfolded state (U} to the irreversibly denatured state (I} can be ignored in
comparison to the enthalpy of the reversible unfolding. Secondly, the
concentration of the unfolded state (U) is almost negligible at any temperature.

In other words, in the thermal inactivation kinetic experiments, any overestimation
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Fig.ll.16. The comparison of experimental, dots, and predicted calorimetric

thermograms, solid line, for the wild type xylanase normalized to totai enthalpy

of denaturation {1/Q,.dQ/dT) at two scanning rates of 20 deg./hr, panei A, and
56 deg./hr., panel B.
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made in determination of the concentration of the native state (N) due to
refolding of the unfolded state can be ignored. Fig.ll.16 shows the comparison
of 1/Q,dQ/dT values obtained from DSC with those predicted from thermal
inactivation kinetics based on equation A-9 (see Appendix). Excellent agreement
is seen between the experimental and predicted values, indicating that the
assumptions made to develop the equations for the wild type protein hold true.
The negligible concentration of the unfolded state indicates that equilibrium is
not established between the folded and unfolded state. Thus, application of the
two state reversible model to extract thermodynamic parameters is not
8

permissabie.

1.L6.MECHANISM OF THE THERMAL DENATURATION

As mentioned earlier, in the presence of urea and at lower scanning rates,
calorimetric endotherms of the wild type xylanase and its disulphide bond
mutant, DS1, can be fitted to a two state reversible model, although a small
deviation can be seen for the wild type protein at the very end part of the
transition. Applicability of two state reversible model and the small size of the
protein implies/ that the reversible unfolding probably consists of just one
populated unfolded farm {U). The unfolding probably leads to the exposure of
an hydrophobic surface which, in the absence of urea, results in aggregation.

Therefore, the unfolded form (U) can either refold to the native form (N) or can
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be irreversibly denatured to the aggregated form (i} according to the Lumry &

Eyring model {1954):

k&
NeU-=1I IL6
k,

where k,, k;, and k; are the kinetic rate constants for unfolding, folding and for
irreversible denaturation of the protein, and N, U, and |, are the native, unfolded
and irreversibly denatured states of the protein, respectively. This mechanism
of denaturation applies for both wild type xylanase and its disulp‘hide mutant.
The difference is in the rate limiting step, which is k, for the former and k, for
the latter. Thus, introducing the disulphide bond stabilizes the xylanase by
changing the rate limiting step of the denaturation pathway. The mechanism by
which the disulphide .bond changes the rate limiting step in the thermal
denaturation of xylanase is unclear. It has been suggested {Cleland & Wang,
19980) that the exposure of an hydrophobic surface due to unfolding enhances
hydrophobic interactions, which leads to aggregation. Furthermore, a study of
bovine growth hormone has shown that association of the unfolded forms in
order to form aggregates involves distinct structural elements (Brems, 1988).
If aggregation proceeds according to a mechanism which involves specific
interaction of structural elements, then certain positions in1he polypeptide chain

will carry information relevant to the process {Mitraki et a/. 1991). Perhaps, in
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56



the case of xylanase, the presence of the disulphide bond restricts the exposure
of the hydrophobic surface and putative elements that are required for the
initiation of aggregation. In order to asses the ability of the S100C/N148C
disulphide bond to prevent aggregation, the secondary structure of the wild
type protein was compared to the DS1 mutant after two consecutive scans in
the presence of 2.5 M urea with scanning rate of 56 °C/hr (Fig.l.17). This -
figure shows that, after the second calorimetric scan, the original secondary
structure of the wild type protein was lost. Furthermore, long exposure of the
protein to high temperatures resuits in aggrégation as indicated by the noisier
spectrumand also by visual inspection. However, the presence of the disulphide
bond in the DS1 mutant protects the protein from complete aggregation and
denaturation after a similar treatment. This experiment suggests that the
introduction of disulphide bonds can be used as a tool to prevent aggregation
by restricting the exposure of hydrophobic surfaces (and possibly the putative
elements that are required for aggregation). A similar argument has been
employed to explain the enhanced stability of the T4 lysozyme (Wetzel et al.,
1988). They have suggested that a 3-97 disulphide bond may stabilize T4
lysozyme by restricting the exposure of hydrophobic surfaces.

The differential scanning calorimetric thermograms for the irreversible
denaturation of proteins have two impaortant characteristics. Firstly, the

thermograms are highly scan-rate dependent, and secondiy, their shapes are
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distorted {Sanchez-Ruiz et al., 1988; Freire et a/,, 1990; Lepock et al., 1992;
Sanchez-Ruiz, 1992). The present research provides convincing evidence that
these characteristics are not restricted to irreversible denaturation of proteins.
They should be considered in analyzing DSC data of the reversible denaturation
of proteins. An additional point is that the introduction of the disulphide bond
in DS1 mutant enhances the stability of the xylanase by changing the rate
limiting step in the denaturation pathway probably by restricting the exposure

of the hydrophobic surface.
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I.7.SUMMARY AND CONCLUSION

The thermal denaturation of B. circulans xylanase and its disulphide
bridge containingmutant, DS1, (S100C/N148C) was investigated by differential
scanning calorimetry (DSC) and thermal inactivation kinetics. The thermal
denaturation of both proteins was found to be irreversible due to aggregation.
Furthermore their apparent transition temperatures showed a considerable
dependence upon scanning rate, even after correction for instrumental
response. In the presence of a "subdenaturing” concentration of urea, a
transition was observed in the second run indicating the reversibility of
denaturation at that condition. Interestingly, the same extent of scan-rate
dependence was observed for the apparent melting point of the reversible and
irreversih!z denaturation of the wild type protein. Calorimetric thermograms of
the DS1 mutant, on the other hand, showed a smaller degree of scan-rate
dependence in the presence of urea than its absence. Consequently, as for
irreversible denaturation, the apparent transition temperature for the reversible
denaturation of proteins can also be scan-rate dependent. This dependence
leads to a distortion and asymmetry of the endotherms at higher scanning rates
which can be misleading. Therefore it is suggested that, in the case of
reversible denaturation when asymmetric curves are observed, scan-rate
dependence should be checked prior to any data analysis. It was also found that

introducing a disulphide bond, in the DS1 mutant, stabilizes the protein by
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changing the rate limiting step on the thermal denaturation pathway.
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CHAPTER il

COOPERATIVE STABILIZATION EFFECT UPON
THE INTRODUCT!ION OF DISULPHIDE BONDS IN

Bacillus circulans XYLANASE

.1, INTRODUCTION

Site directed mutagenesis, as an important strategy to modify proteins,
provides a powerful tool to improve protein stability by introducing additional
interactions within a protein. It has been shown that introducing disulphide
bonds can substantially enhance protein stability {Wetzel, et a. 1988,

Matsumura, et a/. 1989; Clarke & Fersht, 1993). The stabilizing effect of a
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covalent cross-link is usually assumed to arise from its destabilizing effect on
the unfolded state, by decreasing its conformational entropy (Creighton, 1988).
This is due to the fact that the presence of a covalent cross-link limits the
motional freedom of the protein backbone in the unfolded state, thereby
decreasing the entropy. In contrast to other interactions, for instance hydrogen
bonds and electrostatic interactions, formation of a disuiphide bridge as a
covalent bond requires strict stereochemical conditions regarding the relative
positions and orientations of the two participating cysteine residues {Creighton,
1988). The difficulties in designing new disulphide bonds inside proteins can be
overcome by comparing homologous proteins. A comparison of the low
molecular weight xylanase A sequence from Schizophyllum commune with the
xylanase from Bacillus circulans revealed the presence of a disulphide bridge
between positions 111 and 160 in the former, which corresponds to positions
100 and 148 in the latter. {Oku, et a/. 1993). Therefore, a disulphide bond was
introduced at this position (Fig.lll.1). With the additional idea that a cross-link
in the centre of the a-helix (instead of a S-S bond located at the edge of the a-
helix as in the DS1 mutant, see Fig.lll.1) may be more effective in enhancing
xylanase stability, another disulphide bridge was established between residues
98 and 152 (DS2).

It has been suggested that the increase in stability of a protein due to the

introduction of a disulphide bond is proportional to the number of residues
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linked by the S-S bond (Pace, et al., 1988). Verification of this notion requires
introducing a disulphide bond into two positions in a way that the number of
residues looped by the cross-links is different. Since, in B. ¢circulans xylanase,
the N-terminus is located in proximity to the C-terminus, it is possible to join
them by introducing a disulphide bond. The resulting protein is called circular
xylanase {cXl, Fig.lll.2}. The comparison of the AAG of stabilization of this
mutant with that of the DS1 mutant provided the opportunity to evaluate
stability predictions based on number of residues encompassed by a cross-link.
Furthermore, the stabilization effect of the simultaneous introduction of two
disulphide bonds, DS1 and cXl, was investigated by differential scanning
calorimetry and chemical denaturation. Table 111.1. summarizes the position of

the mutations and relative activity of different variants.
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Fig.lll.1. The fold of the DS1 mutant showing the position of the disulphide
bond. :






Fig.ll.2. The position of disulphide bond in the ¢X! mutant.






Tabie.lMl.1. The position of disulphide bonds introduced into B. circulans

xylanase and their relative activities.

Protein Amino acid changes Description Relative
activity %
Wild type - no disulphide bond 100
is present in the
structure
DSt S100C, N148C Single disulphide 110
bond mutant
DS2 Vv98C, A152C Single disulphide a5
bond mutant
eX! A1GC®, G187, C-terminal is joined 96
c188 to N-terminal
cDS1 S100C, N148C, Combination of DS1 68
A1GC, G187, C188 and cXl mutations

‘The N-terminus was changed by the deletion of alanine1 and the addition of
glycine and cysteine.

