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ABSTRACT

The kinetics of the hydrolysis of cellobiose catalyzed by -
glucosidase has been investigated both in free solution and in a
tubular reactor, with th?‘quyme chemically attached to a
surface.

The enzyme reaction in free solution was studied by
experimental techniques'yhibh allow the course of reaction to be
followed continuously. They involve assaying the produgt glucose
by a contingous proggdure involQing the use of a coupled system
containing ATP, hexokinase, glucose-6-phosphate dehydrogenase and
NADP: the latter is converted into its reduced form NAQPH and
determined spectrometrically at 340 nm where it absorbs strongly.

Two procedures, referred to as the glucose—concentration
method and the glucose-slope method, have been devised.for the
detgrmination of initial rates of the enzyme reaction under
different conditions. These procedures are based onithe use of
différent types of calibration curves. One is the conventional
calib?ation curve with absorbance plotted against concentration;
the other one involves the initial slope of abéorbqnce-time

curves plotted against concentration.

Kinetic measurements were garried out at eight pH values

varying from 5 to 6.9, at temperatures varying from 107¢ to 37°C,

and at substrate concentrations varying from 0.2 mM to 4.8 mM. In
all of the measuregments the enzyme concentration was 0.1 mg/mL.

The pH-dependences of Michaelis parameters show a maximum at a pH
¥

/\,,'_'
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value of 5.76 at 18°C énd at pH values between 5.5 and 5.6 at 24°
and 31°C. The pK values for catalytically important groups were
determineﬁ at three tempera£ures, 189, 24° and.31°C, by a
“computerized statistipal procedure. ThelpK values 4.9 and 6.4 at
24°¢ suggest a carboxylate group and an imidazolium group
involved at the active centre of the enzyme. The Michaelis
constant K increases with pH and the limiting rate Vg, passeé
through a'maximum as the pH is varied; this indicates that the‘
imidazole group is probably implicated in the binding of

substrate to form the enzyme-substrate complex, whereas both
+

active groups are involved in the decomposition of the complex.

The studies of temperature effects were made at different pH

_values for various substrate concentrations. Arrhenius plots of

initial rates and of Michaelis parameters consistently show a
change in slope at about 23°C, under all conditions. The
variation of activation energy with pH was investigated. The
activation energies and entropies of activation in the higher
~
temperature range do not vary much with pH, but those in the
lower temperature range pass through a minimum at- around pH 5.9.

The results were first analyzed on the basis of the theory of

temperature effect in terms of a mechanism involving two

intermediates: ' L
SR
Ky k2 k3 .
E + § === ES —% ES' —>» E + products
k .
-1

but this theory did not satjsfactorily interpret the dependence

\ 4
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of activation energy on, pH. ‘
. The cooperative effects of temperature and pH were then
considered and an unified treatment of both effects was developed -’

to interpret the "Arrhenius behav{our and the variation of
activation energy with pH. Equations were obtained Lhich ind{cate
how the apparent activation energy varies with pH and
temperature, for one—iﬂtermediate akd two-intermediate
mechanisms. It was shown that, Arrhenius plots are in general
concave towards the axes. The a;blication of this treatment to
the B-glucosidase results showed that a two-intermediate
éechaniSm was required ﬁo interpret both the cgncaVﬁ“Arrhenius
behaviour and the variation of Fhe abparent activation energy
with pH. It was found possible to obtain, for the four elementary
reactions, activation energies and entropies of activation, by a
successive approximation procedure. -

The temperéture effecté on the dissociation conséants of
active groups were.studied and the results anélyzed to give the

= . '

thermodynamic parameters assoc}ated with these dissociation
processes for the free enzyme and the enzyme-substrate complex.
The first ionization i§~accompanied by a substantial .ertropy
inc}ease, 109 J K'lmol_l, the sécond with a large entropy

decrease -283 3 K'lmol_l. The entropy changes are too large to be

attributed to electrostriction effects, and suggest structural
} 1 3 - I3 3 -
changes in the enzyme molecules; the first 1lonization probahly

involves the conformational change from an expanded to a coiled

form, while the second ionization involves a change from a random

XVi



coiled to an expanéed form.
The enzyme B-glucosidase was attached cévalently to the inner
N
surface of nylon tubing. Flow kinetic studies were carried out at
a range of temberatﬁreé from 5 to 45°C, pH values from 4.44 to
6.90, ffoﬂ_rates varying from 0.98 to 9.18 cm s™! and substrate
concentrations ranging from 1.3 mM to 13.3 mM. .

The extent of diffusion control was investigated. Various
tests on the basis of the Kobayashi-Laidler treatment of flow-
systems showed that diffusion control waf negligible.

The inherent Michaelis constants, obtained at different
temperatures and different pH values, are higher than the
corresponding values for the enzyme in free solution. However,
the differences are Sméll, again indicaéing little diffusion
control and showing that the immobilized system 1is qﬁite
efficient.

A comparison was made between the immobilized and free enzyme
with particular referencé ﬁo pH and temperature effects and to
stability. The pH-rate profiles for the immobilized enzyme were
'similar to that for free énzyme. However there is a small
difference between tﬁe patterns of the pH curves for Michaellis
parameters, in that the immobilized enzyme shows greater relativé
éctivity at lower pH and smaller relative activity at higher pH,
‘
and has an optimum pH higher by about 0.3 units. The pK values
are slightly lowered as a result of the immobilization: These

differences are attributed to a small positive residual charge on

the surface of the support.

xvii
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The temperature dependence of the enzyme reaction remains
much the same afterdimmobilization.The Arrhenius plots showed
1ntersect10ns at about 22°C, as with the free ehzyme, the changes
in slope being small at the pH optimum of about :5.9 and becoman

much more pronounced as the pH is increased or decreased. The

activation energies for the immobilized enzyme are close to those

"for the free enzymg.

Tests were made to determine the étability'of the enzyme-
coated tube used in the e;periments. The immobﬁlized enzyme is
substantially more stable than the free enzyme, both on storage
at low and higﬁerrtemperatures, and its thermal stability is

greater. The enzyme tube .can be used a considerable number of
M :

times before becoming inffective; its half life on re-use is

about 200 hours.,

The similar kinetic behaviour of the immobilized enzyme to

Jthat of free enzyme indicates that the attachment procedure does

not affect significantly the function and activity of the enzyme.

Xxviii



CHAPTER 1T

GENERAL INTRODUCTION

The enzymes are important constituents of living systems,
their fﬁnction being to catalyze the chemical précesses that
nccur. They are remarkable for their specific{ty, and a ver}
large number of enzymes have now been identified. They are élso
unusual in their high patalytic efficiency. Kinetic and
mechanistic studies of en;yme systems are important in leading to
valuable insight into the general problem of catalytic
efficiency, and also in throwing light on the functioning of
living systems. This thesis ‘describes a detailed kinetic study of

the enzyme B—glucosidase; bhoth in free solution and attached to

a surface.

1.1 Enzymic hydrolysis of cellulose and the role of g—glucosidase

The enzymic ;onversion of cellulose to D-glucose and its
Fe{pentation to ethanolg a liquid fuel, bhas great potential as a
significant source of renewable energy as well as a feedstock for
chemicals, since ;bout half of Biomass, accumulated by
photosynthetic storqbe of solar energy in green plants, is in the
form of cellulose; Cel1u1ose, a biopolymer, must be broken into

smaller sugar molecules before it can be converted to liquid



fuel by fermentation. Although this can be accomplished by acid
hydrolysis, enzymic hydrolysis has recently réceived much
attention because it forms“féwer by-preoducts and proceeds under
milder conditions. The enzymic degradation of cellulose therefore
ha§ important practical implications. Intensive research efforts
are in progress to make the technology viable.

Cellulase, the enzyme system which hydrolyzes cellulonse to
glucose, ordinarily contains three major components:

(1) exo—8—1,4—glucanase or p-l,4-glucan cellobiochydrolase
(EC.3.2.1.91),which splits off cellobiose from the nonreducting
end of the cellulose chaln{1-5).

" (2) endo-g-1,4-glucanase(EC.3.2.1.4), which cleaves the
cellulose chain at random positions and produces more chain ends
on which exo-pg-glucanase may act(2,5,6).

(3 8-glucosidase or cellobiase(EC.3.2.1.21), which catalyzes
the hydrolysis of cellobiose and cellodextrins to glucose
(7f8’9’11'12)' § |

The hydrolysis of native cellulose thus involvgs a sequential
action(l10) by an endo-glucanase which attacks at ;andom the 1,4-
g-linkage along the cellulose chain. The structure is opened in
this way, and exo?g—glucanase splits off celiobiose units from
theanon—redgcing ends of the cellulose chain. The contin;ed
cooperative action of the endo-glucanase and exo-glucanasc
results in the coversion of cellulose into cellobiose and small

oligosaccharides which are finally hydrolyzed to glucose by B-

glucosidase. Thi's process may be envisaged as follows: .

1.



cellulose
endo-{+1,4-glucanase
!exojg-l,4~glucanase
{(cellobiohydrolase)
cellooliqgosaccharides + cellobiose

g~glucosidase cellobiohydrolase g—~glucosidase

l B-glucosidase
glucose - cellobiose glucose

e

However, ' Cellobiose, the intermediate of cellulose
.f‘ - -
hgﬂ/%lysis, is an inhibitor for cellobiohydrolase by product

-

inhibition(5,33,14)‘and it is also an inhibitor for B-
qglucosidase by substrate inhibition(?,lS,l?). Becausetsf these
inhibiting effects the accumulation of cellobiose in the process
slows the enzymic degradatiop, and lowers the yield of glucose.
Therefore; B-glucosidase in high levels in cellulase complex
plays a crucial role in large-scale saccharification of cellulose
by removing inhibitory cellobiose(4~8,15,16). Indeed, it has been’

3]

demonstrated that’ the rate of saccharification of cellulose and

-the yield of glﬁcose can bhe significantly improved by

suppiementation of cellulase with g —-glucosidase(17-22).

The kinetics of the action of p-glucosidase is therefore a

matter of considerable practical significance.

. 1.2 Previous studies on B-glucosidase

f—glucosidase( B—D—glucoside'glucohydrolase, EC. 3.2.1.21) 1is
an enzyme which catalyzes the hydrolysis of various compounds’

having g-D-glucosidic linkages; it acts on aryl and alkyl B-p-
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glucosides as well as on rel]bhinsﬁ. This enzymo s
stereospecific for the hydroxyl groups at the positions C—l,-v—?
and C-4 of the aldohexose ring. Tn general, the iﬁrorchhnqu-nf
hydrogen and hydroxyl groups on any carbon atom in the hexose
finq of glucoside substrate is sufficient to prevent the action
of the enzyme; thus frq]ucnsidase does not act on ﬁ;H—mannnsidvﬂ
or on H-D—qa]ac;osideﬁ, nor does 1t act on H—D—qlqushhwn
However, the existence of different ﬁypes of H-qaucosidnsn, fram
different sources, with vériations.in Cc-4 épecificity,_hag brren
clearly estaglished. For exaép]e, B:qlucosidase from almond
emulsin has been shown to hydrolyze-hoth [+D—q]ucnsidesldnd I~ ==
galactoéides(2%,46}.

Substitution on the hydroxyl groups of the glucosyl moin{y
asually has a profound effect. Any substitution at -2, =3 or C-
4 completely prevents hydrolysiss while substituginn atr -6
lowers the rate of Hydrq]ysis. Repiaceménr of the -CH,OH qroup
attached to C-5 by -H, i.e. conversion to a B=D-xyloside,
produces a 200—fo]d reduction in rate. Thus, in qeneral, an
intact unsubstituted hexose ring is required for the action af -
glucosidase. -

f-glucosidase can tolerate a wide variety of aqlycones, but
the nature of the aglycone has a markecd influence on the rate of
hydrolysis. Positional isomerism 1is not critica], and -
glucosidase hydrolyzes all disaccharides of glucose: sophorose(i-
1,2), laminaribiose(?-1,3), cellobiose(p-1,4) and gentiobiosefl[l-

1,6). ’ v
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The enzyme ~glucosidase can be obtained from a variety of
sources: fungi, bacteria, yeast and plants. Its physical,
chemical and enzymic properties depend on the source and on the
1 .
s

conditions under which the enzymé'is produced and/or purified.

For” example, the molecular weight, the optimum pH, the substrate

LA
values of the dissociatizﬁuconsrantg of catalytically, active
n .

specificity, the inhibition by product or by substrate, and the

qroups méy dfffer for the enzymes ohtained from different
sources. _ . .o
A"great many studies on this enzyme have heen published in
the literature. However, most of £Hese were concerned with its
isolation; purification and characterization, and with. the
Functional properties of the enzyme; from different
sourées(?,l5,23,24,26,27,29‘,3'0,31,.32,‘33). The substrate
specificity has been extensively stﬁdied. The inhibition by
substrate and subhstrate analogues, and by the product g]ucosé,
has also been inuestigétedm,is,l7,2%,34-39‘,41—47). Little
Information about the structure is available in the literature.
As far as structural aspects are concerned, most of the work has
concentrated on whether the‘enzyme has one or two catalytic sites
responsible fogw both the g -glucosidase and B-galactosidase
activities; this haé been done for enzyme types which showed hoth
these two activities(25,46,47).lThere are opposing views: one is
that theré are two catalytic sites, one for the B~glucosidase an

"the other for the ‘B-galactosidase activity(25); the alternative

view is that there is a single catalytic site for both
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activities{(46). It has also hecn suqqested 1hat.tho enzymoe
molecule has two substrate hinding sites and a single catalytic
site(47), the binding sites heing -specific for a g-glucoside or a
p=galactoside.

Some work has been concerned with the identification of
Ca.talytica]ly active' groups(15,26,48-52). Fl.‘()lﬂ"thl) dlnrormirmri(m
of Kn and Vg at different pH values for the hydrolysis of
salicin{d48), cellobhiose(49) and o—ﬁirrnphOnyl*H—D—q1ucnpyranosidn
{50-52}, a carhoxylate‘group and an imidazolium group hayve been
indicated as Jbeing involved in catalysis. In one
investigation(l%\?it is has been sugqested that only carhnxy]nrﬂ
groups are involved in the catalytic role. This sugqgestion was

based on the measurements of pK values for the enzyme from 5.

rolfsii; these were 4.2 and 4.7 forfyroups in the free enzyme,

and 3.2 and 3.8 for groups in fhe epzyme-gfibstrate complex.
The mechanism of the action of H—q]ucosidase‘is not well
known. Most previous'work was done with ary][J—D—uncmRideﬁ; anid
a two-step mechanism for the hydrolysis hAS Been LFDDOHUH
_—r;,3,52,54,55)._The first step invofﬁqs splitting of an aqucnp
moie£y with éimu]taneous formation of an enzymé—qluéosy1 complex;
this intermediate complex then reacts’wﬁth watér, yfeldinq
glucose. Umezurike(50,51,52) investigated the ‘effect of varying

the solvent composition: he increased the concentration of dioxan

on the activity of p-glucosidase from Botryodiplodia theohyomae
{
i

Pat, and suggested a carboxyl group and an imidazole qgrodp as .

being at the active centre. On the basis of inhibition sk



and stufies of the cffect of added acceptors on the rate of the
hydrolysis of a-nitrophenyl r-D-glucopyranoside, he proposed a
reactinon scheme for the hydrolytic and transferase activities of

r-qlucosidase in the presence of an added acceptor A:

k+][A) e k+2[D]

FA st=————p [ m——== ED

K1

k+6

- EGA
: - kys(A]

\

Here D is the substrate, and ED is an enzyme-hound glucosyl
cation-carboxylate ion-pair which is formed by acid catalysis of
imidazolium group on the enzyme.

However, no mechanism of the hydrolysis of cellobiose by. EB-
glucosidase has yet /been proposed. Most studies on cellulose
degradation have fbcused’'on the initiation of the hydrolysis
(56,57}, and on the hydrolysis catalyzed by .cellulase. With
regard_to the hydrolysis of cellobiose catalyzed by B
glucosidase, mogt previous work has é;en on stability, activity
and applications of different immobilized prepérations. Some

investigations were concerned with kinetic aspects(58-64), but no

detailed kinetic studies have been reported.
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1.3 Objectives and outline of present work

The present work was concerned with investigating the

Akinetics of the hydrolysis of cellobionse by F—glucosidase in more,

detail, inkﬁﬁder to understand the mechanism and the kinetic and
thermodynamic behavior of -the enzyme.

A comprehensive experimental study of -the hydrolysis

-

reaction, with free and immobilized enzyme, will he
described in subsequent chapters. The studies were made  at
different pH values, a ifferent temperatures, and at Aifferonr
substrate concentrations. This allows thé evaluation of
dissnciation constants for the catalytically important groups on
the enzyme and therefore allows the identification of thesc
actiQe groups. In addition, based on the temperature dependence
of the corresponding dissocfatiOn constants, these studies
provide an estimate of the entropy and enthalpy changes
associated with the dissociation processes, and therefore provide
some information about the change 'of the ecnzyme conformation
during the &;ssociation procegses, and ‘during the formation and
breakdown of the enzyme—suhstrage complex.l

Such comprehensive experimental studies oan bheth pH . and
temperature effects not only allow the calcalation of acrivafion
energies under different_coﬁditions, hut also provide the
possihility of investigation and analysis of the cooperative

effects of temperature and pH; the latter is more important for

establishing the reaction mechanism. Theories in enzyme kinetics



arg either only on pH effects or temperature effects; no
consideration of cooperation of both temperature and pH effects
appedrs. to have heen made.

N

The immobilization of an enzyme can offer particular
advantages in the stability and repetitive use of the enzyme, and
the employment of immobilized B-glucosidase is of considerable

significance in the industrial saccharification of cellulose on a
large scale. This enzyme has previeusly been attaghed to
different supports, but no attempt has been made to attach it to
a nylon tube. One obhjective of the present work was to find a.
suitahle procedure and optimum conditions for stable attachment
of B-glucosidase iasidé nylon tubing. Kinetic studies were
undertaken with the immobilized preparation, and were concerned

with the activity, stahility and flow kinetics over a range of

temperatures, pH and flow rates. The extent of diffusion control
B ' B

»

was also determined.

The methods previously employed for following the hydrolysis
of cellulose by ceilu]ase or of cellohiose by f(-glucosidase,
usually inveolved stopping the reactién aFter'Qarious times and
then performing an analysis; such methods‘are inconvenient fér
kinetic investigétions. Another important ohjective of this work

was to devise a more rapid and satisfactory method for following

the reaction continuously.



1.4 General aspects of enzyme kinetics

It has been, well estéblished that enzyme rekctions proceed 1in
at least two well-defined steps(65): the first is the formation
of a complex between enzyme E and substrate $, and the sec?nd is
the decomposition of the complex into the products of the
reaction with the regenergtion of enzyme. This may be represented

by the following reaction schemes

k . k2
E + § =—— E§ —— P + E
A k
‘ -1

Often there are three steps, as in the scheme
: 2 . .
E + § =—=~= E§ ——— ES§' — P+ E

The concept of the enzyme-substrate complex has been of enormous
importggce in enzyme kinetics, and has been supported by a great
deal of evidence from the kinetics found for a large variety of
reactions, and by experimental demonstrations of the existence of
intermediates by spectroscopy(66), spectral shifts@67h

fluorescence({68), light scattering(69) and chromatography(70})

etc. i -

» o
For one-substrate reactions involving one intermediate and

uncomplicated by the reverse reactions or the effects of

modifiers, ‘
k k
E + § =—> E§ —— P + E
k_l R ° s

10
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the fb]]owing rate equations can be ecasily formulated by means of

7
stecady-state treatment

g = 220 (1)
k_qy+k
—2 +(s)
k1
v [s)
or v = 20 ' (2)
. Km * (s)
In this equattion Vg, = kZEE]o (3)
k—f+k2
K o= {4)
m
. ky

Here [E]O is the total cdncentration of the enzyme. Eq.{2) 1is
known as the Michaelis-Menten equation and the constant K as the
hY
Michaelis constant: it has the same units as a concentration.
Fquations (1) and (2) are the. equations of a rectangular
hyperbola. Thus, at low substrate concentrations the rate of an
enzyme reaction rises with [S], at first linearly, but at high.
~concentrations it levels off at a limiting rate, egual to V_
(=k,(E)g .

For the two-intermediate mechanigm

K1 k2 k3
E + S ===t ES ES' —= E + P
~ 2
K-}

17
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the steady-state treatment leads to an equation of the same form

as that given by the single-intermediate mechanism,

kokg/(kotky) (E].(8)
{“‘-1*“2)/“1}‘{"3/“‘2*‘“3)} +(s]
v (s] . .
or v = ¢ {2)
TR+ (s])

The significance of the parameters V and K,  is now

different:
k ok
2™3
vV o= (Elq (6)
ka + Kk
2 3
¢ koytky K3 C o7
o =

Steady~s£ate studies of influence of substraté concentration on
rate can not thecefore provide information abhout the number of
intermediates. |

In the analysis of experimental data from kinetic
measurements of enzyme reactions the most commonly employed
procedure is the Linewea#er~Burk method(71), in which the rate

equation(2) is used in reciprocal form as

- . + (8).

12
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I% the Michaelis- Menten equation is bbeyed a plot of l/v'against
1/(S) gives a straight line with slope K_/V and intercept 1/V

og the 1/v axis. ?he kinetic parameters K and V can therefore:
be calculated from the slopes and intercepts of such Lineweaver—‘
Burk plots./ﬂgg;her procedure, proposed by Eadie(74), is also
used in the analysis of experimental data; it 1is based on

equation(2) in the following form

= - — (9)

if the equation is obeyed, v/[S) piotted against v also gives a
straight line. In the present work we used the Lineweaver-Burk
method to deal with the exéerimental.data.

Because product interference is commonly found in an enzyme
reaction the most usefu;fkinetic method for analyzing rgsults is
the differential method, the rates (slopes) bheing meaéured at the
Qery beginn}ng of the reactions fof a series of initial
concentrations. It is often very convenient in studying enzyme
systems Eo cause the reactibn to occur sufficiently slowly (e.g.
by réducing the enzyme concentration) so‘that a number of
measurements can b%}made during the very early stages of
reaction. In this way it is possible for the iniﬁial rates - to be
determineéxvery accurately. In addition, in order to satisty the

steady-state hypothesis, the concentrations of substrate are

13

)



"a

\n
"usually made sufficiently large compared with the enzyme

‘concentration, the ratio (8)/(E], being 103 or greater.
Enzymes are particularly sensitive to their environment, and

Ty
readily undergo subtle changes in structure which lead to an

v,
c tm

alteration:in activity and kinetic properties. Chgngés in pH, for
example, can produce drastic changes in activity, both directly
{by altering the ionization of groups'involved in catalysis) and
’indirectly {through a change in conformation). Also, Enzymes
undergo conformational changes very .easily at higher
temperatures. Ionic strength is also known to have effects on the
activities of many enzymes, such as chymotrypsin{(72), trypsin and
ribonuclease(73).

