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PREFACE

During recent years, much attention has been paid to the
potential advantages of immobilized enzymes in industry, ‘analytical

chemistry and medicine. Many reactors have been developed but the
L4

present report is concerned with only the tubular reactor and the
rotating enzyme disc.

Kinetic theories, -so fa; developed, deal with one-substrate
eniymes because these show simpler kinetic behaviour than multi-substrate

enzymes do. However, fundamental theoretical treatments for multi-

substrate enzymes are needed and these may later Iead to an efficient

. . . . “
exploitation of their catalytic behaviour.
<+

L™
Developing a complete kinetic theory for tubular reactors of
wo=-Sub TV oS sephous b - o fa s
u strate encymes poses ‘s?mqgﬁ bro lems,_and 35 f-r no succes
has been achieved. To avoid soke of these . d1£f1cult¥ps we have -

employed experimental conditions under which the exlé\zng Kobavash1

and Laidler theory, developed for 51ng1e-substqaxe enzymes applies

¢
¢

to two-substrate enzymes. '

This thesis reports also a preliminary investigation on the .
_flow kinetics of enzymes immobilized on rotating discs. Eiperiments
‘ are done with immobilized lactate dehydrogenase at an impervicus support
and at a porous membrane.

Some of our work presented in this thesis has been published and

another paper is in course of publication, as follows:
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"Flow kinetics of_-lactateodehydrogengse Chemically aFtached
to nylon tubing”, N.J. Daka and K.J. Laidler 619753
Canadian J‘c;urn;; of Biochemistry, 56, 774—7-7-9.

"Temperature ana; pH effects on immobilized lactate dehydro-
genase kinetics", N:J. Daka and K.J. Laidler (1980)
Biochimica et Biophy'sica Acta: 612, 305-316.

"Imnmobilized lactate dehydrogenase kinetics at a-rotating
enzyme disc", N.J. Daka and K.J. Laidler {1980). Submitted‘

to Biétechnolog_v and Bioengineering. ®
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ABSTRACT ;

Chapter I

A brief history of immobilized enzymes is given, and areas
where immobili:zation of en:zymes is generally found to be useful are
discussed. The different factors which may alter the kinetics of
enzymes after immobilization are poinfed out.‘ The chapter closes with

the presentation of some basic properties of lactate dehvdrogenase (LDH)

and some reasons for choosing this particular enzvme for our research.

-~

Chapter II

Some important features of the Kobavashi and Laidler theorv for
tubular reactors are outlined and the experimental conditions under which
this theory can be used to characterite the behaviour of LDH present
at the inner walls of tubes are discussed. Kinetic funs are made with
both free and immobilized LDH at 25 °C.  The results obtained with the
tube system are analyzed in the light of the Kobayashi-Laidler theory.
Diffusion-free Michaelis constants for pyruvate and NADH, found with
bound LDH, are compared with those from the free-enzyme experiments.
Steric effects are implicated in the kinetic behaviour of NADH with

the bound enzyme, and the tube system is found to be significantly

affected by diffusion factors. The same chapter discusses the proce-
dure for attaching enzymes to nylon supports through glutaraldehyde
and benzidine as cross-linking agents. A preliminary calculation of

the activation energies for diffusion of NADH and pyruvate is made.



vii.

Chagter II1

A detailed study o{ the flow kinetics” of LDH-tubular reactors
is made at various temperatures, vérious flow rates and various sub-
strate concentrations. The results are analyzed in terms of the
Kobayashi and Laidler theory and show that low flow rates, low substrate
concentrations and low temperatures lead to an increase in the extent
1

of diffusion control. A very low activation energy of 0-1 keal mol”

was obtained at high substrate concentrations. A diffusion-

-

-

controlled value of 5.0 keal rm'.vl_1 estimated by extrapolation to
infinitely small substrate concentrations is used to calculate product
concentrations at the exét of the tube and dimensionless parameters (&
and p) at variéus temperatures. Measurements of the reaction rates at
various pH values show that the activity-pH profiles for pyruvate are
different :fgn those for NADH, and reasons for the differences are

suggested.

*«

Chggter v

A discussion of the theoretical aspects of rotating enzyme
discs is presented. The enzyme LDH is attached to a nylon disc by a
method which involves the use of thionyl chloride and 3,3-diamino-
benzidine, and shows favourable activity. Aﬁalysis of the data obtained
with the enzyme disc is made in terms of the theory presented in the
same chapter. Consistent results are obtained, which suggests that
the theoretical treatment is along the right path. All runs are made

at 25 °C with variable NADH and fixed pyruvate.
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Chapter V . . -~

A porous membrane disc is constructed and used to study the
effects of external diffusion on the flow kinetics of entrapped LDH.
Internal diffusion is assumed to be negligible, and the theory discussed
in Chapter IV is used to treat the daté of the kinetic experiments
made at 25 °C with variable NADH and fixed pyruvate. The kinetic be-
(haviour 1s different from that found with the impervious disc of

Chapter IV. Reasons for the anomaly are discussed.

Chagter VI

Based on the results of the'experiments reported in Chapters II
to V, the extent to which diffusional, conformational, partitional and
environmental factors influence the kinetics of immobilized LDH is
examined. It is concluded that these factors can be better understood
from the kinetic point of view if experiments are carried out with
multi-substrate enzymes and under situations where substrates are
allowed to interact with the fixed enzyme at different but well-controlled
flow speeds. A summary of the advantages of immobilizing enzymes is
given in this final chapter, and conditions which may help to maximize
the predictions of the Kobayashi-Laidler theory and the treatment of

the rotating enzyme discs are outlined.
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The reduced coenzvme of LDH

The DamkShler number

The utili:atioﬁ factor
Viscosity of solution 1, 2, etc.
Nvlon disc surface

Product concentration as the exit of
the tube o

Product species

DimenszﬁIESS‘tqutan: cf the K-L
theory .

Density of solution 1, 2, etc.

Negetlve logarithms of the hvdrogen
lon\ccncentratlon the ionization
constant and the Michaelis constant
respectively

Dimensionless constant in the K-L theory

Radius of a tube or disc
Radial position of a tube
Substrate concentration

Substrate species

Unit Used

M, mol dm-3

M, mol dm™°
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Definition

Absolute temporature'

Time of flow of solution 1, 2, etc.
Apparent (observed) maximum velocity
Maximum diffusion-free viscosity for
the immobilized enzyme

True maximum velocity for.the free
enIyme

Maximim veloci®ty for the immobilized
enxyme affected by conformational,
partitional and environmental effects

Observed or apparent reaction rates

te of flow of a solution through
a tube

Hvdrodvnamic velocity component in the
X direction for a rotating disec

Kinematic viscosity of the solution
medium

Angular speed of rotation
Axial position of a tube

Charge on the substrate or on the
enzyme support

Unit Used

Ms 7, mol dm



CHAPTER I

GENERAL INTRODUCTION

1.1 Introduction

In recent vears, the study of immobilized enzymes has developed
significantly because of their many attractive features, some of which
will be discussed briefly in this Chapter to provide an introduction
and background to the topics of this thesis.

An immobilized enzyme is one whose movement has been restricted
to a limited region of space bv either adsorption, encapsulation,
covalent bonding or a combination of two or more of these classes of
methodsl. Figure 1 gives a summary of the different ways an enzyvme <¢an
be immobilized. Prior te 1971, various terms such as "solid-supported

enoyme’, "insolubilized enzyme", "fixed enzyme", "insoluble-enzyme

. derivative", "trapped enzyme", and "matrix-bound enzyme'" were used to

distinguish fixed enzymes from their freely moving counterparts. 1In

1671, the name "immobilized enzyme' was recommended at the First Engi-

neering Conference2 held a2 Henmiker (New Hampshire, USA} to include

all the above-mentioned terms. Thus, today, the accepted and widely

used terminology for description of all supported biological catalysts

- is "inmobilized enzyme".

Historically, the first immobilization of enzymes was made by
Grobhofer and Schleith in 1953°*%. The second attempt was made in 1955

by Brandenberges. On the whole, the subject received very little

-
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attention in the 1950's. In the 1960's, the interest was initiated

by Katchalski and coworker56-10; It rose rapidly =nd by the end of

the 1970's several reviews and books had been written on the subjectll'lo.

Techniques for immobilization of enzymes to both organic and inorganic

. - - .
supports have been reviewed recently by Goldstein and Maneckel and

-

Chibdta‘o. Kinetic aspects have been nicely documented by several
219 717 ‘

workersl,lG,.S,:l 16‘

The advantages of immobilizing enzymes <an be found in a number

of important areas such as those discussed below.

1.2 Economic Aspects

1!
Most enzyme-catalyzed reaction studies are made with both the

bn:y@e and the substrate in the form of a solution. It has been argued
that since the isolation and purification procedures for these highly
specific biological catalysés from the cells of living organisms are
usually long, tedious and sophisticated, enzymes will always be econo-~
mically” expensive. "For example, a new book on Fermentation and.Enzyme
Technology21 says that a 1970 survey showed that of more than 1,300
enzymes known at that time only 120 were commercially available. About
50;?ere available in one-gram lots or less, while 35 were adverfized

in kilogram quantities and over half the enzymes available in less. than
one-gram quantities had an effective price of over $2500 per gram.

Only a few enzymes from bactéria were produced in tonnage quantities.

Hieland22 also reports that in 1969 the American fermentation industry

produced products valued at $2 billion, of which 364 million was



accounted for by enzymes. This gives us a quantitative feeling of how

expensive it is to use liquid,enzymes. However, such high costs and

enzyme expenditure can be'feduced significantly through the immobiliz~

ation technique because 'then the same enzyme can be used many times over.
. ) + .

+

1.3 Medical Applications Cos :

Despite the.basic importance of enzymes in medicine, enzyme
. . - = . . R

' therapy for treatment of diseases caused by either enzyme deficiency or

Y

' accumula;ion of undesirable .substances haé‘langed far behind ,the indust-

1 -

'r1al applications; thls is because of serious problems gncounte:pd by
ct - ‘/‘

séientists-studvine ‘ sible therapeutic applications of ‘enzymes. For

.o_ . A . -+
ot ﬁxample hhan a patlcht suffbrs from 3 dlqease arising from lack of an
SRR T \ - - [y
et ' en:vme 1n his bpdy' thé\eorrect en'vme'mgy'be 1n3ecte& darectlv 1nto

- -

[ . ~ 1 " -

. ;r"j-,\ S hls blood stream or admznzatered orallv 1n ‘the £brm of a.plll ta compensate

4

for thb deficienc#.f 1t has been found that when this is done.the »
. . y v

* ‘--, - . i - - - . -
N 'en*vme tends‘tc be un&;able, {b51ng its act1v1tv fass. It has been

\']
C

a0 suggestea that perhaps the bédf sces the add:nlstergd enzyme a5 a forexgn
,;él. ‘ppro:e;ﬁ.(antagen) aﬂﬂ”produ s;aqtibodlé;A£0'r§;o;e aﬂé inactivate {F
'?-' qulcklv Th;; mav caIl for reﬂ&ated adm1n1strat10n of the same enzyme.
. - *Such augractlce has often 1ed to ‘more compllcated side effecti due to
: antlgen anilboéy reagéions%é‘lg. .Iﬁ some cases, bLoo&\?lbts have
. i-‘: ‘deveioped cau51ag damage.zo thehbrazng 1ung§, kzdneys and the heart and
o ultlmately death to*:he zec1plcntiof £he soluble enzyme.
- N f : ‘Can an lmmoblllzed enzyme h!ﬁp in av01d1ng some of gﬁese pro-

N
-

- Elems? The answer'ls yes, “When an ‘enzyme is 1mmob111zed inside a

- R . - . .
Yy . A - . L ™ o s



semipermeable membrane, for instance, it is prevented from attack by
high-molecular-weight substances such as proteolytic enzymes, antibodies
and antibody-préducing cells, and its activity in the patient's body

lasts muéh}}quer than that of a free enzyme. This fact has been

a7 N
_a‘-d

expérimentally -confirmed by Chang and Peznansky who worked with

acatalasemic mice. It was found that the mice that received catalase

in solution form required repeated injections of this enzyme for effective
removal of sodium perborate (substrate for catalase) which had initially
been introduced into their bodies. The animals finally died. On the
other Mnd, no antibody ation, no side effects and no deaths were

observed among the mice that received microcapsules containing the

25326

enzyme catalase. In another mvestigation , in which asparaginase

: \
was administered to mice cont%ining implanted tumor cells, it was observed

/ .
that after 14 days tumofg“ﬁﬁpeafed in animals which had received soluble

&

asparaginase, whilst it took 69 days to see the same effects among those

- -

which had received the same enzyvme contained in microcapsules. Thus,
immobilization improves enzyme stability and can avoid side effects.

- An interesting area where immobilized enzymes are finding a

bright future in medicine is.in the construction and application of

YExtracoyporeal Shunt' systems. A number of these devices are already

*

tion: Allison et 3127, for example, have used asparaginase’

ment of diabetic patients using immobilized lactate dehydrogenase with
a shunt system has been attempted. Changzs, using a column packed with

urease microgapsules, made an extracorporeal shunt which he called’the



"Artificial Kidney" and used it to cure uremic cases. NWith extracor-

) o
poreal devices, z patient's blood can be treated outside his body“g.

The blood is allowed to flow out of the sick.body, through the shunt
: -

system containing the bound enzyme and back into the body. The above-

mentioned treatments were carried out this way. Furthermore, with
extracorporeal shunts, a ‘doctor has direct contact with the patient's

blood and he can easily check the presence or absence of blood clots

before any serious damage is done. : !
. - " F

Although the therapeutical applications of immobili:zed en:ymgs

so far are modest, they point the way to future improvements and to the

fact that immobilized enzymes in medicine have a great potential over

soluble enzymes.

1.4 Commercial Applications )
- A

Significant progress with immobiliggg—;;iymes has been made in

the food processing industry.

. A
1.4.1 Anino-Acid Production

The first large-scale use of these bound species was made in

20,30-32

Japan by the Tanabe Seiyéku Company for L-amino acid production.

Amino acids are the fundamental building blocés of proteins. There
is therefore great need in the world today to enrich foods with amino
acids. Chemical techniques for synthesizing amino acids reéult in
racemic mixtures of D and L forms. Since only the L form can be meta-

bolized and used for protein synthesis in living bodies, the mixture

must be separated. Although it is usually difficult and inefficient



to separate D and L forms by ordinary physical and chemical methods,
.enzymes accomplish this purpose very easily. The Japanese company is
still iﬁ operation. I; uses aminoacylase -adsorbed on DEAE-Sephadex
'for the continuocus, automatically controlled preparation‘of L-methi-

. omine, L-pheylalamine, L-tryptophane and L-valine froq_racemic mixtures
of those aminolacids. Due to the immobilization technique; production
costs have been cut to 60% of that for the conventional batch process

using soluble enzymes.

-t - .

1.4.2 Fructose and Sucrose Production

Up until 1958, commercial corn s$y¥Tups were produced by acid
hydrolysis of corn staréh. Higher conversions brought about by the.
acid, coupléd with poor specificity of the method gave products which
were low in glucose and bitter in taste, With the introduction of
enavmes, it became possible to produce hlgh quality syrups. With the
glucoamvlase used today, products with glucose content of up to 95%
and 70-75% as sweet a$ sucrose, are easily obtainable. Sweetness is
improved by using glucose isomerase which isomerizes.glucose to
fructosess. e

‘/ The enzymic isomerization of glucose to fructose carried out on
a cémmerc1al scale since 1968 is one of the largest and most 1mportant e
applications.of an 1mmob1112ed enzyme in industry today. ' The Novo . ;‘
Industri in Denmark and the Clinton Corn Processing Company and the

Standard Brands Company in the U.S.A. have operated with glucose iso-

merase bound to DEAE-cellulosezo. Various supports have also been tried.