*The residues 187 and 188 were additions to the C-terminus with the
numbering based on the N-terminal glycine being residue 1 {(Wakarchuk, et a/.

1994b).
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HI.2.MATERIALS AND METHODS

Differential scanning calorimetry, circular dichroism spectroscopy, and

enzymatic activity measurements were performed as described in Chapter Il.

Iil.2.1.Chemical denaturation experiments

Guanidinium chioride or urea promoted unfolding was monitored by
circular dichroism spectroscopy at 228 and 227 nm, respectively. A stock
solution of urea with a concentration of 7.8 M was prepared and stored at -20
°C to minimize formation of ammonium cyanate on storage. Similarly, a 5 M
stock solution of guanidinium chloride (GdmHC!} was prepared in 20 mM
phosphate buffer and stored in -4 °C. For each point on the denaturation profile,
20 ul solution of the enzyme was diluted in a 180 ui mixture of the appropri.ate
amount of denaturant and buffer and incubated for about 15 hrs at 24 °C.

Unfolding w25 found to be completely reversible as shown in Fig.lll.14.

11.2.2.Analysis of guanidinium chloride denaturation

The equilibrium constant for unfolding, K, is calculated from the following

equation:

x-1U1_Sus~ O L1
[F] 8, 6y
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where 0,4 is the observed CD signal and €, and 8, are the values of the CD
signal of the folded and unfolded forms of the protein. It has been
experimentally demonstrated that the free energy of the unfolded protein, AG,,,

is linearly related to the concentration of denaturant (Greene & Pace, 1974):

AG,=AG(H,0)-m{denaturant] L2

m is a parameter showing the dependence of AG,, on the concentration of
denaturant and AG,(H,0} the free energy of unfolding in the absence of

denaturant. Since, AG,= -RTInK, then:

AG.(H,0)-mldenaturant] =-RTInK T3

incorporation of the K value from equation Ill.1 into equation IIl.3 and its

rearrangement leads to equation lil.4:

o m[D)-AG (H20)

. 8,+0, ex =T } -
28 m[D]-A G (H20)
1 +expf =T }

where [D] is the concentration of denaturant. Using Origin software,
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Fig.lll.3. Guanidinium chloride denaturation curve of the ¢XI mutant showing the
extrapolation of the plateau region in order to estimate 8 and 9, values.
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experimental data were directly fitted to equation lIl.4 in order to obtain the
values of m and AG,(H,0). The values of 6; and 6, at any concentration of
denaturant can be obtained by linear extrapolation of the two plateau regions
(Fig.ll.3). Incorporation of this point in equation lil.4 yields the final form of the

equation (please refer to Equation lIl.7 in Section lII.6).
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lll.3. CHARACTERIZATION OF THE MUTANTS

Prior to any assessment of the stability achieved by site directed
mutagenesis, it is essential to determine whether or not different variants of the
xylanase are properly folded. Therefore, the secondary and tertiary structures
of wild type xylanase and its variants were compared using far and near-Uv
circular dichroism spectroscopy (Fig.lll.4, Fig.lll.5). The secondary structure of
all of the mutants remains essentially unchanged, since no major differences
can be seen in the far-UV circular dichroism spectra of the mutants compared
to wild type (Fig.lll.4). Furthermore, except for the DS2 mutant, the near-UV
CD spectra of the wild type and mutants appear to be identical. The near-UV
CD spectrum results from the near-UV electronic transitions of aromatic side
chains, and their coupling with electronic transitions arising from aromatic
residues, peptide bonds, and charged groups in an asymmetric environment
(Strickland, 1974; Sears & Beychok, 1973). Therefore, any change in the
environment of these residues, due to change in tertiary structure, would affect
these electronic transitions leading to a different spectrum. Accordingly,
identical near-UV CD spectra indicate that the tertiary structure of the mutants
remained intact. Only in the case of thé DS2 variant, elipticity was increased
with respect to the wild type indicating a somewhat altered tertiary structure
{Fig.lll.5). Overall, the circular dichroism data indicate that these mutations do

not hamper proper folding of the proteins.
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Fig.lll.4. Far-UV circular dichroism spectra of the wild type xylanase and its
disulphide bond mutants in 20 mM phosphate buffer at pH 6.0.
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Fig.lll.5. Near-UV circular dichroism spectra of the wild type Xylanase and its
disulphide bond mutants in 50 mM ammonium acetate buffer at pH 6.0,
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All of the mutants maintained high enzymatic activity (Table.lll.1) with
the exception of cDS1 variant. This mutant contains two disulphide bonds with
identical positions to those in DSt and ¢XI. When the disulphide bonds are
introduced singly, as the DS1 or ¢Xl| variants, enzymatic activity remained
intact. However, simultaneous introduction of the two is accompanied by 32%
decrease in activity. Considering the fact that the simultaneous introduction of
two disulphide bonds did not alter the secondary or tertiary structure (Fig.ll.4,
Fig.lll.5), activity decrease may be a consequence of an increase in rigidity of

structure or some minor local changes that cannot be detected by CD.

l.4. DSC STUDIES OF THE WILD TYPE XYLANASE AND ITS VARIANTS
UNDER IRREVERSIBLE DENATURATION CONDITIONS
To compare the effects of different substitutions on thermal stability,
differential scanning calorimetry was applied. This techniqué can be used to
determine the thermodynamic parameters of the thermal unfolding, when the
process is reversible. The thermal denaturation of the wild type xylanase and
its variants in buffer was found to be irreversible, as no transition was observed
in the second run (Fig.lil.6). Consequently, thermodynamic parameters cannot
be determined under such conditions. Moreover, the meiting temperature {t,,)
of the wild type protein and its variants showed a dependence upon the rate of.

temperature increase (scanning rate). These facts indicate that the thermal
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Fig.NI.6. Original calorimetric recordings for the cXI, A, and cDS1, B, mutants
of B. circulans xylanase at the scanning rate of about 58 °C/hr in 50 mM
ammenium acetate, pH 6.0, with protein concentrations of approximately 0.54
and 0.59 mg/mL, respectively, The dashed lines are the second heating run
after cooling down the samples.
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denaturation is controlled by kinetic rather than thermodynamic factors.
Nevertheless, for the sake of comparison of the stability achieved by mutations,
the melting point {t,) of the mutants was compared to wild type xylanase under
conditions of identical scan-rates. All cf the mutants achieved considerable
enhariced stability with respect to the wild type (Fig.lll. 7, Table.lll.2). The ¢cDS1
variant with a 12 degrees increase in the melting point showed the maximum
increased stability. A comparison of the melting temperature for the cDS1, DS1
and cX| mutants revealed that the enhanced stability of the ¢DS1 variant due
to the introduction of two disulphide bonds {S100C, N148C and A1GC, G187,
C188, bonds) seems to be a cooperative effect in stabilization rather than
additive. This conclusion was further supported by the chemical denaturation

as well as thermal denaturation in the presence of urea {see Tables lil.2, I1.3,

and lll.4).
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Fig.lll.7. Differential scanning calorimetric transitions for the wild type xylanase
and its disulphide bond variants with the scanning rate of about 57 °C/hr at pH
6.0 in ammonium acetate buffer.
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Table lll.2. Melting points of the wild type 8. circulans xylanase and its variants

in 50 mM ammonium acetate obtained by differential scanning calorimetry with

a scanning rate of about 57 °C/hr.

Protein Wild DS1 DS2 cXl ¢DS1
type

tel°C) 59.7 64.7 63.8 63.5 72.0

“At,, 0.0 5.0 4.1 3.8 12.3

* At,, is equal to the difference between the melting point of the mutant and

wild type.
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L. DSC STUDIES OF THE WILD TYPE XYLANASE AND ITS VARIANTS
UNDER REVERSIBLE DENATURATION CONDITIONS

As mentioned earlier thermal denaturation of the wild type xylanase and
its variants appeared to be irreversible due to aggregation. It has been shown
that the aggregation of proteins can be prevented by denaturating agents like
urea, or guanidinium chloride (Freire, et a/., 1992). Hence, thermal denaturation
of wild type and mutant xylanases was investigated in the presence of these
agents. The presence of guanidinium chloride did not lead to reversible thermal
unfolding, as no transition was observed in the second heating run. The
presence of urea, however, prevented aggregation of all of the mutants leading
to their reversible denaturation (Fig.lll.8, and Fig.li.9). The extent of
reversibility was found to be dependent upon concentration of urea. Since the
reversibility of the thermal denaturation was improved up to 2.5 M urea
concentration, this concentration of urea was chosen to study reversible
thermal denaturation of the wild type protein and its variants. In order to make
sure that the presence of urea did not result in a major change in xylanase
structure, circular dichroism spectra of the protein were measured at various
urea concentrations. Fig.lll.10 shows that the CD spectrum of the protein
remains essentially unchanged between zero and 5.5 molar urea concentration.
As the urea concentration was increased further, an abrupt change of the

prbtein structure occurred (Fig.lil. 10, Fig.lll.11). Thefefore, conducting thermal
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Fig.lll.8. Original calorimetric recording for the cXl mutant with the protein
concentration of about 0.5 mg/mL in 2.5 M urea concentration at pH 6.0. The
solid line shows the first heating run with the scanning rate of 58.0 °C/hr. The
dotted line is the second run after immediate cooling the sample.
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Fig.W.9. Original calorimetric recording for the cDS1 mutant with the protein
concentration of about 0.5 mg/mL in 2.5 M urea concentration at pH 6.0. The
solid line shows the first heating run with the scanning rate of 13,0 °C/hr. The
dotted line is the second run with the scanning rate of about 8.0 °C/hr after
immediate cooling the sample.
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Fig.lll.10. Far-UV circular dichroism spectra of the wild type xylanase with a
protein concentration of about 0.4 mg/mL in various concentrations of urea.
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Fig.ll.11. Urea denaturation curve of the wild type xylanase. The decline of
secondary structure was monitored at 227 nm by circular dichroism
spectroscopy.
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denaturation in 2.5 M urea is justifiable, since under such conditions the
proteins are far from the point where chemical denaturation takes place.
Under reversible conditions, thermodynamic parameters for the wild type
xylanase and mutants can be obtained by differential scanning calorimetry. The
area under each thermogram is equal to the calorimetric enthalpy (AH) of
thermal denaturation {Fig.lll.12). Using equation lI.5, from the shift in T, the
changes in the apparent stability of mutants relative to the wild type, AlAG) can

be evaluated at the T, of the wild type protein:

A(AG)=AG(Mutant)-AG(Wild Type) n.s

AG{Wild Type) is zero at T,, while the AG(Mutant) can be obtain by the

following form of the Gibbs-Helmholtz equation:

T, ) T,
AG(Mutant)=AH[1-—2]-AC T, -T,+T, In—"2] L6
T,

mn m

where T,, and T.' are the melting temperature for wild type and mutant
xylanase, respectively. AH is the calorimetric enthalpy of the mutantat T,.', and

AC, is the heat capacity change for the mutant. Since, for the wild type xylanase
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Fig.lll.12. Differential scanning calorimetry thermograms of the wild type
xylanase and its disulphide bond variants at pH 6.0 in ammonium acetate buffer
in the presence of 2.5 M urea concentration.
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or any of its variants, no consistent change between heat capacity of the native
form and denatured form was observed, AC, was considered to be zero. Since,
the van't Hoff enthalpies of all of the mutants are essentially identical to their
calorimetric enthalpy, thermal denaturation of the proteins obeys a two state
reversible model {Freire & Biltonen, 1978). The values of A(AG} are listed in
Table.lll.3. A comparison of the melting temperature and A(AG) of the wild type
with those of the mutants shows a moderate stabilization effect of the V98C,
A152C (DS2) and A1GC, G187, C188 (cXI) mutations. The increase of the
melting point due to introduction of the disulphide bond in the DS1 protein is
considerably more than in cXl and DS2. A similar trend can be observed from
the comparison of the free energy of stabilization of mutants with respect to
wild type (Table.lll.3). The DS1 mutant with 3.1 kcal/mol free energy of
stabilization, is more stable than DS2 or cXl with 1.1 and 1.7 kcal/mol
stabilization energies, respectively (Table.lll.3). The sum of the A(AG) of
stabilization for cXl and DS1 is equal to 4.8 kcal/mol which is 1.3 kcal/mol less
than that of the ¢cDS1 mutant. It is therefore suggested that the combination
of the two disulphide bonds stabilizes the protein in a cooperative rather than

an additive manner.
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Table.lll.3. Thermodynamic parameters of the wild type xylanase and its

disulphide bond mutants obtained from differential scanning calorimetry under

reversibie conditions {in the presence of 2.5 M urea).

Protein AH.,, kcal/mol 1.(°C) At (°C) AlAG?),
kcal/mol
Wild type 133 51.2 0 0
DS1 138 58.6 7.4 3.1
DSs2 132 54.4 3.2 1.1
cXl 136 55.1 3.9 1.7
cDS1 146 63.9 12.7 6.1
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.6. GUANIDINIUM CHLORIDE DENATURATION OF THE WILD TYPE
XYLANASE AND ITS MUTANTS

In order to gain further insight into the thermodynamic stabilization
achieved by various mutations, chemical denaturation experiments were carried
out using guanidinium chloride as a denaturant. To follow the effect of
increasing concentration of guanidinium chloride on the structure of the
proteins, far-UV circular dichroism spectroscopy was applied (Fig.lil.13).
Maximal change in the spectrum of the wild type and mutant xylanase occurs
in the wavelength range 222-230 nm (data is shown for wild type only). Hence,
any wavelength in this range can be used to follow the decrease of the
secondary structure as a function of guanidinium chloride concentration. The
reversibility of denaturation was verified by diluting a concentrated GdmHCI
solution of protein followed by measuring the CD spectrum (Fig.lli.14).
Assuming unfolding follows a two state transition model, the equilibrium
constant, K, between folded (F) and unfolded (U} states, K=[U]/[F], and the
free energy of unfolding, AG,=-RTInK, at a given concentration of GdmHCI
were calculated from each unfolding curve. The values of m and AG,4(H,0) were
obtained directly by fitting the entire CD data set to the foliowing equation
(please refer to Materials and Methods of this chapter to see how Equationl1l.7

is derived):
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Fig.ll.13. Far-UV circular dichroism spectra of the wild type xylanase in various
concentrations of guanidinium chloride (GdmHCI) with the protein concentration
at about 0.5 mg/mL.
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Fig.lll.14. Reversibility of guanidinium chloride denaturation of the wild type
xylanase verified by far-UV circular dichroism spectroscopy. The solid line is
spectrum of the protein in the absence of guanidinium chloride (GdmHCI) with
protein concentration of about 0.5 mg/mL, and the dashed line in the presence
of 2,7 M GdmHCI measured in a 0.02-cm-path length cylindrical quartz cell. The
dotted line is the latter sample after 50 times dilution with 20 mM phosphate
buffer measured in @ 1 cm pathlength cylindrical quartz cell.
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Fig.lil.15. Guanidinium chloride denaturation curve of the wild type xylanase
(O), DS1 (O), and DS2 (@) mutants. The decrease in secondary structure was
monitored at 228 nm wavelength by circular dichroism spectroscopy. The lines
show the best fit of experimental data to equation ill.7.
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Fig.ll.16. Guanidinium chioride denaturation curve of the wild type xylanase
(O}, eX1{J), and cDS1 (@) mutants. The decrease of secondary structure was
monitored at 228 nm by circular dichroism spectroscopy. The lines show the
best fit of experimental data to equation 117,
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where AG,(H,0) is AG of denaturation in the absence of GdmHCI, [D], the
concentration of guanidinium chloride, and m is a measure of the dependence
of AG, on GdmHCI concentration (Pace et al.,1990). In fact, the value of m
reflects the cooperativity of the transition and the exposure of the denatured
state to solvent relative to the native state {Clarke & Fersht, 1993). The
midpoint of denaturation is [GdmHCl]504, which depends on the mutation.
Table.lll.4 summarizes these parametérs. In comparison to the wild type, the
[GdmHCl}goy values of the mutants are increased. Moreover, positive values of
AAG,{H,0) for all of the variants {except the cXl mutant} obtained from chermical
denaturation experiments suppart the conclusion from thermodynamic study
that all of the mutants have gained increased stability with respect to the wild
type. Only the ¢X! mutant with AAG4(H,0) value of -0.91 kcal/mol (Table.lll.4)
shows a reduction in the stability in comparison to the wild type xylanase.
Clearly, because of the reduced slope of AG as a function of denaturant
concentration, m (Fig.lll.17), the estimate of AG4(H,0) of cX| mutant is much
too low. This can be due to the existence of stable intermediate(s) in the

unfolding transition of the cX! mutant that leads to breakdown of a two state
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Fig.lll.17. Dependence of the AG of denaturation upon GdmHCI concentration,

m, for the wild type xylanase (O}, DS1 {00), DS2 (@), cXI (M), and cDS1 (4)

mutants obtained from GdmHCI denaturation curves as described in Materials
and Methods.
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assumption (Cupo & Pace, 1983). An alternative possibility is that the degree
of exposure of the residues in the unfolded state to solvent may well be
different in the disulphide bond mutants in comparison 1o the wild type protein
(Pace, et al., 1990). Furthermore, the introduction of the disuiphide bonds is
accompanied by variations in the m values in respect with the wild type. This
phenomenon further complicates the interpretation of chemical denaturation
experiments. Nevertheless, the problem can be partially circumvented, and a
reasonable estimate of the difference in the stability among the different
mutants can be made. Pace and Vanderburg (1979) tested the validity of linear
extrapolation and found that deviations of as much as 30% can occur near zero
molar denaturant. It has also been shown that, using urea as a denaturant, AAG
is best determined directly if the transition regions of mutants overlap {Serrano,
et al., 1990, Kellis, et al., 1989). Therefore, AAG, was determined in 2.2 M
GdmHCI concentration where transitions of all variants‘ overlap and no
extrapolation is required to obtain AAG, values. Similar to the thermal
denaturation results, the DS1 mutant shows higher stability against chemical
denaturation in comparison to the DS2 and cX| variants. Interestingly, the
comparison of the sum of AAG,in 2.2 molar guanidinium chloride concentration
for DS1, 1.8 kcal/mol, and cXI, 1.6 kcal/mol, with that of cDS1, 5.0 kcal/mol,
provides further proof that the two disulphide bonds stabilize the cDS1 variant

in a cooperative manner.
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Table.lll.4. A comparison of free energy of denaturation of the disulphide bond

rautants with that of wild type B. circulans xylanase obtained from fitting

experimental data to equation Ill.7 in GdmHCI denaturation experiments.