Three factors, temperature, pH and ionic strength .are
therefore.gritical jn carrying out an enzyme kinetic study. These

factors reguire even more stringent control than in the case of

ordinary chemical reactions. . _

P
Depehding on the properties of the substrate and the prodacts
of enzyme reactions, several methods can be used fof following
the progress of the reaction, namely
(1) spectrophotometry:Imeasﬁrementsjof absorhance of radiation
or fluoyéscence at certain wavelength. *
(2) methods employing electrodes: pH meaéurements or
conduetimetry measurements of the system.
(3) magnetic measurcments: electron spin resonance(e.s.r.)

and nuclear magnetic resonance(n.m.r.), particularly proton

magnetic resonance.

14



In the case of the hydrolysis of cellobiose by g-glucosidase,
both the substrate and the product glucose do not give an obvious
absorbance peak in the rgnge of 200-700 nm, S0 that .the reaction

cannoﬁ simply and continuously be followed by spectrophotometry.

This problem will be discussed in the next chapter.
. B

15



CHAPTER II
KINETIC PROCEDURE !

2.1 Three—step (reaction-stop—-analysis) method

‘Glucose is the only product of cellobiose nydrolysis, so that
an accunate and specific method for glucosé determinafion is
of great importance in the kinetic study of the hydrolysis of
cellobiose. |

Several methods for glucose determination have been descrihed
in the literature: N TQ

.(1) Enzymic determination by a coupled glucose oxidase-

"peroxidase system(75-78).

This method is based on the following reaction scheme.

glucose oxidase . -
Glucose + O, + H,0 : — H,0,+ qluconic acid

peroxidase

H,0, + reduced chromogen —oxidized chromogen + H,0
’ .

The oxidized chromogen formed in the final reaction abhsorbs at
420 nm. Its concentration is proportional to the glucose
concentration, and the absorbance measured at 420 nmntherefore
gives the concentration of glucose.

(2) Enzymic determination by a coupled glucosé—ﬁ—phosphate

dehydrogenase-NADP system(79,80}.

16
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‘This procedure comprises the following steps

hexbkinase .
glucose + ATP ————— ADP + glucose-6-phosphate

J [l

. ) G6PDH

glucose-6-phosphate + NADP —— NADPH.+ 6-phosphogluconatg

) \ L4
’ il

’ e ‘
The NADPH absorbs strongly at 340 nm, and.1its concentration ‘and

e

thea glucose concentration. can therefore be determined at
this wavelength;

(3) Chgmigal determinations of glucose(81-84). -

These chemical determinaﬁions employ condensation reactions
hbetween glucosé and certain aromatic amines, e.g. p—-aminobenzoic
acid ér m—-aminophenol(81), or ortho—toiuidiﬁe(82,83),.to giv;
coloured products; these colours are characterisﬁic and the
products can be measured colorimetrically.

All of these methods have been used extensively for the

“determination of glucose in serum, plasma and urine; they are
: »

accurate, speciﬁic'and reprcducible, and are convenient for
clinical purposes. However, these technigues are not readily
adapgéble to kinetic measurements.

The activities of 8—g1ucosidase,or cellulase are commonly
eva}uated by endpoint analysis of the pro&uct or by stopping the
reaction and analyzing. the product. The reactions c§talyzed by
cellulase or B-glucosidase are™usually followed by assaying the
producf after various periodg of time. In the past this has bheen

done by the following -procedu;e(18,58,60,61,85,86,87):

17
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(1) The:enzyﬁe s first:!bcubateduwith its suhstrate(é.g.
cellulose or cellobiose) in bufféred solution;

{2) The enzyme_react{on {s then stopped By inactivation of
enzyme by heat or by adciiﬁi.on of an inhibitor,
e.g.trichloroacetic acid or sodium carbonate;

(3) The glucose forméd is then measured spectrophotome-
trically(18,5&,60,85,87,88), using the coupled glucose oxidase
s}stém, a coupled glucose 6-phosphate dehydrogenase—-NADP éystem,
or chemically(86,89,90). ;

Even for a reaction with a sroduct that absorbs at some
wavelength (e.g. the'hydrolysis of p—nitrophenyl~ﬁ—glucoside by
B-glucosidase), the usual kinetic procedures also consistﬁgf
stopping thepreaction and then. carrying out an analysis.

These methods are'inconveniently laborious and timejconsuﬁihg
‘for a kinetic investigation and it is advantageous to have
évaflable a more rapid method. : .

We therefore explored an alternative method which allows the

reaction to be followed cohtinuously, by continuocus determination

of the product glucose.

2.2 The glucose concentration method and glucose slope method

In these new-methods, the coupled system,containing ATP,
hexokinase, glucose-6-phosphate dehydrogenase and NADP was used

as an"aséay reagent for glucose determination. The following

y

successive reactions are 1involved:



f-glucosidase
Cellohiose + H,0 » 2 glucose

hexokinase
glucose + ATP = ADP + glucose-6-phosphate(G-6-P)
) : ' :

glucose-6-phosphate :
&7 dehydrogenase{G-6-FD) .
G-6-P +/NADP »6-phosphogluconic acid + NADPH
(no Ay, ) (highA“O)

$ The NADPH formed is then determined spectrophotometrically at

340 nm. ~~

Materials
- The B-glucosidase({B~D-glucoside glucohydrolase,-EC 3.2.4.21),
type 1 derived }rom almonds, was obtained as a lyophilized powder
from the Sigma Chemical Co. It had been purified
chtomagographicallf and was essentially salt-free. The specific
~activity was 30-units/mg with salicin as subtrate aé pH 5.0 and
at 379C. The substfate, Df+)ce110biose { B-D(+)cellobhiose; 4-0- B-
D-glucopyranosyl-D-glucose) was also obtained from Sigma, as was
the reagent for glucose determination. According to the
" specifications the reagent should be réconstituted with 31 mL
water. However, in order. to optimize the amount of assay reagent
for the glucbse determination, various amounts of reagent for a
series of standard glucose concentrations were tested. It was
found that in the range of sﬁbstrate concentrations investigated
in the present work‘the best amount of reagent is 1 mL which was
obtdined by reconstituting the reagent with iSQSkﬂL, for a total

volume of 3 mL of the enzyme system. Thus the lresulting reagent

19



solution contains the following:

N

2.0 mmol/L ATP

1.0 mmol/L ' NADP

1600_U/L veast hexokinase
1000 G/L C—G—PDH {yeast)
4.0 mmol/L Mg2*

together with buffers.

. The enzyme solution and the substrate solution were both

‘p:épared in 0.2 M acetate buffers at the pH values required.

t}.The absorbances were measured by the doublé beam SP 1800 U.V.
Sﬁééfrophotometer connected to a Unicam AR 25 linear chart
Recorder. The sémple chamber of the spectrophotometer was
thermostatted by the use of a HAAKE Refrigerated Bath and a F3-C
éirculator. Micropipettes were used to transfer appropriate

portions of the stock solutions of the reactants. .

Iy

Prqcedure : ) =

Calibration curves were obtained .with standard glucose
solution at different pH values and different temperatures; this
was done for each new batch of assay reagent.

Standard 0.556 mM and 0.0556 mM glucose solutions were
prepared by diluting a standard glucose solution {(containing
5.56 mM glucose in saturated benzeic acid) with 0.2 M acetate
buffer, at a desired pH. A cuvette of 3 mL capacity and a light

path of 1 cm was used tomix 1 mL of the assay rcagent with an

20
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appropriate amount of buffer solution at the desired pH. The
mjxture was incubated at the témperaturé to be used in the
kinetic measurement. Afte} 4 minutes a certain aliguot of a
standard glucose solution was made up to a total' volume of 3 miL,
the final concentrations béing between 2.97 DM and 37.1 uM, or
between 37.1 pM‘an'ﬁ371 MM (for pH 5.0). The absorhbance at
340 nm, as compared with a gluqose—free blank solution, was
"automatically recorded as a function of time.

For .pH values above 6.2, calibration. rves were prepared by
plotting\ abhsorbance against glggose conC;:::>tion. For pH values
helow 6.2; initiai slopes of abg%rbance—time curves were plotted
against glucose cpncentration. An example of each type of
calibration curves is shown in Fig. 1 and Fig. 2.

Kinetic runs with the enzyme were also carried out in
éuvettes, 1 mL assay  reagent being "mixed with 0.5 mL of
0.6 mg/mL enzyme solution and Qith an appropriate aliquot of 0.2
M acetate huffer to make the final total volume 3 mL after adding
substrate sélution. The addition of.the appropriate amount of
5.99 mM substrate solution star;ed the reaction, which was
followed by recofding, as a Eunction of time, the changeé of
absorbance at 340 nm},a mixture of 1 mL assay, 0.5 mL enzyme

solutidn and 1.5 mL buffer was used as a bhlank.

Calculation of initial rates of enzyme reactions

(1) Reactions at pH values above 6.2; the glucose—concentrétion—
method

At pH values above 6.2, the reaction of the assay reagent

2]
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Figure. 2 Calibration curve with initial slope of absorbance-
time curves plotted against glucose concentratlon:
pH=5.76 T=18.0°C.
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with glucose is very fast, being essentially comblete in 2—2.5
mins' as shown in curve A of Fig. 3. On the other hand, during
the course of the B—glucosiaase reaction system the absorbance
ihcreases steadly with time, with no induction period (Fig. 4}.
In this situation the initial ratés of the B-glucosidase reaction
were therefore calculated from the initial slopes of the
corresponding absorhance time curves, use bding made of the
conventional calibration curves with the absorbance plotted
against the glucose concentration, This procedure will bhe

referred to as the ‘glucose-concentration method' (GCM).

(2) Reactions at pH values below 6.2; the glucose—-slope-method
At pH values below 6.2, it was observed from the_records of
absorbancé égéinst time that there was a distinct lag phase, of
length dependent Qbon the pH; later the absorbance (corresponding
to the apparent amount of glucose produced) became linear with
the reaction tlme( Fig. 5). The 1ag phase 1is due to the fact
that the reaction of the assay reagent with glucos is slow at pH
values below 6.2, as shown in curve B of. Fig. 3. At the beginning
of the enzyme reaction, the quantities of glucose produced are
too small for reaction with the assay reagent to occur
sufficiently rapidly. After an accumulation of glucose to a
certain amount during the lag phase, the assay reage ent reacts
Qith glucose at a constant réte, which is eqgual to the rate of
glucose formation, and the absorbance of the system changes

.linearly with time.
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Absorbance-time curve for the enzyme-
catalyzed reaction.

cellobiose] = 0.699 mM;

EB—glucosidase]= 0.1 mg/mL;
T = 24.0°C; pH 5.35,
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In this situation.thelrate would be seriouslyé underestimated
if it were qhtained from the calibration curve of absorbance
against glucése.boncentration. The'rgaSOn is khat at point O,
after which the absbrbance changes proportionally with time, the
time is shorter than that required for the completion of the
assay-glucose reaction. Weidevised‘a new method for calculating
the initial rate 1in sgch a situation. This method was to obtain
an average rate at a sufficiently early period of the reaction,
S0 fhat the rate is nearly equal to the init;al rate. Tﬁe
calibration curves were made by plotting the iﬁitial slope of 'the
absorbance-time curve against the glucose concentration. The
average rate was obtained in the following way. The concentration
of glucose accumulated at the point O (see Fig. 5) was first
determined; it* was divgn by the slobe of the straight portion
of the time course of the enzyme reaction, use being made of a
calibration curve "with slope plotted against glucose
concentration. The-glucose concentration so optained was then
éivided by the lengih of lag phase, to give the average rate.
This procedure involves the approximation,'which introduces
negligible error, of neglecting thé glucose that has reacted with
the assay reageﬁt during the lag pﬁase. The term ‘glucose-slope-

“method,'GSM', will be used to describe this procedure.

»
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2.3 Discussion and expefimental tests

No interference between the glucose reaction with assay and the
enzyme reaction

In the one step assay procedures used , the reaction system
contains not only B-glucosidase and cellobiose, but ‘also the
assay reagent which contains two additional enzymes (hexoklnase
and G-6~PD}, ATP,and NADP. The system is therefére kineticélly-
complicated, and it was necessary to investigate whether the
assay reagent interferes with the B~glucosidase system, and
whether either the B-glucosidase ‘of éellobiose interferes with
the glucose determination. A series of measurements of absorbance
given by certain amounts of standard glucose were therefore made,
both in the ;bsence and the presence of enzyme or substrate of
different concentrations. The results are shown,}n Table 1.

The first effect, the interference of assay reagent with the
B-glucosidase system was shown to be unimportant by the following
facts:

a. No absorbance was observed with a mixture containing 2 mL
assay reagent énd 1 mL B-glucosidase of 1.2 mg/mL in a total
volume of 3 mL (this amount of eniy%e was four times that in the
kinetic experiments), compared with an enzyme-free blank
solution, indicating no reaction between aééay and B-glucosidase.

b. Cellobiose reacts with assay only'atrhigh concentrations.
Substrqte at a concentration of 5 mM (which is higher thén that
used in the enzyme reaction) with 1 mL assay in-a total volume of
3 mL gave an absorbance of 0.04, which, compared with the

absorbance of 1.38 given by the enzyme system containing 5 mM
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Table 1.

Absorbance of standard glucose solution in the absence and
presence of enzyme or substrate at different concentrations

T = 25.0°C pH : 6.39
* . -h )
Sample absorbance Blank
mL assay; 1 mL emzyme 0 2 mL assay; 1 mL buffe
mL assay; 0.5 mL substrate 0.04 1 mL assay:; 2 mL buffer
]
mL assay; 0.5 mL substrate 1.58 1 mL assay; 2 mL buffer-
‘ 0.25 mL enzyme '

mL assay; 0.3 mL glucose 0.35 " H "
mL assay; 0.3 mL glucose 0.35 " : "

0.1 mL enzyme ;
mL assay; 0.3 mL glucose ¢.35 " ; "

.. 0.5 mL enzyme

mL assay; 0.5 mL glucose 0.58 “ i "
mL.assay; 0.5 mL glucose 0.58 " H "

0.1 mL enzyme
mL assay; 0.5 mL glucose 0.58 " : "

0.5 mL enzyme
mL assay; 0.5 mL glucose 0.58 " ; "
mL assay; 0.5 mL glucose 0.58 " ; "

0.1 mL substrate
mL assay:; 0.5 mL glucose 0.59 " H "

0.5 mL substrate

All of the samples were
3 mL by adding

made up to a total volume of

an appropriate amount of buffer solution.

** Absorbance was measured at 340 nm.

0.556 mM

Concentration of standard glucose (c] =
Concentration of enzyme solution (E)] = 1.2 mg/mL
Concentration of substrate solution (S]] = 30 mM
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cellobiose, 0.1 mg/mL B-glucosgdase and 1 mL assay in the same

total volume, can be neglected without serious error ( 0.04/1.58

1

= 2.5 ).
. The secnnd po§§ibility was eliminated by the folio;ing facts:

c. The absorbance developed by standard glucose was found
to be the same in the presence of the enzyme as ié was 1in its
absence, indicating that in the glucose determination there was
no interference by B-glucosidase. d

d. Cellobiose of a concentration of 5 mM gave rise to only a
1.7 & change in the absorbance given by 0.093 mM glucocse
solution.

It might be concluded that, although the system 1s quite
complicated, the coupled assay reagént can be used to monitor the

continuous production of glucose in the one-step method during

the enzymic hydrolysis o% cellobiose.

'GCM' and 'GSM' procedures

L3

The reaction sequence involved in this one-step method

can be expressed in simplified form as ‘follows:

ks k
E + § —% G ———. A

(1) (2) assay

where E refers to the enzyme, S,‘to the substrate, G to glucose
and A to the compound measured spectrophotometrically at 340 nm.
The total reaction rate , i.e. the rate of change of absorbance

is mainly determined by the slowest step, step (1) or step (2}.

31
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Glucose—-Concentration Method (GCM)

Various possibilities must bhe considered,

e

kad> kg | :

If kp is sufficiently large and kg sufficiently small, even
at the early stage of reactién, when the substrate qonceﬁtration
is large and the glutcose conéen ration-is small, the hyd}olysis
of cellobipse catalyzed by B-glycosidase is the slow step. Once
the glucose is formed, the assay reagent reacts wifh'it
imé;diately, giving a measurablelabsorhance. Therefore, the rate
of the hydrolysis of cellobiose is given by the rate of formatio:
of A, as measured by the change of absorbance. In addition, the
réaction of assay‘with glucoée'is fast enough that the
calibration curve, of absorbance plotted against glucose
concentration, can be used for initial rate calculations without
serious error.

This is the situation that applies at pH values higher than
6.2, when the absorbanceé increases steadily with time, with no

lag phase {Fig. 4)." : v

Glucﬁse—Slope Method (GSM)
ka > kgr but kp is smaller than that under the above
condition.

In this sitaation, at the beginning of the reaction the assay
cannot 'resbond immediately to the form&tion of glucose, bhecause
the amount of gluco;e is too small. In the early peried qf the
reaction the first step is faéfg? than the second one hecause the

substrate concentration 1is much'larger than the glucose
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concentration; thus the amount of glucose in the sysfem, and
therefore the rate of reaction of the assay with
glucose, increases with time. When the rate of the second step
becomes equal to that of the first step, the glucose
concentration and the rate of reaction of the assay with.glucose
réach a valfie that is constant for some time {(Fig. 5).
Therefore, a l&g phase appears in the time céurse, and the curve
of absorbance against time in the lag phase corresponds to the
rate of the second step, not the rate of the enzyme ;eaction. The
straight line portion is related to the rates of both the first
and second step;:'i.e. Kp and kg Therefére the rate of.- change
of "absorbance does not measure the rat 4 f the enzyme reaction.
Because the reaction of the assay reagent with glucose is
slow, being completed in 20-25 mins (see Fig. 3 curve B), the use
of the calibration chve showing assorbance égains& glucose
concentration may cause error in the calculation of the initial
rate. On the other hand the (5e of a calibration curve of initial
.élope against standard glucose concentration gEQes the amount of
glucose present in the system corresponding to the straight line
bortion, which makes it possible to calculate the average rate in
the early period of reaction. The fact that the curves were
always linear after the lag phase was completed‘indicétes that
there is little error in considering the‘ave;;ge rate as the
initial rate. This condition was satisfied at pH values higher

than 5.

Some typical results indicate that the 'GSM' procedure 1is

-



practical. For example at pH.5.35 and 5.00 the Linewcaver-Burk

1 against [S]“l are curves ( one of them is shown in

s

p}ots of v~
Fig. 6) when the initial] rates were calculated trom calibration
cﬁrves of absorbance against- glucose coﬁcentration. However, the
application of the 'GSM' for calculafion of, initial rates gave
lincar of Lineweaver-Burk plots, as shown iﬁ Fig. 7.

It 1is obvious that the enzyme reaction also contributes to
the lag phase when the value of kg is small. - ﬁ)

when kp { kg and kp 1is small the lag phase will be
longer, and when the reaction rate of the assay with glucose 18
equal to the rate of glucose formatiop, tﬁe rate of the enzyme
reaction has changed from the initial rate. Accordingly, the
average rate cannot be considered as the initial rate. Théru
still is a straight portion on the time course, and the amount of
glucose consumed by the assay 1in the lag phase cannot ho

neglected. Thus 'GSM' can not be used at pH values at which the

— '

reaction of the assay reagent with glucose is too s%ow. In the
case of B-glucosidase the limiting pH is about 5.00 .

o

Experlmental comparison of k, with kg

In order to test experimentally the valldlty of the 'GCM' and
'GSM' methods ‘the apparent rate constants k, and kg werc
estimated by the following procedures. The magnitude of kp wWas
estimated from the éinetic studieé of standard glucose with the
assay reagent.

The rates of reaction of standard glucose were mecasured at

-
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Figure 6. Lineweaver-Burk plot for the free enzyme system.
(t-glucosidase) = 0.1 mg/mL; T=24.0°C; pH 5.35.
The initial rates calculated by using the conventional
calibration curve with, absorbance plotted against
concentration.

. ’ 35



0.04

f
1
3.03
0.02
w
r
| ]
=
L
,:\
l>-
0.01
. I ] | | | -
O 2.0 4.0 6.0
[s1™/mMm™
Lineweaver-Burk plot for the enzyme svystem,

Figure 7.

(¢-glucosidase] = 0.1 mg/mL; T=24.09C; pH 5.35, which
was obtained on the bhasis of the initial rates
calculated by using calibration curve with slope

‘Plotted against concentration.
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different concentrations in the same pH range and the same
temperatdre range as that used in the kinetic studies of the
enzyme reaction. The rates obtained as initial slopes of
absorbance-time curves are given in Table 2. The values of kp
were determined from plots of the slopes of absorbancé-time
curves against glucose concentrations and are listed in Tab1; 3.
The constant kg was obtained in the following way. At first
the initia} slopes, kg , of plots of.thelsloﬁés of absorbance-
time curves ag;inst substrate concentrations were determined. The

kr value corresponds to the overall rate constant and is related

to kp and ks by the eguation

1 1 1

(10)

ke ka kg

Therefore the magnitude of k., can be calculated from values of

kT’ and kp . Examples are shown in Fig. 8 and for comparison
-the values of k, and kg at three different pH values are given

in Table 4. In all cases ky is greater than kg; at pH 6.19 it
1s much greater, and at éhe lower pH values it is substanti;lly
greater. The results of af%@hparison between kp and k., provide
powerful evidence for the reliability and the validity of the
'‘GCM-GSM! proc dure.

Furthermore, the glucose-slope method with the glucose-
concentration procedure led to completely self~consistent

results, and gave a similar pH-activity profile of B-glucosidase

to that reported in the literature(46,61,62,111). This method is
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much simpler and less time-consuming than the previous method of
taking samples at various times.

There has been a little work reported on the cantinuous
analysis of glucose and.cellobiose. Morris and coworkers(91)
reported an automated analysis of glucose in serum by mcans of
nylon tube on which the hexokinase and glucose—-6-phosphate
dehydrogenasé are coimmobilized. Day and Workman(92) recently
reported a linked assay system containing glucose oxidase and
peroxidase which -can be used for rapid, continuous kinetic assays
for cellobiose-producing enzymes. Héwever, these procedures have
not been used for studying thﬁﬁx@rolysis of cellobiose.
Danielsson et al.(93) developed a calorimetric assay procedure
for the determination of cellobliose. The cellohiase is
hydrolyzed by B-glucosidase ang the glucose formed is measured
calorimetrically by an enzyme thermistor containing coimmebilized
glucose oxidase and catalase. This method might be used for the
kinetic study of the cellulose degradation or cellobiose
hydrolysis; however the sensitivity of this method is low,
especially for small-scale studies. The present method is.faster
and simpler and it ié suitable for use on the micro scale.

One of the limitations of the method is that Because1of the
rapid inactivation of the assay reagent, it cannot be used
_ satisfactorily at temperatures above 40°C. The methdd is also
unsuitablé for pH values below 5.0, because then the assay

-

mixture reacts too slowly with glucose.
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Table 2.