For example, Messing‘_s6 adsorbed the'en:yme on alumina. Strandberg and
Smile}'37 used diazotized porous glass and Davis38 entrapped it in
polyacrylamide gel.

Immobilization is also being used in the beet sugar industry.
The enzyme, a-galactosidase held within pellets of the fungus M.Vinecease

. . . 35
vields sucrose from raffinose on a commercial scale””.

1.4.5 The Milk Industry

Milk, a chief food for babie§, contains lactose. Lactose accumu-
lation has been associated with stomach problems experienced by lactase-
deficient beings. Patients méy recelve lactase orally to bring about
the hydrolysis of the problem-causing compound to glucose and galactose.
However, the administration of the enzyme in soluble form may cause
allergic reactions in some people and must be discouraged. The lactase
used for treatment usuzlly comes from veast and bacteria such as
Escherichia Coli and Aspergillus. The foreign nature of the enzyme
sources éan contribute to some allergic problems faced by human bodies.
Removing lactose from the milk before it is consuged seems to be the
best alternative of avoiding its harmful effects. Today, there are
plants in Italy, U.S.A. and Japan, for example, which operate on
immobilized lactase and their results are phenomenaljo. The interest
in lactose also stems from the fact that its hydrolysis products are
used in many dairyproducts, both as sweeteners and as substitutes for
corn s;fup solidsss’sg, The industrial application of lactase has used
phenol-formaldehyde resins as enzyme supports and glutaraldehyde as a

crossing agent4o’41.



1.4.4 Miscellaneous Commercial Uses

The applications of immobilization given above are on very large
industrial scale today. - There are also many potential large-scale
commercial uses of the technique in various stages of research and

development and Table 1 gives a suwmmary of some of these applications.
3

1.5 Analvtical Application

Enzymes are verv specific for their respective substrates. Their
widespread use in analytical procedures for determination of specific

chemical substances in” solution samples emanates from this powerful

property” that they have. In recent vears, attention has been focussed

-

more on ilmmobiliZed enzymes than their free counterparts because the

16,57

former often display enhanced stability and repetitive utility,

which are economically of value. The latter lack these qualities.
Furthermore, the discrete physical form of immobil};gd enzymes makes it
possible to carry out assavs with different types of reactign configu-
rations such as the enzvme electrodess, packed bedsg, stir;ed tanksg
and open tubular reactorszg;

An enzyme electrode consists of a layer or a membrane of an
immobilized enzyme and a sensiéive electrode to monitor either pH, gas
or ion changes resulting from an Enzyme-catalyzed reaction. For example,
asparaginase—pHeO, LDH-PtGl, Catalase-0262 and Urease-C0263 couples,
invelving an enzyme and an electrode, have been used successfully for

detection of asparagine, lactic acid, hydrogen peroxide and urea, res-

pectively, in blood and urine samples of patients.



10.

Table 1. Some potential large-scale uses of immobilized

enzymes in industry.

APPLICATION

Production of cheese
Sterilization of milk

Isclation and purification of
enzyme inhibitors (affinity
chromatography)

Biochemical batteries - fuel

cells

Electron Tich substances
(nutrients) get converted to
electron poor (metabolites)

Removal of bitterness from
orange juice

Reduction of phenol content in
waste water

Removal of polvpeptides from beer

Production of urocanic acid, 2 sun
screening agent, for cosmetics

Production of 6é-aminepenicillanic
acid v

Production of L-citrulline for
medicine .

Production of L-Malic acid for
treating liver diseases and
hyperammonemia '

Production of L-aspartic acid -
a food additive

IMMOBRILIZED ENZYME  REFERENCE
Rennin 32
Catalsse 43,44
Trypsin: -chyme- 45,40 ,47
trypsing .
Kallikrein:; Trypsine- 48
gen

Elastase 49,50
Papain 51,52
Glucose ¢xidase

Naringinase s3
Polyphenol oxidase 54
Papain 55
L-histidine ammonia- 56
lvase

Penicillin amidase 20
L-arginine deaminase 38
Fumarase 20
Aspartase 20



Packed beds, fluidized beds, stirred tanks and tubular reactors

have been particularly attractive in the use of the Automated Continu-
4 .

ous Flow Analy:ers° » such as that developed by the Technicon Instrument
Company for clinical and biological research laboratories. For example,

. . . . 3 . (00 . N
automatic determinations of ethanel ™, lactic acid © and malic acids
have §F°“ made very successfully with alechel dehydrogenase. lactic
dehydregenase and malate dehydrogenase attached to the inner surface of

nvlon tubes.

1.¢ Theoretical Applicatien

In living erganisms, enzymes are often immodilized in cells or
tissues. It has been found that some enzymes exhibit activity only
when thev are bound. This is the case with respiratory enzvmes and

. s - . 66,67 . ce e
enzymes involved in pheotosynthesis ’6‘. In short, immobilized enzymes

are considered as nodels for unders:andiﬂg the efficient processes of
nature in living bodies.

Research today has also progressed from a study of preparations
¢containing only éne immobilize& enzyme 0 s¥stems consisting of differ-
ent enzymes. This problem has been taken up because in vivo reactions
may involve the interaction between many enzyvumes.

68,69 . . !
"7 on the kinetics of | :

The work of Mosbach and his co-workers
matrices each containing three enzymes, is an illustration of the
interest expressed in this area. In one case, mzlate dehydrogenase,

citrate synthase and lactate dehydrogenase were attached to one CNEr-

activated sephadex. In the other, it was lactase, hexokinase and



glucose-6-phosphate dehydrogenase which were bound to one support. It

was concluded that the most efficient catalvtic sctivity is achieved

when these enzymes are s11 bound to the ssame particle or membrane. Some

people have been immobilizing subunits of enzymes in an effort to under-
. . . . -

stand complicated enzyme reaction mechanisms in vive .

Iwnobilized enzymes alse serve as experimental tools for testin

r

and improving & number of theories developed for these svstems™

LFg]

Considerable theoretical and experimental werk has been dene in this
regard, but usually the agreement between theory and experiment is best
for simple enzyvmic reactions. There is, however, s:ill.g;eat need for
theeries which can be applied o eniymes exhibiting complicated

Basically, studving the kinetics of immebilized enzyvmes, which

-
[wS
)

one ¢f the mest impertant aspects
of enzymoiogy because kinetic behavicur is the essential %eature of an.
en:yme: The knowledge for better reactor designs and profitabie use

of lsbour and other process materials for bound enzymes can be derived
from kinetic investiéations. -

Most immobilized enzymes exhibit altered kinetic behavicur when
compared with the corresponding free enzyme for a number of reasonsl’ST;
Firstly, immobilization may cause the three-dimensional arrangement
(conformation) of the enzyme protein to change. Consequently, the
three-dimensional structure of the active sites may also be ;ffected.

There is also a possibility that as the conformation changes during

immobilization, some active centres of the enzyme would be shielded from
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the easy approach of the substrate, so that the reactant, in its effort
to reach the sctive centre, may suffer steric hindrances imparted by

the support. Thus, confo;mation changes may be responsible for the
chserved difference in hinetic behaviour between the bound and the free
enzyme.  Secendly, the bound enzymes mav functien in a different environ-
ment.  The properties of the suppert may alse help in making the emviren-
ment of the enzyme difforenf. The resultant surnvunding mav be cha%god.
neutral. hwirephilic or hvdrophebic in character because of immebiliza-
tion. Thirdly, the substraze may have to 3istributc itself between the

fixed enovme at the suppert and the rest of the reaction selustion and

3

tecsuse of the changed enzyme envirenmen: the sulsirate concentration

[h
-
-

from it. This partitioning effect wiil depend ¢n the relationship
between the properties of the substrate and those ¢f the enivme environ-
Zent. Fer example, 3 relatively non-pelar reactant will be mere cone
centirated in the vicinity of a suppert containing & mumber of nen-pelar
groups than in an aquecus atmosghere. Converse;y, 3 polar substrate
wiil be attracted more intc an aguecus than inte a hvdrophobic medium,
These situaticns have been discussed by several workers7l’16’sg.
Finally, z fourth factor which may be responsible for the altered
kinetic behaviocur of an enzyle upon ilmmobilization is diffusion. A
diffusion layer may be established between the Support containing the
enzyme and the rest of the solution, so that the rate of transpert of
the substrate to the enzyme or product from the enzyme through this

) 5
boundary layer will be rate limiting"g. Thus, immobilized enzymes have
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been used for the investigation of conformational, environmental,
partitional and diffusional effects on the heterogeneous enIdmic rates,
Aléernntively. the Kinetics of immobilized enzymes can be influenced
by one or a combination of twe or more of these factors.

The classification of the kinetic parameters (Figure 2} into
separate categeries are a result of the influence of these factors.

Usually, the assessmens

2]

f the degree of influence imposed by each of
the factors on a3 particular kinetie parameter 1s not easy. However,

generalizations as te which ene plavs an overwhelming influence can be

mide tfrom theoretical predicticns. This will be illustrated later in

1.7 Cdenclusion

In concluding this Charter, it should be remembered that encyme
impebilization is a new science, growing and expanding rapidly mainly
because of its economic advantages and the chance it aliows to develap

new important devices such as tubular reactors, extracorporeal shunts,

< i
fuel cells‘l’s“

.and microcapsules for use in medicine, industrv and
Tesearch laboratcries. Like anv other new field, however, it has
several unsolved problems, some of which are:

1} So far, no single technique or support material can be used
to immobilize over 2,000 enzymes known today with equal
efficiency. Under the same experimental conditions, some
enzymes may retain their catalytic activity upon immobiliz-
ation whilst others may lose it complételyzo. This means

that favourable techniques for various unstable enzymes
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will have to be found thré&gh trials and tribulations.

2) Of the six general groups of enzymes (i.e..oxidoreductase,
transferases, hy&rolyses, lvases, isomerases and ligases or
synthatases), only immobili:ed hvdrolases have geen used
widelyT:. This is mainly due to their relatively simple
action and their good catalyvtic stability after immobilization.
There are very few studies and reports on the applications of
immobilized enczymes requiring coenzymes, Oxidoreductases,

~ transferases and ligases (symthetases) need coen:fﬁes for
their successful action. Coenzymes too are very expensive
substances.

3) So far, only a limited number of theories are available for
;reatment of experimentzi data. In fact, almost all have
been develgped to apply to enzymes exhibiting purely simple
Michaelis-Menten kinetics *™/°. This may partially explain
why very few detailed kinetic investiggtions have beeﬁx
carried out with such enzymes as the lactate dehydrogenase
(LDH) which have complicated kinetic mechanismsl.

Today, there is no existing theory for LDH chemically attached

to the inner surface of a tube and no work has ever been done with

any enzyme present on a rotating disc. These are some of the Teasons,

Plus the fact that LDH has important applications in a number of situa-

tions, that attracted our attention to the enzyme and this thesis reports

the efforts we have made in our laboratory with LDH.
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' e
LDH, a subgroup of oxidoreductasesT‘, is a tetramer of molecular

79,80

weight 140,000 It consists of two forms; the H, predominantly

found in the heart cells and M, in skeletal muscle. It is found in
the cytoplasm and csn be liberated into solution when cells are broken
with a homogeniser or by osmotic shock. Methods for its isolation include

. 2 .- 52-8
Straub's procedureSI, 1on—exchanges and affinity chromatograph}-b '

The enzyme LDH catalvies the following reversible reaction:

3 . 3

+ +
+ NADH + Ho e H-C- + NAD
H 0H

0.H 0,H

- -

K. = 5.4 x 10! &2
eq

Its catalysis is facilitated by the presence on its active
site of Histidine-195 and Arginine-171 and its activity does not require

4 metal ion as is the case with alcohol dehydrogenase which has a zinc

ion’g’so. Only very high concentrations of lactate can inhibit the

forward reaction shown above80’86’87. However, the effect is more
pronounced with the heart (H4) than the muscle (M4) isozymes, For
example, Staunbaugh and Post87 have found that the Ki values for lactate
are 26 mM with the heart and 130 mM with the muscle isozymes intfree
solution. The kinetic equations for LDH in soluble form have bé\q_

~
discussed in great detail by Laidlerl.
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analysis of the flow kinétics of an enzyme attached to the inner surface

3.7
of a tube7°’“9. Some important features of the theory will be reviewed

here. '

The model considered consists of a tube pf radius r and length L,
with an enzyme chemically attached to the surface of its impermeaﬁle
inner wall. A solution containing & substrate ({Facfant) at concentra-

tion [S] enters the tube at 3 constant fiow rate of ve.  Reaction takes

place at the active surface and the concentration of the. product

of thy tube for the velocity and concentration flow patferns as shown in
Figure \3: (I) the inlet sectién, (II) the intermediate section and
(IIT) tha fully developed section.. In the inlet sectivn, the velocitf
profile of the fluid entering the tube is flat but due to friction at:
the wall, it easily bécomgs parabollc in shape before region Ii is even
reached and remains that way throughout the entire 1enggh of the tube.
‘The concentration profile'is initially flat too but it c%anges slowly
due to the enzymatic reaction on the wall and becomes fui?} parabolicg
only after region II. Thus, in region III, both velocity anf concentra-
tion profiles are fully developed. —Regions I and II are negligibly
‘small compared to the total length of the tube?3 and the parabolic
profile is éésumed therefore to\be developed right from the entrance

of the tube.

Assuming that the flow through the tube is lamiﬁar! tha;'qhe

tube itself is isothermal and not charged, that thé substrate concen-

tration is low and that the enzyme reaction on the wall takes place,

v
-~



Figure 3.
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the two workers derived the following mass-balance expression for the

substrate:

(1)

where D is the diffusion coefficient; R a small distance along the
radius, r and I a small length along the tube. Thus, the first and
second terms in Eqn. (1) correspond to diffusion in the rad1al and axial

directions respectlvelx and the convective transport flux is described

by the third term.

With further analysis of Eqn. (1), which is §eyogs the scope of
this-thesis, Kobavashi and Laidlerzg’73 found that the concentration of
the product at the exit of the tube and the rate with which it is _

formed can be described by a mass-transfer coeffic;ent, kL’ defined as
2 \1/5. . :
Sz [ v . i

T(1/3) \- =L - (@

3
kL Z

for a given flow rate (vf), diffusion coefficient of substrate (D) and

-

tube length, L. Since the Gamma function of 1/3, I'(1/3) is equal to

2.67, ‘Eqn. (2) reduces to

Dz
r

v 1/3
.JkL= Lf - ‘P(SJ

The theory assumes that a diffusion layer is.established between
the inner surface of the tube and the rest of the bulk solution in it
(Figure 3d). The quantity kL therefore defines the rate with which

substrate and product Species respectively cross this layer to and from



the enzyme at the wall, in a direction normszl to the main flow. This

rate is given by

v

p = X ALS] | (4)

2 9 1/3
D s.oeéf D* r* La J[s] ? (5)

because the total arez, A,of the interior surface of the tube, is equal

=

to 2nrl. The product concentration at the tube exit is then obtained

or

«
)

by dividing the rate (Eqn. (5)) by the volume of the solution that

s
emerges 1in a unit time, viz. wr‘vf, and is thus expressed as follows

2/3
[p]D = 2.56(12”‘) [s]. (6)
TV

The above equations were derived for low flow rates and low

substrate'cqncentrations when diffusion and laminar flow conditions
are satisfied.
It has been established from a number of studies that the mass-

transfer coefficient is related to the thickness of the diffusion

layer, XD’ by the following simple e:quat:‘.c:n?1
_D
kL-g. (7)

In view of Eqn. (3), this simplifies to

Dr L 1/3

Ve

X, = 0.78 (8)

3

Thus, at high flow rates, there is a reduction in the effective

thickness of the diffusion.layer. In this case, the Kobayashi and
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Laidler treatment gives the rate of enzyme reaction on the wall as

2rr L k*[E] [S]vO
.. r L kL[E] [SIvg "
° KL+ [s]

and the product concentration at the tube exit as

2L ké[E]s[S]
[PJO = T \'fu-\;’*[slv) (1m

where ké and Ké are respectively the inherent rate coefficient and
the inherent Michaelis constant (both may be influenced by conforma-
tional and envirommental effects but not by diffusion) and [E]s is the
enzyme concentration per unit surface area.

