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PREFACE

Immobilization techniques and the study of supported enzymes have
developed rapidly over the past few years, mainly because of their meni-‘
fold applications as well as their fundamental interest‘ih enzymology
and biology. Tubes with enzymes attached to their inner surfaces are
particularly useful for ‘these purposes, and kinetic studiee of such systems
are essential for any" successful application and also for understanding the
function of enzymes in vivo. This thesis describes a study .of the reaction
between ethanol and NAD catalyzed by yeast alcohol dehydrogenase attached

. to ﬁ? on tubing and in flow systems The results have been discussed in-
- termsi:;\the various factors respon51b1e foe the dlfference in behaviour
of the immobilized enzyme from that in free solution particular attention
being paid to the diffusional effects as treated by the Kobayashi- Laldler
theory. Other effects resulting from immobilization have also been con-
sidered, and conclusions have been drawn as to the kinetic mechanlsm
involved in the catalysis.
Some of the work described ip this thesis has been.published, and
the remainder is under preparation for publication as follows:
. 1. Flow Kinetics of Yeast Alcohdl'DehydrogenASe Attached to
:Nylon Tubing, M.A. Mazid and K.J. Laidler, Biochim. Biophys.
‘Acta 614, 225 (1980). |
2. Temperature Effects with Immobilized Yeast Alcehol Dehydrogenase
in Flow Systems, M.A. Mazid and K.J. Laidler, BlOChlm Biophys. ‘n
- Acta 614,~237 (1980)
3. pH-Dependence of YADH Kinetics in Free Solution and in a Tubular -

Flow Reactor, M.A. Mazid and K.J. Laidler, mapuscript in pre- )

paration.
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- , . ABSTRACT .

Yeast alcohol dehydrogénase (alcohol:NAD oxidoreductase, EC 1.1.1.1)

was attached covalently to the inner surface of nylon tubing. Thgﬂ
. . s

immobilizgd enzyme retained its activity over a period of about one year,
and allowed consistent kinetic data to be obtained.

A study was made of the flow kinetics for the reaction between

ethanol and nicotinamide adenine dinucleotide (NAD) 'in two limiting cases:

! ]

one .substrate in excess and the concentration of the other one varied.
Rate measurements were made Bver a jange of substraté concentrations and
flow rates, under steady;state conditions, and the results were analyzed
in uarioﬁs ways on the basis of the Kobayashi-Laidler treatment of flow
systems for oné—éubstrate reactions. With the ethanol held at saturating
concentrations, there was partial diffusion control, the extéﬁt decreasing
with increasing flow rate and increasing NAD concentration. bﬁ the ofher
hand, with phe NAD at saturating concentrations, there was no aﬁpreciable

. L]
diffusion control. In general, the apparent Michaelis constants varied

with flow rate vg, being linear in v%l/b, and extrapolation to infinite

1/3

flow rate (y; =0) gave the diffusion-free inherent Michaelis'conétants.
There was inhibi£ion by products of the reaction (NADH and acetal-

" dehyde}, being reflected in the smaller dependence of product. concentra-
tion on flow rate compared to those predicted by the Kobayashi-Laidler
theory. The results for both NADH and acetaldehyde showed mixed cbmpetitivq
and non-eompetitive inhibition, with a preponderance of tha>former.
Acetaldehyde was found to be the stronger inhibitor,.and this was

consistent with the lack of diffusion control with variable ethanol.

.
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' Inhibition by acetaldghyde was not affected by.flow rate, in contrastgto
that by NADH, becau§g of the greater degrée of diffusion control with
vériabie NAD.

Activation energies were.determined for the flow kinetigs over a
range of concentrations of the two substrates (NAD and ethanol) and at

“varioué flow rates. With NAD at séturafing concentrations, the activation

energies showed little dependence on ethanol concentration and flow rate.
’ »

Under these conditions, the reaction showed hardly any diffusion control,
and the activation energy for the chemical interaction at the surface was

.concluded to be about 9 kecal mol Y. At saturating ethanol concentrations,

L

the activation energies increased 'significantly with increasing NAD
concentration and flow rate. The limiting value at high NAD concentration
and flow rate was consistent with the 9 kcal mol_l deduced for complete

chemical control. Extrapolation to zero NAD concentrations and flow rates

1

suggested a value of 4.2 kcal mol " for the reaction under conditions of

full diffusion control.

.