-

Initial slope of absorbance-time curves for
standard glucose with assay reagent under
different conditions

\PH )
T/°C | (GYuM 5.22 5.50 5.57 5.76 6.19 6.61 6.91
3.71 0.020 0.086 0.118 0.226 0.736 0.992 1.38
18.0( 7.41 | 0.040 0.171 04236 0.453 1.47 1.99 2.75
1 11.1 0.060 0.257 0.353 0.679 2.21 2.98 4.13
14.8 0.080 . 0.343 0.470 0.906 2.94  3.97 5.50
3.71 | 0.064 0.215 0.277 0.524 1.28 1.64 2.12
31.0(. 7.41 0.128 0.427 0.553 1.05 2.57 3.28 4.25
11.1 0.192 0.645 0.830 1.57 3.85 4.93 6.37
14.8 - { 0.255 0.858 1.110 2.10 5.13 6 57 8.50
pH | 5.32 5.35 5.47 5.53 5.92 6.19
7
3.71 0.065 0.098 87093 0.139 0.85 2.06
7.41 0.129 0.192 0.182 0.267 1.69 4.12
24.0] 11.1 0.194 0.290 0.270 0.396 2.54 6.20
14.8 0.260 0.388 0.362 0.525 3.38 8.30
18.5 0.365 0.490 0.448 0.657
pH 5.00
T/°C 8.0 24.0 31.0
[G]/mM
0.0371 0.049 0.097 -0.182
0.0927 0.122 0.251 0.454
0.148 0.195 0.397 0.724
0.175 0.230 0.470 . 0.856
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Table 3.,

Apparent rate coanstant k, for the reaction of
standard glucose with
different conditions

assay reagent under

kyn / division minﬂunq
pH 18.0°C 31.0°¢C p;l | 24.0°C
5.00 La26® 4.90x18 5.00 2.68x10
o
5.22 5.36x10° 1.72x10° 32 1.74x10
5.52 2.31x10° 5.80x10" 5\§/ﬁ 2.64%10
—\‘\,
5.57 3.17x10" 7.46x10" 5.47 2.42x10
-5\.76—/ 6.11x10 1.43x10° 5.53 3.54x10
6'.1'9- 1.99x10 -  3.46x10' 5.92 2.29x10
6;61 2.68x10" 4.43x10" 6.19 5.59x10
6.91 3.71x10 5.73x10" 6.90 3.51x10
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Figure 8-a. Plots of slopes of absorbance-time curves
(e.g. Fig. 4, Fig. 5) against the substrate
concentration. : . ’

{B-glucosidase) = 0.1 mg/mL;
@ellobiose]= 0.2-3.2 mM;
the pH values are shown;

T = 18.0°C.
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Figure B8-b.

Plots of slopes of abscorbance-time curves
{e,.g, Fig. 4, Fig. 5) against the substrate
concentration. :

{(B-glucosidase] = 0.1 mg/mL;

[cellobiose] = 0.2-3.2 mM;

the pH values are shown;

T = 24.0°C,
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Figure 8-c. Plots of slopes of absorbance-time curves
- (e,g, Fig. 4, Fig. 5) against the substrate
, concentration.
- y-glucosidase] = 0.1 mg/mL;
&cellobiose] = 0.2-3.2 mM;
the pH values are shown;
T = 31.09°cC.
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Table 4.

Rate constants kp , ky and kg under different conditions

T/ %C pH 10’k * 10 ko* 10°k * kp/kg
18 6.19 | 200 O 2.26 2.29 87
18 5.56 31.7 1.77 1.87 17
18 5.22 5.4 0.52 0.58 9.2
24 6.19 560 3.05 3.07 182 -
24 5.35 26 2.29 2.51 10
24 5.00 2.71  0.44 . " 0.525 5
31 6.19 346 6.94 7.04 50
31 5.50 58.0 - 4.60 4.99 11.6
31 5.00 4.9 0.88 1.07 4.6

1

* The units of kp., kg and kg are divisions min~ pM_l
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CHAPTER IIIX

INFLUENCE OF SUBSTRATE CONCENTRATION AND pH oN
THE_ KINETICS OF B -~GLUCOSIDASE IN FREE SOLUTION

: /

3.1 Introduction

The hydrogen ion concentration has a very marked effect on

the activity and kinetic behaviour of enzyme systems. Enzyme

" reactions usually have a pH optimum, having a bell-shaped profile

of activity égainst pH, as a result of the dctivation and
inhibitiog of the enzyme by‘hydrogen ions(94).

Based on the pH—act}vity profiles one can evaluate the
diséociation constants of ionizing groups at or near the active
beétre and therefore gain ginformation about the groups involved

in the enzyme catalysis(65,95). Furtherusre, the studies of the

npH dependence of enzyme reactions.can. provide a good deal of

information about the reaction sequence, involving substrate
binding and subsequent catalytic process. From the analysis/ of pH

effects on the kinetic parameters one can determine whether a

_ particular ionizing group of an enzyme is involved in the binding

of ‘a substrate, or in the catalysis of the subsequent reaction,

or both. A éystematic study of the effects of pH on the kinetic

[y

‘behaviour is thus of importance for establifshing the mechanism of

an enzyme reaction.

Some previous studies(15,18,48,49,50,59,60,63,113,116) have
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'been concerned with rnthe influence of pH on the activity of g-
glucosidase, in either the free or immobilized form. However,
only a few(15,48,49,50) have been concerned with the evaluation
of dissociation constants and the identification of catalytically
important groups on the enzyme.'Some results of previous studies
are given in Table 5. The differences among the reported pkK
values are large, up to 2.6 pH units. This is probably because of
the differences in the source of enzyme, in the nature of the

-

‘substrate and in the experimental conditions. No detailed pH
studies have been reported on the kinetics of tge B —glucosidase
catalyzed hydrolysis of cellobiose . In the present work, studies
on the pH dependence of the rate of hydrolysis of cellobiose, at
vgribus substrate concentrations and at three temperatures 189,
24°, 31°C, were carried out with both free and immobilized B-
glucosidase. This chapter will report the results obtained with

enzyme in free solution and Chapter VIII will give the results

with immobilized B8 -glucosidase.,

3.2 Theoretical principles

>

énzyme molecules.contain a number of donizing groupsrwhich
are very important in thé“function of the eﬁzyme. The active
centre usually consists of saﬁé acidic groups such as -COOH and
basic.groups sﬁch as NH,, so that enzymes exhibit amphote¥ric
properties, béing polyampholytes. Therefore, changes in hydrogen
ion concentration, by causing changes in the ionization state of
these.active gréups and in the folding and conformation of- enzyme
2
46



Table 5(a).
A summary of literature data on K, values
for pg—glucosidase

source matrix pH T/°C K /mM \Y Ref.
{MM/mgmin)

Sclerotium rolfsii free 3.5 65 #¥l.5 305 15
4.5 5.6 183
5.5 . 7.3 76
Trichoderma viride free 4.75 S0 2.65 66.2 59
’ 2.5 116 .
2.74 44.6
Trichoderma viride free 5.0 40 1.5 33 7
Trichoderma viride free 4.94 25 2.68 49
Aspergillus niger free 4.8 26 1.5 0.44 63
, ’ A
Aspergillus free 4.8 50 0.75 164 17
phoenicis: '
Aspergillus free 4.8 50 0.8 60
phoenicis (M329 : '
Penicillium free 4.8 40 2 0.4 113
funiculosum Y
Pyricularia oryzae free 5.5 40 0.9 116
Aspergillus " chitosan 4.8 50 5.0 60
phoenicis . :
‘Aspergillus “ alumina 3.5 50 2.7 18
phoenicis
Penicillium poly- 4.8 40 4 0.16 113

funicilosum amide
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Table S{(b).

A summary of literature data on pK

values for B-glucosidase

source T/°C PK, PKy pK_ " PK," Ref.
Trichoderma viride 25 3.5 6.8 *49
Botryodiplodia 40 4.1 6.0 3.65 6.75 i
theobromae Pat 50

Pyricularia 40 4.8 7.4 4.2 7.5 el
oryzae ’ 48
" Sclerotium 65 4.3 4.8 3.2 3.8 *15

rolfsii

* cellobliose as substrate

** ~allobiose and salicin as substrate

*** o_nitrophenyl- B-D-glucopyranoside as substrate

a
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"molecules, will affect the ease of binding of enzyme with

Iy

suhstrate and therefore affect the activity of the enzyme.
Michaeclis and coworkers(96,97,98) first emphasized the
importance of the amphoteric properties of the protein’and first
advanced an explanation for pH effects on the enzyme activity.
Since then a large number of workers have investigated this
problem and vgrious workers have presented the theory of pH

effects in enzyme kinetics.
\ .

von Euler, Josephson and Myrback(99), on the basis of the
proposals of Michaelis and Davidsohn{96) and of Michaelis and

Rothstein(98), proposed the following reaction scheme to explain

the pH effect:

»

EHZS

Later Waley(l100) developed the rate equatioﬁ for this scheme on

the basis of the steady-state treatment: ’

v = - " T — (11)
K. - (H ,
Km(l + 2 . ( J) + (s)il + Kak + S J)
B £H+] Ky \ (u*) K,

i

This rate equation gives a satisfactory interpretation for many
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enzyme reactions. A more general formulation of this problem was

given by Laidler(101) with reference to the fo owing reaction

scheme .
‘ S S S ]
+ Kb + ) Ka +
} 3 ‘

Ky, K, ]

, In this scheme the vertical reactions involving _the extreme

ionized forms of the‘énzyme are included, which was_not taken

into account in the proposal of Von Euler, Josephson and ‘Myrback,
and of Waley. Laidler also discussed the exact conditions under

which it is legitimate to neglect the vertical reactions.

For a more general reaction scheme with two intermediates

s S i S

+ K + Ka +

EH2 m=———= EH —_—

K Ka
X bk X ‘/ k X ak
2 I 2 1 2
, K ' Ka ,
EH,S s=—==== EHS' ==—=== ES’
Y 6k3 Y ‘/ k3 T Y/{ (_)‘.k3
r K




.Kaplan and Laidler(102) developed a general formulation for thé

pH effects on the rate and on the Michaelis parameters;

v = (e} - (5] (12)
.’I‘(m + [S] .
IC = — *2 , (13)
( K (8% . K (84
1 + + +
o) L U
4+ —
( aK, b(H*)\ k4 ( oK, B[H+]\
+ + , '
) K ) | 5 Ky /
. ( Ka '[Hﬂ
. + +
(k_1+k2) (") - Kb)
.k ( ak, b[H*J)
: 1+ r—
- : (v Kp
Km = ’ . (14) -
K, (uh) / K; (Y
(1 + + ,) \1 + + ")
(8%) Kp/ kg \ (1) Kp,

- +
K ( kqko _ Ky, ,
= . (15)
2
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By distinguishing kinetically inessential and kinetically
essential groups and taking into account the possibilities of .
different ra%e—determining steps, Kaplan and Laidler discgssed
different types of pH behaviour and classified them in a table.
The bH dependence of the overall rates was also discussed by
Krupka and Laidler(103) in terms of the nature of the ionizations
of the free enzyme and the enzyme-substrate complexes.

1t should be emphasized that not all the groups participating

‘
in the catalysis are revealed by the pH dependence of the
kinetics; only those groups for which a change in state of
ionizationlhas some effect on thé rate of reaction can be
revealed by a kinetic study.

It is obvious that from équations (13), (14), (15) the
ionization constants in enzyme systems can be obtained from
studies of the effect of pH on kinetic parameters. Theoretical
considerations indicate that the ionization constants obtdined
from kc/Km or V. /X relate to the free enzyme, while those from
ke or V relate to the enzyme-substrate complex.

Usually the i;nization constants are obtained graphically
from plots of the common logarithms pf the kinetic parameters
against pH, generally known astixon plots(104). Acqordiﬁg to
this method, the values of pK are formed from the intersections
- of tangent lines. Similar results can also be obtained from plots

of pK, against pH; these plots, being the difference hetween the

plots of logjgV and log)gV/K, against pH, show maﬁy patterns of
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behaviour. However the graphical methods are reliable only when
the difference between the dissociation constants of ioniiing
groups are several units of pH. In such cases, fairly reliable
estimates of the pK values may also be obtained by piotting the
kinetic parameter itself against pH and ‘finding the pH values at
which it has half its‘méximUm value. If the dissociation
constants of active groups are not well separated, they can be
obtained by the method of Alberty and Massey(105). This method
is based on the fact that the hydrogen ion concentration at the
maximum activity is the geometric mean of the:two dissociation
constants, the latter values being obtained from the pH valués

at which a kinetic parameter has palf its maximum value.
/'v/- s t

i

3.3 Analysis of data: Detétfmination of ‘Ionjzation Constants
For a reaction obeying the Michaelis-Menten equation, the
simplest pH effect can be represented by equation(ll}:

v (8]

v = : (11)

Ky mYy K (H*)
Km(l + + ) + [s)[1 + + = )
(0% Ky, ( (1) Ké

The rate in the limit of high substrate concentrations is

therefore

: |

-~ _ Y
v = (16)
Ky (4™
1 +
+ t
(0] K
i



That at sufficiently low substrate concentrations is

.%*) v 1 .

A}

— = - (17) \\
K Ky Ka +£HJ _

where K, and Ky, are the acid dissociation constants for twé
ionizing groups at the active dentre of the free enzyme, and Ka'
and K,' are the corresponaing dissociation constants for the
groups on the enzyme—éubstrate complex(65,95,106) according to

the following scheme:

S
Ky, . + K
“ b
Ky K
EH25 m—————= EHS =—=—== E§ c
r

enzyme + products

\' and K are the pH—independent'parameters. It follows that
the pH-dependent parameters Rm/ﬁ and 1/6 both vary with pﬁ
according to an equation of the general form

+
Ky  (#7)

= - y (18)
(H%) Kb ’

Y = C(1 +
where C is a pH-independent parameter and Y is either im/v or
I/V . In the forﬁer case K4 and Ky, are the acid dissociation

constants relating to the free enzyme. When Y=1/G , the constants
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Ka and Ky relate to the enzyme-substrate complex or some other
enzyme-substrate intermediate. The analysis of the pH dependence
of the kinetic parameters will therefore give the values of
dissociation constants.

The Michaelis constant K itself éﬁows more complex
behaviour, and has been analyzed in terms of Dixon's plot;
howéver, this procedure soﬁetimes leads to difficulty because of
the masking of the dissociation constants. We have therefore
carried out the analySis of the data using Rm/G' and 1/? . In
general, any graphical method such as the logarithmic Plots of
the kinetic parameters against pH leads to only approximate
values for 'the dissociation constants; for more reliable .values

-

a statistical treatment is necessary.

Statistical analyses of the pH dependence 5& kinetic
parameters were previously made by Wilkinson(107), by Hinberg and
Laidler(108), and by Mazid and Laidler(109). The treatment of
data in the present work is based on the method_of Hinberg and
Laidler, modified and improved by Mazid and Laidler, which
involves the least squares procedure. The deviation D; of the.
\\‘ experimental value Y, of the parameter Y from the value

calculated by thé use of Eq. 18 is

‘ CK, c(u;
Dj_:yi_c— - (19)
* Y, K |
so that .
n n CK c(wY; 2 ‘
v/ a
R R
(=1 i=: [HJ:L Kb



F5Y

: N '.
In order to satisfy the least-squares criterion for the best fit,
that the sum of the squares of the deviatjons 1is minimized, the
partial derivative of ‘this expression with respect to K, is ser
equal rq zero: -

| ; : © O CKy c{H"]. \ ,
= 2 Z (- : ) ( y. - C - - 1) =0 (21)
2K, foe N G 1 (a% Ky, -

Similarly, after partial differentiation with respect to Kiye
. N )

pS

2y . nc(H)yy CK c['H*Ji. .
1 SO R - DR

4

Solving Eg.(21) and (22) for C leads to

n n
Y (y; /(8 | (y:(H%) ) .
.. ) _ ) Uys i) (23)

N v )] E[H*]i+%-i[nﬂi

+ — + K
b

\ -
Sd\CS PR SO (LHfJiz

where n is the number of data points. This gives a relationship

between Ka-and K. Partial differentiation of Eg.(20) with

respect to C gives

4, c(n*]). CK K, . (n'), |
A ORREC I B Y CRCELLT EP

Equathn 23 g1ves expr9551ons for. C as well as the relatlonqhxp

between K, and Kb This equation can be rearranged to give K. r as
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a function of Ky, or K, as a function of K,. Thu§ tﬁe
substitution of an expression for.C into Eqg.24, followed by the
substitution of the:expression for Ky és a function oE'Ka into
the resulting equation, gives a quadratic in Ky and this
guadratic equation can be solved for Kpi Ky can then be
obtained. The solution of ;his quadratic equation is quite
lengthy{ ;nd a computef program in Fortran IV lanquage was used
to perform the calculations. |

.dThe approximate 100(l-g)% confidence contours,as describea by
Drapér and Smith(110), were obtained by finding the values of K,

«

and K, which satisfy the equation

T2 (K . AR S 1 | 2
Y3 (Ka kp) = YDF(KyiKp) - Fleen-ps -q)) (25)

Here Ea and Eb are the d%gsgciation constants obtained by the
least—-squares trea€meﬁt:,the parameter p is the number of
variables,lwhich is 2 in the presert case. The function F is the
dis;ribﬁtion used for the F-test, and tables for this F
distribution are given in statistical texts. The right—hand side
of Eq.25 is therefore known, while the left—hang side is given by
Eq.20 into which the. value of C, corresponding té the least-
squares values.ia.and Rb » has been substitutéd. Equacion 25
therefore yields an éxpression involviqg only the two unknowns K,
and Ky , and this can be rearranged to give- a quadratic equation
in either K, or K,. From the least-squares estimates of K, the
quadrétic Ehén yields the two limiting values of Kps and vice
versa:
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3.4 Experimental Procedure i

By use of the one-step methads, the 'GCM; and 'GSM®
procedures described in Chapter‘ll, kinetic experiments for the
hydrolysis of cellobiose catalyzeﬁ bf B—glucosidase in free
solution were carrled out, at temperatures 18°C, 24°C ard 31°C,

at pH values ranging from 5.0 to 6.9, and at substrate
?

concentrations ranging from 0.2 mM to 4.8 mM. In all.

measurements, the enzyme concentration is 0.1 mg/mL. The buffer
used was 0.2 M acetate-acetic acid. .
]

.The kinetic procedure has been described in Chapter II1. The

rate measurements were carried out'in'a‘thermostatted cuvette

with 3 mL capacity and 1 ¢cm light path. In this reaction cuvette'

-~

1] mL assay reagent was mixed with 0.5 mL 0.6 mg/mL enzyme
solution, and with an apbropriate aliquot of 0.2 M acetate
buffefr at the desired pH valué‘ﬁo make the fina; total volume
3 mlL after adding substrate solution.'Before starting the
reaction, the reaction cuvette and reference cuvette, which

contains 1 mL assay reagent and certain amounts of huffer

sclution and substrate solutidn to make the

mins to allow th:Fmal eduTlibrium togbe attained. [The enzyme

reaction was ther started by the addition of an propriate
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The initial rates, at pH values above 6.2, were caléulated
Erom the initial slopes of the corresponding absorbance-time
curves \hy u;ing a conventional calibration curve with the
ahsorbance plotted against concentration ({ the ‘glucoéc—

: . .
concentration method'). However at pH'values below 6.2, the
initialrratesiwere ohtained as average rates by using calibration
curves with initial slopes plotted against concentration

(‘qlucose-slope method').

!

3.5 Results and Discussion _ "

pH—-rate profiles
/

Tablés 6(a),(b) and (c) list the initial rates obtained at

temperatures 18,02,24.0° and 31.0°C , for different substrate
concentraﬁiqqs ; the plots against pH of_inifial rates are\éhown
in Fig. 9(a), (b) and (c). The initial rates listed in Table 6

are the average values for several ruans.

Lineweaver-Burk plots and Michaelis parameters

The Linevweaver-Burk plots at different pH wvalues for three
temperatures are shown in Fig.10(a), (b) and {c). The linearity
of these plots under all conditions indicates that the kinetic

a ™~
. - . B T Wy . .
behaviour of & -glucosidase cégﬁgﬁy follows the Michaelis-Menten
‘!1“{:; ~ .
. /
. . a . H + b -
cquation. ‘Table 7 gives the Michaclis parameters obtained from

-

such Linewceaver-HBurk plots. Fig.l1' shows the plots of log,qV
against pH and Fig.12 the plots of log,gV/K_ against pH. The
optimum pH for g-glucosidase at tEmperatures 24.0° and 31°C i;.

" between 5.5 and 5.6, which agrecs well with values reported by
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Heyworth and Walker(46), Venardos et al{62), Barker e¢t al.(111)
and by Moyairi et al.{6l), while at temperature 18.0°9 the

optdimum pH is around 5.76 . @

Table 6(a).

.
A

-

: -
Initial rates of reaction of B-glucosidase
at a concentration of 0.1 mg/mL

T : 18:0°C

Initial rates ( v/nM s_ll

pH | 4.99 5.22 5.50 5.56 5.76 6.19 6.61  6.21°

(8] /mM , .
0.200 { 9.17 12.4 17.0  17.0 19.6 13.0 6.76  4.09
0.299 13.9  17.7 25.5  24.8 28.2 19.9 9.96 6.00

0.399 18.6 22.3 32.0 34.6 39.1 - 26.4\{.7 7.83 5

0.499 27.9 44.0 44.3 35.0 16.9  9.78
0.599 25.0 34.3 46.3 47.9  55.0 38.0 21.0 11.5
0.699 30.8 39.0 S2.4 57.6 . 58.7 46.0  22.6 13.8
0.998 41.3 S4.4 -71.5 74.8 87.0  60.6  31.1 19.9
1.60 5g.4 77.5 107  .109 132 85.8 49.6  29.5
2.40 80.7 110 148 142 174 131 73.5  45.6
@ L3
G 3.19 95.2 140 144 190 260 158 94.7  60.7
4
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initial rate v/nMs "

150.01~

100.0~

50.0

T

Figure 9%a.

pH dependence of initial rates for B-glucosidase in
free solutian at different substrate concentrations as

indicated\fnd at T=18.0°C -
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Initial rates of reaction of g-glucosidase

L

Table 6(b).

at a concentration of 0.1 mg/mL

T =

24.0°C

Initial rates ( v/nM 5—1)

5.00 5.32 5.35 5.53 5.92 6.19 6.48 6.90
(s]) /mM
0.200 25.1 32.8 31.0 38.0 27.3 22.1 17.9 10.1
0.299 36.0 47.7 .45.5 53.0 35.8 31.4 25.3 13.9
0.399 45.9 61.1 55.6 73.2 52.4 45.6 34.1 19.6
0.499 73.6 77.2 87.3 68.0 55.1  42.4  24.6
0.599 68.5 82.4 80.6 105 74.9 61.9  52.4  29.1
0.699 94.8 94.5 117 ©70.5 59.1  34.9
0.799 89.0 104
0.998 92.1 138 124 168 O 125 96.0 82.8  48.1
1.60 | 152 225 194 296 201 172 118 74.4
4 . . B \_.
]
2.40 195 286 308 363 278 235 171 108
3.19 234 329 311 435 357 309 208 115
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initial rate v/nMs™
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200

100+

O
« 40

pH

Figure 9b. pH dependence of 1n1t1§1 rates for B—gluc051dasL in
Eree solution at different substrate concentrations as

indicated and at T=24.0%
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-Tablé 6(c).