According to Koﬁayashi and Laidler, the mass-transfer coefficient
(Eqn. (3)) derived from Eqn. (1) applied to immobilized enzymes obeving

the simple Michaelis-Menten klnetlcsg whose mechanism is

E+S+ES>E+P ' (11)

- where E, S, ES and P stand for the enzyme, the substrate, the enzyme-

substrate complex and the product respectively. The theoretical
treatment of Sundaran’et al’4 and those of a number of other workersga
show that the rate of reaction of an immobilized enzyme can then be

approximated by
_vpls]

A SCHES (12)

in which Vé stands for a limiting rate at high substrate concentration



and Km(app) is an apparent Michaelis constant influenced by conforma-
tional, environmental sand diffusional effects. The theory for the
tubular reactor ssvs that the diffusion-free Ky of Eqn. (®) is related
to the diffusion-controlled Km(app) by the equation

!
Nn(RPPY = K+ -_{’—l: (13

In view of Egn. (3), this reduces to

13
Km(app} = Kﬁ + 0.39% Vé (é: : {14

-]

s¢ that 3 plot of Km(app) against Ve

if linear sheuld vield K as

an intercept. This has been confirmed fer a mumber of svstems.

2.2.1 (1) Use of Dimensionless Parameters, ¢ and ¢

The treatment of Kobavashi and Laidler also gives a special
Procedure by which the extent of diffusion control in a partiaular
experiment with the tube svstem can be assessed through the use of the

following two dimensionless variables:

ey [+ )
¢ = m BL . (15}
K_(app)

o s B (16)

The quantities of Eqns. (1S5) and (16) above are experimentally obtain-
able. An entry of these ¢'s against their corresponding p's into a

theoretically made ¢-p indicator diagram will yield experimental points



which will distribute themselves among the regions of the diagram.
These regions are defined by means of a utilization factor n. This
factor is the ratic of the observed diffusion-free velocity of product
formation to the theoretical diffusion-free rate., Figure 4 1s an
example of the indicator diagram under discussion. It iz divided inte
Fhrpc regions by twe lines corresponding to the utilization factors
shown. These regions correspond to small (8), mederate (M) and large
(L) diffusion effects. Thus, the degree of diffusien in a pgfticular
experiment can be assessed,from the lecation of the experimental peints
in the ¢-po diagram. Appendix A of this thesis explains clearly hew te

construct the ¢-o indicator diagram.

2.2.2 The Kinetics of LDH

It is known from numercus studies that the conversion cf the
reactants to the products by LDH in free solution passes through a
three-membered intermediate complex comsisting of NADE, pyruvic acid

. ;78,80 - . A
and the encyme LDH . The reaction occurs by an ordered ternary
complex mechanism where NADH binds to the enzyme first and prruvic
80,81

acid last . If the same is true of the bound LDH, the reversible

kinetic mechanism can be represented as follows1

A B
R AT . ]
E = >E (i7)
-

where A, B, X and Y respectively denote NADH, pyruvic acid, lactic
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acid and NAD . Here, EAB is a ternary complex for the forward process

and EXY for the reverse reaction. The sysmbel E above stands for

ﬂgither immobilized or free ensyme. In going from left to right, mechan-

-

. - .. . . . . L1
ism 17 gives rise to the following complicated rate expression

PMENE _
" R R [ATK, [EJTATE (s

where KR. K‘. KE are the usual Nichaelis-Menten cénstants, and

Vy (= KUED) is the maximum limizing rate. WNhen the attachment of A

~te E does not affect the ease of attachment of §, KR:K and Egn. (1%®)

A
rearrangesdze: ' .
£=$‘;‘ k5+1+-1.— L - (19)
voOVIIAT |\ 5T v\ TET : ‘
eT
N K K .
%5 A 1 [ R
L_B__ Y IR S N . (20)
v ©UTET | TT VL TAT _

s¢ that if the reaction rate, v, varies with the changing concentration

£

of substrate A, in Eqn. (1S), for example, a plot of vl against [A]-l

(% .

will wvield a slope equal to Tv\TE 1/ and an intercept expressed
[+

as %;: %%j + 1) at constant [BE]. The Michaelis-Menten rate constant
for A (i.e. KA] will therefore be cbtained from the division of the
slope by the intercept. Similarly, KE can be calculatred from the
slope and the intercept of a v_l-[E]-l line at constant [A]. Unfort-

unately, however, the K-L theory was not developed for enzyme reactions

involving more than one substrate or for rate expressions as complicated



- as Eqn. (18). A theoretical treatment for an enzyme bound to the

inner surface of a tube for Ythese complex situations has not vet been
presented.  Fortunately, for the case of LDH, when NADH 1s present in
high excess for example, it will saturate the enzyme at the surface.
The substrate, prruvic acid, which is in lower concentration will thcn'
travel through the diffusion laver and interact with the enzyme-NADH
complex to vield the product.  Under these cenditiens, the variation of

the rate as a functien of the lower substrate concentration is expected

te appreximate the simple Michaelis-Menten kineties™ ™ as explained below.

<.2.2 (1) Exrlanatien
R ————

Censider a two-substrate-ensyme svstemt. Let the cencentratien

of one substrate, SL’ be lewer than its Michaelis censtant and keer the
other in excess. The latter substrate, designated Sex’ will saturate
the enzyme. Thus, we can write
< T = 1 z
(e 5., = [E] (21)
The reacticn rate will be determined by the interaction of E sé& with
SL and will obev the following sequence: '
+ + P 22
E Sex SE;Q;E Sex Si—i E Sex L (22)
This mechanism leads to the following rate expression:
' S

© K_(app)*[S,]

In view of Equation (21), Equation (23) can be expressed as:



v - ké[,EJtSL] (24)
Nalapple(S, 1 : o

for an immobilized enzyme. Km(app) is therefore a Jdiffusion-controlled

apparent Michaelis censtant for substrate §) and the diffusion-free limiting
rate Vo is equal to X! [E][Sc‘]. It follows from Eqn. (24) there- -
¢ b

fore that in a two-substrate eniyme svstem, when one substrate is
Fresent in a large excess, the rate equation (18) reduces to an equation
.identical te (12). Ancther wav of explaining this problem is achieved
by rearranging Eqn. (1$) inte

v1[A](s]

Ve - (28)

(K TR OGS FD

When [B] is very large, Eqn. (25) becomes
vi[a]
v((Bl=) = Z—— (26
K, [ _ )

Similarly, at high [A], we get

v'{B]

m

v({A]==) = EEIEET (27)
from Eqn. (26). Thus, for the interpretation of experimental data

of the flow kinetics of LDH attached to the inner surface ¢f z tube

an the basis of the K-L theory, it seems best to concentrate on the

two limiting cases; that is, with NADH.in excess, the low concentration
of pyruvate varied. When pyruvate is in excess, since the mechanism

1s ordered, the situation may be different. In this case, however, the
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NADH will diffuse'to thé surface and form s complex with the LDH

enzyme which will then interact rapidly with the readily-available ’

pyruvate. The rate equations (12, 25, or 28) will agadin be satisfied.‘
In;principle, using the saturation-constant explgnation given

above, Yhg K-L theory can be extended t&’apply 3ls0 to enzymes that

« 13y form quaternary complexes before the ﬁeleasé of theirAproducts if

we i T Concentrations of two substr?tes fixed at a large excess and

vﬁr} the third.

t2

.3.1 Materials

Nyvlon tubing’gf; 152 ¢m internal diameter was purchased from

Canus Plastics Limited, Ottawa. . The enzyme, lactate dehydrogenase

(EC 1.1.1.27) type 1, lot §5C-

s
lot 31C-1640 and rediced WicTorinamide adenine dinucleotide, lot 57C-

500 and its two reactants, prruvic acid

73701 were obtained from the Sigma Chemical Company, St. Louis, M.O.,
U.S.A. The en ; e, an extract from a rabbit‘mnscle, came-in crystalline
forn suspended in 2.1 mol dm~> ammonium sulfate at pH 6.0. Each cm®
contained 26 mg of enzyme protein and there were 85 units per mg of
protein. Before use, the énzyme was dialyzed against 500 cm3 of

0.1 mol dm™> sodium phosphate buffer, pH 7.5 containing 107> mo1 dm™3
B-mercaptoqthanol. The g-mercaptoethancl, lot 76C-0049, and benzidine
(p-diaminodiphenyl) lot 87C-04 6, were Sigma products too. EDTA, lot
732338 was bought from the Fisher Scientific Company, N.J., U.S.A.

Sodium phosphate salts (monobasi

» lot 334185 and dibasic, lot 43780)



used as buffering agents were purchased from the Baker Chemical Company,
Philipsburg, U.S.A. Sodium borate, lot 270324, and boric acid, lot
38395, also used as buffering agents respectively, came from Anachemia
Ch;mical Ltd., Montreal, and the British Drug Houses Laboratory Chemicalr
Divis;on,'England. Glutarsldehvde, lot D5A, usé; as a é;oss—linking'
agent between the tube aﬁd the enzvme, the purpose benzidine was used
;/“f°¥’ waé a prgﬁuct of the Eastman Organic Chemicals Ltd., U.S.A. DicyclPi
hexylcarbodiimide, a condensing reagent for carﬁoxyl and amino groups, |
., was obtainea from the Mathesbn Coleman and Bell Manufacturing Chemists,
Ohio, U.S.A. All chemicals were Teagent grade. The water used to make
buffer solutions was doubly distilled and cartridges pacied.with ion
‘exchange resins (?roducts of the Sybron Corporation, U.S.A.) were

utili:ed to de-ioqi:e the water.

2.3.2 Attachment Procedure -

The aﬁproach used here to attach lactate dehydrogenase to the

inner surface of the nylon tubing through chemical bonding was a little

65,95,96

different from the methods of Hornbf and co-workers , Allison

et 3197, Filippusson et 3198

laboratorygg_loa in that while these workers used one chemical agent
- : L
to serve as a bridge between the tube and the enzyme, we used two (i.e.

‘and from those used previously in our

glutaraldehyde and benzidine). This modification was later found to
be good because then the enzyme showed stable activity for a long time
which was not achievable with the earlier methods.

The procedure we used involves the following steps:
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BN (1&81‘1‘.181 hydrolys:.s‘of the amule lmkages o£ the mner ‘
S Surfnce of the nvlon. tubing toproduce carboxyl and atiifo -
T L g:‘oups SRS I T
e e « 5 . : Aon T . . .
e oL o [-J coupl;ng of the‘free carboxvl groups to ben: idine in the
. SR T presence of dlcvclohetVCStbodllmlde o
) :""‘,' . ' '(3) reautlon of the am:no qroupﬁ an the nvlon qurface Wlth .
: i ' eluxaraldeh\de aﬁh flnail\ ST .
oot . oL \.- ‘ * . .
. :_7f- S {4 reactaou of the activated nwlon qurface ulth the enzyme. '
¢ o F - ‘ toeL ’ T S : '
o _,-. S A nvlon tublnq, 2o lonq, was flrst.fglled with a mlxture of
) 1'., .
: . s §\ 1q GS'Th/h) CaCl in water and IS 6% (w/w) water in methanol, and .
- -, . . o ’ .

S ihcubated ,at 40 2C for oO minutes to etch'%he ifiterior -surface. - It was

AR ' then pcrfused kith Water for. ”0 minutes . at a’'flow rate of 5 em min~t

The tube and ﬁﬁe 4 5 mole dm 'HCI solutlon here transferred to a

al water bath kept’at 40 °C and :then the aczd was pumped through this tube

wr

~ .- Tat 5.cm ,mln -1 for 20 minutes in order to bring about partial hydrolysis.

~ The hydrolysis was stopped by washing the tube with ice-cold disrilled_
* water again at 5 em® min 1 for 30 mimutes.

"

The presence of liberated amino groups on the ‘inner surface of

. : .. . :
the tube was confirmed by the red coloration produced on the interior
when a small portion of this tube was treatéd with 0.1 % (w/w) solution

of 2,4 6-tr1n1trobenzene sulphonate saturated W1th sodium tetraborate.

. The tube was then perfused for 4 hours at 10 °C Wlth a mixture of 1%
. (w/v) benzidine and 1 % (w/v) dicyclohexylcarbodiimide in methyleﬁe- P

. chloride at 1 em’ min-1 in order to couple benzidine to surface carboxyl n,

groups. Uncoupled benzidine was_removed by successive. pumping at

S
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9

1 en® min~! of 50 cm” of methylene éhloride, 50 em” of acetone and

"S0 cm” of ice-cold distilled water.

All the remaining steps were carried out with the tube and solu-

tions in crushed ice between 0 and 4 °C.
All amino groups on the nylon surface, that is those generated
by partial hydrolysis plus those derived by benzidine attachment, were

reacted with 12.5 % (v/v) glutaraldehvde in 0.2 mol dm's borate tuffer,

_—

pH 8.5 for 1 hour at a flow rate of 1 cm3 minhl. Unreacted glutaralde-
‘hyde was: removed by pumping S0 em of 0.1 mol dm™> sodium phosphate
‘buffer, pH 7.3 containing 107> mol dm > EDTA and 10™° mol dm™> S-merca-

ptoethanol at 5 cm” min-l. Immediately afterwards,.the tube was perfused

e

o : . . - s 3
-with the enzyme solution containing 26 mg of enzyme protein in 10 em

0f 0.1 mol dm > sodium phosphate buffer, pH 7.5 at 0.5 em® min -. Thus,

: _ - y
there Were 221 enzyme units per cm” of solytion. ~To allow complete

-

Teaction, ‘the eniyme solution was circulated through th¢ tube for 24

hours atr 0.5 cma'min_l. Noncovalently boupﬁ protelx was removed by

washing the tube with 1°dm™ of 0.5 mol dm > NaCl in\0.1 mol dm > phos-
phatg buffer, pH 7.0 at a flow rate of 5 cm” min_l. When not in use,

the tube was filled with the assay buffer and stored at 4 °C. -
..“
T ‘_-/

2.3.3 Kinetic Procedure ' o

(1) Free LDH. Kinetic run§ with the free enzyme were carried-

out in cuvettes with a light-path length of 1 em, at 25 °C and at

' [ 1

- - -

atmospheric préssure'(l afm). Changes'in absofbance of NADH104’105

1

(5340nm = 6.22 x 100 M cm_l) as'z function of time were automatically

a
—
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obtained. by means of a chart recorder (Unicam AR25 Linear Recorder)
connected to the double beam SP1800 U.V. spectrophotometer. The sample

chamber of the spectrophotometer was connected to the Mgw Lauda Temp-

]

erature Control System (Model NB-S15) to fix 25 * 0.1 °C for all samples.

Micropipettes varying in size from 10 to 1000 uL were used to transfer
appropriate portions of the stock solutions of the reactants to a
reaction vessel where they were diluted up to 3 mL with 0.1 M sodium

phosphate buffer, pH 7.5. The concentration of the enzyme protein
5 .1 . -1,85,86,106
cm

2.38 nM) was determined at 280 nm (g = 2.0 x 10° M~

)
with the U.V. spectrophotometer. Reaction rates were calculated from
the initial slopes of the experimental absorbance versus time curves.
Each substrate-concentration run was repeated three times and éveiage
reaction velocities are reported in Tables 2A and 2B. 'Equations (19)

and (20) were used to obtain Michaelis-Menten constants from the data.