Protein | [GdmHCl]gyq," m AG, | AAG, AG S AAG,
Ml kcal/mol/ | (H,0) | (H,0) | (GAmHCH)| {GdmHCI)

Wild 1.80 3.99 7.16 0.00 -1.6 0.0
type +0.24 | £0.62

DS1 2.25 3.71 8.37 1.21 0.2 1.8
+0.17 | £0.71

cXl 2.20 2.84 6.25 -0.91 0.0 1.6
+0.11 +0.60

cDS1 2.92 4.68 13.7 6.54 3.4 5.0
+0.20 +17.0

DS2 2.07 5.36 111 3.94 -0.7 0.9
+0.37 +0.9

"[GdmHCllgyy is the concentration of guanidinium chloride where 50% of

protein is denatured.

%Free energy of denaturation in the presence of 2.2 M guanidinium chloride.
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I.7. DISCUSSION

The inherent instability of proieins seems to be a major obstacle in the
application of enzymes in industry {Matsumura & Matthews, 1991). This
limitation also applies to Bacillus circulans xylanase as a potential candidate for
bleaching kraft pulp. It is of considerable interest, therefore, to increase its
stability by modifying a few amino acids in the primary sequence. This appears
to be possible as the net free energy of stabilization of native proteins is
unexpectedly small. This is due to the fact that the factors contribute to the
stability of the folded protein are very large but are offset by almost equally
large factors that favour the unfolded form {Matsumura & Matthews, 1991).

It has been shown that removing naturally occurring disulphide bonds can
substantially decrease the stability of proteins {Pace, et a/., 1988; Radford, et
al., 1991; Cooper, et al., 1992). Consequently, the opposite process, the
introduction of new disulphide bonds, should provide a powerful tool for protein
stabilization. For example, introduction of three disulphide bonds into T4
lysozyme has led to 23.4 °C increase in the melting point of the protein
(Matsumura, et al., 1989). Thus, in the present work disulphide bonds are
introduced into B. circulans xylanase in order to enhance its stability. Circular
dichroism spectra demonstrate that all of the mutations posses the same
conformation as the Wild type protein (Fig.lll.4 and Fig.ill.5), Only the DS2

mutant shows a somewhat altered tertiary structure. Presumably, introduction

97



of the disulphide bonds, except in the DS2 variant, was not accompanied by
induction of any considerable strain in the structure of protein. This is a
particularly important factor in designing disulphide bonds, as introduction of a
strained disulphide can offset the stabilizing effect of the cross-link (Matsumura
& Matthews, 1991). The lack of structural change, monitored by far and near-
UV CD, is consistent with an X-ray crystallographic study of the DS1 mutant
showing that its structure is completely isomorphous with wild type enzyme
(Wakarchuk, et al.,, 1994b}. Thus, it seems that 100C-148C mutation duly
satisfies the geometric and stereochemical requirements fur a disulphide bond
formation. On the other hand, tertiary structure of the DS2 mutant was
affected by the V98C, A152C mutations (Fig.lIl.5). It is, therefore, anticipated
that the DS2 mutant should show decreased stability in comparison to DS1
mutant as some of the stabilizing interactions are distorted due to strain
introduced into structure. This notion is supported by AAG values obtained from
thermal and guanidinium chloride denaturation expériments {Tables 1.3 and
Ill.4). However, all of the mutants have acquired considerable stability against
both chemical and thermal denaturation. When the denaturation of the B.
circulans xylanases was investigated under reversible conditions {guanidinium
chloride denaturation or thermal denaturation in the presence of 2.5 molar urea),
the stability of the variants decreased in the order of

cDS1>DS1>c¢cXI>DS2>W.T. As expected, the stability of DS2 mutant was
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found to be less thzn that of the DS1 mutant.

Often a combination of single point mutations leads to an additive
increase in stability, i.e. the sum of the free energy changes derived from single
mutations is nearly equal to the free energy change measured in the multiple
mutant {(Wells, 1990). The cumulative nature of this phenomenon indicates that
the structural stability effects of amino acid replacements are strictly local. On
the other hand, noncomulative effects imply that either there are some
interactions between mutational sites, by direct contact or indirectly through
electrostatic interactions or structural perturbation (Wells, 1990, Margarit, et
al., 1992). In such cases, a combination of substitutions results in either a more
or less stable protein, than if each substitution were to act independently. The
term "cooperative” is used when stability achieved by a combination of
mutations is more than expected. Mathematically, it can be expressed as

(Hurley et al., 1992):

AAG,,,~AAG-TAAG, nLs

The energy of cooperativity, AAG,,,., can be defined as the difference between
the actual AAG and the sum of the AAG values of the individual changes, ZAAG;.

AAG values of various mutants obtained from differential scanning calorimetry
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experiments are listed in Table 111.3. The ¢cDS1 variant has a AAG value of 6.1
kcal/mol, which shows stability higher than sum of AAG values (4.8 kcal/mol)
for the combination of DS1 and cX| mutations. The difference, 1.3 kcal/mol,
represents the energy of cooperativity, AAG,,, in 2.5 M urea. The energy of
cooperativity can also be calculated from guanidinium chloride denaturation
experiments. As listed in Table Ill.4, AAG,in 2.2 M GdmHCI for the cDS1
mutant equals 5.0 kcal/mol which is 1.6 kcal/mol more than the sum of AAG
values (3.4 kcal/mol) of the individual single disulphide bond mutants. These
data provide further proof that the combination of two disulphide bonds
cooperatively stabilizes B. circulans xylanase. The importance of this finding can
be realized when it is compared to other cases where cooperativity of
stabilization has been reported. First of all, in quite a few cases a combination
of two single point mutations has resulted in cooperative stabilization but this
has been quantitatively small (Hurley, et a/., 1992; Ishikawa, et a/., 1993). The
AAG of 0.8 kcal/mol for ribonuclease Hl is opposed to 6.1 kcal/mol for the B.
circulans xylanase (lshikawa, et al., 1923), or in the case of T4 lysozyme
stability of the variant containing combination of mutations was not more than
wild type (Hurley, et a/., 1992).

Theoretical treatments predict that a cross-link should stabilize a polymer
according to the length of the primary chain bridged by the link due to a

decrease in the chain entropy of the unfolded state of the cross-linked form
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(Poland & Scheraga, 1965; Pace, et al., 1988). If this assumption holds true,
we should then expect higher stability for the ¢XI mutant in comparison to DS1,
because the number of residues encompassed by the cross-link in the c¢XI
mutant is much greater than DS1, 187 versus 49 residues. AAG in 2.2 M
guanidinium chioride obtained from chemical denaturation experiments shows
similar values for DS1 and cXi variants. Moreover, it was found, from
differential scanning calorimetry under reversible conditions, that DS1 with AAG
of 3.1 kcal/mol is more stable than the cX! mutant with AAG of 1.7 kcal/mol.
Since no structural change can be observed in the circular dichroism spectrum
of cXl mutant compared to the wild type enzyme, the reduced thermal stability
of the ¢X! mutant in comparison to the DS1 cannot be attributed to any
considerable strain induced by the disulphide bond. Perhaps, it can be
suggested that, after a certain point, increase in the number of residues forming
a loop does not lead to enhanced stability.

As mentioned above, the stabilizing effect of d isulphide bonds is usually
assumed to arise from its destabilizing effect on the unfolded state by reducing
its conformational entropy (Creighton, 1988; Matsumura & Matthews, 1991;
Betz, 1993). The comparison of calorimetric enthalpy under reversible condition
(Table [11.3) shows no major differences among mutants, while their AAG values
were found to be very different. Thus, the stabilizing effect of the disulphide

bonds appears to be entropic.
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The m value, in the chemical denaturation study, showed considerable
dependence upon mutation ranging from 2.84 kcal/mol/M in the case of the ¢cXI
mutant to 5.36 kcal/mol/M in the DS2 mutant. The m values of the wild type
and DS1 proteins remained similar, while cXl showed 0.87 kcal/mal/M decrease
and ¢DS1, 1.69 kcéllmollM increase in comparison to the wild type. Two
possibilities can be taken into account to explain the variation of m upon
mutation; firstly, deviation from the two state model; and secondly, the effect
of mutation on accessability of the residues of the unfolded conformation of
protein to guanidinium chloride. The ¢Xl mutant is the only one showing a
decrease in m. One possibility seems to be the fact that A1GC, G187, C188
mutation in cX| somehow leads to stabilization of an intermediate form and
consequently a break down of the two state assumption. As suggested earlier
(Greene & Pace, 1974; Pace, 1975) the number and location of disulphide
bonds can also affect the exposure of residues in urea and guanidinium chloride
solutions. Thus, it appears that introduction of the disulphide bond into ¢Xi
mutant would probably decrease the exposure of some residues of the unfolded
form to guanidinium chloride leading to a reduced m value. however, the m
values for DS1 remained similar to wild type value; and cDS1, which has the
combination of ¢Xl and DS1 mutations revealed a considerable increase in m
{Table.lll.4). This means that the combination of two disulphide bonds increases

the cooperativity of unfolding, probably by destabilizing intermediate(s). No
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matter what the reason for a change in m values is (affecting the population of
the intermediate form or affecting the accessability of the residues in the
unfolded conformation), the cooperative stabilization obtained by the
combination of two disuiphide bonds in cDS1 mutant should be attributed to the
effect of disulphide bonds in the unfolded protein. This is consistent with
circular dichroism and differential scanning calorimetry studies of ¢X}, DS1, and
cDS1 variants as their structures remained similar to wild type and the
stabilization effect of the disulphide bonds was found to be entropic.