Initial rates of reaction ofrswglucosidase
1 3 concentration of 0.1 mg/mL
T : 31.0°C

Initial rates ( v/nM s"l)

4| s.04a s5.22 sS.50 5.5 5.76 6.19 6.61  6.91
(s)/mM
0.200 31.2 43.0 S4.1  56:9 52}3. 31.9 22.4 14.8
0.299 45.7 66.8 ' 82.3 B84.8  74.3 55.2  36.7  22.1
0.399 60.2 84.5 107 112 93.0 74.2 47.6  29.2
0.499 70.1 111 118 131 116 84.7  58.1  35.9
0.599 84.1 119 155 isa 137 99.2  66.1 45.8
0.699 | 0133 - 166 180 160 104 77.8  49.2

N
0.998. ;141 193 | 248 254 221 157 114 *72.9
1.60 207 - 285" 372 372 327 232 1s1 116
2.40 286 403 565 493 575 288 220 156
3.19 | 34se  s2i 577 654 278 227

~.Q '
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initial rate v/nMs™"

400.0-

- 200.01—

&

1.60 nM

O\0998 nM
0599nM

0.200nM

Figure

7.0

“ ~

9c. pH dependence of initial rates for g- glu0051dase in
free solution’ at different substrate concentrat1ons as
1ndlcated and mt T=3]1.0%.
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Figure 10a. Lineweaver—B\é—}/ plysots for f-glucosidasc
in free solutYon at various pH values ;
T = 18.0°C. | '
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igare 10b.
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Lineweaver—Burk
in free solution
T = 24.0°C.
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Figure 10c. Lineweaver-Burk plots for # -glucesidasc
in free solution at various pH values
T = 31.0°C. '
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Table 7(a). < ' -
Values of V and under different conditions' 0
for B—glucosidase in free solution 4 '
T : 24.0°C | :
pH vV /riM- 5! ‘g%m/mn
. : V4
5.00 667 £+ 4.5% 5.38 & 4.5%
r ) .
5.32 952 x 4.7% 5.80 %+ 4.7%
. -
> L
5.35 935 + 4.8% - 6.13 % 4.8B%
. )]
. | ot .
5.53 1250 # 3.2% 6.60 + 3.2% .
. . . \ ]
5.92 ' 980 + 4.9% “9.05 +74.9%  ° .
. ’ r
6.19 - 870 £+ 5.3% 7.62 % S.3%
6.48 ' - 714 %.3.1% 7.93 & 3.1%
_6.90 606 + 2.7% 11.96 & 2.70.
+ o .

The errors given are standard deviations, obtained
the method of least squares on the bhasis of the .
Linewecaver-Burk equation. - - ' ’ o

VA ' '
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Table 7(b). . '

" values of V _ and under differentt conditions
for B-glucosidase in free solition

T: 18.0°C ., T: 31.09% i
. _1 Q- T _.1 - o o -
pH _V/nH S Km/mH -V /nM L3 lﬂn/mH
5.00 233 & 3.7% 4.78 & 3.7% 1099 + 1.6% 6.92 + 1.6%
5.22 328 £ 3.3%  5.07 % 3.3% 1370 = 4.2% 6.22 + 4.2%
5.50 526 + 2.7%  6.15 % 2.7% 1923 + 4.5% - 6.91 + 4.5%
5.56 588 + 3.9%  6.58 % 3.9% 1887 + 2.1% 6.47 + 2.1% A
— ’ . \ \ - ‘ ! . ‘\’.#’“
13} . . ) w
5.76 769 + 3.9%  7.85 %+ 3.9%. 1724 + 2.6% 6.68 + 2.6%,
6.19 541 + 3.0%  7.97 - 3.0% 1250 & 5.4% ,4<03 + 5.4%
6.61 323 + '4.4%  9.21 % 4.4% . 926 £ 1.4% 7.49 '+ 1.4%
[N . - .
6.91 208 + 5.3% 9.97 % 5.3% 769 + 2.1%  10.09 % 2.1%
r‘
. Ko
- -
L%
7 -—\//I -
b
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log,(V /nMs™")
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__,_J

3.0
2.8
2.6
2.4

| | | I |

50 5.5 6.0 65 7.0

pH

Figure 11. Plots of log gV against pH for
B-glucosidasée in free solution at three

temperatures.

~ The curves are the theoretical curves,
based on the pK values given in Table 8.
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2.0

Figure 12.

5.5 6.0 . 6.5 . 7.0
pH

Plots of logyg(V/K_) against pH for free
8-glucosidase at tﬂree-tempeqatures. The

curves are the theoretical curves, hased
on the pK ygyalues given in Table B.
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lonization constants of catalyﬁiéallx important groups

The ionization constants of catalytically important groups
were qbtained from the Michaelis parameters at different pH
values. In the prjsent system, Téliable values cannot be
obtained direcELy either from the logarithhic plots of ,Vv and
V/K_ against pH or from pHs at half maximal values of the rates
and Michaelis parameters,‘althOUgh very approximate estimates can
he made and provide a useful check of the calculations based on
statistical treatments. Use was made of a computerized least-

squares procedure, already described above. Table 8 gives the

‘values of dissociation constants so obtained, at three

temperatures. The pK values are those related to the enzyme

itself while pK' values related to the enzyme-substrate complex.

\These values are rounded-off at the first place after the

decimal ﬁoint and the 95% confidence limits for these values were

less than 0.2 units.

Discussion

It seems that the affinity of BR-glucosidase from almond
(Km=5.35-v12.0 mM from the present work) is lower than that of B-
glucosidase from some fungi : Trichoderma viride (K =1.5~2.74)
{(7,36,49,59), Aspergillus niger (Km=l.5 mM){63), Aspergillus
phoenicis (K,=0.75~ 0.8 mM)(18,60,213), Penicillium funiculosum

(Kp=2 mM)}(113), A.funigatus (K _=0.84 mM)(1l1l4), and Lenzites

trabea (K _=1.64 mM)(11S). .

The pr values about S at 25°C suggest that a carhboxyl group
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Table & ..
- . P .
La ’
Dissociation constants for free enzyme obtained v
o by use of statistjcal procedures
Temperature. * Free eniﬁme . Enzyme-substrate
(°C) o . ' complex
R .
PRy PKa Py’ PX,
.18.0 5.440.1 6.0£0.1 5.3+0.1- 6.3+0.1
24.0 4.910.1 6.4+0.1 | 5.0%0.1 6.5£0.1
31.0 4.920.1 6.4+0.1 4.8£0.2 6:,6+40.2

The errors quoted are 95% confidence limits, obtained from

the c0mputéffbed least-squares treatment described in

/

the text.
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is involved at the active center, which 1is catalytically'active
when in the basic form -CO00~ and inactive in the protona&eq
form -COQH. The other activé group, corresponding‘to tHg pK,
value of 6.4, is presumably an imidazole group, which is aiéive

in its protonated form. The dissociations of B~glucosidase may

theréforg be represgntéd schematically as follows:

The pKy values at three temperatures are little changed when

——e.

the enzyme—-substrate complex is formed, suggesting that the
carboxyl group is probably not directly involved in the binding
of the substrate. However there is some change in the pk, values

on complex formation; in addition, K of which the pH dependence

ml

as a plot of pKj against pH is$ shown in Fig.13 , increases with
- . / ~ N
pH; this means that the affinity of B-glucosidase for cellobiose

decreases with pH, suggesting that the imidazole grbup is
probably implicated in the biﬁding of substrate to form the
comp;ex.-On the other hand, the pH dependence of log V (Fig. 11)

v - . .
with a max}mum at around pH 5.6 indicates that both active

]

R

- . . ’ =
‘ - ! ‘/
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P(Km/mM)+3

2.50+

2.30
2.20r
2.10

2.00

1.90

180k ! L 1 L _
4,50 500 5.50 6.00 * 650  7.00

Figure 13. Prots of pKL . against pH at three temperatures
~=-{)--- 18709C; ---O--- 24. 0°¢c; --A-- 31. o°c

-
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g;oupsr_the Eafboxylate group anq the imidazolium group are -
{;volaed in the decomposition of the engyme-substrate complex.

— In the 1literafure various pK values for qftalytically
impoptant groups on B-gihcosidase have been reported. Magui;e(4§)
~QeEI:;ined the pK values for B—glucésidase from Trichode ma
viride, being 3.5 and 6.8 , ahdﬂsuggested that a camgpxylate
group and a protonated nitrogen atom of an imidazole group of
histidine play the catalytic role in the hydrolysis of
cellobiose. Umezurike (Sd) has reported pK.values of 4.1 and 6:0
for .the enzyme itself, and 3.65 and 6.75 for the enzyme-

s _
substrate cbmpleg, with B-glucosidase from Botryodiplodia

theogromae pat, and also suggested that éarboxyl and imidazole
groups are responsible for the hydrblysis of p-nitrophenyl-B-D-
glucoside, leoyama and coworkers(48) reported .2-4.8 and 7 4-
7.5 for the pK valuessand considered that+*the carboxyl group is
strongly implicated in the formation and 'dissociation of the
enzyme—subj‘rate comple; for 8-g1ucosidase of P.oryzae, and that

the ionization of an 1mldazole group or sulfhydryl group is also

responsible fér the hydrolyses of sa11c1n and cellobiose.

l
i

" However, 1in contrast, "Shewale @nd.Sadana (15} recently
meas;red pK wvalues of 4:2-4.3-and 4.7-4.9 for the free enzyme,
and 3.2 and 3.8 ‘féf thé anyme—sdbstfate-complex, with B-
giucosidase from S.rolfsii, and suggested that only the
carboxylate group is involved in the catalytic role. On the basis
of the variation of Knr which is greater on both sidés.of the

optimum pH,. apd on the basis of the variation of lbg vV  with pH,

g -~ 77
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they proposed that the ionizing g%prs in the free ?Szyme control
the binding of the subsgggte and also the next step, ghe
- decomposition of the enzyme-s;bsgrate;complex. |

The fcsults obtaihed from- the present studies on the pX
values, and on thes.entropy change AS and the enthalpy ch;ngezgﬁ
associlated witﬁ these ionization processes (which will be
discussed in the next chapter), suggest that a carboxyl group and
an imidazole group are #ﬁqolved at .the active centér. The
?midazolé group may 'be responsihléhfbr both the formation and
decomposition of enzyme-substrate c0mplex; while the carhoky].
gfoﬁp is probably only'implicated‘in"the spliQting of.the bond in

the complex.
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CHAPTER 1V

THERMODYNAMICS OF THE IONIZATION PROCESSES

OF g—GLUCOSIDASE IN FREE SOLUTION

4,1 Introduction

The studies oé the pH dependence of the kinetic parameters
make' possible the evaluation of disscciation constants and lead
to'suggestions as to the identity of the ionizing groups
constituting the active center of the enzyme. However, 1in order
to obtain valuable information about the mechanism of enzymic
reactions, the systematic studies of pHAefEects on the detailed
kinetics must iﬁclude also an investigation of the effect of
temperature on the iqnizations Of, the active groups; this
provides the thermodynamic parameters for thé dissociation
processes. Unforﬁunately‘féﬁ préquug studies on-the
températufe dependence of the ionization constants have been
made for any enzyme system; therefore the thermodynamic
quantities, enthalpies and entropieg'of the ionization processes
“are not available for most enzyme‘systems. )

With the pdarticular object of igvestigaﬁing the temperature

dependence” of the dissociation constants, the kinetic

i .
measurements were carried out at different pH values for three

I
/

temperatlres, 18.0°, 24.0° and 31.0°C; and the results were
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analyzed to obtain tﬁe'enthalpy changes and entropy changes
accompanying the dissociatiops'of catalytically active groups in

the free enzyme, and the corresbonp&ng values for the
P il N '

. . L]
, dissociations of the enzyme-substrate complex.

—— . *

]

~

4.2 Values of the thermodynamic parameters M,, NS, associated

with ionization processes

' ¥

Figure 14 shows the plots of four pK values against i/T. The
enthalpies AHg4 far the dissociation processes were obtained from
the slope of these plots, according to the van't Hoff equation |

. \,'
d. InK ARy

dT RT?

—

The entropy changes ASy for the dissociations were obtained from

the slope of plots of AGyagainst T {(Fig. 15)

a

! d AGg
—_— = —Z}Sd - . -
- dT .

. »
’

Table 9 lists these thermodynamic parameters So obtained for free

g—glucosidase and the enzyme-substrate complex. s
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Table 9

Thermodynamic parameteérs for free B—gluc051dase

and for the enzyme-substraté complex -
PK(25.0°9C) t AG{25. 009), AH Asd
f kJ mol ‘kJ moT J k" lmo1™!
1 - }
Free enzyme: 1 ! 5
: |
PKy, 5.0 : 28.8 r h1.3x12 109441
Pk, 6.3 ~35.9 . —48.5%9 -283136
! !
3 ;
Enzyme—-substrate é 1
complex: : i ‘
. :
| | | 5
PRy . 5.1 i 28.9 I 60.8+27 | 107+62
vl ; I |
: ! b, j
pKa". 6.5 . 37.0 | -35.5+21 | -243+66

The error was estimated as ‘the difference between the

largest and smallest slopes which could arise on the

" basis of the values of pK or AG.
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4.3 Discussion,

The most significant feature of the thermodynamic paramcters

ohtained (Table 9) is that there is a large entropy increasc

associated with the first ionization, for both.the enzyme and the

enzyme-substrate complex. An entropy decrecase, of even greater
magnitude,is associated with the second ionization. For the ionic

dissociation of a simple neutral acid sdch as acetic acid there

F

is always a substantial entropy decrease, owing to t he
‘ N .

»

electrostriction of water molecules by the ions preoduced from the
neatral molecule (117). For the ionic dissociation of a cationic

acid such as NH there qs a much smal]e:wﬁntrnpy change, since

o4

an ion has given rise to\qn ion and a neutral molecule(117). The
. "

following table(183) giveQ‘the values of AHS and AS°fnr the

dissociation process of some simple neutral and cationic acids.

AHYKI mo1~1 DK nsy3 klma1”! 1/0
=4 ' ‘
CH4COOH 2.0 '4.762 -84.5 10
NH 52.5 9.90 -0.9 5
CH4NHY 54.0 11.31 -22.2 5
imidazole 36.7 6.993(pK;) -i0.5 25

i N -
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Since.the X-ray structure of B-glucosidase is unknown, no
firm conclusions can yet he drawn as to the nature of the
ionizing qroups at the active centre of this enzyme. The pK
values of 5.0 and 6.3 that have been obtained in the present work
are consfstg;t with thase obtained by other workers(48,49,52),
.and if has usually been supposed that a carboxyl group and an

imidazole qroup are involved at the active centre. The active’

centre at an intermediate pH value would thus be as follows:

HNY=CH

) I |
- 1
COoO HC N

| i

The -CO0™ group plays the bhasic role, and the imidazole group the
acidic role, in the catalytic process. Alternatively, one

investigator(l5) has suggested that two cafhoxyl groups are
involved, one in its protonated form and the othg;iin its
unprotonated form: T
Ccoo™ COOH \

~

/'

However, this suggestion is based on ork with aﬁ enzyme

preparation obtained from S. roefii; in this study the qK values
ohbtained were 4.2 and 4.7, substantially lower than th% values
ébund in "the present work and in ofher.investigations(48,49,52h
this suggestion therefore may not apply to fhe present enzyme.

In view of the uncertainty as to the nature of the ionizing

o



groups at the active centre its is impossible at thq present time
to draw any firm conclusions from the entropy changes observed.
However, some comments may he useful. The qrﬁﬁp of pK ﬁJlié
probabhly a carboxyl group, and if its ionization were a simple
one there would bhe an entropy decfeasd, as a result of the
électrostriction of water, .as previously noted. There is,
however, a suhstén;ial entropy increase for this ionization. This
may he due to structural changes occgrring at the same time.

The suhstanﬁial entropy decrease of -283 . K™ lmo1 ] that
occurs in the ionization of the seénnd grnuh‘i% consistent in
sign with the ionization of a -COOH groap, but the maqnifude of
the changé is much too great. If the group is a(;imidazole ring
the entropy chénge is of the wrong sign tn'hc‘exp]ainéd by a
simple ioqization process. In either ca%e the results cannot he.
explained except in terms of complications such as interactions
hetween chafged groups.or structural changes in the enzyme.

Further elucidation of this problem must awalt structural

. €
work on the enzyme. The entropy and enthalpy values obhtained afe,

b [ . . . . . ¥ .
however, of significance ih connection with the temperature and

pH effects to be discussed in the next two chapters. .



CHAPTER V

TEMPERATURE EFFECTS WITH FREE  B-GLUCOSIDASE

5.1 Introduction

. Investigations of temperature effects on enzyme kinetics, by
p}ovidihg the details of ki%etic constants and thermodynamic
parameters such asjenthalples and/ghtroples, can throw l1ght on
the details of enzyme-substrate 1nteract1ons, and therefore on
the mechanism of enzyme action. Such investigations make a very
sigqificant'contribution to the undergténding“of the. kinetics of
enzyme systeﬁs. - B 2 o
It is well known .that the overall rate of aﬁ enzyme —
—catalyz;d reaction paSses through a maximum as the temperature is
increased. This universal phenomenon of the optimum_température.
for an enzyme sysfem is.due t+o the fact that raising the
tempefature affeéts two independent processes, ﬁﬁe catalyzed
Eeactioh fts%lf and tﬁe thermal inactivation of the enzyme.
Usuall}.the thermal inactivations of enzymes have muék higher
temberature coefficients than do the ;iiyme—catalyied reactions .
In the lower temperature range, the inactivation is slow compared
with the enzyme reactjion; the overall rate therefore increases
with increase in temperature;as with ordinary chemical‘reactions.
However, at higher temperatures inactivation becomes more and

cr
more important, so that the concentration of active enzyme falls
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during the course of reaction; this results in a decrease in the
overall reaction rate..

Most kinetic studies with enzyme systems have been performed
at a single temperature, or else the temperature effects were
limited to a single pH to give an estimate of activation
energies; "Asg mentiéned above, gsydies'of temperature effects on
reagtion rates can.providelimporhait information abhout the
reaction mechanism. However, enzymic catalysis 1is very
lcomplicated and is controlled by the ionization states of the
"éctive groups on the enzyme,'whiéh in turn depend on enzyme
ionization Jonstants and the pH of the system; the " rate constant
of an enzyme-catalyzed reaction is therefore a complex function
of tempeﬂéture, pH and the pK values.. It is thus desirable to
carry out studies of temperature effects not at a single pq; but
over a range of pH values, in oréer to obtain valuable

'

information about the intermediates and the mechanism of the

reaction.

In the present work, the kinetic measurements with fg-.

glucosidase were carried out over a temperature range at
different pH values and the results were analyzed to obtain tﬁe
enthalpies of activatfon and entropies of activation at different
pH valueé. The theory of temperature effects on the ra?%s of

enzyme catalyzed reactions provided a good interpretatidn for the

non-Arrhenius behaviour, but could not'give an explanation for

the depéndence‘§?>activation energy on pH. A unified theory of.

-
both pH and temperature effects was therefore developed and will

: 88
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he discussed~in the next chapter.

5.2 Theoretical principles

9] L) ) . K -.

The kinetic equation for an enzyme-catalyzed reaction 1s
always complex, contaiTing at least three kinetic constants. In.
the simplest case, when the simple Michaélis-Menten mechanism

.

applies, the rate equation

GEXS)  Ka(E(s)

Kn +(S) k_y+ko

(1)

v =
+ [S]

K1
involves three rate constants kl' k—l and ko. These individual
rate constants vary with temperature according to the Arrhenius

equation:

s k = A ¢ E/RT (26)

where E is thé‘energy of activation for the reaction and A is

the pre-exponential factor. The variatién with temperature,af

the overall rate, v, for an enzyme reaction is therefore.-
complicated, and the plot of the leogarithm of the raée agai?st

the reciprocal of the absolute temperature may.be linear 6r

cu;:ed depending uqln-the relative magnitudes of .the individual

rate constants. The observed activation-energy may correspond to-

one of the individual activation energies or be a functionfof

more than one individual activation energy.

- } |



For example, for the simplest case above,~the limiting rate

at low substrate concentrations. is

kyky

Vo = [E]o(s] i S 2
k 1+ 2 T .

v

The second-order raté'constant ko' equal to klkz/(k_1+k2),1s

composite so that it is not necessarily the case that the
Arrhenius equation will apply to it directly. There‘are: however,
two‘special cases under which this cémposfte constant will Qbey
the equation;

(1) When ko2 k_q, k_;\may_be neglected in comparison with k.,
so that kg is equal to kjy. Thigimeans that the rate constant for
the overall reaction at low sdbgtrate concentraEions is simply
that for the first step, the formation of the complex. The
Afrhenius equation should d&pply to k . and the observed
activation energy corresponding to ko will be E;, the activation
ienergy fbr the initial éomplex formation.

(2) When k-i>>k2' the constant ké is now equal to kjky/k_;.
The applicatfon of the Arrhenius equation to the individual rate

.consténts k&, k5 and k_1 leads to

k 4k A.A
1X2 _
K = - - 172 o-(Eo+Ey~E_1)/RT

In this extreme case, the Arrhenius law should also apply to this
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composite constant ko i.e. (kjko/k_3), but the activation energy
for k, does not correspond to a single elementary step; . it is
the sum. of the activq}ion ergy E, for the second step (EA —

E+P) and the total energy increase Ej-E_, -for the first step

(E+A == EA). ' oL '
{”*\\\ngfses, the plots of logloko}/against 1/T will hot” necessarily be

P

linear and the observed activation energy E  is related to the

individual values by the following equation(65):

Eq = {28)

k__1 +Kz

In other words, the ovefailtactivatioﬁ_energy Eg is the weighted

o

-mean of the valhes Ey) and. Ej+Ep-E_, for-fhe extreme cases-(l) and

(2), the weighting factors being

4

—_— and ~ ——m—— ‘
k_1*ka s koytkg |

The overall activation energy. will therefore vary with
temperature and the plot of log v against I/T'will be curvedﬂ

In thé investigation of temperature effects, alcéreful
analysis of kinetic data 1is Emportant for ob%aininé correct

information as to the reaction mechanism.

5.3 Experimental measurements and Results
The materials and- kinetic procedures used for the present

studies-are essentially the same as those given in Chapter II and
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.
'fIi. The methods for the calculation of initial rates have been
described in Chapter If. The calibration curves were made for
each Femperature used in the kinetic measurement, with standard
glucose solutions.

Rates were measured at eleven temperatdres ranging from 10°¢

to 37°C, and at an enzyme concentration of 0.1 mg/mﬂ, for a

variety of substrate concentrations ranging from 0.2 mM to 3.2

-

r“Mn

_ . .
‘Temperature_dependence of initial rates and Michaelis parameters

The initial rates obtained at different temperatures and at
pH 6.39 are 1isted“in.Tab1e 10; sdme of the initial rates are
shown in Figure 16 as piots of logy gV against 1/T. Sﬁch plots
consistently show a change in slope., andl appear to consist of two
straight lines with an intersection at about 23°cC.