(11) Immobilized LDH. The arrangement of the apparatus used

,to obtain experimental data with the tubular reactor is shown schemat-
ically in Figure 5. \

For initial experimengiz a2 l-meter piece of the catalytic nylon
tube, cut from a 2-meter prep.ration was used. I£ was bound into.a
. coil and by means of tygon tub@af, one end was comected to a feed
solution in a mixing flask and the other to a flow celi (1 cm path e
length) in the Pye Unicam SP1800 U.V.,;pectrophotometﬁr.

Substrate coﬁcentrations were made in a mixing flask (25 ml)

with the assay buffer (0.1 M sodium phosphate buffer, pH 7.5 containing



35.

‘3urqny uolAu B jo 9DBJINS IIuul oY} Iuv PIZI{TqoWnT HET YITM

sjuowalInseow 2T30ULY J03F pPasn m:uchagga o473 Jo wpadsTp oTIBWSYDS S QxnTIyY
INAZNI
HLIM mmE v_m\ﬁh_ ONIXIW *
 Hive ;
: 03LVISOWYIHL ! ¥3LIWONYIHL
° t
EEs_EoEoEow% J “ “ I
- ‘A’ |
SN I
._._m | !
430¥003Y —+ m.w E !
* 1 1
| '
NI4T e ©
lA....-...ll.l
| dind
ol
) O1LV.LSI¥3d




36.

Reaction velocities v, and kinetic parameters for NADH and

Table 2.
pyruvate obtained from the experiments with free LDH.
A. Variable NADH; fixed pyruvate (1.0 mM); fixed enzyme (2.38 nM);
' temperature = 25 °C
[napH]-10%/M | 5.00 | 20.00 | 20.00 |30.00 |50.00 |70.00 | 100.00 150.00
ve109/M s71 2.30 | 3.42 | 4.51 | 5.04 | 5.57 | 5.85| 6.04{ 6.22
kEa0%m 7] e29 s i1y
vEa09m s | e.s0 s 5 s

-

B. Variable pyruvate; fixed NADH (0.30 mM); fixed eﬁzyme (2.38 nM);

temperature = 25 °C
[Pyruvate]-10°/| 5.00 | 10.00 | 20.00 { 50.00| 50.00{70.00]100.00 |150.00
v.109/M 571 0.56] 0.55| 0.85| 1.06] 1.55| 1.49| 1.64| 1.85
KE.10%/ 29.98 + 1.9 %
vE10%m. sl 2.20 £ 2.7 %
_
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0.1 mM EDTA and 0.1 mM B-mercaptoethanol). A first series of experi-
ments was made at 25 * 0.1 °C with the NADH in excess at 2 mM and with
the pyruvate concentration varying from 40 to 200 uM. A second series
was made ét the same temperature; this time,léyruvate waé in exces;

(2 mM) and the concentration of NADH varied (40-200 1M). The LKE
Varioperpex II peristaltic pump, Model 2120, was used to pump solutions
from the mixing flask through the reactor at flow rates varving from
0.726 to 6.16 cm s-l. The product concentration at the exit of the
tube was determined by the decrease in absorbance of NADH at 340 nm.

At each flow réﬁe, the reaction rate was calculated by dividing the
Product concentration by the time it took the solution to flow from

one end of the reactor to the other. The time was obtalned as a quotlent
of the length of the reactor and the linear flow velocity of the solu-
tion passing through it.

Before each kinetic run was made at any particular flow rate,
the whole tube system was washed with a blank buffer solution (a buffer
with no NADH and no pyruvic acid) to remove traces of substrate and
product spécies left from a previous experiment. A clean tube was
evidenced by a zero absorbance reading, at 340 nm, of the washing solu-
tion leaving the tube system. A Mgw Lauda thermostatted bath (T?p;
NB-515) was used to maintain the temperature of the reaction system at
235 £ 0.1 °C.

Each run with immobilized LDH was repeated four times and the
average error of the concentrations of the products (reported in

Tables 3A and 3B) at the exit of the tube for indicated flow rates
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Product concentration [P], in uM obtained at the exit of a
100 cm tube for various substrate concentrations (mM) at

various flow rates, vg (cm s°

r

1); temperature = 25 °C
= 0.076 cm. Average percenta

>

ge error in [P]e = +0.36%.

A. Variable NADH and

fixed pyruvate

'vf 0.726 1.52 2.50 3. 63 4,84 o.lo
[Pyruvate] |[NADH] [rl, [k, | [FI, (rl, [r], (F],
<.00 0.20 137.74 8§8.09 53.33 41.74 35.62 31.82
=.00 0.16 . 116.73 Te.15 44.94 36.25 30,84 27,08
2.00 0.14 107.61 65.88 4£0.82 33.60 7.9 497
2.00 0.12 04,34 57.83 36.36 29.62 25.83 22.54
2.Q0 0.10 50.18 50.51 32.00 26.24 22.96 12,55
2.00 0.08 65.5¢ 42.09 26.67 21.82 15.61 16.3¢
2.00 0.06 51.59 32.51 20.51 16.20 14,55 12.98.
2.00 0.05 41.57 27.20 16.91 14.00 12.10 10.70
2.00 0.04 32.02 20.40 12.60 10.71 Q.20 §.4¢
B. Variable pyruvate and fixed NADH
vf Q0.726 1.320 2.50 3.63 4.84 5.16
[NADK] [Pyruvate] Crl, (el | [p1, (], [rl, [r],
2.00 0.25 156.37 $4.70 57.14 48.31 38.73 34.53
2.00 0.20 127.54 84.18 54.05 42,43 36.89 32.48
2.00 0.15 115.85 72.78 44,44 34.46 30.84 27.98
2.00 0.10 81.12 52,25 34.48 23.97 22.96 20.54
2.00 0. 08 65.00 45.29 28.37 23.03 19.68 17.37
2.00 0.06 50.09 33.94 22.47 18.35 15.89 13.99
2.00 0.05 43,59 29.71 18,18 16.10 13,86 12.02
2.00 0.04 36.25 23.31 16.00 12,55 10.99 9.84
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was *0.36 %. Such z small error can be attributed to the high precision
of the spectrophotometric technique for product detection snd the

consistent flow rates produced by the LXB peristaltic pump.

2.3.4 The Diffusion Coefficient of NADH

~

Since the application of some equations presented by the K-L
theory required the knowledge of the diffusion coefficient of the sub-
strate, cxperiments were done to measure the value of D, for NiDH. The
apparatus set up for the purpose was as shown schematicilly in Figure o.
The formula used to calculate this D was the same as that used by
Buntings7 in his determination of the diffusion coefficient of nitrephenol
in polyacrvlamide gel having a known length X and a cross-sectional area

A

A, 1n a seclution volume, V:

-~

~ iR . AD
Diffusion rate = i?'(so-sj (28)

where, in the case of the present work, A was the cross-sectional area
of the diffusion barrier (sintered-glass disc) separating a solute
containing solution 0, from a pure solvent, P and X was the thickness
of this barrier. V was the volume of the solution in the imner vessel.
The initial and the time-dependent concentrations of the diffusant
were respectively represented by S, and S.

Throughout the experiments, A, X and V were fixed, the ratio
(A/XV) of Eqn. (28) was therefore called the ""cell constant' and was
evaluated by calibration with a known value of the diffusion coefficient

6 i07

- 2 -
of p-aminobenzoic acid (8.43 x 10~° cn® s l) . With the known value



APPARATUS FOR DIFFUSION
COEFFICIENT MEASUREMENT.

Thermometer

r

—

Oufer
vessel
{200 mi)

r—r—rr

Inner o
Vessei
{30 ml)

= I r—r—r—r

Disc-with surface
area A and thickne-s

K
o SN

Magnetic Stirrer

Figure 6. Schematic diagram of the apparatus used for measurements
of diffusion coefficients.
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of the "cell constant", it was then easy to calculate D for NADH from

the variation of the diffusion rate with (SO—S) as predicted by Eqn.

(2% . The initial concentration of the diffusant in 0, for each set of

the experiments, was 0.2 mwM and the SFI1S00 U.V. spectrophotometer was
used to weasure the amount of material entering P from 0 at 310 nm for
p-aminobenzoie acid and 340 nm for NADH. Samples 3 mls in velume were
taken from the inner vessel at hourly intervals for analyvsis and were
carefully poured. back inte [ after.
- . - . : s e -0 2 -
The value of D obtained from this work was 3.89 x 10~ om™ s 1
* 5 % which was in gooed agreement with the prediction of the nomogram
108 . . . ca s s
of Othmer and Thakar™ . Diffusion coefficients of solids in liquids
. ] .. 109
¢an be measured by many methods such as:
(1} the high absorption techniques nT
(2) refractive index methods
(3) conductivity methods -
- LR F P 11 110
(4) the "time-lag" approach

(8} the interference methods developed by Kegeles and Gostingl

Longs,worth112 and Coulson et alll°, and

{6) the Wilke-Chang calculation method using the molal volume

increments listed by Sherwood, Pigford and Wilke %

2.4 Analysis and Discussion

Since a complete theoretical treatment of the flow kinetics

11

for a two-substrate-enzyme system has not yet been developed (as already

pointed out) and presents considerable difficulty, experiments with

2



immobilized LDH were carried out with one of the two substrates in
excess while the concentration of the other was varied, so that under
these conditions, the Kobavashi-Laidler case would then apply and the

following methods were used to analy:ze our experimental data,

-

2.4.1 Linewecaver-Burk Tlots .

Flots of 1,v against 1/[8] based on Egqn. (12) or (I5). were made

with the aid of the SR-S1-II Texas Instruments Calculater te get Km(app)
and Yé values shown in Table 4, for variocus flow rates. Figure 7 is an
example of a3 typical Lineweaver-Burk Flot.

Since the extent of diffusion contrel varies with the substrate

concentration, L-B plots may show curvature being coavex te the 1/[s]

-
-

axis™~. Such a curvature shows that the reaction is neither completely
diffusion-free nor completely diffusion-controlled. A linear behaviour,
hewever, mav mean that the system remains in one region throughout the
range of the experiments. Figure 7 clearly shows that the data lay
mainly in one region because the curvature is not very pronounced. The
results show also that the Michaelis-Menten kinetics is obeyed even

with immobilized LDH.

2.4.2 Dependence of Product Concentration and Reaction Velocity on
Flow Rate

Since the theory predicts the product concentration at the exit
of the tube by Eqn. (6) for a diffusjon-controlled case and by Egn. (10)
if the reaction is free from diffusion effects, then a plot of log [P]

against log v, will provide information about the degree of diffusion
£ p

e e o ——
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A

Table 4. Apparent kinetic parameters for NADH and pyruvate obtained
with the 100 cm tube at various flow rates, vy (cm s~
with an average error of 2§ % in both Kp(app) and V_(app);

- L] m
temperature = 25 °C,

Ve .Km(NADH).104/N v_ONADH) . 108 57! Km(pfr).104/M‘ Vo(pyrd.10t s
0.728 S.42 3.70 4.66 517
1.32 871 3.85 3.76 5.25
2,50 417 417 5.05 3.3¢9
3.63 5.5 4.26 2.6 5.64
4.84 5.32 4.55 5 2.55 4.08
6.16 3.15 5.00 2.57 4.S5
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363 cms
4.84 cms!

6.16 cms™!

103"/ s M

-

Figure 7. Lineweaver-Burk plots with the pyruvate concentration
in excess at 2.0 mM. The flow rates are shown. The
(app) values are obtained from the linear portions

of the curves; the dashed lines are extrapolations of

these linear portions. Temperature = 25 °C, pH = 7.5.
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control in a particular experiment. When Eqn. (6) applies, the slope
will be -0.67 and if Eqn. (10) is obeyed, the slope of -1.0 will be
obtained.” From Figure §, it seems most likely that our experiments.were
/ predominantly affected by Qiffusion, since all of the slopes, particularly
those corresponding to the lower substrate concentrations, are closer

to -0.67 than to -1.0. The results were therefore more consistent with
Eqn. (6) than with Eqn. (10). With regard to defining a sharp boundary
between diffusion and diffusion-free regions, these double-logarithmic
plofs appear to be superior to the Lineweaver-Burk plots. The support
for the conclusion that diffusion played an important role in our experi-
ments also came from the results of the double-logarithmic plots of
reaction rate against flow rate as shown in Figure 9, which was con-
structed on the basis of Eqns. (5) and (9). Experimental points obeying
Eqn. (S) would produce lines parallel to the standard "diffusion line"
of slope +0.33. A slope of zero predicted by Eqn. (9) implies the

absence of diffusion.

2.4.5 Dimensionless Parameters

;Iablg S and Figure 10 show that all our gxperiments at all flow
rates weré heavily influenced by diffusion since all experimental ¢-p
points lay in the region marked "L" for large diffusion control.

The most attractive feature of the dimensionless variable
approach is in its power to distinguish experiments which are affected
by various degrees of di?fusion through the use of the utilization

factor. While the Linewé&Ver-Burk approximation and the double-logarithmic
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plots may fail to give a clear quantitative picture of the intermediate
kinetics (i.e. mixed situations of free and diffusion-controlled cases)

the ¢-p analysis gives an easy answer.

-t

2.4.4 Dependence of Km(app) cﬁﬁFlow Rate

It was confirmed by methods 2.4.1 thru 2.4.3 sbove "that diffusion
controlled the flow kinetics of the en:zyme lactate dehyvdrogenase attached
to the inner suf%ﬁce of 3 nylon tube. The Km(app) thus obtained in the
experiments were definitely diffusion-controlled Michaelis-Menten cons-
tants. The K-L theory predicts that such constants obtained at various
flow rates can be used to estimate the diffusion-free K& values by
extrapolation to (1/Vf)1/3‘?.P (Figure 11), as required by Eqn. (1&).
The values of K} can then be compared with those of Ki (see Figure 2 of
éﬁapter-l) to check whether or not immobilization changed the comform-
ation of the LDH. Comparison of the K vaiués for NADH and pyruv;te
with corresponding Kﬁ quantities from this work as well as from other
published sources was made (see Table 6). From this wofk, Kﬁ and Ki
for pyruvate were similar, implying that the enzyme did not undergo
much change in its conformation as a result of immobilization. However,
the NADH Ky and Ki values differ?d by a factor of almost 10 which
would mean that the éhzyme's conformation did change upon attachment
to the surface. We believe that the enzyme did not change its conform-
ation and that the difference between the two K, values fgr'NADH could
be due to the fact that NADH, being ﬁ larger molecule than pyruvate,
suffered greater steric hinderances than the smaller pyruvate when LDH

was immobilized.
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Variation of the apparent Michaelis constants with flow
rate. The upper curve is for variable [NADH] with
[pyruvate] in excess: the lower for [NADH] in excess :
with [pyruvate] varied. Temperature = 25 °C and pH = 7.5,



Table 6. Cbmparison of the values of L, obtained with the free and

bound LDH.

System Flow Rate Km(NADH) Km(pyr) Reference
' uM uM

LDH-ny1lon 0.726 542 466 Present work
LDH-ny1lon - 1.32 471 376 "
LDH-nv1on =.50 . 417 - 305 "
LDH-nylon 3.6 - 3585 264 "
LDH-ny1lon 3.84 332 255 "
LDH-ny¥lon 6.16 315 257 "
LDH-nv1lon o 7.3* 28.5% "
LDH-cellulose - 2200 - 115
Free LDH . - 9.3 30 Present work
Free LDH - 28 250 115
Free LDH .- 7.8 48 _ 116
Free LDH - 2.8 37 117
Free LDH - 2.6 17 118
Free LDH - 10.0 52 119
Free LDH - 3.5 15 - 120
Free LDH - 16 80 121
Free LDH - 2.5 65 122

. * Extrapolated values (see'Figure 11)



In the free-én:yme state, the reaction between the LDH and the
NADH seemed to occur to a greater extent than with the pyruvate as
evidenced by the small vsalues of K: (NADH) and large quantities of
Kﬁ (Pyruvate). This behaviohr changed ‘when the enzyme was immopili:ed.
With regard to this discussion, the Kobayashi-Laidler theory giJes us

the power to investigate the influence of immobilization on the enzvme's

contormation through the application of Egn. (14).