In the previous chapter it was shown that a comparison of the scan-rate
dependence of the meiting points under irreversible conditions to those under
reversible conditions can be used as a criterion to determine if the disulphide
bond alters the rate limiting step on the thermal denaturation pathway. Scan-
rate dependence of the melting points under reversible and irreversible
conditions (in the presence and absence of urea) remained similar for the wild
type, while in'the case of DS1 mutant, the scan-rate dependence under the
reversible conditions was found to be much less than that for the irreversible
one. Therefore, it was concluded that the introduction of the S100C, N148C

disulphide bond changes the rate limiting step in thermal denaturation pathway
| probably by partially blocking the exposure of putative elements required for
aggregation. A similar strategy was used to determine the effect of introduction

of disulphide bonds at various locations in the thermal denaturation pathway of

103



the protein. Accordingly, the melting point, t,,, of each mutant was determined
in the presence and absence of 2.5 M concentration of urea at two scanning
rates (Table.lll.5). Since, the location of the disulphide bond in the DS2 mutant,
Va8C, A152C, is similar to that in DS1 (with the S100C, N148C mutation)} a
similar effect of disulphide bond on the rate-limiting step of thermal
denaturation pathway is expected. This notion is supported by the fact that
dependence of the meiting point of the DS2 mutant upon scanning rate under
reversible conditions is less than for the irreversible case. A similar observation
was made for the cDS1 variant, which consists of S100C, N148V,
A1GC,G187,C188 mutations. On the other hand the A1GC,G187,C188
disulphide bond did not change the rate limiting step indicating that the effect
of disulphide bonds on the rate-limiting step of the thermal denaturation
pathway is dependent on the location of the cross-link. These findings further
support the notion that the presence of disulphide bonds in the DS1 and DS2
mutants, linking ¢-helix to the B-strand, restricts the exposure of hydrophobic
surface and putative elements that are required for the initiation of aggregation.
Taken together, the results support the attractive hypothesis (Wetzel, et al.,
1988) that cross-linking may provide a general means by which some

conformational modes of inactivation may be blocked.
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Table.lll.5. A comparison of the melting points of the various mutants of 5.

circulans xylanase under reversible conditions with those under irreversible

conditions obtained by differential scanning calorimetry, at two scanning rates

of about 10 and 60 °C/hr.

t.(v=60)

tulv=10) At talv=10} | t {(v=60) At

(Buffer) (Buffer) (Buffer) {Urea) {Urea) (Urea)
wild type 57.4 59.6 2.2 51.1 54.0 2.9
DS1 61.6 64.5 2.9 58.6 59.4 0.8
Ds2 61.1 63.8 2.7 54.4 55.9 1.5
eXl 60.7 63.5 2.8 55.3 58.1 2.8
cDS1 69.2 72.0 2.8 63.7 65.5 1.8

"At,..is equal to difference between the melting points, t,,, at two scanning rates

of 10 and 60 °C/hr.
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11.8. SUMMARY AND CONCLUSION

The introduction of disulphide bonds has been used as a strategy to
enhance the stability of Bacillus circulans xylanase. Three different locations
were selected based on comparison of the xylanase sequence from Bacillus
circulans with xylanase A from Schizophyllum commune as well as the
proximity of the N and C termini. A combination of two disulphide bonds led to
a 12 °C increase in the melting point while enzymatic activity was decreased
only 32%. Importantly, an increase in the melting point and AAG values of the
¢DS1 mutant (in comparison to the wild type, DS1, and ¢ Xl variants) due to the
simultaneous introduction of two disulphide bonds, was more than expected.
Therefare, the stabilization effect of two disulphide bonds appears to be
cooperative rather than additive. Such cooperativity in enhancing the stability
of B. circulans xylanase seems to result from the influence of disulphide bonds
on the unfolded state and the present study supports previous findings that
stabilizing effect of the disulphide bonds is a consequence of decreased
conformational entropy of the unfolded state. Finally, these results favour the
notion that the presence of a disulphide bond in a particular position r‘estricts
the exposure of some elements required for aggregation, leading to a change

of the rate limiting step on the thermal denaturation pathway.
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CHAPTER IV

ON THE ROLE OF CERTAIN ACTIVE SITE

RESIDUES OF Bacillus circulans XYLANASE

IV.1. INTRODUCTION

The reaction mechanism of glycosidases is based on acid catalysis by
acidic amino acid side chains (Sinnott, 1990). Hen egg-white lysozyme, the
best characterized glycosidase, contains a glutamic acid at position 35 and an
aspartic acid at position 52. 1t is generally accepted that the carboxyl group of

Glu 35 in its un-ionized form serves as a general-acid catalyst and that of Asp
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52 stabilizes, by electrostatic interaction, the oxocarbonium ion intermediate
(Phillips, 1967; Chipman & Sharon, 1969). The unusual feature of Glu 35 Is its
abnormally high pK, of 6-6.5 ({imoto, et al., 1972). This high pK, has been
originally attributed to two factors: the hydrophobic environment of Glu 35
{Blake, et al., 1967; Rupley, et a/. 1967} and the electrostatic interaction of
two proximal carboxylate anions, Glu 35 and Asp 52 {Kuramitsu, et al., 1974).
More recently, however, Inoue et a/. {1892a) have shown that the hydrophobic
environment plays the dominant role in establishing the high pK, of Glu 35.
Elevated pK,s for carboxyl groups have also been observed for other
glycosidases. For example, using chemical modification and kinetic experiments
Bray & Clarke {1990) have demonstrated the presence of an essential carboxy!
group with a pK, of 6.6 in the xylanase A of S. commune. Furthermore, on the
basis of detailed kinetic studies of an exoglucanase/xylanase from Cellulomonas
fimi, it has been postulated that glutamic acid 127 with a pK, of 7.7 may act
as an acid-base catalyst (Tull & Withers 1994; MacLeod et a/., 1994). This is
consistent with recent crystallographic data that suggest that glutamic acids
127 and 233 act as an acid catalyst and nucleophile, respectively (White, et a/.,
1994).

B. circulans xylanase has two glutamic acid residues, Glu 78 and Glu
172. These glutamic acid residues are conserved in the entire family of small

molecular weight xylanases {the G family xylanases) and have been found to
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point into the active site cleft (Wakarchuk, et al., 1994a; Fig. IV.1). The active
site cleft spans the whale width of the molecule and appears to be sufficiently
long to bind five or six xylose residues. In the complex of inactive enzyme with
xylotetraose substrate, the orientation of the substrate suggests that Glu 78 or
Glu 172 would be in a position to act as the nucleophile and the acid-base
catalyst, respectively (Fig. IV.2., Wakarchuk, et a/. 1994a). The distance from
the oxygen atom of the Glu 78 carboxyl group to the anomeric carbon of the
reducing end of the xylotetraose is similar to the distance of oxygen atom of
the nucleophile (Asp 52) to the anomeric carbon, C1 atom, of a trisaccharide
complexed with hen egg-white lysozyme (Wakarchuk, et al. 1994a). The crucial
role of the Glu 172 and Glu 78 in catalysis is further supported by site directed
mutagenesis as no activity was detected for E172Q and E78Q (Wakarchuk, et
al. 1994a). In order to act as an acid-catalyst, Glu 172 must be protonated in
the neutral pH range where the enzyme is active. It is thus of considerable
interest to determine the pK,s of glutamic acid residues in xylanase. This study
indicates that Glu 172 has a pKa of 6.8 and that this abnormally high pKa is
largely caused by the electrostatic repulsion between the carboxylate anions of

Glu 78 and Glu 172.
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Fig.IV.1. A side view of the active site cleft of the B. circulans xylanase.






Fig.IvV.2. The active site cleft of the E172C mutant in complex with
xylotetraose from two views. '






IV.2. MATERIALS AND METHODS

Site directed mutagenesis experiments were performed by Dr. Warren
Wakarchuk at the NRC as described elsewhere {Wakarchuk, et al., 1994a).
Purification of the wild type xylanase and its variants, circular dichroism
spectroscopy, and differential scanning calorimetry studies were performed

according to the procedures described in Chapter Il.

IV.2.1. Kinetics studies

Measurements of the enzymatic activity were based on the reaction of
reducing sugars with hydroxybenzoic acid hydrazide reagent (Lever, 1972), as
described in chapter I, with the following modifications. Instead of citrate, a
mixture of tris and maleic acid, 50 mM, was used as the assay buffer between
the pH range of 4 to 9. The final concentration of the enzyme was 0.77 yg/mL.,
while the concentration of the soluble fraction of birchwood xylan as substrate
varied from 0.2 to 21 mg/mL. This roughly corresponds to molar concentrations
of 0.01 and 1.2 mM, respectively. The plot of absorbance at 420 nm versus
moles of the reducing end of the xylose molecules was used as a standard
curve (data not shown). These curves were employed to obtain molar
concentrations of the substrate and product. Since the natural substrate of the
enzyme, the soluble fraction of birchwood xylan, is a heterogeneous solution

céntaining different molecular weights of xylan, kinetic parameters should be
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considered apparent values. The progress of the reaction was monitored for 10
minutes by periodic withdrawal of 50 uL of the assay solution followed by
addition of 1 mL 10 mM NaOH (Fig.IV.3). Addition of the NaOH solution
increases the pH of the solution to 10 or higher to ensure that the hydrolysis
reaction is quenched. The initial slope of the product concentration against time
provides the initial rate, V,, by which Lineweaver-Burk and Eadie-Hofstee plots

can be constructed (Fig.1V.4)

1V.2.2. Fourier-transform infrared spectroscopic studies

Samples for infrared spectroscopy were prepared in 10 mM phosphate
buffer in D,0O at a protein concentration of approximately 15 mg/mL. Protein
solutions were incubated at room temperature for at least 24 hours to ensure
high levels of hydrogen/deuterium exchange. Each pH titration was performed
by addition of very small aliquots of concentrated NaOD or DCI. In order to
avoid dissolving water vapour in sample solutions, the exact values of pH were
determined after FTIR measurements. Readings of the pH meter are uncorrected
for the deuterium effect. Infrared spectra were recorded with a FTS-40A
BIO-RAD instrument.