The Michaelis parameters (V and K} at the eleven
temperatures were obtained from the corresponding Lineweaver-Burk
plots, examples of which are shown in Figure 17. The values of V.
and K are listed in Table 11. The temperature dependences at pH
6.39 of-Fhe Michealis parameters are shgwn as Arrhenius plots in
Figure 18. These plots also show an intersection at 239C. The
intersections in Arrhenius plots indicate that there are two

temperature regions with different activation energies for free

-

.B-glucosidase, one below 23°Cc and another above 239C. Some

1

previous stﬁdies have also reported a transition temperature;

Mayaiki et al.(6l) obtained an intersection at 27°C, and Venardo
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Table 10,

Initial rates of reaction (nM s_l) for free p-glucosidase at a

concentration 0.1 mg/mL at various temperatures and at.pH 6.39

TC 10.2.13-0 15.2 18.1 20.2 23.0 25.2 28.0 31.0 34.0 37.0
(s)/m
0.200 4.73 6.07 8.60 11.4 12.3 18.1 21.7 25.7 31.1 43.5 50.6
0.299 6.69 9.09 12.3 16.1 18.9 26.9 31.3 40.9 47.6 66.2 68.6
0.599 .8.82 11.9 '16.1 21.3 24.3 32.8 40.8 59.1 58.2 76.9 91.4
0.499 li.l 14.1 19.8 25.5 30.8 41.6 50.7 63.5 71.7 94.3 106
0.599 13.6 17.6 22.5 31.0 50.9 57.4 70.7 84.6 118 120
0.699 15.4 22.7 27.7 34.4 43.9 60.9 67.9 81.9 94.0 138 122
0.998 23.9 34.1 41.4 52.) 62.6 82.1 99.5 120 144 184 202
1.60 34.7 44.9 58.3 77.8 96.4 122 146 166 205 254 304
2.40 47.5 62.6 78.7 105 .133 162 190 - 230 266 324 401
3.19 59.8 80.2 105 139 158— 197 228 279 307 385 439

a3
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3.2 3.3 3.4 3.5

10>/ (T/K)

Y

Figure 16. Arrhenius plots of the initial} rates for free
B-glucosidase, at pH 6.39 and at the substrate

concentrations indicated.’

94



6.02

8.81

8.8l
o 8.005
8 ‘ L ‘ ! 1
. 9
8- 1.5 3 45 6
(571 /mre!

‘Figure 17. Lineweaver-Burk plots at different temperatures for

free enzyme [E] = 0.1 mg/mL, pHB = 6.39
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Table 11.

Values of V and K for the free enzyme:[£]= 0.1 mg/mL;
at pH = 6.39 and at various temperatures

Percentage error in both V and Km<:t5%

T v Ky,
( °c) ( o s~y ( mM )
10.2 256 10.91
13.0 303 9.65
15.2 370 8.74
18.1 476 8.58
20.2 556 8.44
23.0 690 7.63
25.2 . 730 6.69
28.0 909 6.82
31.0 1010 6.40
34.0 1234 5.85
37.0 1408 6.03
96



4,01 23
55 kJ mol™ 6.+109,5(V K /s )
3.5 Jd2.0
1
39 kJ mol
3.0k~ —1.9
/ .
1y, L=
log,o V /nM s b
2.5¢ J1.0
' ] 1 1
3.2 3.3 3.4 3.5

10°K/T

Figure 18. Plots of.-1 10\! and of logip(V/ ) against
1/T, [gﬁ = 0.1 mg/mL 10 pHKT=n 6.39.



et al.(62) at 45°cC.

The reaction rates?(ere also me&sured at different
temperatures (182, 24° and 31°C) for 8 other pH values. The
results, the initial rates and the Michaelis parameters pave been
given in Table 6 and 7 in Chapter III. Some of the results,as
plots of loggV, log;gV and logyogV/K, against 1/T for diffefent pH
values, are presented in Figure 19 and Figﬁre 20. It is
interesting to note that all of these'plots at diffe:égzwpﬁ
values consistently show a change in slope. The change in slope

becomes much more pronounced as the pH value either ‘increases or

decreases from the optimum pH value.

Activation energies and entropies of activation

The activation energies obtained at different pH values are
given in Téble 12. The véiues designated E_ are those obtained
from the plots of log;qgV against'l/T, which means that they were,
obtained from rates when [S]))Km; the subscript £ indicates the
activation energy in the lower temperat&re°range (below 23°C) and
h that in the higher temperaturg range (about 23°C). The Eg,p and
EO,h values are those obtained from the 1og10(V/Km) plots, that
is, obtained from rates when [SJQ{Km;

Figure 2] shows theH;ariations of the activation energie§J
with pH. It is to be seen that Ec,h and Eo,h' the activation
energies in the higher temperature range corresponding either to

V or to'V "/Km' do not vai‘y much with pH: The activation energies

in the lower temperature range, Ec, g and E, o pass through a
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Figure 19.* Plots of log ov against 1/T at various pH values
(a) pH 5.00 " (b) pH 5.22 (c) pH 5.50 (d) pH 5.56
(e) pH 5.76 (f) pH 6.19  (g) pH 6.61 (h) pH 6.91
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Figure 19(c) pH = 5.50
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Figure 19(e) pH = 5.76
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Figure 19(f) pH = 6.19
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Figure 20. Plots of lOQéOV and of 1og101V/Km) agaiﬁﬁfll/T
at various pH values :

(a) pH 5.00 _, (b) pH 5.22 (c) pH 5.50 (d) pH 5.56

: {(e) pH 5.76 (f) pH 6.19 {g) pH 6.61., (h) pH 6.91

’
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Figure 20(b) pH = 5.22
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Table 12.

Activation energies at different pH values
Estimated error < 16%

-1 -1 -1 =1
Ec,sz‘] mol Ec.l /kd mol Eo,ﬁfk‘] mol .Eo,-hfk‘] mol

137 ' 4 54 129 27
119 55 116 | ' 37
99 50 94 ) 43
90 44 88 48
59 44 ' 70 . 44
S5 a2 65 ' 47
54 39 73 _ " 55
89 42 .' | 92 57

112 48 112 48

The error of <+ 6% was estimated from the errors in
vV and V /K ( Table 7 ), by determining the
largest and smallest slopes that could arise on

the basis of these errors.
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Plots of the activation energies against the pH. The
subscript £ refers to temperatures bhelow 23°C, and h
to those above. The first subscript (O refers to
valués obtained from rates when [s]@fkm; the
subscript c relates to [s]» K.

Figure 2].
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A

minimum at around pH 6.

Using a molecular weight of 85000 for B'—glucosidase (44),
entropies of activation gs were calculated on the basis of the

transition-state equation

—_—

1

kT -
eZS/R o~E/RT (29)

k = e
h

The values obtained for different pH values are shown in Table 13
and are plotted against pH in Figure 22. Again there is little
dependence °fi§so,h and [§Sc,h on pH, but the [§80’2 and Zisc,i
values pass through a minimum at around pH 6.

-

5.4 Interpretation of Arrhenius behaviour

The existence of the intersection at 23°C in the Arrhenius

-

plots, found at both low and high substrate concentrations, can

be explained (65,123) in terms of a mechanism involving a“"second

iQtermediate: : ,
k oo
-1

L4
L 3 11,‘

Application of the steady-state treatment leads to

kLK
23
——(E)[s)
v = - (5}

_ k_y+k k

kq ko+ky
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Table 13.

Entropies of activation at differYnt.b

Estimated error { 10 J K~

pH  £5c,/3 K mo1™ #5.4 /0 K mor ™t

mol

i

lfso.g /J K_lmol_l

values

/.‘

e

A'SQA JA K-Imol—l

5.00. 203.9 -75.5
5.22 | 145.; _ -70.3
5.50 115.1 -85.6
.5.56 82.5 -105.8
5.76 -89.6 -106.4
" 6.19 -66.5 -115.6
6.39 -74 -125.9
6.6; 43.3 -114.9
6.91 116.6 _ -98

221

180.1

137.7

11428

91.5

154.8

-123.5
-87.5
-68
-50.1
-6321
-57‘.5
-32.5
-26.9

-59.8

<

The error of <10 J k™1 mol_l is consistent with the

estimated error in the activation energies ( Table 12 ).
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Figure 22. Plots of entropies of activation A'S against pH.
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where [Elb‘is the total enzyme concentration. The rate in the

limit of high substrate concentrations is therefore @
k 5k ‘
‘ 2" 3
v = ——(&], (6)

while that at low;substrate concentrations is
, .
kiko - :
1™2
vy = (E)q(s] (27) -
,k_l +k2

The rate coefficient of the overall reaction contains two or

three rate constants in these cases.

The experimental activation energy E, isldefined as

'd 1In -k
d T

where the k is the rate coefficient'of the overall reaction. For

-

the limit of high substrate concentration °

k 4k
2%3 .
k = k [ - (30)
c :
k2 +k3
or 1n"k = In ky +In k3 - In(k, #k3) g
hTherefore,
Ea —.H In k2 . d 1ln k3 _ d ln(k2+k3)

rTZ ° dT aT : aT
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1 d k, 1 d ks 1 d ky, d ki

= + - { + )
. k2 dT k3 dT . K2+k3 dT daT
_ k3 d ln k2 .. .‘g_kz d 1ln k3
k2 + k3 dT 32 + k3 dT

The temperature dependences of the rate constants ko, and k45 are

given by
= and = -
dT RT 2 , 4T RT 2
Thus | N
kLE +-k E
2"3
E = i_Z___ (31)
a
k2 +k3 »

The observed activation energy at any temperatﬁre is thus the
weighted mean of the values E, and.E3, the elemenfary activation
energies;, the weighting factors being k3/(k, +k3) and kz/(kz +k 3)
respectively. |
Similarly for the limiting rage at low substrate
concentration |
k_l(El+E2—E_l) + kyEy

E. = | S (28)

r

the weighting factors now being k-l/(k-l+k2) and kz/(k_l+k2L
The weighting factors vary with temperature; the observed

activation energy therefore varies with temperature and the
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Arrhenius plot will be curved.

However the variation of activation energy'with'pH can not be
interpreted in terms of equations (28) and.(31L A thecretical
treatment involﬁing a consideration of‘both pH ahd temperature

effects on the rates of enzyme-catalyzed reactions was therefore

developed and will be discussed in the next chapter.

5.5 BEnthalpy-entropy compensation effect s

-

It has been shown that both the activation energy and the
entropy of activation in the loweF témperature range pass through
a minimum at about the’optimum pH. The actual rates show a
maximum at this pH, and in the case of the results at the lower
temperatures this isﬂlargely due to the variations in activation
energy. However, there is a partly compensating variation in the
entropies of activation. Figure 24 shows the plots of enpfgpy of
activation against the activation enerd}.

The plot shows that the enthalpy-entropy compensation effect
in the present system is very striking. This is to be attributed
(124) to structural effects accompanied by changes‘in vibrational
frequencies and restricted rotations in the enzyme molecules. A
pH change that brings about a loosening of-the enzyme structure,
for example, and which therefore gives an entropy increase, will
at the same time produce an enghalpy increase because of the
necessity for the Breaking of secondary bonds such as hydrogen

I

bonds.
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CHAPTER VI

UN’IE‘IED TREATMENT OF pH AND TEMPERATURE EFFECTS ON
THE RATES OF ENZYME-CATALYZED REACTIONS

6.1 Introduction

. The pH effects  and temperature'effects'bn the kinetics of g -
glhcosidase have been discussed iﬁ ére ious chapters. Tﬁére hav%
been a number of\t;eatments of the inguence of-pH on the rates
of enzyme reactions, for various mechanisms. Temberaturg
depéndence’has also been treated for a variety of enzyme systems,
including those in which there are two intermediates.

However, these treatments were coneerned either with pH or
with temperature effects; ;o far no unified treatment of both
effecgé_appears to have been bresehted. The rate constant of an
enzyme reaction is a complex‘function of tempefature,.pH and
dissociation ronstants of active groups of the enzyme; as a
resﬁlt the effects of pH and temperature are interrelated. In.
soﬁe situations a proper understanding of the kinetic behaviour
of enzyme .systems can only be achieved if both effects are
"considered’ together. For example,-in the-pfeéent work on £ -
glucosidase the non-Arrhenius behaviour can be interpreted in
terms of a mechanism with two intermediates, but the values of
activation energies for individual steps, which were estimated by

a successive approximation procedure, vary-with pH; the

‘experimental activation eﬁergy measured at higher temperatures

(ﬁ“\

-
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showed 1little pH dependence, but values measurea at lower
temperatures passed through a minimum. This behaviour can not be
satiéfacéorily interpreted without considering pH and temperature
togetﬁer.
Cooperative effeqps of both pH and temperature Wwere therefore.
considered and a unified treatment of both effects was debeloped
Equations were obtained whiqh indicate how the apparent
activation energydvaries with pH and temperaturé, for one-
intermediate and two-intermediate méchanisms.,This chapter
aescribes this new treatment and its application to thé results
on B—glucosidase. The unified trgatment will first be diécussed
with reference to the oné;intermediate mechaniSmf then a similar

treatment will be applied to the two-intermedia@ﬂfﬁechanism.

6.2 One-intermediate mechanism

The simplést single-intermediate mechanism which accounts

for pH dependence may be written as

EH +.P U

Here EH2, EH, and E are three ionizing forms of the free enzyme
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and BHZS, EHS and ES are three forms of the enzyme-subhstrate
complex; the K's are the acid dissociation cdonstants. The steady-

state rate 1is

ko (E)o(s)

+ -+ ° ' ]
(1) K CR K.,
K, 1o — )+ (S ]¢ +1 0+ — )
Ky, () Ky (1)
2 - k"1+k2
where Ky = ——— and fEJO is the total enzyme

. k1 | //

concentration.

High substrate concentrations

o

For limiting high substrate concentrations the rate,

‘Yesignated as V , becomes . ' -
ko(E), - ‘
V = ; (16) o
(1) K"
+ 1 +
1 [Tl
K, (HY)

=3

The temperature dependence of k, can be expressed by _the

Arrhenius eguation

~E,/RT

where the activation energy E, relates to the reaction nf the
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enzyme-substrate addition complex. Similarly the temperature
depéndences of the equilibrium constants K;' and Ky may he

expressed by the van't Hoff equatiors

' ] . '
. DSa/R <H[/RT | </ H,/RT
Ka = e e = Bae
and‘
F
l'. [ t
, NS /R =/ H/RT , TOHL/RT
Kb _ G 1c] _— Bhe

The entropy changes AS and the enthalpy chénges_gH can be treated
as constant within ; faifly small tempefagii?”range,although in
aqueous systems there are siénificant variations overla wider
range, as a result of changes in the structure of water. Whereas
'E2 is necessarily a positive quantgﬁy, the enthalpy changeé 43H;
' »

and AHp' may be positive or negative; details are considered

later.

Dependence of apparent activation energy on pH

A ‘general expression for the variation of activation energy
. - .

with pH. may be obtained as follows. The apparent activation

energy F at any temperature -is defined by the equation

pp

d 1In v E
a
dT RTZ .

Differentiation of the logarithmic form of eq. {16) leads to
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-

(H') d 1nk: K," d lnk]'

a
d in V d Ink, Ky, ar (n") ar
= + !
aT dT (W) K,
+ +
Ky, (H")
The apparent activation Gnergy Ec,app under these conditions
.is thus
+ ’
[H ] ' Ka “r
AHb - R A a
Kp,' _ (#')
Ec ap = E,¢+ {33)
‘ P ;\“+] Ka, - o
+ 1 + .
' [43F
Ky, (%)

Itr follows that the apparent‘activation enerqgy 1s pH
dependent  At sufficiehtiy high pH valugs the_£erm Ka‘/[Hj
predominates in the second term of equation (33); the activation
enerqgy i; thus EzﬁQH;-At very low pH values, on the other hand,
the term [Hfbké predominates, and tée apparent activation energy
then approaches EzﬂQHé. At intermediate pH values the ted& unity
may predominate, and the apparent activat%on energy is then close

©

to F32. .
Since‘Qﬁg and,QH; may be either positive or negative, there
are four different patterns of behaviour of the apparent’
activation energy as ;he pH s varied. Thesc four patterns are
i}iustrated in Fig. 24. The firm lines show the yariations to be

expected when activation .energies are measured at intermediate

temperatures and the value at a given temperature is plotted
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Figure

app

i

24.

pH - pH

The theoretical variat@ons of apparent activation
enerqgy with pH, for various sign combinations of

the the odynamic parameters for the acid
dissociation constants. These curves relate to

" the activation energies in the limit of high

substrate concentrations. Similar wvariations
are obtained in the 1limit of low substrate
concentrations, but E, is replaced by Eg
(defined by eq.(28)) and the primes are dropped
from enthalpy changes., which now relate to the
free enzyme.
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against the pH. If, on the other'hand, activation energies are
measufed at very hiqh or very low temperatures, within an
intermediate pH range;,certain terms in eq.(33) will predominate
and the activation energy Q}li show little dependence on pH. The
dashed horizontal lines in Fig. 24, designatedﬂkb)h (?t high
temperature) and EC'Q(at low temperatures), show the expressions

to which these apparent activation energies correspond.

Non-linear Arrhenius behaviour

It follows from eqgs.(11)} and (33) that non-linear Arrhenius
plots are 1in generai to be expected, as a result of the pH-
dependent termsf At very low Or very’high pH values, the
Arrhenius piots may be faifly linear, pr¥Uiced that the AN values
themselves dolnot vary greatly with temperature. However in

certain pH ranges there-may be significant non-linearity 1in

Arrhenius plots as a result of the effect of temperature'itself

.on the relative magnitudes of the terms in the denominator of

eq.(33); This will first 5e illustrated for the case in which
Myt is positive and NHL' is negatiﬁe, this case being chosen
since it applies to the g-glucosidase sysﬁem, to bhe considered
in detail in the next séction. . : ‘

.

In the higher pH range the term l+Ké/{H+]is more important

-

~than [H+]/KB, and if the pH is not too high the terms Janity and

K;/[H+] will be of comparable importance; moreover their relative
importance changes with the temperature.. If Qﬁ; is negative the

term K;/{H+] decreases with increasing temperature, and at

130



-~
v
-

sufficiently high temperatures the term pni?@ipredOminates in the
denominator of eg.(33); the activation energy therefore
approaches E,. At lower temperatures the term KL/ (H') is of
greater importance, and the activation energy approaches EanH;;
since Aﬁé is negative this is greater than E,. The Arrhenius’
plotes is therefore concave to the axes, as shown schematically
in F.igure 25,

Concave ﬁfrhenius plots are in fa%t expected whatever the
sign of the AH values; For example, if the higher pH range is
_ponsideréd and AH, is positive, the term Ké/fH+] predominates at
:higher temperatures and the activation energy approaches Bzéﬁﬁ;f
which is lower than E,, Fhe limiting value at the lower
temperatures. Similar conclusio;s.%pply to'the lower pH range,
where it is the relative importance of unit} and [H+]/KB that 1is
significant. At high temperétures the activation energy
approaches E,, and at lower temperatures it approaches Ezﬂﬂié.
The various possibilities are summarized in Figure 25 .

Alﬁhough these concave Arrhenius plots are continuous, they
often have the appearance of consisting of two intersecting
straight lines, especially if there is a substantial difference
between the two limiting-activa?ion energies. The dashed lines .n
Figure.25 correspond to the limiting slopes at high and low
temperatures, and these intersect at what will be referred to as
an intersection. In the high ﬁH range these lines correspond to
ko and to [H+]k2/K; respectively, and the lines therefore

intersect at a 1/T value at which £H+J= K;. Similarly in the
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fog V

AH3 <O | AH,>0
E, £, —4H,
AH{ <0 | AH{>0

Higher pH

Lower pH

E,+ AH] 3P

Higher pH
L A E, —
AH{<O [ AH]>O
Lower pH . ,

Figure 25.

substrate concentration E, is replaced by F
"{defined by eqg.(28)), and the primes are dropped

T

A schematic concave Arrhenius plot, arising from
pH dependént terms in the rate cqgquation. The
conditions indicated apply.to the limit of high
substrate concentrations. In the limit of low

O

from the enthalpy changes.
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lower pH range the intersection corresponds to (H7) = k(.

.ow substrate concentrations

The situation is somewhate analogous but more complicated in
the limit of very low substrate concentrations. The rate

expression is now

kz[E]O [S] - 3
Vg = " {34)
K, (n)
Km(1+ . +
. (r*) Ky,

There is the additional complicatLQQ that K is composite and may
itself give rise to non-Arrhenius behaviour, as discussed in the

previous chapter . For the single-intermediate mechanism

r.

K = (kg 4 Ko)/kyr—and therefore ko/Ky, is klkz/(k_1+k2)f As

°

long as the temperature dependences of k_ 7 and ké are different,

this also gives rise to concave Arrhenius plots. It has' been '

showq/{hat in general the activation energy 1is

. k_l(El"'Ez—E_l) -+ szl
. E = {28}

"If k_; has a stronger temperature depeqdence than k5, the
activation energy will range from El+E2—é_1 at high temperatures
to E} at low temperatures; conversely, it will be E; at high
temperatures and Ej+Ep-E.) at low. In either case the Arrhenius
plot{is concave. There may again be the appearence of two

intersecting straight lines in the Arrehenius plot, thep;}ht'of
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intersection corresponding to the‘temperature_at whiéh k_1 w'kz.
Even if this effect is insignificant, concave sehaviour.may
still be obtained because of the pH-dependent term in eq.{34).
The argument is much the same as for the high substrate
concentration case (Figure 24): ho{f?}r' the rate and E, are

ppR

now

kzkl[E]o [s]_

VO =
R 1. (4% |
T {k_q+ + +
b2 (a¥) Kp
. +
" [H ] AHy - Ka AH ry
Ky, b)) T
E = E_ +
dapp o]
(n) K,
— 1 4

Ky, (st

Thus, k, is replaced by kyk,/(k_j+k,) and E, by E_j as defined in:
eq.(28), and the dissociation constants that are involved are Ky

and K,, relating to the'free enzyme.

6.3 Two enzyme-substrate intermediates

For two enzyme-substrate intermediate systems, similar
principles apply, but the gelationships are considerably more
complex and could not readily be applied to experimental results,:

except for some limiting cases, which will be considered.

The simplest mechanism involving two intermediates is
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+
K K
EH, =——= EH ~== E
ky ] koo
Ky K
EH,S : EHS  =—==  ES
ko ]
) Kb" 1 Kalr
. EH,S' ==== ' EHS' ,.==—= ES'
J k3
EH + 2

In the limit of high substrate concentrations the steady-

state rate is

k2k3fE]o
) Vm = : " + r (35)
. (87) Ka (87 - Ka
ko{ + 1 + ) o+ kot £'1 + )
2 K" - LH J 3 Kr [H+]
b b
Use of-eq.t32) leads to
kzﬂﬂ" k3ﬁﬁ' 1
o oot + b b " LLg L '
k3EE+k pE3f+(H7] (———+ T ) = (kR M +kgK M )
KY Ky, (a%)
Bapp = {36)
. k3fi+ szll '
where f' and f" are the pH-dependent functions:
(1) Ky’ PG Ky"
£1 = +1 + - and £ = +1 + {37
Ky ' - (#*) , Ky " (H*)

Equation {36) reduces to eqg.(33) in the event that k3>>k5. In
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the 'special case that the two intermediates ionize in the same

way, i.e. Kg' = Kg", Kg' o= K,", AHR' = AHp" and AHY = ARG

equation(36) reduces to

r

(M)A, KA,

- . ' +
L kafptkoby K (%) o 36)
R S 34) K '
+ 1 + "
Kb (n*)

At intermediate pH values the first term will predominate,
especially if the pH profile has a flat maximum. At extreme pH
values there will be more contribation from the second, pi-

dependent, term.