2.4.5 Temperature Dependence

The theoretical treatment’" led to the conclusion that the rate

is given by (Eqn. (5)) £ '

v = 8.06(5; D% 7 Lj)l/SES] T (5)

when there is full diffusion control. Only D in the above equation is
temperature dependent, and since the rate is proportional to 02/3, an
Arrhenius plot of log vs/2 against 1/T will give the activation energy
for the diffusion process. Preliminary temperature-dependence experi-
.ments were carried out from 2.0 to 40.0 °C. in one case, the NADH was

in excess at 0.3 mM, with [CHSCOCOOH] equal to 0.03 mM; in the other,
pyruvate was in excess at 0.30 mM and [NADH] equal to\0.03 mM. Fiéure 12
shows Arrhenius plots of log V3/2 against 1/T. As has|been discussed,

\

these activation energies relate to diffusion; the values are as

follows:

Ey (NADH) = 2.95 %keal mol % 1.03%

E, (Pyruvate) = 5.72 keal mol™l & 1.02%
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2.5 Concluding Remarks

2.5.1 The Immobili:zation Technigque

The summary of the technique employed jo attach LDH to the inner
surface of a nylon tube is given in Figure 13. En:ivme molecules were
convalently joined to the support through two types of c¢ross-linking
agents (i.e. glutaraldehyde and benzidine). Some measurements were made
to test the stability of the immobilized enzyvme laver. Expefiments
carried cut with a given tube on three occasions, -with pvruvate in excess
at 2 mM, NADH at 0.2 =M and a flow rate of 0.726 em s-l led to the
following product concentrations: 118.3, 119.0, 11§.2 uM whose average
was 118.5 pM. Forty days later, after storage at 4 °C, the values were
117.2, 117.5 and 118.0 uM, averaging to 117.6 M, so that the activity
was then 99 % of the original value. Three months later, the average
of 112.3 or 95 % of the initial activity was obtained from the fo}lowing
readings: 112.5, 112.7, 110.9, 112.4 and 112.7. These Tesults showed
that the loss of activity, due to enzyme inactivation, was relatively
small ove£ a period of months.

Attempts to attach LDH to ﬁylon tubing by techniques previously
employedgs'los, that is, methods using only one cross-linking agent
(glutaraldehyde) as well as the modification which required the use
of N,N-dimethyl-l,3-propanediane65 were not very successful, the enzyme
losing its activity rabidly with the result that consistent kinetic

data could not be obtained. LDH has four polypeptide chains and is -

less stable than many other enzymes. The usual techniques of Bunting
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Figure 13. Summary of the immobilization teéhnique which employs
both. benzidine and glutaraldehyde for cross-linking
enzymes to nylon supports.
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and Laidler®” and of Sundaram and Hornb_v95 leave a residual negative
charge on the surface (Figure 14) and it appears that this is not
favourable to dehvdrogenase sctivity. Conversely, the sttachment tech-
nique of Hornby et 3165 which uses N,N-dimethyl-1,3-propanediane, to
'remove.carboxyl groups from the nylon surface leaves positive charges.
The success of the attachment teéhnique we cmploved (Figure 13)
is probably due to the fo;lo;ing Teasons:
(1) it led to a neutral surface
(i1) it utilized both carboxvrl apd amino groups to attach LDH,
-thus producing a tube with more enzyme attached to its
surface éhan would be the case with the other mentioned
methods '
(1i1i) it produced a configuration in which the encvme was far
removed from the surface it was attached to, thus minimiczing
possible interactions (steric hinderances) between the

enzyme and the support which would help in inactivating the

immobilized enzyme.

2.5.2 Kinetics

The various tests tﬁat were applied showed conclusively that
the reactions were largely diffusion controlled, especially at lower
substrate concentrations and flow rates. This was indicated partially
by the curvature of the Lineweaver-Burk plots (Figure 7), the ¢-p plots

(Figure 10) and the double-logarithmic plots (Figures 8 and 9).
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If the reactions were completely diffusion controlled, %he

product formed in a particular experiment is given according to the

Kobayashi-Laidler treatment by Eqn. (6). This equation allows absolute

calculations of the amounts of product formed to be made in terms of D,
. .

V'
L, r and Ve at various substrate concentrations. Table 7 was made to
show a comparison of observed and calculated values, with D equal to
4x10°% en” 5‘1, L equal to 100 em, r = 0.076 cm and P, = 0. -In view

Rl

of the fact that these are absolute calculations ffom i purely theoreti- '
cal equation, the agreement is *ery satisfactory. There are uncertainties
in the values of r, Po and D aside from the approximations made in
carrying out the experiments and in dgyeloping the theory. The theoret- -
ical equation obviously acéounts for the trends in a very satisfactory :
way.

The variation of Km(app) with flow rate Ve (Figurell) were
similar to those noted in previous investigations with asparaginasegg,
100,105 and B—galactosidaseloz. The apparent
Michaells constants for flow systems when there is diffusion control
are very much larger, sometimes by orders of magnitude, than those for
the free enzyme. According to the theory73, the Km(app) values extra-
Polated to infinite flow fate are the K, values for the surface-attached
enzyme in the absence of diffusion control. The values are not expected
to be exactly the samé as for the free enzyme, as already discussed in.
Chapter 1, since the surface atfachment brings about some change in
properties, but one might expect them to be somewhat similar. This

work's extrapolated Ké values are much closer to the values of Ki for

the free enzyme than are the unextrapolated Km(app) values.
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Tt has long been known that diffusion coefficients and viﬁcosity

coefficients _obey the Arrhenius lawlzz. The activation energies for

a
.

diffusion are smaller than those for- ordinary chemical reactions and

vary in a complex manner with the size and structure of the solvent and
solute molecules. .The values tend to be low for systems with weak

intramdlgculhr forces for example, 3.5 kcal for the diffusion of tetra-

bromethane in tetrachloroefﬁanézsand higher when there is‘hydrogen

124

bonding, for example, 5.3. kéal for water in water The values

' obtained in tHe present work are on the whole comparable with other

values, although the value of 2.93 Kcal for NADH is lower than might

have been expected.

it /)
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CHAPTER III

TEMPERATURE AND pH EFFECTS ON IMMOBILIZED LACTATE
DEHYDROGENASE KINETICS

1Y

-
-

3.1 Introduction -

~

Thq‘previous Chapter showed that the application of the Kobayashi-
Laidler theory to the flow kinetics of lactate dehydrogenase attached
to the inner surface of 2 nylon tube was satlsfactorx provided suitable
etperzmental'cond1t10ns he;e established. - The treatment led to the
conclusion that the system waé heavily affgcted by diffusion. Since
. one of the aims of carrying out kinetic investigations is to find con-.
ditions under which the efficiency of a given process can be improved,
this Chapter explores the effect of temperature and ?H on the same nylon-
LDH svstem, as oné’gfﬁzig—aéans of try1ng to find those suitable condi-
tlons, it is obvious that temperature and pH may have some controliing

effect on the four principal factors®*%°

that have been proposed as
re5ponsible agents for the kinetics of immobilized enzymes. .These
factors have been discussed in Chapter I of this thes;s. Thus, a temp-
erature or a change of pH-may:

(1) induc¢ a kinetically more favdufable conformation of the-

immobilized enzyme -
(2) bring about improved partitioning of thg substrate between
 the enzyme and the rest of the bulk solution -

(3} make the microenvironment, where the substrate and the

énzyme interact, sypport the reaction and

\
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(4) reduce Hiffusional effects to some degree.

The theory of Kobayashi and Laidler was used to analyze most of
: e :

e

the data. *

-

. S
3.2 Experimental Section

3.2.1 Materials and Methods

All chemicals used here and the procedure for covalent attachment-
of the en:zyme were the same as those already described in Chapter II of

this thesis.

3.2.2 Rate Measurements

(i) Temperature Dependence

Rates were measured at five temperatures, 10, 20, 30, 40 and 50 °C
‘and at flow rates ranging from 0.36 cm s~ ¥ to 1.50 cm s ! with tubes
50 cm in length and 0.076 cm internal radius. The extent of the Teaction
was fo;lowé& by the decrease in absorbance 6f NADH at 340 mm using the
apparatus arranged as shown in Figure § of the previous Chapter. In
one series of experimgnt;, the concéntration of pyruvic acid was held
at a high value (3.00 mM) and the concentration of NADH was varied. In
the second sefies, the concentration of NADH was heild at 2;00 EM and .
‘that of pPyruvic acid varied. The average concentrations of the products

at the exit of the tube at each temperature and flow rate for both series

of the experiments are shown in Tables 8A and 8B.

L)
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Table 8A. Product concentrations (puM) obtained at the exit of the

tube at various NADH concentrations (mM), various flow rates
(cem s‘l) and various temperatures; L = 50 cm; r = 0.076 cm;
with pyruvate = 3.0 mM. Average percentage error in [P]e = *0,4%.

[P]e at Indicated Temperatures

ve LNADHJT T0°°C [ 20 °C 30 °C 40 °C 50 °C
50 20.85 26.41 31,28 . 36.84 41.70

60 27.80 31.28 34.75 41:01 48.65

S0 34.75 40.31 45.18 51.43 59.77

0.36 100 44,48 50. 04 55.60 62.55 §3.40
150 63.94 86.18 93.96 100.78 111.20

200 90. 35 99.52 108.42 11§.15 126.49

300 114.68 | 128.58 137.61 142.48 145.95

400 139.00 | 144.56 148.73 150.12 152.91

500 151.51 152.90 148.75 152.90 155.00

600 151.52 | 152.92 148.76 152.91 w 152.92

700 151.52 152.93 148.76 152.90 152.98

S0 16.66 19.09 20.82 24.30 29.84

60 19,99 21.86 24,29 27.76 30.19

0.72 80 23.60 28.45 31.92 36.44 41.64
100 27.76 52.97 38.17 42.96 50.38

150 39.91 46.50 52.05 57.26 62.46

200 48.58 $5.52 62.46 65.93 69.40

300 65.24 69.40 72.18 74.61 75.65

400 71.14 74.60 75.65 76.31 76.33

500 76.34 76.34 76.353 76.32 . 76.34

600 76.33 76.36 76.35 76.34 76.35

700 76.35° 76.35 76.34 76.34 76.34

50 11.58 14.45 17.35 19.68 21.99

60 13.89 17.36 19.58 22.22 25.93

80 18.52 20.84 24.31 27.78 31.95

100 22.46 25.47 27.78 31.25™ 35.19

1.08 150 28.94 32.41 35.88 39.36 41.67
200 35.19 37.50 41.67 43.99 46.30

300 45.14 46.76 48.61 49.77 49.77

400 50.47 50.47 50.90 50.46 50.46

500 50.93 50.93 50.92 50.91 50.93

600 50.98 50.95 50.95 50.93 51.00

700 51.00 50.94 - 50.94 50. 94 51.33

50 8.33 10.49 12.72 14.99 16.65

60 9.99 12.48 - 15.32 17.35 . 19,98

80 13.32 15.82 18.32 20.31 23.64

300 4 16.65 19.15 20.81 23.32 26.97

1.50 150 22.44 24.31 . 26.97 29.14 31.97
200 26.64 29 %14 31.46 33.63 34,97

300 33.30 34.97 35.80 36.29 36.35

400 35.80 36.60 36.30 36.43 36.63

500 36.30 36.65 36.66 36.56 36.63

600 36.63 36.64 36.95 36.59 36.64

700 36.70 36.93 37.00 36.64 36.64




Table 8B. Same as in Table 8A, but now NADH is fixed

pyruvate is varied.
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at 2.0 mM and

[P]e at Indicated Temperatures

50 °C

Ve [Pyruvate] 10 °C - 20 °C 30 °C 40 °C
50 28.48 33.36 56.14 43.09 50.00
60 32.67 38.23 41.70 48.65 59.08
§0 41.70 49.35 56.30 62.55 72.98
100 52.13 57.69 65.33 76.45 86.88
0.36 150 68.11 79.93 §6.88 99.39 109,81
200 86.88 97.30 ©107.03 120.93 129,97
300 116.76 130.66 || 139.00 145.95 152.90
400 139.00 149.45% 152.90 156.38 158.85
500 152.90 156.38 157.07 157.76 159.85
600 158.46 160.00 159.16 159.85 159,85
700 160.00 159,16 159.16 159,85 159,85
50 17.35 15.09 .21.86 24.29 26.40
60 15.04 21.17 23.94 26.37 31,25
80 22.56 25.68 29.15 34.01 39.56
100 27.76 31.23 34.70 58.86 43.38
0.72 150 38.17 41.64 46.15 51.01 56.21
200 46.85 51.36 . 55.82 - 60.73 64.20
300 63.50 65.93 69.40 72.87 79.80
400 72.18 " | 173.56 76.34 78.08 79.84
500 77.03 78.08 - 78.42 78.12 80.00
600 79.81 79.81 79.81 80.50 79.81
700 79.81 = 80.00 79.83 79.86 79.80
50 10.65 12.50 14.35 16.67 21.76
60 13.43 15.51 17.36 21.76 26.34
30 15.97 18.06 20.84 26.39 30.10
100 19.45 21.76 24.77 30.10 34,75
1.08 150 26.58 30.97 33.80 38.20 41.67
~ 200 35.19 37.97 40.74 44.45 46.76
300 46.07 48.38 49.54 50.95 52.09
400 50.93 52.09 - 49.54 52.78 53.25
500 53.25 53.24 52.32 83.71 53.28
600 53.26 53.48 53.25 53.24 53,22
700 53.25 53.50 53.35 583.71 53.25
50 8.49 10.32 11.99 12.00 15.65
60 10.50 12.49 15,653 15.65 18.95
80 12.99 15.82 18.98 18.98 21.64
100 15.98 18.28 21.15 21.65 24.98
1.50 150 20.65 23.31 25,81 27.47 29.97
200 25.81 27.64 30.14 31.98 33.863
300 33.13 34.13 -~ 34,97 36.63 37.46
400 36.63 37.30 37.63 37.96 38.30‘
500 38.46 38.30 38.26 38.62 38.32°[
* 500 38.50 38.32 38.30 38.30 38.33
700 38.52 38.33 1 38.33 38.30 38.30
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(ii) pH Effect | -

The effect of pH on the catalysis of immobilized Lnﬁiwas measured
with a nylon tube (L = 50 cm, r = 0.076‘cm) coated with LDH. The temp-:
erature and the flow rate were respectively fixed at 35 °C and 1.0 cm s'l.
Aided by a pH meter, phosphate buffer solutions (0.1 M) were made using
various NaH,PO,-K,HPO, and Ns,HPO,-K.P0, mixtures'®>. to which EDTA )

(0.1 mM) and -mercaptoethandl (0.1 mM) were added. These additives were
used to improve the stabiiity of the immobilized enzyme. The rates _
measured within the pH range 6 to 10 for various substrate concentratidﬂs

will be discussed later in this Chapter.

3.3 Data Analvsis and Discussion
3.3.1 Temperature Effect

(i) Lineweaver-Burk Plots

Under the conditions of the experiments,-the variation of the
rate Qith substrate concentration was expected to be of the Michaelis-
Menten form. The validity of this case was confirmed by Lineweaver-Burk
plots of 1/v against the inverse of the concentration of the faried
.substrate, made for both series of the experiments at different temper-
atures and flow'rates. Figure 15 shows sﬁch a tést3 for pyruvic acid
in excess at 3.00 mM and the concentration of NADH varying between
0e0S mM and 0.70 mM. For all flow rates covered, there was good linearity

at the lower substrate concentrations, where substantial diffusion

control was expected, but there were deviations from linearity at NADH
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Figure 15.