Typically 256 scans were co-added. To minimize spectral cantributions
of atmospheric water vapour, the instrument was continuously purged with dry

nitrogen. Samples were assembled between two calcium fluoride windows
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Fig.IV.3. Hydrolysis rate of soluble fraction of birchwood xylan at pH 6.0 with
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soluble fraction of birchwood xylan at pH 6.0.
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separated by a 50-um-thick spacer. The intensities of the carboxylate band at
1574 c¢m™ and of the amide | band at 1635 cm™ were determined after
subtracting the spectrum of 10 mM phosphate in D,0 and making a baseline
correction (Fig.IV.5). Even with these precautions, the concentration of protein
varied slightly from one sample to another. Therefore the intensity of the band

at 1574 cm™ was normalized to the intensity of the amide | band.

IV.2.3. Isothermal reaction calorimetric studies

Ali experiments were carried out using an Omega titration calorimeter
(Microcal, Inc.). In a typical experiment 20 to 50 injections of 5 to 10 uL of the
substrate were injected into 1.396 mL of inactive mutant of the enzyme
solution while rapidly mixing at 400 rpm. The duration of each injection was
normally 10 seconds with a 5 minute interval between injections to allow the
instrument to become equilibrated. After normalizing raw data to the
concentration of protein and ligand, heats of reaction were determined by
integration of the observed peaks. The experimental temperature was 26°Cand
the buffer was 50 mM ammonium acetate at pH 6.0. Baseline corrections for
the heat of dilution were based on the results of control experiments in which
aliquots of the substrate were injected directly into buffer, Data analyses were

performed using Qrigin software provided by Micracal Inc (Northampton MA).
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line, subtracting baseline.
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IV. 3. RESIDUES INVOLVED IN CATALYSIS

A compar’:on of the primary structure of the 15 G family xylanases
(Fig.l.1) shows that some of the residues are absolutely conserved within the
family. This probably indicates that at least some of these residues play an
important role in catalysis. This notion is confirmed by site-directed mutagenesis
experiments {Wakarchuk, et al. 1994a,b) showing that the presence of glutamic
acids 78 and 172, and tyrosines 69 and 80 is essential for catalysis (Table

V.1).

Table IV.1. The comparison of the enzymatic activity of the wild type (WT) 8.
circulans xylanase and a number of mutant proteins.

Enzyme WT E78D E78Q E78C YG69F Y80F
Relative 100 0.045 0 0 0 0.042
activity

Enzyme E172D E172Q E172C E172H R112N R112K
Relative 0.2 0 0 0 35° 83"
activity

* Obtained from Wakarchuk et a/. (19943)

The structure of the E172C mutant Co-crystallized with the xylotetraose
substrate suggested that glutamic acid 78 should be able to act as nucleophile
(Campbell, et a/. 1993; Wakarchuk, et al. 1994ab). Furthermore, calculation of
the Glu 172 position relative to xylotetraose based on superimposition of the
native structure onto that of the complex reveals the essential role of the Glu

172 as an acid catalyst. Accordingly, it is clear why mutation of glutamic acids

118



78 and 172 to other residues has such a profound effect in the enzymatic
activity. It has to be realized that the reduced activity of E172D and E78D
mutants cannot be attributed to any gross structural changes as no major
changes of the secondary {data not shown) and tertiary structure can be
detected by far and near-UV circular dichroism spectroscopy (Fig.IV.6).
Tyrosines 69 and 80 are involved in binding of the enzyme to substrate
as they form hydrogen bonds with the hydroxyl groups of the xylose rings.
However, binding constants of the xylohexose substrate to Y69F mutant (Fig
IV.7) did not differ from that of the E172C (Fig 1V.8) or E78C (data not shown)
mutants as measured by isothermal reaction calorimetry. Therefore it seems
that hydrogen bond established between hydroxyi group of xylose ring and
tyrosine 69 does not play significant role in increasing binding affinity of the
substrate to enzyme. Then why does the mutation Y&69F completely inactivate
the protein? Tyrosine 69 forms two hydrogen bonds, one with substrate and
another with Glu 78. It seems therefore that the former helps to position the
substrate, while the latter may help orient the nucleophile for the reaction.
Similarly, tyrosine 80 forms a hydrogen bond with glutamic acid 172 suggesting
a role in positioning the proposed acid base catalyst. An alternative explanation
may be the involvement of the tyrosine residues in stabilizing the transition

state.
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Fig.IV.6. Near-UV circular dichroism spectra of the wild type xylanase, solid
line, E172D, dashed line, and E78D, dotted line.
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Fig.IV.7. Isothermal titration of Y69F mutant with xylohexaose at pH 6.0 in
ammonium acetate buffer. The saccharide solution ( 34.3 mM ) was injected
in small increments into the protein solution in the cell { 0.123 mM ). The area
under each peak is equal to the amount of heat released by the binding of the
substrate at a given degree of saturation, A. The plot of processed data
corresponding to raw data of Fig.IV.7.A, B. The points are experimental and the
solid line corresponds to the best fit curve obtasined by least square

decanvolution, The best values of the fitting parameters are 1 for n, 588+ 8 M
and 16229 cal/mol for AH.
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Fig.lV.8. Isothermal titration of E172C mutant with xylohexaose at pH 6.0 in
ammonium acetate buffer. The saccharide solution { 34.3 mM )} was injected
in small increments into the protein solution in the cell { 0.116 mM ). The area
under each peak is equal to the amount of heat released by the binding of the
substrate at a given degree of saturation, A. The plot of processed data
corresponding to raw data of Fig.1V.8.A, B. The pgints are experimental and the
solid line corresponds to the best fit curve obtained by least square
deconvolution. The best values of the fitting parameters are 1 forn, 587+ 13
M7 and 21815 cal/mol for AH.
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IV.4. DEPENDENCE OF THE ENZYME ACTIVITY UPON pH

Enzymatic activity of the B. circulans xylanase was measured between
pH 4 and 9 (Fig.lV.9}. K,, vaiues show a dependence upon pH, K., increases as
pH rises. Moreover, the V, /K, values appear to be pH dependent with a
steeper curve at lower pH vaiues. The V,, profile as a function of pH shows
a bell shape curve with minimal activity at the extreme pH values. The optimal
activity of the enzyme occurs in the pH range of 5.5 to 7.5 {Fig.IV.9). The
decrease of enzymatic activity at extreme pH values can be attributed to a
change in the ionization state of the residues that are involved in the enzyme
activity and/or local or globai change of the enzyme conformation. Interpretation
of such data, therefore, requires additional information obtained by other
techniques to monitor conformational changes of the structure as a function of
pH and also ionization state of the active site residues. Far and near-UV circular
dichroism spectroscopy was used to follow structural variation of the wild type
protein and its variants. Furthermore, considering the crucial role of two acidic
residues in the active site, all of the carboxyi groups present in the protein were

titrated using FT-IR spectroscopy.
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IV.4.1. Structural variation OF 8. circulans xylanase as a function of pH

The secondary and tertiary structure of proteins can be studied by
circular dichroism spectroscopy. This technique is specially useful when
conformational changes of a protein resulting from the ionization of amino acid
side chains, the binding of ligands, or a variation in temperature are being
investigated (Campbell & Dwek, 1984).