6.4 Application to B -glucosidase

The non-Arrhenius hehaviour and the variation of activation
energy with pH obtained with B-glucosidase can be satisfactorily

interpreted in terms of the theory that has been outlined.

The one intermediate mechanism ‘

We consider first the dependence on pH of activation cnergies
Ee,hr Eg, 8r corresponding to high substrate copcentrat{nns, and
discuss them with reference to the single-intermediate mechanism.

For this system AH.' is positive and AH,' 1is negative (Table

9), so that the predicted -pattern for -the resujts at high

substrate concentrations is that shown in Figure 24(h). The
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Figure 26. Plots of activation energies against pH.

(a) Results at high substrate concentrations.
., experimental wvalues at higher
temperatures(Eé'h): the firm line shows the
theoretical prediction, based on the one-
intermediate mechanism.
O, experimental values at low temperatures(E. R
the dashed line shows the theoretical predictidn.
(b). Results at low substrate concentrations.

+ Eo p values; the firm line gives the
theorelical prediction. |
Q, Eo,1 values: the dashed line gives the
theoretical prediction. |
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values of Ec,h obtained at high temperatures are expected to

u

show little variation with pH, and this is confirmed by the

T

experimental résults plotteé in Figare 26. The values EC;K' on
the other hahd, are expected to pass through a minimum
cbrresponding to Ec,%f and the results again show this behaviour.
The experimental results -are thus in gqualitative agreement with
the theoretical treatment.

Good guantitative agreement could not, however, be obtained
on the basis of the single intermediate assumption. The
calculations were based on E, = 31 kJ mol_l, which was deduced
from the fit of the theoretical valueé of Ec,Q and Ec,g to-the
experimental daéa.The prediction of the variation of E_ 4 with
pH ‘was made using eq.(33) with the following values of the

dissociation constants at 25°C:

7.9%107% mol amT3

' o
Kb (25-C)

3.0){10“7 mol drn_3

i o
KE‘(ZS C)

LY

these being the values deduced from the parameters in Table 9.
~ ' '

The~firm line in Figure 26a shows the variation of Ec,h deduced

on this basis, and it passes reasonably close to the experimental

points. For the Ec,ﬂ values the theory (see Figure 24b) predicts

that they should vary from Ep + My By + 60.3 kJ mol™ ! at low

pH values to E,- AH, ' = E, + 35.5 kJ rnol“l at high wvalues,

passing at intermediate values through a minimum close to E,.

Caluclations were made based on the following values:
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K, '(18°C) = 5.0%10"% mol dm™3

K,'(18°C) = 5.0%1077 mol dm~>

The dashed line in Figure 26 shows the minimum, but the curve is
much too shallow compared with the experimental points.

The same pattern is expected in the limit of iow substrate
conentrations, and Figure 26b shows the'correspgpding analysis,
based on the single—intermediate mechanism for the results. The

agreement is reasonably good for Eo,h’ but again the predicted

curve for E is much too shallow.

o, 8
The fact that the results, although following the predicted
pattern, deviate from the theoretical values based on the single-—
intermediate mechanism shows that the simple mechanism 1is
inadequate for this particular reaction.
The same conclusion was also obtained from attempts to

IBE

interpret the non-lingar Arrhenius behaviour in tetms the
single-intermediate mechanism. Figuge 27 shows the Arrhenius
plots at pH 6;4,.the points being the experimentél ones obtained
in the limit of high substraté concentrations.

The dashéd ;urve was -obtained on the basis of the single
intermediate mechanism, uée being made of equation (16). The
values of K, ' and Kp' for différent temperatures were calculated
u4sing theg;ﬂbﬂand;QHa'values in Table 9. The activation energy
E, used in éhése calculations was 31 kJ mol_l, which was
obtained from ﬁhe fit to the éxpérimental data of theoretical

calculations of E,. . . The calculated valuaes of v do give a

PP
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Figure 27.
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t
o
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(973
N

Arrhenius plots of log;aV and log)g(V /K.)
against 1/T. The dashed line shows the estimate’
hased on the one-intermediate mechanism. The
firm lines are bhased on the two intermediate
mechanism, including the pH-dependent factors. ’

v

<
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concave Arrhenius pldt, with an intersection at 23°C rather than

at 25°C. However, the slopes at both high and low temperatures
- differ significantly féom those found experimentally.

This lack of agfeement confirms the conclusion from the{fﬂ-
dependent'activation energies that the single-intermediate
mechanism is inadequate. We therefore attémpted é fit of the data
in which both the pH-dependent terms and the two rate codgtants
k-, and 33 are‘taken into account, i.e., in which use is made of

eq.(351——(38).

The two—intermediate mechanism

It did noteprove possible in the present investigation to

determine the four ionization constants K_' kbl’ K"

a a and Kb" and

’

the corresponding AH values; to do so would require stopped-flow _
measurements ‘to be made, and the a@ailable analytical technfqués‘
for following the reaction ( involving_ he case of a subsidiary
reaction that is not extremely rapid_Yﬂgf‘not.make this feasible.
It was thereﬁore Becessary to make the assumption that

-

Aﬁb' =43Hb" and:lHa' =g§Ha“, in other words to use the equation

.k2k3[E]o ’
Vo= - - (39)
() K" ‘ |

Kp' _ (r7)

(ky+k3) (

which is the reduced from of eq.(35) for this speéial case. As

. . Y .
previocusly noted, this equation leads to €g.(38) for the apparent
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activation enefgy.

The curve fitting was done by a successive approximation
method. In ‘order for‘there to be an intersection ag 3.09C
(=296.15°K), it follows'thaé ko=kg at this' temperature

{ k2=A2e_EZ/RT: k3=A3e—E3/%T Y, so that

h |

A, -(E3~E5)/R-296.153 . .
= ¢ (40)

Ag , .

. . ,.- . .

By a procedure of successive approximations with the use of -
equations (39) and (40), the two activation energies 20.5 kJ mol~1
and, 38.5 kJ mol™! are found to give excellent angement with the
restiys for this particular case; the line drawn in Fidure 27 in
fict corresponds to these values.

’ ' ‘ ~

Since equation (39) is symmétrical in k,; and kg, as far as
this analysis alone is concerned it is immaterial which reaction
has the higher &ctivation energy. One possibility is

B, = 38.5 kJ mol™l; €, = 20.5 kJ mol”!

The actual values of preexponential factors:A, and Ay may bhe
obtained by making use of the fact that k, = kg5 at 23°C, so that,
from eqg.{39), ' S ‘ . .

. ‘
ko, (F) . o ka(1)
2 3 0
v = - ° = " (41)
(8™) K," (1M Ky’
2¢ + 1 4 )2 + 1 ¢ -
Ky' (8% Kp' (n%



The usce of the value of V measuréd at 23°C, and the known
concentration of enzyme solution (E]_, with the value E, or Ej
') - -

and Kh'; K,'s then gives

{ Ay = 1.49x107 s‘l; Ay = 9.93x103 s’l

The analysis of the rates at low substrate concentration
proceeds similarly. A successive approximation procedure now led
to-

By = 22.5 kJ mol™1; E) *+ Ep - By = 49.0 kJ mol‘l_

g .

Use of the E, value obtained previously then gave
E_| = 12.0 xJ mol™}

The upper -curve ofllogv /K, against 1/T sﬁown.in‘Figufe27 is
plotted on the.bhasis of-tﬁese values, and is seen to pass very
well through the experimental points.

_The preexponential faQtors weré again calcualated from the
rate at the intersection. In this case, at the intersection’

temperature

Loky = —— or ko = k_y
. k_l\ . \
so that from the equation \
Voo kiko(E )y -
K K, (1h
+ )

(k_lsz)( 1 +f.
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we can obtain the following equation:

v ky ()
= " (42)
K K (HT)
I~ I YO I i + )
(n7) K )
N o
Use of the value of V /K_ at 23°9C gives

Ay = 4.02%10% amdmo1™ls™: ALy = 3.14x102 57!

This procedure then gives the rate constant for  individual

steps as follows:

-

ky 4.02%x108¢22500/RT k

1

_y = 3:14x102e" 120007k

]
1]

The two-intermediate mechanism provides a better fit than
that based on the cne-intermediate assumption, especially at the
higﬁer temperatures. The small deviations observed in the lower
temperature range may result from inadequacy of the assumption
that the dissociation parameters are the séme for the two
intermediates. .

Unfortunately, for the dependence of on pH a

Eapp
éatisfactory quantitative treatment is now impossible because of
our ignorance of the individual tempegatUte dependences of the
dissociation constants for the two intermediates. For a treatment
of the non-Arrhenius behaviour (ngure 27) the assumption that

the temperature dependences are the same for the two

intermediates does not introduce a serious error. For the
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treatment of pH dependence, - however, the use of eq.(38) involves
a much greater épproximéfion, since the first term in that
expression should reali; be (k3f'E, + kof"Eq}/(K3E' + kof"),
which itself shows coﬁsiderabie pH depéndence. When the
approximate eq.(38) is used the only pH dependence included is
that from the second term, and an important contribution has been
neglected. In fact, the pH dependence predicted by eq.(38) is
exactly the same as that predicted by the one-intermediate
eguation(33).

The unified tfeatment of-ﬁoth pH and temperature eﬁfects has
provided a satisfactory semi-quantitative interpretation for the
variation of activation energy with pH for B-glucosidase system.
For a quantitative égreement with expe}iment,_more detailed

studies are necessary to determine separately.the values of Kp's

Kp"s Kg' and Ka";'this requires the use of transient-kinetic

techniqgues.

6.5 Construction of entropy and enthalpy profiles

From the values of preexponential factors obtained from this
analysis, the entropies of activation for individual steps were
calculated. In addition, the enthalpies of activation and Gibbs
energies of activation were also obtained on the basis of the

following equations:

XH = E - RT 86 = AH - TAg

—_—

These values with the kinetic parameters are summarized in Table

14, and are presented in Figure 28 as reaction profiles.
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Table 14.

Y

-

Kinetic parameters obtained from analysis
of the temperature dependence

( pH 6.4 )
Reaction pre—exponential | Activation |AG(23°%C) A's NH
factor enerqgy.,E W moi Y [y k tmo1” W mol”
' -1
k] mol
(1)E+S—ES 3leo6 22.5 57.6 -127 20.0
mol
(~1)ES—E+S 3.14x102 g-1 12 70. 4 -205 9.5
(2)ES—ES' 1.49x107 s~} 38.5 70.3 116 36.0
(3)ES—3E+Y+2| 9.93x103 s~ 20.5 70.3 ~177 18.0
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6.6 Conclusion ' . o N

From.the results obtained in this work'ft mupy be concluaded
that the hydrolysis of cellobiose catalyzed by 8 -glucosidase
follows a two-intermediate mechanism. First thé Michéelis enzymé—
substrate complex'is_formed; In thé second step a glucosyl group
i;‘split of £ with simultaneoué formation of an enzyme-glucosyl
complex, . the second intermediate; this intermediate then reacts
with water to produce anoéher’glucose molecule. The imidazolium
group probably acts as a general acid protohaﬁing the leaving

=
_g}oupf and the second intermediate is probably an enzyme-bound
glucosyl cation—carbogylate ion-pair as péstﬁlated by.Umeéurikg
in ‘the B-giucosidase/catalyzed ﬁydrolysis of o-nitrophenyl-g-D-

glucqpyranoside {51,52). This may be répresented as follows:

ECT(IMH™) + GOG === EC™(IMHT—-GOG)

ECT(IMHt—GOG) —— ECT(IM)—-G' + GOH

ec™l(1M)—G* + H,0 — ECT(IMHT) + GOH

In these equationé EC(IMHY) refers to the free enzyme with its
carboxylate group {C7) and protonated imidazoliJm’grﬁup (I%H*),'
GOG is the substraté cellobiose, EC (IMHT—GCOG) is the Michaelis
enzyme-substrate complex, ECT(IM)—G* is the enzyme bouand
glucosyl cation stabilized by intimate ion-pairing with the

carboxylate ion, and GOH is the product glucose.
, . _
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CHAPTER VII

FLOW KINETICS OF 8 -GLUCOSIDASE CHEMICALLY
ATTACHED ON NYLON TUBING

T

-

7.1 Introdution .

As has been discussed in Chapter I, the enzymic degradatigﬁ
of cellulose is of considerable technical impoftapce, ﬁﬁé/B-
glucosidase plays an important role in'that process, being
esséntial far the hydrolysis of the intermediate celI?biose. The
rate of celluioge degradation and the yield of the product
glucose can be increased significantly by adding B-glucésidase to
celluiase. However,-Bfglucosidase is costly and is ex@ended when
used in‘goluble form. In addition, the enzyme actiﬁ%by_ig
strongly inhibited by glucose and the.activity therefore
decreases during cellulose dégrédation. The use of immobilized B-
glucosidase,.which ‘can be separated from the soluble product for
reuse and can be'protécted from product inhibition, will bring
Labout a considerable economic improvement in the technical

‘sacchafification process. .

Because of thiji and because Kinetic studies of immobilized
pnzymés also provid® significant information on the features and
the mechanism of the enzymé reaction, and provide the knowledge
necessary fo; the design of a reactor and for obtaining the
optimal operating conditions, investigations on the method of

3 ) M f : ’ 3 k] . . [ - -
immobilization and the stabilities and kinetics of immobilized
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B4glucosidase were also undertaken;in the present work.

General aspects of enzyme immobilization

Immobilization of biocatalysts Hasdgained considerable
scientific and technical importance in the last decade.

Immobilized enzyme systems have been extensively used in various ¢

areas: research, chemical process industry and clinical medicine,

. Q . .
because they are readily recoverable for reuse, and because they

often possess greater stability than the native form: These

practicai applications have provided the impetus for the enormous
. 1

'reéearch activity in this field. In addition, in'bielogical

systems the enzymes are often not in fgee solution but are
attached to structural material, e.g. the membranes of cells,
tissues or vessels. An understanding of the kinetiqs of
immobiiized enzyme systéms will therefore lead to a deepgr
knowledge of ghe function and behaviour of,enZymes in vivo, (125~
129). Thus intensive research efforts have bheen directed towards
the kinetic studies of immobilized enzymes (63,130-137). As a
result investigations of immobilized enzymes(138-142) have

rapidly developed, and now constitute cne of the most important

-

aspects of enzymology. The industrial applications »f immobilized

enzymes (142-146), of immobilized whole microbial cells (14

157), or of the coimmobilizates of(:hole cells(158-160) or parts

of the cells and additional' enzymes, have led to the developm
of a new area, enzyme biotechnology, in the last few years. ,

f

o
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A variety of techniques for enzyme immobifization have been
developed from simple flocculation to spécific covalent
attachment. A number of reviews (60,161-164) on the
immobilization methods have been publiéhed.

‘;; The methods -can be classified into three basic categories as
.

follows (40):

(1) Support-binding method: the binding of enzymes to water-

insoluble supports, This method can be further subdivided into
‘physicai adsorption', 'ionic binding' and ‘'covalent binding',
Y

according to the binding mode of the enzyme.

(2)Cross-~linking method: intermolecular cross-linking of

‘enzymes by means Z} bifunctional or multifunctional reagents.

(3) Entrapping méthod: (1) incofporating enzymes into the
lattice of a semipermeabie gel, 'lattice type'; or (2) enclosing
the. enzymes 1n a semipermeable polymer membrane,
‘microencapsulatio?f type'. These categories are shown
schematically in Figure 29. ‘

f& specific conformation and an active centre are regardedlas

essential features of the catalytic activity of enzymes; if the

imin'o acid residues at the active centre, or the tertiary
strafture of the enzyme, are altered, the catalytic activity may
) !
JZ

decreaq and changes of enzymic propertles such as SJbstrate

speciFLCLt/ may ocecur. Thereforf in ofg%ERto retain the catalytic
R - *
activity of . the enzyme in,the immobilized state, it'is necessary
. }
that the functional qgroups in the active centre should not be

v

P -
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enzyme

(a) Support-binding: methaod {b) Cross~linking method

i) Lattice type

Figure 29.

ii) micreoencapsulation type

(¢} Entrapping methods

Schematic diagrams of immobilized enzymes ~

,

152

.
oy



L=

involved in the reaction 1ead1ng to 1mmob1112atlon of the enzyme,
and that the immobilization should be carrled out under very mild
and extremely well-controlled conditions; high temperature and
strong acid or alkalil treatments must be aﬁoided so that the
stractaral inteﬁrity of enzymes can be preserved. r

Some immbbilization methods, such as physikal adsorption and
ionic bindiné, cause little or no conformational change or
destruction of the active centre of the enzyme, and therefdrg
yield immobilized enzymes havingﬂhigh gétivity in many .cases.
However, these methods have the disadvantagé that the immobilized
enzyme may leak from the support during the utilization, because
the binding forces bethen the enzyme and the supports are not
strong. On the other hand, some techniques such as covalent
binding and cross-linking involve the formation of covalent bonds
between enzymes and_water-insoluble supports or between the
enzyme molecules, use being made of bi- or mulgifunctional
reagents. The reaction cOﬁditggps’TQg_chemicai bonds are
relatlvely severe and complicated. Thus, 1in some cases, the.
conformational structdre and the. active centre of the enzyme may
be altered by the immobiliiatlon reactlons, leaulng Lo
significant loss of activity. However, when tﬂere is covalent
binding the farce between enzyme and carrier 1is étrong-and
leakage of the;bound enzyme mgf not occur even in the preéence of
substrate or éalt solution of high ionic strength.

In the choice of an immobilization method for a particular
application, both high activity and long life of the immobilized
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enzyme should be taken into account.

However, the immobilizati;n of an enzyme is a very éomplex
problem, and the activity and the life time of immobilized
preparation are affected by a number of factofs, depending
mafkedly on_the nature of the support, the attachment technique,
and the nature of the enzyme itself. Care is therefore required

regarding the selection of the support, the method of

immobilization, and the attachment procedure.

" Pactors influencing activity of immobilized enzymes

Most immobilized enzymes exhibit altered kinetic behaviour as

compared with the corresponding free enzyme. For this, there are

‘four main reasons:

(1) Immobilization may cause the three-dimensional
conformation of the enzyme protein to change, so that the -
immobilized enzyme may be conformationally different from that
present in free solution. It has been explained -above that
kinetic behaviour depends very critically on enzym; conformation,
and, certain changes may lead to a complete loss of activiﬁy.t

(2) 1In the support, the interaction beQween the enzyme and
the substrate takes place in a different environment from that
exishigé in free solution. Sometimes sgme of the active centfés
of the enzyme may be shielded by the.subpoft and the substrate
may suffer steric hindrances in approaching the active centre.

(3) -In the immobilized state the substrate concentration in
! §

the neighbourhood of the enzyme may be different from what it
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is away from the enzyme, because of partitioning of the substrate
between fﬁe support and the frée solution. The partitioning
-effectsydepend on tﬁe characteristics of the subsfrate and of thé
support. For éxample,.a relatively non—polarzsubstrate will bé
,mére concentrated in the vicinity of a support containing a
number'gf non~polar groups th;n in agqueous solution, while a
polar ststraté will be more concentrated in solution than in the
neighbourhood of the support. The kinetic effects of partitioning
of substrate have ‘begn #Qiscussed by several workers
(60,11%,130,}32). When both the substrate and the support ére.
electrically charged, the partitioning effects will be much more
profound(28). .

(4) The fourth factor that may be responsibl;ﬁfor the
diffefent kinetic behaviour of an immobilized enzyme is. the
diffusion effect. In an immobilized enzyme system, a d.ffusion
layer may be established between thé’support and the solution, so
that the rate of-transp&rt of the sqbstrate to the enzyme, or of
the product from enzyme, through the diffusion layer may be rate
limiting(lBli. Therefore the reaction of immobilized enzyme may
be, to some extent, diffusion-controlled. Only in the case of an
exceedingly slow enzyme reaction will the reaction be other than
p{ffusionfcontrolled in the-immobilized state. .

The kinetic parameters for an immobilized enzyme will be
different sfrom those obtained with the free enzyme, as a result
of t;ese conformational, environmental,“partitional and
diffusional effects. It is.usually'difficult to assess the extent

- oy
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of each effect on a particular parameter. However, 'an estimate as
to which one plays the most important role can be made from a
theo;etical analysis of the kinetic¢ results.

Fl

Previous work on immobilization of B8-glucosidase.

This enzyme has previously been.attacﬁéd to supports in
different wéys. Barker et al.(l11) attachqd.ﬁ—glacosidase
chemfcally to microcrystailine cellulose, while 'érinivasqn and
Bumm (112) coupled itlt; cellulose aétiuated by cfénogeﬁ
bromide. By c¢ross-linking with glutaraldehyde, Bissett and
Sternberg (19) attaéhed the enzym=2 to chitoson, while Mala Rao et
al.(113) immobilized it on éolyamide. In-addition to covalent
attachment, entrapment into gels and polymers{56,165,166), and
adsorption on supporté(18,62,167), have also been brought about.
Venardos et al.(62) immobilized B -~glucosidase on ‘a cation
exchange resin. Sundstrom et al.(18)Léttached it on controlled
pore alumina by sorption; and Lomako et al.‘immobilized it oé an
inorganic carrf&r, Silochrom S—80(167); Although f-glucnsidase
has been useaéin a hollow fiber reactor to hydrolyzet
5alicin(175), no attempt has heen made to attach the enzyme Lo
nyloﬁ tuebing. Nyloﬁ} és sapporting material for the

immobilization of enzymes, possesses a number of advantages, such

as mechanical strength, non-biodegradable properties and
- * "

potential chemical reactivilg which is important for covalent

attachment of enzymes. Among various reaction configurations, the

tubular reactor has proved to be superior in the automated

-
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analysis of specific substrates (91,148,168~-173) in «clinical
medicine, food industry and drug technology, because of its
convenience of operation, its ability to withstahd"clogging in
crude solu;ion, and its low pressure drop and favourable
hydrodyﬁamicipfopprties, The tubular reactor is particularly
valuaﬁle for fundamantal kinetic investigations on immobilized

enzymes, and has Been extensively used in this laboratory(l176-
180). 1

In the present work Bf-glucosidase was attached covalently‘to
the inner surface of nylon tdbing. Thg studies involved
optimiziﬁg the reaction conditions to obtain -an efficient
immobhilized preparation and studying the flow kinetics over a
range of temperatures, pH vaiues, flow rates and substrate
concengrations. The extent of diffusion contfol Qas also
investigated. In addition a comparison was made between the,
immobilized and free‘eniyme with particular reference to pH and
temperature esfects_and to stability. No previéus studies along

t
these lines appear to have ‘heen made.