1 i )
S 10 19 20 25

[NADH] x107 /M

Typical Lineweaver-Burk plots. These curves are for
pyruvic acid in excess at 3.00 mM and with the NADH
concentration varied from 0.05 mM to 0.70 mM. The

nylon tube was 50 cm long with an internal radius of
0.076 cm; pH = 7.5, ve = 0.36 cm s-1.

£y
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concentrations gbove 0.2 mM. This type of curvature of .the Lineweaver- _
Burk plots is typical of systeﬁs of the kind where there is s change in
the degree of diffusion contr0129’99 and was ‘also found in all measure-
ments made with NADH in excess. The Km(app) values obtained from the
linear portions of these plots are shown in Table 9. It was clear that

an increase in temperature led to an increase in the reaction rate.

(11) Dependence of Km(app) on Flow Rate

The dependence of the diffusion controlled Km(app) on flog rate
is predicted 5}'Eqn. (14) (given in Chapter IDof the Kobavashi and
Laidle; theory. The diffusionlfree Ky values were obtained as intercepts
of the Km(app]-v;1/3 lines. Plots of this type were as shown in Figure 16
for pyruvic acid in excess. Similar plots were made for NADH in excess
and Table 10 lists all of these L values. If conformational and
environmental factors were unimportant, the !(n'1 values thus dbtained

would be-close to the Michaelis constants (Kﬁ) for the enzyme in free

solutionloo. For example, values for the latter at 25 °C are:
f -
Km(NADH) = 0.009 mM £ 2.1%

K:(pyruvate) =.0.050mM * 1.9%

The latter value is similar to the corresponding Ky value, but the
. ”
former is significantly. smaller, indic ing that attachment to the

surface brought about some ;hanée in the .enzyme's behaviour towards NADH.
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" Table 9. - Values of Km(app) in mM obtained from Liﬁeweaver-Burk plots.

Average percentage error = 5%,

A. Variable [NADH], and [CHSCOCOOHI fixed at 3 mM
ve/em 571 10 °C - 20 °C 30 °C 40 °C 50 °C
" 0.36 0.55 0.40 0.32. 0.25 0.18
0.72 0.46 0.34 0.26 0.21 0.15
1.08 0.42 0.30 0.24 0.19 0.13
1.50 0.40 0.28 0.23 0.17 0.12
B. Variable [cnscocozﬁj, [NADH] fixed at 2 mM
ve/em st 10 °C 20 °C 30 °C 40 °C 50 °C
0.36 0.60 0.44 0.38 0.351 0.25
T 0.72 0.51 0.38 0.31 0.24 0.19
'1.08 0.45 0.34 0.28 0.20 016
1.50 0.42 0.30 0.25 0.18 0.14
("
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Figure 16. Variation of the apparent Michaelis constant K_(app)

w}ilth glow rate. Pyruvic acid in excess at 3.0 mM;
pH = 7.5,

70.
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Table 10. Values of K; obtained from plots of Km(app) against Ve

Average percentage error = 4.8%.

-
1T 0 K! [NADH] /mM K! [Pyruvate] /mM
10.0 - 0.160 0.075
20.0 0.080 0.045
30.0 ' 0.070 ) 0.026
40.0 0.049 0.015
50.0 . 0.035 | 0.005

e~



(iii) Arrhenius Plots

Equation (5) of the Kobayashi-Laidler theory provides a good

basis for calculating the activation emergies of diffusion especially
for experiments done at low substrate concentrations and low flow rates.

. .
In this equation, only the diffusion coefficient D is temperature depend-

ent, its variation being givéh to a good approximation by an equation
of the Arrhenius formros. If there is considerable diffusion control,
plots of log V. against 1/T (vr being the reaction rate) should be linear
and the slopes will be equal to 2 ED/3(2.303R). The value of the gas
constant, R, ﬁsed to calculate activation energies for diffusion, ED,
was 1.957 cal mol™} K. Ccalculated E, values for all flow rates were
as shown in Table 11. Figure 17, a case for variable [NADH] and fixed
[pyruvate] is typical of the Arrhenius plots obtained. Similar plots
were obtained at different flow rates and also with vériablé [pyruvate].
There was a teftdency for the activation energies to decrease with
increasing substrate concentration, presumably because there was a
decreasing degree of diffusion control at higher substrate concentration.
A plot of the activation energies against substrate concentration led
to an extrapolated vaiue, at [S]= 0, of 5.0 £ 0.2 Weal mol'l, which
was taken to be Ej, the activation energy for the diffusion process.

"If the éctiyation eneréies obtained directly from Figure 17,
without correction by the factor of 3/2, are plotted against 1/[5],
the limiting value of the actlvation energy is found to be very small,
between 0 and 1 kcal mol'l. This small activation energy corresponds

to minimum diffusion control, and is therefore taken to be the value

for the pure chemical process occurring at the surface.
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Table 11. Activation energies for diffusion (kecal mol_l) obtained
: from the Arrhenius plots of the logdarithms, rates of
product formation against reciprocals of absolute
temperature; L = 50 cm; r = 0.076 cm; average error = 1.2 §.

2 (A) (B)
. Variable [NADH] Variable [CH.COCO.H]
- | Fixed [CH COCO,H] ‘Fixed [NADH]®  ~

ve/em s [S]/mM E E,
0.06 4.10 5.08
0.08 5.95 3.49
0.10 5.54 2.85
0.36 0.15 2.85 '2.28
0.20 2.85 . 2.05
0.30 1.80 1.50
0.40 0.92 1.00
0.06 3.43 4.48
0.08 3268 3.45

0.10 3.10 5.42
0.72 0.15 2.53 2.74
. 0.20 2.28 1.95
0.30 1.05 1.84
0.40 0.68 1.70
0.06 3.27 4.39
g 0.08 2.90 4.10
0.10 2.85 3.66
1.08 0.15 2.70 2.85
0.20 1.92 2.26
0.30 0.88 2.07
0.40 . 0.90 1.47
0.06 3.78 . 4.75
0.08 3.42 4.56
0.10 . 3.02 3.60
1.50 0.15 2.49 2.84
0.20 1.95 2.24
0.30 1.1% 1.95
0.40 0.94 1.00




-6.80 1

-

/’igure 17.

¥ 1 $ 1

o

3 T 32 3.3 3.4 3.5 3.6

T/

w

_Arrhenius plots of rate of product formation with
Ve = 0.36 em 571 and [pyruvate] fixed at 3.0 mM; the
concentrations of NADH are shown. pH = 7.5,

1
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(iv) Dependence of Product Concentration on Flow Rate

Equations (6) and (10) given in the previous Chapter lead té the

theoretical product concentrations at the exit of the tube for the

extreme cases of no diffusion control and complete diffusion control.

In the former case, plots of 1$g [P]e against log v will have slopes of
-1.0 and in té& latter case slopes will be -0.67. Such plots are shown .
in Figure 18 for a variety of temperatures and two substrate concentra-
tions (0.05 and 0.30 mM). A diagram for variable [NADH] is shown in
Figure 18A and Figure 18B is for variable pyruvate.

At the higher substrate concentrations (0.30 mM in this case)

all slopes were very close to -1.0, indicating little diffusion control,
' - —— ‘

while at the lower sgbstrate concentritions the rates were closer to
-0.67, indicating considerable diffusion control. ThesE plets showed
also that there was less diffusion control at the higher\tempdratures.
The K-L theory gives the theoretical product concentration at
the tube g;it for full diffusion control (Eqn. (6)) and it was of
interest to compare the predictions of Eqn. (6) with the- results obtained
under condi%ions leading to substaJ:ial diffusion control, i.e., low
substrate concentrations and low flow rates. Table ]2 gives the results

of some calculations. Diffusion coefficients at different temperatures

- were calculated with the aid of the value of Do obtained at 25 °C using

*p=4x10° co® s} and E, = 5.0 kcal mol™! in the following relation % :
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1

Table 12. Selected theoretical [?]e values at the tube exit compared
with experimental values. G
r = 0.076 cm; L = 50 cm; D(Z5*C) = 4 x 10-6 cm? s-1;
Ep = 5 kcal mol-1

ve/em 571 [s)/mM T (°C) [Pleale/iM | [Plexp/um
0.36 0.05 10.0 20.0 29.0%
0.36 0.05 20.0 24.5 33,40
0.36 0:05 30.0 29.6 36.1*
0.36 0.05 40.0 35.2 43.1*
0.36 0.05 50.0 a1.s 50. 0
0.72 0.08 10.0 201 22. 6%
0.72 0.0 50.0 26.2 26.4*
0.36 0.05 10.0 20.0 20.9
0.36 0.05 30.0 29.6 31.3
0.72 0.08 10.0 S20.1 | 236
0.72 0.08 50,0 41.8 41.6

* With [NADH] fixed at 2 mM and [CH.COCOOH] varied. The unstarred
experimental values are for [CH3C5C00H] fixed at 3 mM and [NADH]
varied.
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Iy - :
= Do exp%:EBJRT) . v (29)
. /,J ‘.‘ .
where Do'is independent of gpmperature. Considering that this (Table 12)

-

; . Was an absolute calculation, and that the reactions were not fully
\ -
\\\\__g;ffu51on*controlr!d the agreement was quite satlsfactor\

(v} Dimensionless Parameters °

In Chapter II of this ;hesis, the ¢-p indicator diay was
divided into three regions: Region § , in which n>0.95 correspopded to
essentially diffusion-free kinetics Reglon M, 1n which 0.95 > n >0.6,
an intermediate region, and Region L, with n < 0.6 where there was sub-
stantial diffusion control. For the present purposes, it was more
expedient to divide the plots into a larger number of regions (Appendix A)
the boundaries between them corresponding to n = 0.10, 0:40, 0.60, 0.70,

0.80, 0.90 and 0.9s.

Figures 19A and 19B show'plots of ¢ against p. In calcpiating
experimental ¢ values at different temperatures, the diffusion coefficient
D was taken to be 4.0 x 10°° cm? s~1 at 25 °C and to have an activation
energy of 5.0 Yeal mol—.l estimated in Section S.S.L(iiij. Equation (29)

* was used in these calculations. Results from experiments done with
fixed pyruvate and variable NADH concentration appear in Figure 19A.
Figure 18B reports results for the case of fixed NADH and varied pyruvate
concentration. To avbid crowding the ‘diagrams with points and confusing

the whole pieture, only a small selection of values wWas used in the

plots, i.e., two temperatures (10 and 50 °C), two flow rates (0.36 and
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. 150 cm-"‘
0.70 mM
) 5o c

0.3 <ms ﬁ,cxso
1.0~ - 720.70
1.50 ¢ 571 S o 100 7=0.80
'y
\' _
’ a
H_.J
50°C T 7=0.90
7=0.95
01 I | J
Q.01 - - Qa1 1.0 - 10
f:'igure 19A. Double-logaritimic plots of the parameters $ and p for
pyruvate concentration fixed at 3.0 mM and for two NADH
concentrations (0.06 mM and 0.70 mM)}, two flow rates
(0.36 and 1.50 cm s-1} and two temperatures (10 °C and
S0 °C); pH = 7.5.
\./ N
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Figure 19B. Similar plots to thbse in Figure 19A for [NADH] fixed

at 2.00 mM, and at two CHSCOCOOH concentrations, two
temperatures, and two flow rates. pH = 7.5.
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1.50 cm 5-1) and two substrate concentrations (0.06 and 0.70 mM). The
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other ¢ and p values listed in Tables 13A and 13B also showed consistent

results and they all led to the same general conclusions which may be

summarized as follows:

(a)

(b)

(<)

At low substrate concentrations, large diffusion effects come
into play. This is manifested by the facf that all experi-
mental ¢-p points lie in the regions described by small
utilization factors (n). These experiments, for low substrate
concentrations, are so significaﬂtly affected by diffusion
that temperature and flow rate have little effect.

At high substrate concentration, the diffusion coE:rol is
less.

At the higher substrate concentrations, the degree of diffu-
sion contr;l is decreased by increasing thé flow rate. For
example, in Figure 19A, a point at 10 °C and 0.70 mM substrate
which lies between n = 0.60 and n = 0.70 when the flow rate

is 0.36 cm s-l, gets shifted to the region between n = 0.90
1

‘and n = 0.80 upon increasing the flow to 1.50 e¢m s ~. The

latter region which has larger n values corresponds to low
ﬁiffusion effects. Thus, high flow rates decrease diffusion
effects of certain substrate concentrations. This finding
is predicted by the Kobayashi-Laidler theory and the same
behaviour was found in all systems previously investigated

by Laidler and coworkefsgg'los.
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Table 13A. ¢ and p values for various pyruvéte concentrations, various
temperatures and various flow rates. L = 50 em; r = 0.076
em; D (25 °C) = 4.0 x 10°6 cm? s-1; Ep = 5.0 keal mol-1.

Ve = 0.36 cm s'l_
[Pyruvatel.10%M| 10% 20 30 T 30 T 50
‘ 3 P ¢ p ¢ p ¢ p 77 o
50 2.97 11.0 {2.77 8.80[2.72 6.40| 2.65 5.00| 2.57 3. 60
60 2.95  9.17|2.73 7.3 [2.51 5.35| 2.49 4.17| 2.50 3.00
80 2.88  6.8812.64 5.50(2.45 4.00) 2.34 3.12| 2.30 2.3
100 2.85  5.50/2.62 4.40(2.41 3.20{ 2.28 2.50| .57 1.S80
150 2,75 3.67(53.01 2.93[2.72 2.13| 2.45 1.67] 2.28 1.20
200 2.60  2.75/2.61 2.20|2.35 1.60{ 2.15 1.25] 1.95 0.90
300 2.45 1.8512.24 1.47[1.99 1.07| 1.73 0.853| 1.50 0.60
400 2.25  1.38/1.89 1.10|1.61 0.S0f 1.37 0.65| 1.1§ 0.45
500 1.94  1.10|1.60 0.88(1.29 0.64| 1.11 0.50| 0.94 0.5¢
600 1.62  0.92/1.34 0.73|1.08 0.53] 0.93 0.42( 0.78 0.30
700 1.359 0.7911.14 0.65]0.92 0.46{ 0.80 0.36| 0.67 0.26
vf = 0.72 cm s-1
50 5.59  9.20(3.17 6.80]2.87 S5.20] 2.80 4.20] 2.97 500
60 5.24  7.67/5.05 5.67[2.79 4.33| 2.67 3.50| 2.46 2.50
80 5.00 ,5.75/2.96 4.25)2.5 3.25| 2.65 2.65| 2.55 1.SS
100 2.82 4.60[2.74 5.40|2.65 2.60] 2.45 2.10] 2.46 1.s0
15Q 2.71  3.07|2.58 2.27{2.39 1.75] 2.20 1.40| 2.04 1.00
200 2.47  2.30{2.31 1.70|2.15 1.30| 1.90 1.05| 1.70 0.7s
300 2.21  1.55|1.92 1.15[1.66 0.87| 1.45:0.70{ 1.25 0.50
400 1.81  1.15/1.55 0.85[1.30 0.65| 1.10 0.53] 0.95 0.38
500 1.55  0.92(1.27 0.68|1.05 0.52] 0.88 0.42{ 0.75 0.30
600 1.29  0.77/1.06 0.57|0.88 0.43} 0.75 0.35| 0.62 0.25
700 1.11  0.66{0.91 0.49{0.75 0.37| 0.65 0.30| 0.55 0.21
ve = 1.08 em s-1
50 5.09  8.40[5.15 6.00[5.14 4.80[ 2.98 3.80] 2.82 7,60
60 5.09  7.00(3.15 5.00{2.95 4.00| 2.80 3.17|2.77 2.17
80 5.09  5.25/2.84 3.75|2.74 3.00| 2.65 2.38| 2.56 1.6
100 5.00 4.20{2.78 3.00f2.51 2.40] 2.37 1.90| 2.25 1.30
150 2.57 2.80[2.36 2.00|2.16 1.60| 1.99 1.27|1.78 o0.87
200 2.35  2.10/2.04 1.50|1.88 1.20| 1.67 0.95] 1.48 0.65
300 2.01 1.40/1.70 1.00|1.46 0.80| 1.26 0.65| 1.06 0.43
400 1.68 1.05/1.38 0.75|1.15 0.60{ 0.95 0.48| 0.81 0.33
500 1.36  0.84|1.11 0.60|0.92 0.48| 0.77 0.38]0.65 0.25
600 1.13  0.70{0.93 0.50] 0.77 0.40| 0.64 0.32|0.54 0.22
700 0.87 0.60]0.79 0.4310.66 0.34| 0.55 0.27]|0.47 0.19
v = 1.50 cm s-1
50 2.77 8.00[2.84 5.60] 2.82 4.60] 2.82 35.4032.66 240
60 2.76  6.67/2.82 4.67|2.87 3.83| 2.72 2.83|2.66 2.00
80 2.76  5.00{2.68 3.50)2.57 2.88| 2.39 2.15|2.36 1.50
100 2.76  4.00/2.60 2.80|2.34 2.30]2.20 1.701{2.15 1.20
150 2.48  2.67/2.20 1.87)2.02 1.53|1.83 1.13|1.70 0.80
200 2.21  2.0011.98 1.40|1.77 1.15| 1.58 0.85{1.40 0.60
300 1.84 1.3311.58 0.93]|1.34 0.77] 0.14 0.57|0.97 0.40
400 1.49  1.00{1.24 0.70f 1.02 0.58| 0.86 0.43|0.73 0.30
500 1.21  0.8010.99 0.56] 0.82 0.46{ 0.67 0.34 | 0.58 0.24
600 1.01  0.67|0.83 0.47{0.65 0.38]| 0.57 0.28 | 0.49 0.20
700 0.87 0.57/0.72 0.40| 0.59 0.33] 0.49 0.24 [0.42 0.17

|




Table 13B. ¢ and p values siﬁilar to Table 13A, except that now
variable NADH concentrations are considered.

| Ve = 0.36 cm s
FTQE?% ™ [ 20 °C 350°C 30 °C 50 °C

- p ) ] [ o d P 9 .