The CD spectrum of the wild type protein in the far-UV region revealed
that the secondary structure content of the enzyme essentially remains
unchanged in the pH range of 4 to 9 (Fig.IV.10). The tertiary structure of the
protein, however, appears to be sensitive to pH as reflected in the spectrum
between 250-300 nm (Fig. IV.11)}. A plot of the CD signal at 275 nm versus pH
shows a midpaint structural transition at pH value of about 4.9 (Fig.IV.12).
Since this structural transition coincides with the pH range where
ionization/deionization of acidic residues occurs, it seems to be reasonable to
attribute this pH sensitive structural alteration to a change in the ionization state
of one or more acidic residues. The structural transition {Fig.1V.12)
accompanied by the activity change (Fig.lV.9) suggests that the local structure
of the active site is altered due to a change of the protonation state of an acidic
residue in or near the active site. Obviously, glutamic acid 78, which plays the
role of nucleophile/charge stabilizing residue, shouid be considered as the first

candidate responsible for these variations. In order to verify this possibility, a
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Fig.IV.10. Far-UV circular dichroism spectra of the wild type xylanase with
protein concentration of about 0.34 mg/mL at various pH conditions.
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Fig.lV.11. Near-UV circular dichroism spectra of the wild type xylanase with
protein concentration of about 0.34 mg/mL at various pH conditions.
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similar structural study was carried out far a mutant in which Glu 78 is replaced
with a cysteine, E78C (Fig.IV.13). In the case of this mutant, unlike the wild
type enzyme, the change of CD spectrum in the near-UV region is limited to the
wavelength range of 285-300 nm (Fig.IV.13; Fig.IV.12). It is therefore
concluded that changes of the CD signal in the region of 250-285 nm mostly
originate from aromatic residues affected by ionization state of glutamic acid
78. Hence, structural alteration monitored at 275 nm can be used to determine
the pK, of glutamic acid 78. Accordingly, the pK, of this residue in the wild type
enzyme is determined to be 4.9. This is consistent with very recent NMR study
(Mcintosh, et a/. unpublished data) that shows a pK, of 4.7 for glutamic acid
78 in the wild type enzyme. It is also supported by a recent report
demonstrating that, by using electrospray tandem mass spectrometry, Glu 78
acts as a nucleophile in Bacillus subtilis xylanase (Miao, et al., 1994).
Detailed inspection of the residues surrounding Glu 78 suggests that
tyrosine 69 and tryptophan 71 are likely the residues v/hose orientation depend
upon the ionization of Glu 78. Tyrosine 69 forms a hydrogen bond with the
carboxyl side chain of Glu 78, and a hydrogen bond with tryptophan 71.
Consequently, it seems to be reasonable to assume that the relative orientation
of tyrosine 69 and tryptophan 71, and therefore their near-UV CD signal, is

affected by protonation/deprotonation of glutamic acid 78.
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IV.4.2. An abnormally high pK, for Glu 172; FTIR evidence

Since the vibrational bands representing the stretching vibrations of
carboxyl groups are sensitive to the ionization state, protonation-deprotonation
reactions of the carboxyi groups of amino acid side chains of proteins can be
conveniently studied by infrared spectroscopy (Chirgadze, et al. 1975; Koeppe,
& Stroud 1876; Tonge, et a/. 1989). The FT-IR spectrum in the 1750-1550 cm”
region of Bacillus circulans xylanase is dominated by the amide | band with a
maximum at 1635 cm™ (Fig.IV.14). The position of this band is highly
characteristic of a B-sheet structure (Surewicz, & Mantsch 1988). This is
consistent with recent crystallographic data which showed that the secondary
structure of B. circulans xylanase consists largely of B-strands (Campbell, et a/.
1993). Next to the amide | band there are two weaker bands at approximately
1588 and 1574 cm™ {Fig.IV.14). Previous studies with model compounds have
suggested that the COO" groups of glutamic acid and aspartic acid should give
rise to infrared bands around 1570 and 1585-1590, respectively (Chirgadze, et
al. 1975). Titration of xylanase in the pH range between 9 and 2 resulted in
clearly visible changes in the intensity of the 1574 cm™ band. However, the
band at 1587 cm™ remained unaffected by the titration, even when pH was
lowered below 2 {(data not shown).-Based on this observation, it is concluded
that in the infrared spectrum of xylanase the relatively broad band contour with

amaximum at 1574 cm™ represents COO" groups of both aspartic and glutamic
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acid residues. This is also confirmed by calculating the number of the carboxyi
groups that are ionized during the titration. Since the change in the relative
intensity in the pH range of 5 to 9 due to ionization corresponds to one carboxyl
group, Glu 172, {Fig.1V.15}, the total number of carboxyi groups ionized in the
whole titration can be calculated. Calculation shows that roughly 10 carboxyl
groups are titrated which is exactly the same as number of the acidic residues
present in the protein, seven aspartates, two glutamates, plus the C-terminus.
The lack of perfect correspondence between the position of COO" bands in
model compounds and in B. circulans xylanase likely reflects the effect of
environmental factors on the infrared bands of the amino acid carboxy! groups.
The bands at 1587 and 1515 cm in the spectrum of xylanase (Fig.IV.5) may
be tentatively assigned to the side chains of arginine and tyrosine, respectively
(Chirgadze, et al., 1975), and the feature at 1551 cm™ represents an amide |l
band due to residual amide groups which did not undergo hydrogen-deuterium
exchange.

The protonation of carboxyl groups is also accompanied by a band at
1708 cm that, due to its broad nature, ¢an only be observed if a difference
spectrum is obtained {data not shown). The intensity of the valleys of the peaks
located between 1500 and 1600 cm™ {Fig.IV.5) is sensitive to the weighting
factor used to subtract the spectrum of the buffer; over-subtraction or

under-subtraction of the buffer spectrum shifts the whole spectrum to higher
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or lower values. Therefore, the buffer subtracted spectrum, as it is, cannot be
used to assess the variation of the intensity of the band at 1574 em™ from one
pH value to another. Consequently, a baseline was drawn that connects the
minimum points of the peaks {Fig.IV.5). This baseline correction eliminates the
buffer subtraction artefacts and also partially removes the contribution of the
overlapping residual amide |l band which is sensitive to pH. Fig.IV.15 shows
the pH titration curves for wild type xylanase and its two variants, E172C and
E78Q. For the wild type protein the plot of the absorbance of carboxyl groups
at 1574 cm’' (normalized to the intensity of the amide | band) versus pH shows
a pronounced transition with pK, of 2.8. A second, much weaker but easily
detectable and reproducible transition, appears in the pH range between 8 and
5. Without considering the deuterium effect, the apparent pK, of this transition
is 6.8. Importantly, the latter transition disappears upon replacement of either
of the two glutamic acids with an uncharged glutamine. This clearly indicates
that the transition with pK, of 6.8 is due to either Glu 172 or Glu 78. It also
indicates that, the electrostatic repulsion between two carboxyl groups plays
an impartant role in shifting the pK, of one of the glutamic acid residues to an
abnormally high value. Useful hints regarding the mechanism of this pK, shift
may be obtained by detaiied inspections of the ¢rystal structure of xylanase. As
in the case of lysozyme, two major factars should be considered as potential

sources of carboxylate pK, shift. These factors are electrostatic interactions of
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proximal carboxylates {Kuramitsu, et al., 1974) and hydrophobic interactions
of carboxyl moieties with nearby chemical groups {Blake, et al., 1967; Rupley,
et al., 1967, Inoue, et al., 1992a}. Analysis of the glutamate residues in the
active site of xylanase reveals that the exposures of Glu 78 and Glu 172 to the
aqueous medium are essentially identical. Also the number and type of
hydrogen bonds formed between Glu 78 and its surrounding residues are very
similar to those experienced by Glu 172 (Davoodi, et al. 1995). Thus, glutamic
acid at position 78 is hydrogen bonded to Gin 127 and Tyr 69 while Glu 172
forms hydrogen bonds with Asn 35 and Tyr 80 (Fig. IV.1). Furthermore, no
major differences can be found in hydrophobic interactions of Glu 78 and Glu
172 with their respective neighbouring groups. The above similarities indicate
that it is highly unlikely that hydrophobic interactions are responsible for the
carboxylate's abnormaily high pK, value. On the other hand, significant
differences canbe observed between electrostatic interactions of glutamic acids
at position 78 and 172. Glu 78 is involved in strong electrostatic interactions
not only with the second glutamic acid but also with Arg 112. The latter
residue is located only 5 A apart from Glu 78. The distance between Giu 172
and active site arginine is much larger, 6.7 A (Davoodi, et af., 1995), and thus
the electrostatic interaction between these residues should be cansiderably
weaker. Glutamic acid 78 in close proximity to positively charged arginine 112

is expected to have a lower pK, than the more distant Glu 172. All these
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factors provide a strong indication that the carboxyi group with a pK, of 6.8
should be attributed to Glu 172. This is in good agreement with recent NMR
study demonstrating that Glu 172 with a pK, of 6.6 acts as an acid catalyst in
Bacillus subtilis xylanase (Mclntosh, et a/. unpublished data).

The relative intensity of the FTIR titration curve for the E78Q mutant is
slightly higher than that of the wild type protein. This is probably due to an
altered tertiary structure of this mutant compared to the wild type protein as
indicated by the near UV CD spectroscopy (Fig.IV.16). It is of note that the
baseline correction method employed in this study can only be used to follow
the variations of the intensity of the band in question when overlapping bands
do not change dramatically as a function of pH. Therefore, the FTIR data
obtained at extreme pH values are unreliable as the intensity of the residual
amide Il band that partially overlaps with the band at 1574 cm™' is altered . This
offers an explanation as to why the pK, value of 4.9 for the Glu 78 was not

observed in FTIR studies.

IV.5. DESTABILIZING EFFECT OF THE RESIDUES WITH ABNORMAL pK,

VALUES
it is known that the presence of an acidic group with an abnormally high
pK, may result in a decreased stability of the protein structure {Inoue, et a/,,

1992a; Wyman, 1964). To gain further insight into the molecular interactions
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within the active site of 8. circulans xylanase, the pH dependence of the
thermal stability of the wild type enzyme and various mutants in which giutamic
acid at position 172 was replaced by other residues was examined. The near-
UV circular dichroism spectrum of the E78Q mutant is different from the wild
type xylanase (Fig.IV.16) indicating that the E78Q mutant used in the FTIR
study might have a somewhat altered tertiary structure. Therefore, to avoid
ambiguities in data interpretation arising from potential effects of tertiary
structure differences on the stability of xylanase mutants, thermal denaturation
experiments were performed using E172C and E78C variants instead of E172Q
and E78Q enzymes. Circular dichroism spectra in the near {(Fig.1V.16} and far-
UV (Wakarchuk, et a/. 19943} indicate that the tertiary and secondary structure
of both cysteine containing mutants {as well as of the E172D variant used in
this study) are essentially identical to that of the wild type protein.