-~

.7'2 Theoretical c0nsiderations'

Because of conformational, partitdional, environmental, and

diffusional effects the parameters the Michaelis-Menten

equation ) : ) .

kL(Es)  vU(s)

K (app)+(S) K (app)+(S)

v:

(43)
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are differenﬁ for an immobigfized enzyme from thosé that applyito
the enzyme in free solutigM(135). In this equation (E) is the
concentration of the immobilized enzyme and {s] that of the
suséffate in solution. The.patalytﬁc constant k; is modified by
conformational, partitional and environmental effects but-not by
diffﬁs;onal effects;tthe apparent Michaelis constant Km(app) is
influenced by all these effects: conformational, environmental,
partitional and diffusional.

A detéiled tfeatmént of the flow kinetics for an enzyme
immobilized on the inner surface of a tube, with full
derivations, ‘has been given by Koanashi and Laidler(l74); only a
very brief outline, sufficient to explain the procedures used in
the preseht work, will be given here. Between the bulk solution
«and the su;face a diffusion layer is established; the

'~ concentration of substrate within the diffusion layer may differ

. from its value in the bulk of the solution due to the fact that

. 1

.the rate of disappearehce of the substrate by énzymic reaction
is not necgssarily the same as the rate of dlffusion of the
sJubfstrate tggough the layer to the enzyme. The d;fEJSion'laye;
and concentration profi;e are shown schematically in.‘FiﬁJre 30
(129). The thickness of the diffusion’ layer depends on the

magnitude of the mass transfer cobffiiﬁent kpr defined as
—_— ' '
-~k = constant (————)1/3 - (44)
r L .

-]

where D is the diffusion coefficient of the sdbstrate, Ve the
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flow rate of the éubstrate ;hrdhgh the tube, r the radius of the
tube, and L its length. Thus, k; is a measure of the rate at
which the substfate diffuses through'the layer..

Equation {(44) shows that decreésing the flow rate and
incre;sing the'diamete% of the tube or its length decreases-;ée
mass transfer coefficient, and therefore {ncreaseé the extent of
the diffusional effect.VConversely, increasing the flow rate will .
increase the rate of [diffusion of the substrate, and_cénsequently
decreases the relati:g7effect of diéquién on the overall rate ofA
reactionf 'Diffusional effects aré also unimportant at
sufficiently high su@strate concentrationé. Aside from the
dependence on experimental conditions,.the extent of the
diffusion' effect alsordepends on the nature of the subs;raté
and‘the enzyme activity. Under limiting conditions of compiete
diffusion control e.g., at low (S).and low vg, the Loncentration
of product-formed at the exit of the tubé: Po(D), is preqicted
by ghe theory to be |

DL i
2.56(-——2——-—)2/3[SJ o (45)

r<v
£
N

n

Pe(D)
or

(46)

| D v
- 2/3 £ ,1/3
Po(py = 2-56(—)2/3(s)(—) 13,

r L

where t, is the residence time of the substrate in ‘the tube:

~
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The rate of product formation is given by

vp = 8.06(v.D2r212)173(5) (48)

At the other extreme, at the limit of: high substrate

concentrations and high flow rates, there is no influence of

diffusion. The concentration of product formed at the exit, P, (0),

=]

is then given by

2L 2v

e
P,(0) = 5 Ve =~ t, v - (49)
. rV'f r .
. R
. _ ,.:,,,:_1}'#’
where Vs the inherent rate of the'immobilized enzyme—Subsﬁrate'
react'ln, is given by
_j ’ . ] 0
ké[g][S] L (50)
v, = ¢ '
r , - _
K +-(s) ) |

This differs from the expression in egn.(43) in involving the
intrinsic Michaelis constant K; and not &m(app): the latter

includes the diffusional effects. The rate in the enzyme-tube

system is now given by

Vo = ZWerr (51)

Based on this theory several procedures can be . used to

- determine the extent of diffusion-control in.a particular systenm.

Bl -

3
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(1) Plots of logjgPg against log;gve. If eq.(45) appiies,
that is, if there is fwki diffusion control, theyplot will have a
PR .
slope of -0.67, while if there is no diffusion control (eq.(49)),

the slope will be -1.0 .

(2) Double-logarithmic plots of reaction rate v against flow

rate vg . The slopes arejnaw 1/3deq.(48f) or zéro(eq.(Sl)}\gfr

.o
complete or no diffusion’control, respectively.

(3) Another simple way to examine the extent of diffusion
1 .

control is based on plots of concen#ration of product against the

residence time. If the reaction is diffusion-free the plot will

be a straight line (eq.(49)), while if the reaction is affected.”

by diffusion the plot will be curved(eq.(46)). .- '
(4) }ineweaver—éurk plots of 1/v'§gaiﬁst IASJ; For'the

diffusion-free reactions the plot will be a straight line.

s . .- . . T8 .
Because the extent of diffusion control varies with concentration

of substrate, being greatér at -lower concentrations, the

4 ) W
Lineweaver-Burk plot shows curvature for a diffusion-controlled

process. The theory(l74) predicts thait ka(adﬁ) is Felated to the
\ )
oy oy e
intrisic(diffusion-free) Michaelis constant for the immobllized

enzyme, Ké,'by the equation

v orL o R
(—=) 1 v/ . (52)
2.58- D '

Kp(app) = Kp o+

where U is the maximal rate for the immobilized enzyme. When
there is no diffusion control, the Kn(app) value approaches the

K e . . ~
m value |
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(5} A sbecial procedure by use of dimensionless parameters,

. pand p. .

These parameters are defined by the Kobayashi-Laidler theory

\ ..

as folldﬁs:

2 : , . .
p
o= —( 23 | - (53)
(s} + bpL '
(app) < "
“and p = I - : (54)
. (8] "y

A théoretical pl¢ﬁ of ¢ agéinst p can be divided into regions hy
'mean; of the utilization factorp . which is defined és the.rahio
‘" of the actual rate to.thaf‘in the absenceldf diffusion effects

and Eheréforé is a meaéure of the extent of diffgsion control.

Figuré 35 is én example of such a diagram;it is divided into
‘three regions by two lines corrisponding t&the utiliéatioﬁ

factors shown. These regions correspond tp.small(l), moderate(2)

and large(3) diffusion efféqts. Thus,.the‘exten; of diffusion
control in a barticular'exberiment'can be detérﬁined from where

the ererimgntal values of ¢ and P (eqg.{(53) and eqg.(54)) lie on

the theoretical ¢—p diagraﬁ:'

7.3 Experimental: Materials and Methods

. -y
Materials ' -3

-
1

"The enzyme

’

B-glucosidase (EC 3.2.1.21) used for

immabilization)contained 24 units per millf@ram protein with
. * .

~ o ~ -

h
[#% ]
[ 3]



salicin as substrate at pH 5.0 and at.379C. The' substrate and the. -

reagent for glucose determination are the samd as that described

o

in Chdpter II. The nylon tubing, of 0.155cm inpernalvdiameter,
' - <

used for the immobilization of the enzyme, was obtained from,
. .

Canus Plastics Company, Ottawa. Benzidine for the couplng’
L€

processés"Las obtained from Sigﬁa Company, while the
gluﬁaraldehyae_asIZS% agueous solution was ochtained from
J-IT- Baker Chem. Co., < Phillipsburg, N.'.f., and

dicyclohexyica;podiimide from Fisher Sciefftific Company. Sodium
‘phosphaéaaﬁus?a for the p gion of buffer were obtained from
_Fisher Scientific COmpgﬁx, sddium borate from J. T. Baker
.Chemical Co.,Phillipsburg,N.J., and boric acid from ﬁfit{Sh Drug

L]

- Houses Ltd. All chemicals were analytical reagents. The water
used ‘to make buffer solutions was doubly distilled and cartridges -
packed with ion exchange resins jproducfs of "the #Sybron

Corporation, U.5.A.) were used to deionize the water.

Attachment procedure

The attachment procedure used in the present study was ag

modification of ﬁhe.techniqucs devised by Daka and Laidler(181l).
The surface of the nylon tubing is partially hydr01§zud'with
cléavage of amide bonds,:followed by coupling of the carboxyl
groups with benzidine in the prqscnce‘ofgdicyclohcxylcarhodiimidc
aqd subsequent coupling ~of.ami}:o qqroups .'uith glutaraldeh%ie. 1‘!}_:_:

enzyme is attached finally to the active surface of the tabing.

This procedudre, shown in Figure 31{182), tends to -lecave a sarface
. SN i . 7 &
ot

_-Jg - i ] b‘:

"":&
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Figure 31.

Summary of the immobilization technlque employed
in the present study.
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thét is fairly neutral electrically, thereby 'improving tﬁe
enzymic stability {1682). .

A 2 m portion of the ;ubé was first filled with a mixture of
18%(w/w) CaCl, in water and 18%(V/V) water in methanol, and
incubated for 30 min at 40°C to etch the ﬁylpn surface. The tube
was then perfused with water for 30 min ak a flow rate of
4ﬂmL‘min_1. Partial hydrolysis of the inner surface was carried
ohé,at 40°C by pumping about 4 M HCl for 22 min at a flow rate
of-4 mL min~!. After washing -for 30 min with ice-cold distilled
water, the t@be became quite opaque, indicating'successful

‘hydrolysis. . |

After perfusion‘wf@h acefone for 5 min and methylene chloride

1

for 5 min, at flow rates of 4 mL min~ ", a mixture of 1l%(w/v)

henzidine w?th lg (w/v).dicycloﬁexylcarbbdiTHTH% in methylene
chloride was passed through the tube at 1 mLmin~! for 5 hours at
10°C in order to couple benzidine with carboxyl g?oups of the
surface. In this step, because tvgon tubing and silicon tubing
are both attacked by methylene chloride: the solution passing
through the tube was not driven by pumping but by hydrostatic
pressure; this was bfough; about by controlligg the difference
between the surface level of feed solution'and the level at the
exit. After removal of the Qnreacted benzidine by successive
perfusions with 50 mL methylene chloride, 50 mL acetw®ne at

1, and 100 mL ice-cecld distilled water at 4—mL min_lr‘a

l mL min™
solution of 12.5%(v/v) glutaraldehyde in 0.2M borate buffer (pH
8.5) was passed through the tube at 1 mL min_“1 for 1 hr and at

o T
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Kinetic runs were carried out at temperatures ranging from S°C to

3°C, in order to block all the amino groups, those pfoduced by
partial hydrolysis and those derived by henzidine attachment. The
excess of gluta;aldehyde was washéd away by pumping 0.1 M
phosphate buffer(pH 7.5) for 15 min ét 4 mL min~ L.

Immediately afterwards the tube was perfused with an enzyme
solution of 50 mg in 25 mL 0.1 M phosphate buffer at pH 5.95,
containing 1 mM EDTA, and 1 mM f-mercapto-ethanol. To ensure

complete reaction, the enzyme solution was circulated through the

tube at 0.5 mL min~! for 24 hours, the temperature being

maintained at 3°C. Enzyme that was not bound chemically was
removed by‘washing the tube with 1 L of 0.5 ﬁ NaCl sclution in
0.1 M phosphate buffer at pH 7.0 at 4 mL min~l. When not in.use
the tube was filled with 0.1 M pho;phate buffer at pH 5.87 and
stored below 5°C.

'S

The activity of the enzyme-tube was determined by measuring

the rate of fdrmation of glucose, when a 5.99 mM substrate

solution in 0.1 M phosphate buffer at pH S5.87 was passed through
N . \.

the tube at a flow rate of 2.74 cm s"l, and at 25.0010,1°c.

Kinetic pro?eQUre

The substrate solutions, a; various concentrations, were
p}epared in two different buffers, according to the pH desired.
For bH values below 5.6; the buffer used was 0.2 M acetate-acetic
acid, while at higher pH values 0.1 M éhosphate huffer was used,

‘0

45°¢, flow rates from '0.98 to 9.18 cm s'1 and concentrations from
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1.50 to 13.3 mM. A 1 m length of coiled enzyme tube with 1 mm
internal diameter waé immersed in a thermostatted bath. One end
was connected by tygon tuking to the thermostatted substrate
soluticon thr9ugh a LKB Varioperpex II peristaltic pump, which was
used for pumping the substrate solution through the enzyme-tube
at desired flow rate. The product was collected at the other end
of the tube and analyzed spectrophotometrically after the steady
state had bhécome estahblished. The data for all the concentrations
of substrate and for all flow rates were the average of three
;uch measurements. Since the flow rates changed slightly with the
usage time of the tygon tubing they were determined for each
kinetic\tmn.

'#gfter each kinetic determination the tube was washed
thoroughly with buffer to remove all traces of product and

1

substrate.

1

Betermination of glucose and reaction rate .

The product glucose was determined- by measuring the
absorbance at 340 nm by use of the assay reagent. In the analysis
of the sample solution 1 mL of the as;ay reagent was added to
1 mL or 2.mL of effluent in a certain amount of buffer to make
the final total volume 3 mL.

The gbsorbance was recorded as a function of time by heans of
a Pye Unicam SP 1800 UV Spectrophotometer. The reading was taken

when the absorbance attained a constant value.

A calibration curve, covering the range of glucose
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- .\.
concentrations produced in these studies, was obtailned with

standard glucose solution. ‘ o .
'The reaction rate was determined by dividiné the produect
concentration at the ekit,by the residence time of the substrate
.solution in the enzyme-tube, the latter was obtained from the
length of the reactér and the linear flow rate of the solution
passing throuéh it.
Some batches of substrate gave absorbance at 340 nm with the

assay; it was therefore necessary to measure the absorbance given

by the substrate together. with the assay reagent. Separate

determinations for substrate .at different concentrations were:

performed, and a c¢orrection for the absorbance due to the

substrate was made for every kinetic measurement.

7.4 Results and Discussion

For'gQgp kinetic measurement; the time required for a steady-
state rate of cellobiése hydroleis t?rﬁg attained was first
determiﬁed by measuring the amounts Of product formed after
various time intervals. The time required depcnds—on the
substrate concentrations and. flow rates, and ranges from 24 mins

to 60 mins.

Dependence of product concentration and reaction rate on flow
velocity o

For the investigation on the extent. of diffusion the enzyme-

F
. . x
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Product concentrations (p)

Table 15.

.at the exit of the tube. and

reaction rates v. for different substrate concentrations at
various flow rates vg;

T = 25.0°C pH = S5.87
) _1 }
[S]ﬂmﬂ vf/cm s tr/s Pe/pH v/uM s
6.93 14.4 3.94 0.27
4.88 20.5 6.15 0.30
1.50 3.54 28.3 9.11 0.32
2.16 46.3 15.0 0.32
1.52 65.8 20.9 0.32
0.84 119.1 36.5 0.31
8.58 11.7 3.62 0.31
6.18 16.2 6.03 0.37
1.82 4.40 22.7 7.79 0.34
2.66 37,6 . 13.8 0.37
1.83 54.6 20.8 0.38
0.98 101.6 36.6 0.36
9.17 10.9 4.52 0.42
6.57 15.2 8.37 0.5
3.00 4.73 21.1 12.2 0.57
2.84 35.2 20. 4 0.58
1.97 50.9 29.8 0.59
1.06 94.7 51.6 0.55*

170



(s]/mM Vf/cm‘s_ tr/s Po /UM v/uM s’
\
— 8.99 11.1 6.19 0.56
6.35 _1s.8 11.9 0.76
4.17 4.56. 21.9 17.3 0.79
2.74 36.5, 28.7 0.79
1.88 53.2 41.4 0.78
N~ 0.99 100.9 80.5 0.80
8.96 11.2 7.11 0.64.
6.44 15.5 13.3 0.85
5.00 4.58 21.8 19.7 0.90
2.78 36.0 33,4 0.92
1.92 52.1 47.9 0.92
1.02 98.0 92.0 0.94
9.14 10.9 8.71. 0.80
. 6.53 15.3 13,5 0.88
5.99 4.69 21.3- 5?t4_- 1.03
. 2.85 35.1 37.2 1.03
1.95 51.3 S4.7 - 1.05
1.06 94.4 96.6 v 1.03
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{s])/mM vf(Lcm s™1 t,./s Pe/pb"l, v/uM- s”
o
8.82 11.3 12.4 1o
6.25 16.0 20.7 1.29
7.49 4.51 22.2 31.0 1.40
2.71 36.9 50.7 1.37
1.85 54.1 74.5 1.38
0.99 101.2 142.6 1.41
8.65 11.6 22.8 1.97
6.24 16.0 36.2 2.26
~
13.3 4.45 22.5 52.8 2.35_
| 2.67 37.5 '85.9 2.29
) 1.84 54. 4 124.2- 2.29
I4
LS

172



z0910( [P] e /PM )

74921073 M

599x1Q" > M
5.00x1073 M

1.82x1073 ™M
1.60x1073 M

0.2 )
1 | l l 1 | I 1
0 -02 00 02 04 06 08 1.0 1.2
log,qfvs/ém s7')
Figure 32.

Double-logarithmic plots of the concentration(P), of

glucose at the exit against flow

different substrate concentrations as indicate

T = 25.0°C; pH = 5.87.
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tube reactions were carried out ;t pH 5.87 éﬁd 25.0£0.1°C, flow

rates varying from 0.98 to 9.18 cm s_l, with the éubstraté
concentration ranging from l.50 to 13.3 mM. Table 15 lists the
product concentrations obtained at the exit of the tube aad the
reaction rates for these copditions. A douple-logarithmic plot of
product concentration against flow rate is shown in Fig.32, all
of the slopes being close to -1. The, corresponding double-
logarithmic plots of the'apparent.reaction rate against flow
rate, 1in Eig;13, show that the reaction rate: is almost
independent of the flow rate. These results indicate that under

the conditions used in the present work, the reaction is free |

from diffusion control.

at

Dependence—~of product concentration on residence time

™~

Fi§.34 shows plots of product concentration against residence
time. The linearity between the product concentration -and the
residence time, in accordance with eq.(49), is further evidence

that there is essentially no diffusion control.
- ‘\\
Lineweaver—Burk plots \\,rh;\

The Lineweaver—BurA plot is linaar; here the reaction rates
’ . )

~were obtained from the é&ppe of a plothof product concentration

against the residence time, this being equivalent to taking the
average of the reaction rates at different flow rates. Similar
linear plots were obtained at other pH values and other

temperatures ( see Figure 39 and 42 in the next Chapter.) The
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lack of curvature is consistent with there being no.diffusion,
control in-the éystem. Since theré is no diffusion control the;
Knlapp) values obtained from these plots (the slopes .of which are
Km(épp)/v and ‘the Entercéptsjl/v ) can be regarded as .the
- noRel
inherent Michaelis constants K . Table 18 shows Ky values at

various pH values, compared with the values for the free enzyme.

The immobilization has brought about some increase in k;. but the

e -
P

effect is much less than if there had been substantial Hiffusipn

control {eg.52}).

Dimensionless parameters

Table 16 shows the ‘experimental values of P and ¢,
calculated on the basi¥ of eq.(53) and (54). In the calcylation
of  , the diffusion coefficient was taken as 3x1Q76cmzs%r: this
is based on the values for‘éugars(184,185), and should be not far
from the value for the presentASUbstrate. Figure 35 shows the
théoreticai plot of ¢ against p , together with the experimentall

points. All of the points lie well within region 1, the diffusion

-free region.

7.5 Stability of the nylon-tube-supported B-glucosidase

Storage stability

Tests were made to determine the stability of the enzyme-
coated tube used in the experiments. Its storage stability was
investigated by making activity measurements at various times

after storage at 5OC. The activity was determined as the rate of
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Figure 34. Plots of product concentration
residence time, for
concentrations. T = 25.0°C; pn
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Table 16.

Values of dimensionless parameters ¢ and p for different
substrate concentrations at various flow rates

T = 25.6°c ~ pH = 5.87
. (s)/mM
y 1-50 3.00 4.17 5.99 7.49 13.3
A Vg/em.s _
i xf)o3 g ‘,xfo3 S0 RS ¢ x?oi o xlo
] | o
| ./ | N
9.17 10,2 27 ; i !
1" ™ !
8.99 ! 7.38 2ei | .
8.82 | E ; 4.11 29
8.65 - i ! 2.31 30
6.93| 20.5 39 | N i -
5.00| 20.5 52 |10.2 “45 | 7.38 ;s} 5.13 43| 4.11. 43 2.31 41
2.85) 20.5 62 | 10.2 55 { 7.38 55; 5.13 51? 4.11 S4. 2.31 S0
2.00| 20.5 69 |10.2 61]7.38 62| 5.13 57l 4.11 60: 2.31 56
1.431 20.5 77 |10.2 69 |7.38 69 5.13 64| 4.11 68
1.06 10,2 73 | 5.13 69%
0.99 7.38 79 4.1 78
0.84| 20.5 89 |
.
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Figure 35.

Theoretical double-logarithmic plot of against P, |
those parameters being defined by eq.(53) and (54).°
The experimental points are for the follewing flow -
rates: /
!

0.84-1.06_gm s~1

1.48 cm s~

2.00 cm s™1 ‘

2.86 cm s} . .
5.00 cm s~ 1

8.58-9.17 cm s~ *

Region 1, little diffusional control ({<5%);

Region 2, moderate diffusional control (5-60%);
Region 3, considerable diffusional control (>60%).

@ O X000
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Figure 36a. variation of the activity of the free enzyme and the

immobilized enzyme on storage at S°C and at pH 5.87
QO free enzyme .

[J immobilized enzyme

b. Activity of B-glucosidase after incubation
at 45°C and at pH = 5,87
O free enzyme
] immobi%ized enzyme

C. Variation of activity with operation time for the
énzyme-tube used for kinetic measurements at
temperatures up to 45°cC.
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hydrolysis at pH 5.87, at a temperaﬁure of 25.0°C and aé a flow
rate of 2.74 cm s~ !, of cellobiose ;t a concentration of ,5.99 mM.
The results, for both the immobigized enzyme and the free enzyme,
are shown in Figure 36a. During the first two days the activity
of 'the immobilized enzyme dgcreased By about 22%, presumabl} dué
‘to detachment of loosely-bound enzyme. After that the activity
decreased abouﬁ half as rapidly as that of the free enzyme.
After 55 days, the solution of free en%yme became cloudy, while
the activity of the immobilized enzyme is 90%, indicating that
the immobilization m?kes the enzyme more sfable.

Figure 36b shows corresponding plbts for storage at 45°C. The
loss of activity is, of course, much mor; rapid, but the enzyme
Kéltached to the tube is again substantialiy more stable than the
free.énzyme. An i1mprovement in thermal stability of ehzyme upon
immobilization is not attained with all enzymes and

immobilization methods. The present immobilization technique

singificantly improves the thermal stability of the enzyme.

Reusage stability

Figure 36¢ shaws the plot of variation of activity during the
performancé\of kinetic meaébrements for enzyme-tube which has
been maintained when not in use at 5°C, but which has been used
for kinefic measurements at temperature.up to 45°C. The rate of
loss is now greater than for continuous storagé.’ The -half life of
the enzyme tube is about 200 hours. In view oftmé much Smalle;ﬁ

)

, Lo . \ . .
decrease in activity during the s?orage without usage, the
5
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decrease of activity with the- Teuse time may indicate some

inactivation of B-glucosidase by the substrate cellobiocse.

Thermal stability

Fig.37 gives the effect of temperaturé on the activity of
immobiiizéd enzyme. The optimum temperature is about 65°C, but
the activities at tempeqaturésl74oc and 85.5°C are still high.