50 | 3.72  12.00] 5.50 8.80| 3.14 7.60| 3.14 6.20{ 5.08 5.00
60 | 3.49 10.00! 3.34 7.33| 3.02 6.33| 2.95 5.17| 3.05 4.17
s0 !3.34  7.50] 3.23 s5.50] 3.05 4.75| 2.85 3.88] 2.81 3.13
100 | 3.34  6.00| 3.02 4.40| 2.84 3.80| 2.78 3.10{ 2.6 2.50
150 | 2.91 4.00|2.79 2.95| 2.51 2.53| 2.41°2.07] 2.25 1.67
200 |2.78  3.00| 2.55 2.20l2.32 1.90| 2.20 1.ss} 2.00 1.25
300 | 2.49  2.00|2.28 1.47|2.00 1.27| 1.77 1.03| 1.30 0.S3
400 |2.25  1.50|1.96 1.10| 1.66 0.95| 1.42 0.78| 1.25 0.63
s00 | 1.96 1.200 1.64 0.88] 1.36 0.76] 1.15 0.62| 0.98 0.50
600 | 1.69 _1.00|1.40 0.75] 1.15 0.63] 0.97 0.52] 0.82 0.42
200 |1.47  0.86|1.19 0.65| 0.99 0.54| 0.83 0.44] 0.70 0.36

ve = 0.72 cm s1
S5 15.55 0.3073.17 .60] 3.0l 6.20] 2.50 4.45] .55 3.50
60 | 3.06  §.50|2.95 6.33|2.75 5.17| 2.54 4.00| 2.55 3.17
s0 | 2.87  6.38]2.67 4.751 2.51 3.88| 2.45 3.00| 2.42 2.38
100 | 2.83  5.10] 2.60 3.80|2.3% 3.10| 2.24 2.40| 2.12 1.90
1so | 2.5¢  3.400 2.31 <2.53| 2.12 2.07| 1.96 1.60| 1.83 1.27
200 | 2.38  2.s0|2.13 1.90] 1.9l 1.55| 1.75 1.20| 1.57 0.95
3500 | 2.15  1.70|1.83 1.27|1.59 1.03] 1.40 0.80] 1.30 0.63
400 | 1.84  1.28|1.55 0.95|1.37 0.78| 1.13 0.60| 0.95 0.4S8
s00 | 1.57 1.021.30 0.76|1.08 0.62] 0.91 0.48| 0.78 0.38
600 {1.35  0.85|1.11 0.65]0.92 0.52| 0.77 0.40] 0.65 0.32
200 | 1.16  0.7510.95 0.54|0.79 0.44] 0.66 0.34| 0.56 0.27
ve=1.08 cm s-1
TG 1 2.84 9.00] 2.75 6.80]2.59 5.60] 2.52 4.00] 2.735 3.20
60 | 2.99  7.5012.83 5.67 |2.61 4.67) 2.75 3.33| 2.81 2.67
80 | 2.66  5.65| 2.46 4.25]2.35 3.50| 2.50 2.50| 2.41 2.00
100 | 2.60  4.50] 2.37 3.40 |2.24 2.80] 2.28 2.00| 2.23 1.60
150 | 2.37  3.00|2.25 2.27 |2.05 1.87| 1.93 1.33| 1.78 1.07
200 | 2.3  2.25|2.07 1.70|1.84 1.40{ 1.68 1.00| 1.50 0.80
300 | 2.05 1.50|1.76 1.50]1.49 0.95| 1.29 0.67) 1.11 0.53
400 | 1.70 1.13|1.42 0.85]|1.12 0.70| 1.00 0.50| 0.85 0.40
500 |1.42 0.90|1.16 0.68 |0.94 0.56] 0.81 0.40| 0.68 0.32
600 | 1.19  0.7510.97 0.57 |0.80 0.47| 0.67 0.33| 0.57 0.27
700 | 1.02 o0.64]0.83 0.40]0.69 0.40] 0.58 0.29{ 0.49 0.23
v, = 1.50 cn 5L

50 [ 2.82  8.30[2.80 6.002.70 5.00] 2.26 3.60] 2.50 2.80
60 | 2.01  7.00l2.82 s5.00|2.95 4.17} 2.46 3.00] 2.52 2.33
8o | 2.70  5.25|2.68 3.75 |2.67 3.13| 2.23 2.25| 2.16 1.75
100 | 2.65  4.20|2.48 3.00 |2.38 2.50] 2.04 1.80| 1.99 1.40
150 | 2.29  2.80|2.11 2.001.93 1.67|1.73 1.20| 1.59 0.93
200 | 2,14 2.10{1.87 1.50 |1.69 1.25|1.51 0.90} 1.34 0.70
300 | 1.83  1.40|1.54 1.00 |1.31 0.83{1.15 0.60| 1.00 0.47
400 | 1.2  1.05]1.26 0.75 |1.06 0.62| 0.89 0.45| 0.76 0.35
500 | 1.28  0.84 |1.04 0.60 [0.86 0.50]0.73 0.36| 0.61 0.28
600 | 1.07  0.70]0.87 0.50 |0.72 0.42|0.60 0.30| 0.51 0.23
700 | 0.1  0.60|0.74 0.43 [0.62 0.36|0.51 0.26| 0.44 0:20
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(d) At the high substrate concentrations,.increasing the
temperature decreases the extent of diffusion control. This
fact may be illustrated by considering a point which lies
between n = 0.90 and n = 0.80 in Figure 19A. The point is
for 10 °C and 1.50 cm s-l flow rate. When the temperature
is increased from 10 to 50 °C, kéeping the flow rate constant
at 1.50 cm s}, this point shifts to a new region below the

line of n = 0.95. The new region characterizes experiments

which are affected by negligibly small diffusional effects.

3.3.2 The Effect of pH

(1) Results

The results of the pH experiments, summarized in Figure 20, show

the following:

(a) That the effective rates of the nylon-LDH tubular reactor,
measured in the range 7 < pH € 10 décréase with increasing
pH. The decrease igi?ore gradual at iower substrate con-
centrations. This is indicated by the fact that the slopes
of the profiles are higher at 0.20 mM than at 0.04 or
0.08 mM.

(b) That the pH optimum is well defined at substrate concentra-
tions of 0.20 mM. When pyruvate is the variable substrate,
the optimm is at pH 7. An optimum which ranges from pH 6

to pH 8 is obtained when the varied substrate is NADH.
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Figure 20. Plots of reaction rates against p}i; A-variable NADH;

fixed pyruvate; @-variable pyruvate, fixed NADH;
temperature = 35 C; Ve = 1.0 cm s™°.
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(¢) That the effective Tates measured with fixed NADH concen-
trations (i.e. with variable pyruvate) are higher than those

determined with fixed byruvate or variable NADH.
S Y
(ii) Discussion
-

Trommer et 31‘00 have recently investigated the inhibition effects
of pyruvate on rabbit muscle lactate dehydrogenase and they have found
that the en:yme is not irhibited unless extremely higxh concentrations
(> 10 mM) of pyruvate are used. This'finding 1s in good agreement with

-
.
-

the results of Holbrook et aiso,.}’romms6 and Stambaugh and Posts We
therefore attribute the reduced effective rates observeéj ith variable
NADH concentrations as stated in {c¢) above not to inhibiti§2\by

P¥ruvate but to steric hindrances between the enzyme support and the

NADH. This is a reasonable suggestion in view of the fact that NADH is .

2 larger molecule than pyruvate and larger molecu;cs’guffbr steric

-

-~

hindrances more than smaller ones dozo.
In the present investigation, temperature and the flow rate of

the substrate solutions were fixed. Therefore, the thickngss of the

diffusion layer were the same for all substrates at all pH values.

Thus, if there is no difference in the degree of diffusion at both higher

and lower substrate concentrations, the slopes of the pH-activity profiles

sheuld be the same in the_two'concentration éxtremes. However, a differ-

ence in the slopes Qas observed as stated in Section 3.3.2(1)a. Tﬁug,

higher degrees of diffusion effects at lower suéstrate concentrations

are the chief cause of the more gradual decrease of the effective. rates

for either NADH or pyruvate at, for example, 0.04 mM.



. |
’ With ‘ariab.le NADH, the width of the pH optimum of our immobilized

( LDH is found to be broader than that obtained with variable pyruvate.
-Sé%’(b) ~Ain Sectlon 3.3. ’(1) above. A combindtion of effects from diffu-
siom’ and from steric hrqdrances on. the interaction of NADH with éhe
en:}me seems to be resﬁggsible for the wider pH optimum'found in the
.- former case. It is not surprising’ therefore to fipd that pxtgvate which
seems to be free of the steric hindrances gives a more deﬁinite pH opti-
mm of the present reaction system.
The gffect of pH on the kinetics of immobilized én:ym?s has been
investigated by:a number of workers, both from the theoreticall’71 and
105,66,126

experimental points of view. It has been found that shifts in

the position of the PH optimum can explain the nature of the tharge

o~

present on the enzyme's support. For example, Goldstein and Katchalski126
have carried out pH experiments with chymotrypsin in three different
situations. In one case, the enzyme was not bound and in the other two
cases, it was immobilized to a positively charged polymer and to a nega- -
tively_charged pol}mer, Tespectively. They found that the optimum pH

of the positively charged system appeared at a lower pH value than that
oﬁtained with the free enzyme: The resﬁlts of the experiments done with
3 negatively charged support gave a pH;optimum-which was shifted towards
.ore alkaline conditions. Thus; the optimm pH of an enzyme immobilized
witﬁin a charged environment or carrier would be displaced toward more

alkaline or toward more acidic pH values for a negativ:ir or positively

charged carrier, respectively. The pH optimum of our wWork was found to



/be at pH = 7.0. Such a value is therefore consistent with Fﬁe fact that

a nylon-LDH surface, produced following the imﬁqbilization technique

~outlined in Chapter II, should have a zero charge.

While shifts in the pH optimum or in the pH-activity profiles may
explain the nature of charges surrounding the enzyme, changes in the
shapes of the profiles can be used to explain diffusional effects on the
immobilized enzyme. For example, Ngo and Laidlerlo3 have found that the

g

A
pH dependence of the rates of hydrolysis of acef}Icholine by electric

eel acetylcholinesterase entrapped in polyacrylamide gel deviates sig-

“ nificantly from that observed with the corresponding free enzyme. While

the free enzyme showed an-optimum at about pH $.0, ‘the bound enzyvme
exhibited a continuous increaée in the reaction rates with pH up to pH
9.6. This anomaly was explained on the basis of increased diffusional
effects when the enzymé is enclosed i’ a polvmer gel.

The vafiapion of the reaction rates with pH shown in Figure 20
is much-smaller than ﬁhat found by Schwert et al120 and Stinson and
HolbrookSS who used free LDH. This is because our system'was controlled

by diffusion. ™~ o -

5.4 Summary
In the present work, various lines of evidence pointed to the
following general conclusions:
(a) The degree of diffusion control increases as the temperature
v is lowered. This was revealed by the plots of log [P]e
against log Ve (Figure 18) and by the dimensionless para-

meters (Figure 19 and Table 13). Increasing temperature



(b)

{¢)

(d)

(e)

: 89,

led to increased reaction rates, which implied a reduction

Ain the diffusion resistances.

The degree of diffusion control increases as the flow rate :

of the substrate solutions decreases. This was shown, for
example, by the variation of Km(app) with VEI/J (Figure 16).

This fact was also shown very clearly by the plots of the

‘dimensionless parameters (Figures 19A and 19B).

The degree of diffusion control increases with decreasing
substrate concentration. This was shown by the dependence
of product concentration on the flow rate (Figures 1SA and
18B), the pH-activity profile (Figure 20) and by the dimen-
sionless parameters (Figure 19 and Table 13).

The activation energy for the diffusion process is approxi-
mately 5.0 keal mol . This ®as obtained by extrapolating
the activation énergies calculated from the Arrhenius plots
(Figure 17 and Table llj to infinitely small or ctero substrate
concentrations, at which maximm diffusion effects should
appear. The value of 5.0 ]pal-mol'l led to self-consistent
results of the dimensionless parameter ¢ at different
temﬁeratures (Figure 19 and Table 131. It also led to a
reasonable interpretation of the temperature-dependence of
some product concentrations at the tube exit (Table 12).

The enzyme's behaviou¥ towards NADH is substantially altered
when LDH is bound to a solid surface. This is mainly due

to steric hindrances that come into play. This was indicated
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by the pH-activity experiments (Figure 20). Further evidence
was obtained by comparing the diffusion-free Michaelis
constants, K Faiculated around 25 °C (Table 10) with that
féund in Chapter II for the free eﬂ:yme.
(f) The pH-optimum of the immobilized LDH was taken to be at

pH 7.0. It was measured with pyruvate as a Variable substrate
since pyruvate seems not to be affected.by steric hindrances
~because of its relatively small sizel The value of the pH
optimum suggested that the surface on which the LDH was

immobilized had 2 neutral charge. This conclusion agrees

with the predictions of our immobilization technique.

(¢) In the present tubular reactor, the chemical process at
the surface is fast when substrate concentrations are
high. The limiting value of the activation energy is
found to bé very small, lyving between 0 and 1 kcal mol .
Diffusion resistances are at a minimum when substrate

concentrations are high.