The thermal stabilities of xylanase and its mutants were probed by
differential scanning calorimetry. For all proteins studied, the calorimetric
denaturation was apparently irreversible. After cooling from the first run, no
transition could be detected in a second heating cycle. Furthermore, the
calorimetric traces were somewhat scan-rate dependent {data not shown),
suggesting that the denaturation process is, at least to some extent, controlled
by kinetic factors (Sa}lchez-Ruiz, et al., 1988; Freire, et al., 1990). The above

features preclude the interpretation of our present calorimetric data in terms of
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equilibrium thermodynamics. For the purpose of this study, from calorimetric
curves, the midpoint denaturation temperatures, t,, were determined
{Fig.lV.17). The t,, values at a given scan rate can be used as a reliable
empirical parameter to compare thermal stahilities of various mutant proteins
{Kallwass, et al., 1992). The data in this figure show that the replacement of
Glu 172 with an uncharged cysteint resuits in substantial stabilization of the
protein. At pH 8, the t,, for the E172C mutant is 7.3° higher than that for the
wild type xylanase. Stabilization, although tc a considerably smaller degree
(4.1° at pH 8), was also observed for the £78C variant. The lesser degree of
stabilization of the E78C in comparison to the E172C mutant can be explained
in terms of the electrostatic interactions in the active site. Substitution of the
Glu 172 with cysteine is accompanied by removal of destabilizing electrostatic
repulsion between Glu172 and 78, while the stabilizing attraction between
Glu78 and arainine 112 remains intact. In the E78C mutation, however, not
only is the destabilizing repulsion between Glu172 and 78 removed, but also
the stabilizing attraction between Glu78 and arginine 112 is no longer present.
Therefore, the E172C mutant should show a larger increase in stability in
comparison to E78C mutant.

The theory originally proposed by Wyman (1964} predicts that the
presence of an acidic group with abnormally high pK, (or a basic group with

abnormally low pK,) should destabilize the protein. Our calorimetric data with
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mutant xylarases provide further confirmation of this prediction. Furthermore,
they support the notion that the replacement of residues with abnormally high
pK, by site directed mutagenesis may provide very efficient method for
stabilization of a protein. Off course, such an strategy is applicable when
residues with abnormal pK, are not created for mechanistic purposes. In this
context, it is notable that the substitution of a single residue in the E172C
routant increases the denaturation temperature of the protein by as much as 7.3
degree which is almost twice the increase in the thermal stability in comparison

to that of the single disulphide bond mutants at pH 8.0 (Fig.IV.17).

IV.6. DEPENDENGE OF THE STABILITY OF THE WILD TYPE AND MUTANT
XYLANASES UPON pH

Calorimetric data reveal that in the pH range between 5 and 8 the
stability of wild type xylanase is remarkably sensitive to variations in pH
(Fig.IV.18). This pH-dependent stability (see the bell type curve in Fig. IV.19)
apparently requires the presence of two carboxylate-containing residues in the
active site as it persists for the E172D mutant but the high pH dependent limb
disappears when either of the glutamic acids is replaced with an uncharged
cysteine residue. The t, versus pH plot for the wild type xylanase has a
| bell-type shape, with the t,_, at pH 8 being about 3 degrees lower than at pH 5.

Taken together, these data clearly suggest that electrostatic vepulsion between
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nearby carboxylate groups (which diminishes as pH is lowered from 8 to 5) is
responsible for the decreased stability of wild type xylanase and ths E172D
mutant at slightly alkaline pH. Thus the calorimetric data provide further support
for energetically important interactions between Glu 172 and Glu 78 which can
account for the raised pK, of Glu 172.

Another example of a glycosidase in which glutamic acid acts as an acid
catalyst is hen egg-white lysozyme (Phillips, 1967; Chipman & Sharon 1969;
Blake, et al., 1967). In the latter enzyme, the active-site Giu 35 has pK, of
6-6.5 {imoto, et al., 1972). Despite this general similarity, different factors
appear to be responsible for an abnormally high pK, of active site giutamic acids
in lysozyme and B. circulans xylanase. In contrast to xylanase, in lysozyme the
electrostatic interactions between the two corresponding active site
carboxylates are relatively weak and there is no basic residue in the proximity
of the carboxylate groups. The abnormally high pK, of Giu 35 in lysozyme is
believed to result largely from a hydrophobic environment of this residue (Inoue,
et al., 1992a). From a comparison of these two glycosidases it may be
concluded that the enzymes employ two different strategies to raise the pK, of
an active-site glutamic acid in order that it may act as an acid catalyst near

neutral pH.
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IV.7. SUMMARY AND CONCLUSION

The active site of Bacillus circulans xylanase contains two glutamic acids,
Glu 78 and Glu 172, which are crucial for catalytic activity of the enzyme. FT-
IR and circular dichroism spectroscopy were used to determine the ionization
state of these residues as a function of pH. Near-UV CD data of the wild type
enzyme showed a structural transition with pK, of 4.9 which is absent in the
E78C mutant. This transition, therefore, is attributed to a change in the
protonation state of the glutamic acid 78. Furthermore, for the wild type
enzyme, a titration of a carboxylate group occurs at pH 6.8 as monitored by FT-
IR. This titration is absent in the E78Q and E172Q variants of the enzyme.
These findings taken with previous crystallographic data (Campbell, et al. 1993;
Wakarchuk, et al. 19943} indicate that glutamic acid at position 172 has an
abnormally high pK, of 6.8. The high pK, value of Glu 172 is caused lar’ge;ly by
electrostatic interactions of this residue with a proximal glutamic acid at
position 78. The presence of two nearby negatively charged side chains
destabilizes the protein as evidenced by calorimetric measurements. Decreasing
pH from 8 to 5.5 or removing either Glu172 or Glu 78 enhances protein stability

by decreasing or removing this electrostatic repulsion.
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APPENDIX

We know from calorimetry experiments in the presence and absence of
urea that protein aggregation is mostly responsible for the observed
irreversibility of thermal denaturation. It is therefore reasonable to assume that
the enthalpy of this step is negligible in comparison to the reversible step of

protein denaturation. Based on this assumption we can say that;

Q={(U]+UMAHV A-l

where Q is the heat evolved at any temperature, [U] and [l] are the
concentrations of the unfolded state and irreversibly denatured state, AH is the
total heat (enthalpy) of the process, and V is the volume of the DSC cell. we
know that [N]+[U]+[l]=c, where ¢ is the total molar cqncentration of the

protein in the sample cell, thus;

Q=lc-[N]}AHV A-2

Differentiation of this equation against temperature (T) leads to;

aQ diN]
LY —_AnyaLY] A-3
ar v dT
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A) Wild type xylanase

Thermal inactivation studies show that thermal denaturation of the wild

type xylanase obeys a first order rate law. Therefore;

diN] _ .
o Kl At

where K, is the apparent kinetic rate constant, which due to the complicated
nature of thermal denaturation process cannot be defined in terms of k,, k,, and
ks (see Equation 1.4 in Chapter ll). Nevertheless, this parameter can be
experimentally obtained from thermal inactivation kinetic experiments.
Replacement of dt from v=dT/dt (v, the scanning rate, is definea as the rate of

temperature increase} in the above equation and its rearrangement results in the
following;
M:—_I.K daT A-S

N v 9r

Integration of this equation provides the concentration of the native form of the

protein as a function of temperature;

, .
(NI =N Jespl-— K, T} A-6
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Differentiation yields

diN _ a1 Ko 1 A-
S {N,].—vfzexp{ = wadﬂ 7

d{N}/dT from equation A-3 can be replaced with the above equation, therefore;

dQ _cns 1 Xarp A A-8
=5 V=2 AH Vexpl ~ f K, dn

Since Q,=[N_]VAH, we can write;

Kapp €N be obtained from thermal inactivation kinetic experiments. Therefore,
it is possible to predict from thermal inactivation kinetics the values of
1/Q,.dQ/dT as a function of temperature and compare it with experimental
values obtained from DSC experiments. It is of note that the equation A-9 is

concentration independent.
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B) DS1 mutant

Thermal inactivation kinetic experiments show that the rate limiting step

on the thermal denaturation pathway of the DS1 mutant complies with a

second order rate law. Therefore;

Since scanning rate can be defined as v=dT/dt;

AN 1
i KT

Integration of the above equation results in;

1. 1.1

K _dT
W W1 v

A-10

A-11

A-12

The concentration of the native state as a function of K, can be obtained by

rearrangement of this equation;
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N¥,]
f K, dT+1

(N]=

A-13

Differentiation of this equation provides variation of the concentration of the

native state as a function of temperature and K,

NP,
dIN] _ v # A-14
ar [ o] fK dr+1P

Replacement of [N,JAHV with Q, in equation A-14 and its combination with

equation A-3 yields;

[N,]
1dQ_ = K

Qa1 [N"] f K, dT+1P

A-15
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Since the original concentration of the DS1 mutant, the apparent kinetic rate
constant (K_,), and scanning rate {v} are known, it is possible to predict
1/Q,.dQ/dT from thermal inactivation kinetic experiments and compare it with
actual values from differential scanning calorimetry experiments, provided that
no other slow step is present on the thermal denaturation pathway of the
protein. N,, the original concentration of protein, appears in the equation which
is consistent with thermal inactivation kinetics experiments showing

dependence of denaturation rate upon concentration.
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