- The immobilization has’ brought about a significant
improvement in stability, and the technical qéplication of this
type of immobilized B-glucosidasgkis therefore promising. Since
the system can be u&égK;\Ebggiderable number of times bgfore.

becoming ineffective, it offers .considerable improvement over the

use of the enzyme in a batch system.
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Figure 37. Effect of temperature on the activity of immobilized
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CHAPTER VIII

PH AND TEMPERATURE EFFECTS ON THE KINETICS
' OF IMMOBILIZED g-GLUCOSIDASE

- Fl

8.1 Introduction

In general, the influence of pH on the rates of enzyme
reactions will be different for an immobilized enzyme compared
with an enzyme in free solution, due to microenvironmental

S . :
effects caused by electrostatic, partitioning and diffusional

QEEQCERkE{,;D . .
Gold8fein, Levin, and Katchalski(28) treated the problem in

terms of the distribution of hydrogen ions between the bulk
solution and the support, and developed a quantitative treatment
Eér the situation in which the support contains lionizing groups
and bears an electrostatic charge; The relative concentration of
hydrogen ions in the near neighbourhood of a charged support will
be different from tHat of the solution because of the
electrostatic interaction between the charge on the support and
the hydrogeﬁ ions.- If the subport is positivgly ‘charged, the
hydrogen-ion concentration will be lower than in the bulk of the
solutipn; whereas if thé support is negative the hydfogen ion
concentration will bF higher. Thus the enzyme attached on the
chagged support will be exposed to a pH which is different from

that in-the bulk of the solution; therefore the pH-activity
-/n ' ,

profile for the immobilized enzyme should be shifted towards
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higher or lower pH values, depending on whether the support.is
negativé&y or.positi;ely chdrged(94). This is also important if
the enzyme-catalyzeéqfeaction p?bduces or consumes protons(129).
When the acid is being produced or consumed, the pH in the
vicinity of the enzyme active-site will be lower or'higher than
in the bulk solution so that the pH profile will be displaced.’

The local electrostatic effects also cause a ihift in pK
values. Due- fo eleatrostat;c interaction the excess of negétively
charged groups on the support will decrease the acid dissociation
constants of active groups of the enzyme and increase the pK
valﬁes, while the posiﬁive groups on the support will reduce the
pK values(129).

The studies of temperature effects on the kinetics of
imﬁobilized enzymes are very useful in estimating the extent
of diffusion contol. Activwation energies for diffusion in water
lie within a certain narrow range, and may differ from those for
the chemical interaction. Thergfore, an analysis of the
temperature dependence withran immobilized enzyme under different
conditions can provide information about the reaction mechanism.
These studies are also important for the design of enzyme

reactions for practical purposes.

In Chapter VII, the flow kinetics of the immobilized B-

glucosidase has been presented at a single pH of 5.87 and at a

single temperature of 25°C. This chapter discusses the kinetic-
results obtained over a pH range of 4.44 to 6.82 and a

temperature range from 5°C to 45°cC.
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8.2 Experimental

The methods for the kinetic measurements weré éssentiall& the
same as described in Chapter VII; the thermostatted‘éubstrate
solution'was passed through the,coifed enzyme tube in a
temperdture-controlled waterbath and the product was collectgd at
the other end of the tube, and analyzed speétrophotometricallyby
use of ATP, hexokinase coupled with glucose-6-phosphate
dehydrogenase and NADP. For studies of pH effects, the reaction
rates wereimeasured_at seven different pH values from 4.44 to
6.82 and at a temperature of 25.0°C. The subsﬁraﬁe concentrations
range from 1.30 to 13.3 mM. For investigation of temperature
.effects, the rate measurements were carried out at seven
different temperatures ranging from 5°C to 45°C, and over a range
of substragﬂ concentration from 1.30 to 13.3 mM for pH 5.87, and
at one substrate concentration 2.30 mM for pH 5.22 and pH 6.38.
Since the kinetics of the present immobilized preparation is free
from diffusion control, the reaction rate is independent of the
flow rate of the substrate solution. All tﬁe 'kinetic
measurements in the present studies were carried out at one flow
rate in a srange from 2.05 to 2.29 cm s7l. The flow rate was
determined for each run.

The same enzyme tube was used for all of the measurements.

The substrate sclutions were‘prepared in two different huaffer
systems according to the pH values desired. In the pH range of
4.44 to 5.59, 0.2 M'acetate—acetic acid was used as buaffer, while

for pH values above 5.60, 0.1} M phosphate buffer was used.
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8.3 Results and discussion of pH effects

Lineweaver—Burk plots

| Réaétion rates obtained at different pH values for various
substrate concentrations are given in Table 17; Figure 38 shows
the plot of apparent rate'adainst pH. The shape of these curveé
is similar to that for the free enzyme. ‘

_Table 18 shows values of inherent Michaelis constanté K’ and

inherent limiting rates v' at 25.0°C and at different pH values,
obtained from Lineweaver-Burk plots shown in Figure 39. For
comparison the values of the Michaelis parameters for the free
enzyme are also given in Tabie 18.7An inefficient immobilized
enzyme éystem has a Km(app) value much larger, sometimes by
several orders of magnitdée, than that for the enzyme in free
solution. The fact that, for the present immobilized preparation
these values of Ké are not much larger thén those for the free:

enzyme shows that the present system is quite efficient.

The pattern of pH behaviour | A
The pH depenaénces of the Michaelis parameters Vtﬂndbvn/Kéf

expressed as percentage of the correspohding‘value at- optimum pH,

are shown in Figure 40, with the curves for the free enzyme

Supgrimposed. The cptimum pH; for immobilized R-glucosidase, is

about 5.9, about 0.3 units higher than the values for éhe free

enzymé. In addition there is‘a small change in the pattern éf the
‘f\pﬁﬂcurvqs, in that aﬁ low pH the relative rates are higher for

the immobilized enzyme, while at high pH the relative rates are

187



Table 17.

Product concentrations and apparent reaction rates for

immobilized B-glucosidase at different substrate

concentrations and at different pH values

T = 25.0°C; Ve = 2.08 to 2.23 am-s~1
pH 4.44  4.82  S.21 5.59  5.87  6.27  6.82
(s)/mM (P)o/nM
1.30 7.69 ~ 9.90  11.7 13.9  16.3 11.9 - 6.50
1.82 10.5  14.4  17.9 19.0  22.0 16.4  8.85
3.00 17.3  20.8  27.6  29.2  35.4 27.2 13.8
4.17. 22.0  28.4 38.7  4l.6  47.1 34.1 18.6
7.49 31.5  53.0  63.4  71.8  B83.3 60.1 29.4
v/uM s1 A
1.30 0.165 0.208 0.241 0.290 0.336 0.256  0.136
1.82 0.228 0.301 0.371 0.404 0.465 0.353 0.188
3.00 0.372 . 0.432 0.573 0.618 0.738  0.585  0.293
4.17 0.486 0.587 0.807 0.877 0.982 0.733  0.394
b
7.49 0.697 1.09  1.31 1.51 1.74 1.28  0.621
.
y
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Table 18.

Michaelis parameters for free and immobilized g-

glucosidase at various pH values; T =

25.09C;

percentage error in both V' and K, <t 6%

g-glucosidase immobilired B-glucbsidase in free
on nylon tube solution
pH V[pm-s_l K;/mH pH V/;m-n-s"1 Ko, /MM
4.44 3.42 ~25.5 a 5,00 ©0.667 5.38
4.82 4.70 27.6 5.32 . 0.952 5.80
5.21 7.14 33.4 5.53 1.25 6.60
5.59 9.09 37.0 5:92 0.980 7.05
5.87 9.43 35.2 6.19 0.870 7.62
6.27 6.49 31.7 . 6.48 0.714 ® 7.93
6.82 3.14 28.6 6.90 : 0.606 12.0
’

<

The errors were obtained in the same way as

values for the free enzyme ( Table 11).
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Figure 39, L{neweaver—Burk ploﬁs of 1/v against I/ESJ for

immobilized R-glucosidase; T =

25.0°C; pH values as
indicated
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-
lower, compared with the free enzyme.

'Thié difference. between the free and immobilized enzyme may
be caused by microenvironmental pH effects due to a slight
positive residual charge on the surface of the support. The
positive charge repels hydrogen ions from the surface and
therefore causes the local pH near the surface to be highef than
the value measured in the bulk of the solutfén. At low pH values
this increase of local pH increases the rates, as observed. At
high pH values Fhe_effect is to lower the rates. ﬁ/similar reﬁult
was also found by Bissett and Sternbérg(lQ) with B-glucosidase

attached to chitosan. At lower pH values the amino groups of the
chitosan matrix were protonated, thereby attractipg hydroxyl ions
which caused the microénvironmental pH near the matrix to be
higher than in the bulk solution; this resulted in

stabilization and thus greater activity of the immobilized enzyme
at lower._ pH values; Ngo and Laidler(180), for the
acetylcholinesterase system, observed|a similar effect which was
alsco attributed to.changes in the 1lpcal pH at a surface, but

!
there it was due to acid liberated in the reaction.

Ionization constants of catalytically actdve groups

7

The pK Qalues for immobilized enzyme, calculated from
Michaelis parameters v' and V'/Ké by use of the computerized |
procedure described in Chapter III, are given in Table 19 where
they are compared with the values for the free enzyme. The pkK

s 3 . q s .
values arerslightly lowered as a result of 'the immobilization.
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Table 19.

Dissociation Constahtg obtained by use of statistical
procedures for immobilized B-glucosidase
T = 25.0°%
{( error im pK, an PRyt 0.1 )

Immobilized . Pree enzyme
g—glucosidase
PKy, 4.5 4.9
PK, 6.6 6.4
P, 4.8 5.0
pK} 6.4 ’ 6.5
’ S

The errors were obtained in the same way as for the

values for the free enzyme { Table 8 ).
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This result is donsistent with there being a small positive
residual chagge on the surface. The repulsion of hydrogen ions
by the positive residual charge of the surface makes it easier
for the proton ionizations to occur, and therefore increases the
dissoézation conétants and lowers the pK values.

A similar effect, the perturbation_of-the dissociation
constant of an active group due to the microenw@rqngsgﬁgl charge,
hdy been found with the enzyme chymotfypsin. By chemical
modification, the conversion of 14-;ositive1y charged lysines on
the eénzyme surface to negatively charged carboxylates causes the
pKa to increase from 7.0 to 8.0, while the conversion of 13
negatively charged surface carboxyls to positively chafged amines

{;wers the pPK, to 6.1. Similarly the acylation of the surface

aQ}no groups of trypsin causes an increase of 0.2 units in the
, »

PKa
€186).

activ

f the free enzyme, These are summarized in the Table 20

Here the change of the dissociation constants of the
groups 1s due to the charge on the surface of the enzyme
moleclle itself, and not to the surface charge of the support,

ut the egfects are similar.
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Table 20,

Influence of surface charge on pK,

Enzyme Modification pK, kC/s"]
‘ . *
Chymotrypsin —-—= 7.0 47
Succiny-chymotrypsin Lys(—NH+)——— _ 8.0" 74
-=NHOCCH,CH,COO
2-12
Ethylenediamine- Asp,Glu(-CO,) —~ 6.1" 50 X
chymotrypsin —CONH(CH2)2£H3 b
. * % :
Trypsin -—- 7.0 0.7
[
. 4+ * &
Acetyl-typsin Lys(—-NH4)— 7.2 1.2

-NHCOC 3

*
The PK,

methyl

ror k., for the hydrolysis

ester

of acetyl-L-tryptophan- .

The pK, for kc/Km for the hydrolysis of benzoyl-L-arginine

amide.

g
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8.4 Results and discussion of temperature effects

Arrhenius'plots of apparent rate

Figure 41 shows the,témperature dependence of appareﬁt
reaction.rates in tﬁe»Arrhenius form, far immobilized enzyme at
pH value iné;ﬂz and atédifferent sﬁbstrate concentrations; these
data are'divén iﬁ Table 21. As with the free enzyme these plots
show a slight change in slope at about 22°C. The inherent
Michaelis parameters v' and ké at pH 5.87"and at different
.temperatures, obtained from Lineweaver-Burk plots in Figure 42,
are given in Table 22; the Arrhenius plots of logygV' and
10910V'/Kﬁare shown in Figure 43. Again there is an intersectidn
at 22°C in both curves. Similar‘behavipyf was shown at other pH
valugs.'Figure 44 shows plots of loglov'against 1/T for pH values
of 5.22 and 6.38; here v is the apparent rate measured at

Ssubstrate concentration of 3.00 mM and its values are listed in

Table 23. In all cases there is an intersection at about 22°C.

Activation energies

Table 24 shows the activation energies obtained at pH 5.87
s
and the corresponding values obtained for the free enzyme. The
subscript c indicates the activation energy corresponding to Vz
and o that corresponding to VJ/KA; the subscript ‘h indicates the
activation energy in the higher temperature range and 1 that in
the lower Eemperature range. The fact that thelactivation

energies for the immobilized enzyme are very close to that

obtained for the free enzyme confirms further the conclusion that
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Table 21.

‘). Product concentrations and apparent reaction rates for

immobilized g—glucosidase at different substrate

concentrations and at different temperatures

pH = 5.87 Ve = 2.08 to 2.23 cm s”1
T/°C 5 12 20 25 30 37 45
(s)/ mM (P)o/nM

1.30 4.58 6.94 12.0 15.8 21.0 33.3 47.9
1.82 5.66 8.98 15.6 21.2 28.9 43:2 66.7
3.00 9.74 15.0 23.9 35.4 46.9 70.0 107

4.17 12.8 15.0 33.5  S2.4 63.4 97.9 146

7.49 21.1 36.3 58.8 84.2 116 174 254

v/uM s~1

1.30 0.094  0.147 0.258 0.339 0.460 0.736 1.07

1.82 0.122 0.198  0.345 0.470 0.637  0.956 1.48

3.00 0.203 0.326  0.535 0.737 1.02 1.52 2.40

4.17 0.284 0.423  0.747 1.09 1.35 2.10 3.14

R

7.49 0.462 0.797 30 1.86 2.57 3.87 5.68

“1.
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Figure 41. Temperature dependence of apparent reaction rate for

immobilized B-glucosidase at different Substrate
concentratioTs:pH = 5.87 and at flow rates from 2.08

to 2.23 cm s~ ”\
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Figure 42. Lineweaver-Burk plots of immobilized B8-glicosidase at
pPH = 5.87 and at various temperatures as indicated.
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" Table 22,

*

Inherent Mlchael1s parameters for immobilized B-gluc051da§e
at various temperatures

pDH = 5.87 | \

. . - ~
e
. -

( percentage error in both V' and Ké‘ggtS% )

T/°C 5 12 20 25 30 37 45
v'/uMs~1| 2.38 3.85 6.67 9.52 13.3 21.3 29.4
K p/mM 3l.9 32.9 33.5 34.8 36.4 . 37.4. 34.4

The error was estimated in the same way as for the

free enzyme ( Table 7 ).

N
~?

2C1
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Figure

43.
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10°K/T |

Arrhenius plots of inherent Michaelis parameters V'
and V'/Km' at pH 5.87 '
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Table 23.

Apparent reaction rates of immobilized B-—glucosidase at
different temperatures for pH values of 5.22 and 6.38

(s) = 3.00 mM

P

pH &j 5.22 6.38
T,/°C (P)o/mM . v/pMs™} (P) o/uM v/pMs”

5 4.94 .0.109 5.26 0.120

o1

12 8.82 0.195 9.23 - 0.211
20 17.2 0.382 17.3 0.395
25 25.5 0.567 21.6 0.495
30 37.8 0.836 30.9 0.704
37 56.4 1.26 44.9 1.03

s

45 81.4 - 1.82 66.0 1.51
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3.0

5

. N
Figure 44.

31 32. 3.3 3.4 35 .. 36
10°K/T

Plots of log o v against 1/T. The upper curves relate
to the immobilized enzyme and to the right-hand
scale; O, pH = 6.38 and [S) = 3.00 mM; <, pH = 5.22
and {S] = 3.00 mM. The lower curves are for the free
enzyme ((E) = 0.1 mg mL™}) and relate to the left-
hand scale: ®, pH = 6.39 and (S} = 0.299 mM;<J, pH =
5.22 and [S] = 0.599 mM. . '
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Table 24,

Activation energies, E/kJ mol” !, for immobilized
B glucosidase and free enzyme.
Estimated error < 6% -

immobilized enzyme * free enzyme et
pH 5.87 pH 5.76 | pH 6.19

Ech 46.4 44 42 M\)
Eol 50.& 49 55
th 43.7 44 { 47
Eo 48.3 _ 70 _ 65
Subscripts: ¢ activation enerqy for V'

o) activation enerqgy for V'/Km'

h higher temperature range

1 lower temperature range

The error was estimated in the same way as for the

free enzyme ( Table 12 ).
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there is no diffusion control in the kinetibs.bf the presént
immobilized preparation. )

For the free enzyme‘it was shown previously ({Chapter V) that
the changgs in slope in the Arrhenius plots, at a température of
about 23°C, become much more pronounced as the pH is either

rraised or lowered from thé optimum valﬁe. This is‘cleafly
demonstrated in Figure 21 of Chapter V which shows that
activation energies in the high and low temperature ranges come
very close. together at a éH of about 5.9, and diverge at higher
and ‘at lower values. A similar effect was found in the’present
work on the immobilized enzyme. The changes in slope shown in
Figure 43 for a pH value of 5.87, the optimumﬁ@é for immobilized
enzyme, are not very preonounced. By conﬁrast, in Figure 44 in the
plots of log;gv against I)T for pH values of 5.22 and 6:38, the
changes in slope are substantially more marked than at pH 5.87.
In order to compare the behaviour of immobilized enzyme with free
enzyme, the corresponding curves for the free enzyme are also
presented in Figure 44. The apparent activation energies obtained
from these data are given iﬁ Table 2§. The interpretation for the

changes in slope and for the variation of activation energy with

pH has been discussed in some detail for the free enzyme in

Chapter V and VI.

N
8.5 Conclusié;;V//A\

This investigation has shown that the immobilization has not

brought about’ any important changes as far as the catalytic
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Table 25.

Activation energies, E/k mol-l, obtained from apparent
reaction rates for = 5.22 and pH = 6.39
: Estimated ernor <:t 6%

pH immobilized enzyme free enzyme
* * Yok "k
Eh Ex Fn Ey
5.22 50.6 58.1 ' 43.3 110
6.39 42.7 51.3 52.9 76.8
Subscripts : h higher temperature range
1 lower temperature range

rates were measured at

*  [(s) = 3.00 m#
** (s} = 0.299 mM
o (S] = 0.599 mM

The errorswas estimated in the same way as for the

free enzyme { Table 12 }.

b
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activity of the enzyme is concerned. The activity is still due
largely "to chemical effects, with negligible’diffusion control,
and the pH dependence remains much thé same. The activation
enérgies were not changed significantly, and the activation
energy varies with pH in a similar w;y. The kinetics of
cellobiose hydrolysis by the immobilized enzyme is similar to

r -
that by the free enzyme, indicating that the procedure used in

the present work of immobilization of B-glucosidase on nylon

.tubing is quite efficient; the coupling process has very little

influence ¢on this aspect of the kinetic behaviour of the enzyme.

The immobilization has, however, brought about a significant
improvement in stability, and-khe immobilized preparation can be
used repeatedly for a considerable number of times. The
utilization of g-glucosidase immobilized on nylon tubing in the
saccharification of cellulose with cellulase enzymes is thereforé'
promising. Absolute rates of'hydfolysis could-easilf be increased
by attaching more enzyme to a given surface‘area, or by

¥

increasing the surface area. The latter can be effected by

increasing the length of the tube, or better by passing the

substrate solution through a group of tubes in parallel.
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CLAIMS TO ORIGINAL RESEARCH

1. A new method, which involves only one step and allows the
reaction to be followed continuously, was developed for the
kinetic studies of the hydrolysis of cellobiose patalyzeé by 8 -
glucosiidase; a coupled system EOntaining AT?,I hexokinase,
glucose-6-phosphate dehydrogenase and NADP was employed for the
continuous spectrophotemetric determination of the product

glucose.

2. Two procedures, the glucose-concentration method ('GCM'") and

-~

the glucose—slﬁpe—method ('GSM'), were devised for calculating
the initial rates of the enzyme réaction under different
conditions. At pH values above 6.2, where the enzyme reaction is
the rate-determining step, the initial rates were calculated from
the initial§slopes of the corresponding absorbance-time curves by
use of the conventional calibration curve witﬁ the absorbance
plotted against the glucose concentration (the glucgse
concentration method }. At pH values below 6.2,.where the enzyme
reaction is not the rate-controlling step, the initial rates were
calculated by the glucose slope method, which involves obtaining
an average rate at a sufficiently short period of time by use of
an alternative type of calibration curve with initial slope of
ébsorbance-time curves plotted against concentration. This type

of calibration curve was proposed for the first time.

3. The pH-dependence of B-glucosidase kinetics was investigated
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at three -temperatures, 189, 24° and 31°C. The dissgéiation
constants for two ionizing groups involved in the enz&mfc
catalysis were determined at these temperatures by a computenééed

!

least-squares procedure.

4. Temperature effects 06 the kinetics of the hydrolysis of
cellobiose by B-glucosidase we;e studied at different pH values
ranging from 5.0 to 7.0. There is consistently an intersection at
about 23°C in Arrhenius plots of initial fates‘and of Michaelis

o
parameters. The present study is the first to determine

activation energies over a pH range and to investigate the

variation of activation energy with pH for any enzyme system.
)

5. Theories of enzyme kinetics have so far dealt only with pH
effects or with temperature effects; cooperation between both
temperature and pH effects on the rates of enzyme~catalyzed
reactions has not been considered. In the present wofk{ both
effects were considered together and a unified treatment of pH
and temperature effects was presented to interpret the Arrhenius
behaviour and the dependence of activation energy with the pH.
Egquations were obtained which indicate how the apparent
activation enérgy varies with pH and'temperature, for one-

intermediate and two-intermediate mechanisms.

6. A mechanism involving two intermediates was first proposed
for the hydrolysis of cellobiose by 8-glucosidase. A successive

approximation procedure was employed to estimate the values of

‘.
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the activatlion energilies and preexponential factors for
individual steps, which provide good quantitative agreement with

experiment.-

7. Enthalpy and entropy changes have been measured for the
ionization processes of catalytically active groups. Thé present
work was the first to measuJre tﬁe thermodynamic parameters of the
ionization processes from the témpe;ature effects on the

dissoc¢iation constants for any enzyme system.

8. B~glucosidase has been chemically attached to the inner
surface of nylcon tubing, and the detailed flow kinetics and

stability have been studied for the first time.

9. Various tests suggested by the Kobayashi-Laidler theory

showed that the extent of diffusion control was negligible.

. 10. The pH dependence of the Michaelis parameter® for the

immobilized ‘enzyme has been studied.

11. Temperature effects on the kinetics of immobilized enzyme

were lnvestigated at several different pH values.

12. The kinetic behaviour of immobilized B-glucosidase indicated

that the procedure of attachment of B-glucosidase on nylon tubing:
is quite efficient; the coupling process has very little

influence on the function and activi;y of the enzyme.

—_—
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