3.5 Conclusions
The application of the K-L theory to the kinetic data obtained
in the temperature range 10 to 50 °C, with ocur nylon-LDH tube, suggests

that a better reactor efficiency can be achieved by running experiments
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at high substrate céﬁcentrations, high flow rates and at high tempera-
tures (preferably between 30 °C and 50 °C). The results for the pH
experiments also suggest that if the above conditions were obtained with
the use of a reaction medium of pH 7.0, the efficiency of the LDH tubular
reactor would be even better.

| Before this Chapter is finally concluded, it should be pointed out
that the effect of the ionic strength on the reaction rates of the
present reactor was not investigated in detail. However, kinétic Tuns
made in four different coficentrations of the sodium phosphate buffer,
namely 0.05, 0.10, 0.50 and 1.0 M at pH 7.5 showed that low ionic strengths
lead to high reacéion rates of the bound LDH {see Figure 21). 1In these‘
experiments, the specifications of the nylon-LDH tube were the same as
those employed for the temperature and the pH work already discussed.
In obtaining the S shéwn in Figure 21, flow rate, temperature, NADH
and pyruvate concentrations were respectively fixed at 1.0 cm s-l, 35 °C,
0.20 oM and 3.0 mM.

So far, we have reported a study of the flow kinetics of immobilized

LDH, done in a tube. The next two chapters discuss the same type of
kinetics of the same enzyme but now a different reactor cbnfiguration,
a disc, is considered both from a theoretical and an experimental: point

of view.
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CHAPTER IV

KINETICS WITH AN ENZYME AT A SOLID ROTATING DISC

'ﬁ.l Introduction

Enzymes have been immobilized in a variety of wayszg’lgs. They
have been trapped #n ge15101’103’129’156, chemically bound to |
surfaces99-103,130,131,141,142 and encapsulatedlg’lzg’144-149.
number of different types of reactors have been used to study the
kinetics of these bound species in both static and flow

- 3 3 3 d
svstems® 105,150,151,141,142

However, no kinetic investigations have
hitherto been carried out with the enIyme present at a rotating disc.
Eleétrochemists have made considerable use of disc electrodes to
study kinetic reactions at electrode surfaces and have fouﬁd that this
configuration offers important advantages. For example, it has been
found to be a faster technique than the dropping mercury electrode in
the determination of diffusion coefficients of dissolved specieslsz.
The reasons for employing a rotating disc in the field of immobilized
enzymes may include:
(a) It will help to study diffusion effects on the.behaviour
of bound enzymes.
(b) It can be used to analyze specific substrates in fluids
such as blood, urine, milk and syrups, which may be of

clinical or industrial importance.
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This Chapter reports a preliminary study of the kinetics of LDH
covalently bound to an impervious, surface of a nylon disc. The
immobilization method involving the use of thionyl chloride and 3,3-
diaminobenzidine is described. Reaction rates are measured with_£ixéd
. pyruvate and variable NADH concentration and a theory of a disc éafrying

an active enzvme is developed and tested.

4.2 Theoretical

The principal characteristic featuré of a rotating disc is'that
when it rotates in 3 liquid it acts as a pump, sucking the liquid toward
itself; spinning it around and throwing it out to the sides. At the
same time, a rotating Aisc creates a diffusion laver on its surface,
-the thickness of which can be varied and can be calculated at_different
speeds of rotation. Within this diffusion laver, the concentration of
the solute éhanges linearly from the value in the bulk solution to that
at the surface. The system is shown schematically in Figure 22A, and
Figure 228 sh&%s the concentration of a substrate as a function of
distance along the axis. The technique therefore provides a very valuable
means of determining the effect of diffusion on the kinetics at the
surface and of eliminating diffusion effects altogether by extrapolation
to high speeds of rotationm. ‘

The basic theory for a fotating electrode disc has been worked
out by von Karmanl33 and by Levich134’135. We will now extend their

treatment SO as to make it applicable to an enzyme system obeying

Michaelis-Menten kinetics. We assume that ‘the disc is carrying enough
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Figure 22. Schedatic diagram of a rotating disc, showing the
cylindrical polar coordinates X, 7 and .

The variation of concentration with distance x from

& spinning disc at which chemical reaction is occurring
The variation is approximately linear in the diffusion
layer of thickness %D'
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active enzyme and that the reaction on its surface is sufficiently

fast that the reaction rate will be controlled by diffusion and by the
, . v

spinning motion of the disc. The equation relating to concentration

(), time (t) and distance travelled by the reactant can therefore be

set up as follows:

-

ac 3¢ dc

LIS | - (0)
ax
where v_ is the hydrodvnamic component of velocity in the x direction.

X

The first term on the right-hand side relates to transport by
diffusion (Fick's second law) and the second term to thé transport
brought about by the pumping action created by the spinning motion of
the disc.

From the hydrodynamics of the spinning disc, one gets
V= - (@) X(x/xhy) (31)

where w is the speei of rotation (radian s-l), v is the kinematic
viscosity of the solution (i.e; the raiio of the viscosity n to the
density p), and X is a function of the ratio of x to xhy' The. thickness
of the hydrodynamic layer xhy is not the same as the thickness of the

-

diffusion layer, xnlaz. Since Vx is directed towards the surface of
the disc, it is given a negative sign as shown in Eqns. (30) and (31)
above.

In the steady state, 3c¢/3t will be zero and the material will

then be transported -to the disc's surface where it is reacting at a

constant rate and Eqn. (30) then becomes
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o 2Bl Vx%EJ | - (32)

ax”

Levich1°4’1°5 gave a solution of this equation, and we apply it

to an enzyme s;stem in which the bulk substrate concentration is [S]b
and the substrate concentration st the surface is [S]s' In other words,
at x=w, Sf[Sﬂb and at x=0, the substrate concentration is [S]S. The
solution is®

(s, -[s] ' '
(%J - O (53)

x=0 D

where XD is the thickness of the diffusion laver, given by

1/5 -l/2vl/6

Xy = 1.61 D™ w (34)

It is well known that the diffusive flux J to an area As of a surface
is given by Fick's first law,
b -
J_.=DA [= (35)
x=0 s (%x x=0
In view of Eqns. (33) and (34), the flux to the disc's surface will
therefore be expressed as

_DAUdsl-Isly DA sds]-Ts1)

x=0 XD 1.61 Dl/3m-1/2vl/6

J

(36)

It is convenient to define a mass transfer coefficient kL so that we

can simplify Eqn. (36) to the following expression

Ty=0 = KL As({s]b'[S]s) . (37)
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Thus, by Eqns. (36) and (37), the mass trapsfer coefficient for the

disc system is given by

!

k, = 0.62 D/ 31/ 2y-1/6 ' \(38)

In the present system, the substrate passes through a diffusion
layer of thickness XD before it reaches the disé¢'s surface where it is
consumed in the fast enzyme reaction. Previous studies on LDHISO’ISI,
in systems involving diffusion and then enzyme reaction, have indicated
Michaelis-Menten kinetics when one or other of the substrates is held
in excess, and we can therefore write the following rate expression for
the amount of product formed in a unit time at a given surface area At

VmsAs[S]s

v (39)
ns S .

where [S]s is the surface concentration (amount/aréa) of the substrate
that is not in excess. The kinetic parameters Ve and Ko are the
effective Michaelis parameters for the reaction catalyzed by the enzvme
at the surface of the disc, and relate to unit surface area. A steady
state will be established at which the rate of this chemical removal °
of [S]_ equals the diffusive flux, given by either Eqn. (36) or (7).
Thus,

v_ A [s]  anpsl.-[s1)
K:z+Es]ss = 2 "E > (40)

When [S]s obtained from Eqn. (40) as a function of V__, K

ns [S1, D
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and Xp is‘inserted into Eqn. (39), an expression for the reaction rate
as a function of the bulk concentration [S]b is ob;ained.. Since this
new expression is a quadratic equation and may be more difficult to
solve, it is more con{enient to obtain solutions from Eqn. (40) for

the limiting cases and to insert them into the overall Michaelis-Menten

equation (39).

(1) [S]s>>Kmq' At sufficiently high substrate concentrations, when
[S]s>>xm<’ Eqn. (40) reduces to

_ D(S1y-Ls1y)

Vos X _ (41)
and therefore
D[S],-v_ x -
- b ms'D -
[S_]S e (42)
(ii) [S]S<<Kms. At low substrate concentratioms where [S]S<<Kms,
Eqn. (40) vields .
Vas[Slg  DCEsI -[sT) i
X = (43)-
ms *D
‘which leads to
K__D[s]
[s], = 2P (44)

s KmSD+VmeD

The amount of product formed per unit time, under these condi-

tions of low substrate concentration, is given by
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vV = VmsAs[S]s - VmsAsD[S]b (45)
° Kms KmsD+VmsxD :

-

, :
The rate of formation of product in a volume Vb of solution can also
be expressed as

vy [s)
r o Bb"b . :
¥ Kp(app)+[STy (o)

~

where Vé and Km(app) are the conventional Michaelis parameters, in
contrast to Vms and Kms which relate to unit surface area. In the

limit of low substrate concentrations, this reduces to

0 Rm(app) \ -

We ‘also have
'Y = . -
ViVy = VoA (48)

Equating the rates given by Eqns. (4S) and (47), and using (48),

leads to
VKD
ms
kK (app) = Ko+ = (49)
1 4
_vamxn % 50
T “ms D - AS (50

It is of interest that these equations are of a similar form

to those obtained by Hornby et al136 and by Kobayashi and_Laidler7°

for tubular enzyme reactors. With Eqn. (34), Eqn. (50) becomes
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1/6
1.61 Vév V

) = byt — - s1)

-,

This relationshiﬁ is used later to-test the dependence of Km(app) on
the speed of rotation w and to obtain an extrapolated value of L . In
“the equatlons above, Vb and A Tespectively denote the volume of the
reactlon mixture and the surface area of the disc.

137 : -
Paul et™W) recently reported some results with a spinning
. b -
enyme reactor, but their configuration was not a disc.

" To the best of our knowledge, no theoretical or experimental work has

so far been done with a rotating disc carrving an enzyme, -

4.3 Experimental Section

4.3.1 Materials: - ‘ . .
Chemicals used were: rébbit miscle lgctate dehydrogénase )
(EC1.1.1.27); NADH; pyruvic acid; hydrochloric acid; 3,3-diaminoben
;idine; glutaraldehyde; dioxane; dicyclohexyi;arbodiimide; thionyl-
chloride; B-mercaptoethanol; sodium chloride and sodium pho§phate salts.
| A nylon rod‘from which discs were cuf‘was pq;chased from the
Cafus Plastics Company in Ottawa.

The Ostwald v1scometer (size 50, A92) used for viscosity measure-

ments was bought from Kimax Kimble Company, U.S.A. ’ f

P

4.3.2 Attachment Procedure °

' ) «
The immobilization method presented in Chapter II of this thesis.

was Qsed in our initial attempts to covalently attach LDH to a surface
- \«/' . .



B C 102.

.

of & nylon disec. Although this technique was very effectlve in tubular
Treactors used in Chapters II and III, it produced a disc-LDH system of
very iow actzvitv With the.;;%ular reactors, the small bore of the
tubes allowed only a small amount of substrate solution to flow through
the pipes. Thus, the ratio between the area covered by the enzvme and
the yolume of the‘substrate solution was large. In most disc experi-
ents on the other hand, the area to volume ratio is so small that for
a satisfactory enzyvmic activity, it~?$’necessary to have a better method
that will attach more enzvme to the surface of the disc. Alternatively,
kon-e may use a disc of very large surface arca{ A combination of a large
surface area with a good immobili:ation method will be even more attract-
ive. The new method descriﬁed_below produced a very effective disc and
allowed an experimentally wideirange of rotation speeds to be used.
The five chemical steps inﬁgizgd in.this new immobilization procedure
‘are summarized in Table.14. This preparation, which léd to high aqtivity‘
and improved range of rotation speeds, involved the use of thionyl-
chloride and é,s-diaminobenzidine and was carried out as follows.

A nylon disc (S mm thick and 3.2 om diameter) joined to a steel
rod (Figure 23) ‘was susfended in a beaker containing 4.5 M HCl to bring
about partial hydrolysis of:the peptide bonds on one of its surfaces.
After 45 minutes, the disc was transferred to anothér beaker of thionyl-
chloride to convert carboxyl groups to acid chlorides. The reaction
was éllowed to pfoceed for three hours in a fumeboard. Later, the disc
was placed in a é%lution of dioxane containing 1 % w/v, 3,3-diamino-

benzidine and 1 % w/v, dicyclohexylcarbodiimide and was left there for
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Table 14. Summary of the five steps used to covalently attach LDH to
& nylon disc surface (NDS).
Step Reaction
COOH
4.5M HC1 v
1. NDS W NDS
NH,
P
socl., ~Cl
- e i
= Ly N
R .
: E N
- NH
. R 3.3'Disminobenzidine, .- NH 2
> Dioxane, 25 °C 7 -
NH, N,
) S
. ENH_ NG* )
Glutaraldehvde - g
-]
pH 16, 4 °C NG* NG*
0 ’ T
NG-LDH
. ; Enzyme, LDH <”

NG-LDH

0.1 M Phosphate Bufferms\
NG-LDH

H 7.5, 4 °C
.P 8]

* -=NG is -N=C]-I-CI'12-C':'12-CH

. CHO
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Sieel Rod as
Disc's stem

Nylon disc
/"" ///5 mm thick -
Beaker : / & 3.2 cm digmeter.

9 L

Reagent Soiution

Figure 23. Diagram showing the arrangement of the apparatus for
chemical attachment of LDH to an impervious nylon
surface of a disc.



‘ | 105,

L
12 hours to ensure successful production of the amino groups on the

surface. All the above steps were done at 25 °C. At the end of the
12 hours, the disc was washed in 0.1 M sodium phosphate buffer at pPH 10,
and was then left to stand at 4 °C for 6 hours in a solution of the
same buffer containing 50 % w/v glutaraldehyde. The unreacted glutaralde-
hvde was removed by wasging the disc in another buffer solution (0.1 M
sodium phosphate, ﬁﬁ’??%’gf 4 °0). Immediately afterwards, the prepara-
tion was placed in ;p mL of 0.1 M sodium phosphate buffer at pH 7.5
containing 26 mg of rabbit muscle lactate dehydrogenase and 0.1 mM
S—mércaptoethanol (an enzyme activator). The quantity of the enzvme
given above was equivalent to 271 units per mL of solution. One unit
of LDH willireduce 1.0 wmole of pyruvate to lactate per minute at pH 7.5
at 30 °C. T?/allow complete reaction between aldehydic groups on the
disc and amino gToups on the en:vme, the System was left standing in the
encyme solution at 4 °C for 24 hours in a refrigerator. Thé unbound
protein, after 24 hours, was removed by washing the disc with 0.1 M
sod ium phosphé;e biffer at PH 7.0 at room temperature. When not in use
the disc was left in a solution of 0.1 M sodium phosphate at pH 7.5 and
stored at 4 °C.

The disc system showed only 1 % drop in activity after seven

.days, during which time we measured our kinetics.

4.5.3 Kinetic Procedure

Experimeﬁts were done at 25 °C in 0.01 M sodium phosphate buffer
at pH 7.5. The volume of the reaction mixture was 150 mL. The pyruvic

acid concentration was fixed at 2.0 mM and five NADH concentrations were

P
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used, namely 0.075, 0.10, 0.15, 0.20 and 0.30 mM. The disc was rotated
bf the variable-speed-laboratory stirrer (Talboys, Model 134-2) at the
following spinning speeds: 0.38, 0.70, 0.97, 1.02 dnd 2.0 revelutions
per second (rev s‘l). The progress of the reaction was followed by
measuring the change in the NADH absorbance at measured intervals. A
sample of 3 mL was taken from the-reaction mixture (150 mL) at five-
minute intervals of time and the absorbance measured at 340 nm on the
SP1800 U.V. spectrophotometer. After recording each absorbance reading,
the sample solution was immediately and carefully pipetted back into the"
bulk mixture. |

Typical plots of absorbance against time are shown in Figure 24
for the three indicated NADH concentrations at different speeds of

Totation.

4.3.4 Kinematic Viscosity Measurements

Some applications of the theory for rotating enzyme discs require
the exact value of the 