Temperature dependence of the Michaelis parameter Vmax showed
. #

Ly

similar behaviour to that of the bverall rates, and yielded activation
energies corresponding to the chemical: interaction” at the surface. The

effect of temperature op the Michaelis comstant ,itself showed complications

due to changes of mechdnism with substrate concentration and flow rate.
e - -

The activation energie$ for the Michaelis constants with variable NAD
apparently decreased with incteasing flow rate and gave a value of about

n

2 keal mol'1 at high flow rate. This was similar to the results for the

diffusion-free,Michaelis constants with variable ethanol at different

flow rates. éﬂhe Michaelis parameters were obtained from Lineweaver-Burk
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i

plots, which were non-linear particularly with variablg'ethdnol, at
different temperatqres. Thié suggested microheterogeneity of the enzyme
active site, résulting from immobilization.

pH dependence of-the YADH k;netics was studie& both for thé enzyme
in free solution and in the tubular flow reactor. The pH-activity profiles
were different for the two types of systems. For the enzyme in free solu-
tion, the initial'rate passed through a maximum at pH values of 7.5 and
8.0 with variable'NﬁD and variable ethanol, reSpective1§. With the -
immobilized enzyme in the presence;of.excess ethaﬁpk: when the NAD. concen-
t?ation was varied the apparent rate also passed through a maximum-but the
entire profiie was shifted towards the right giviﬁg a pH éptimum between
8.5 and 9.0. The pH optimum was shifted further upwards with variable
ethanol and excess NAD, but its value could not be established because of
the instability of the substrate NAD at pH'values gréater than 10.0 up to
which the rate increased continuously. This behaviour was due to the
diffusional limitations to the proton transport and the lack of buffer-
mediated diffusion of protons generated in the reaction, the differences
from the behaviour in free solution of the enzyme in general Tesulting
from electrostatic and partitioning effects.

Michaelis parameters obtained frqp the pH studies were explained
in terms of the binding and dissociation rate constants for a compulsory
ordered mechanism. ﬁhen the substrate ethanol is present in excess, the
ratio Vmax/Km is an estimate of the binding constant for the enzyme reaction
with the substrate NAD, while Vmax itself reflects the dissociation rate
constant for the breakdown of the enzyme—sﬁbstrate térnary complex into

products. Both Vma

x and Vmax/Km passcd through maxinum pﬂ values corres-



pondihg to the meximum‘activity, but the pH dependence of Km:w;s not simple.
The effect of substrate diffusion was ﬁanifested in apparently constant
values of Kﬁ for NAD with the.immobilized enzyme at low flow rate. There
was stronge} dependence of Km on pH at higher flow rate or withrthe enzyme

in free solution.

The . depend nce on pH of the Michaelis parameters was used to evaluate
“the ionization coZStants of catalytlcally 1mportant groups. This was done
reliably by computerlzedfcurve-flttlng 1nvolv1ng a simple statistical least-
squares treatment. In all cases, two dlfferent ionizing groups were 1mp11-
cated, except. for the data with excess NAD and variable ethanol when there
was no fall-off of rate on the alkaline side of the pH maximum. The ioniz-
ation constant of an acidic’'group 1n the enzyme itself in the presence of
either of the substrates in excess, and in the enzyme substrate ternary
complex, were significantly lower w1th the 1mmob1112ed enzyme, i.e., the
pKa values were higher than the correspondihg values found with the enzyme
in free solution. This was indicative of the presence o} some residual
negative charges on the supportinglnylon struéfu;e, after the immobilization
of the enzyme. In the case of the enzyme in free solution, the ionization
constants depended on which substrate was seturéting the enzyme. The
ionization of the basic group but not of the acidic group in the eneyme-
itself, and that of the acidic group but not of the basic group in the
- enzyme-substrate ternary complex, was affected. This was consistent with
the compulsory order. of substrate binding, which involves the addition of
NAD prior to that of ethenol to the enzyme. It was suggested that the pro-
tonaeed form of a basic amino group and of the deprotonated form of an
acidic‘carboxylic group are required for the binding of NAD and ethanol,

respectively.
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CHAPTER 1 '

- GENERAL INTRODUCTION

Tubes with enzymes attached to their inner surfaces are]uséful
as open tubular heterogenéous enzyﬁe reactors in industrial preparations
{1-5). They'are also being used in clinical medicine for the-automatéd
analysis of metabolites (6-9) and in extracorporeal shunts to removel
undesirable substances from the body (10); Kinetic in§estigations of such
systems are useful because of these practical applicationé, and also
because they lead to models f;r understanding the function of engymes in
vivo, partlcularly of enzymes attached to the interior walls of blood
vessels (11). Knowledge of the kinetic parameters and of the behaviour )
of an immobiliied enzyme }s necessary for the design of d reactor and

for ensuring improved efficiency in any application, There is also an

increasing interest in the investigation of immobilized enzymes in general

as a promising tool for fundamental studies in enzymology and biochemistry -

(12).

Open.tubular heterogeneous enzyme reactors are basicaily of two
;ypes{_namely, diffusionally controlled and kinefically controlled, and
fhese ére-superior in many ways to packed-bed enzyme reactors (13).

For -industrial applications, it is usually best to have diffusionally

. controlled reactors because these do not require the knowledge of efizyme-
. A

‘kinetic parameters for their design. The kihetically controlled types'

are more useful for analytical procedures since at low substrate
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coqcent;étioﬁs'(less'than_thé corresponding Km values) the rate will~be.
proportional. to the concentration of the sﬁbséﬁné%lfb be analyzed. It
isAtherefore imbortant to know the‘conditidns'uhder whiéh an enzyme-
catalyzed reaction in flow systems may be kinetically controlled or
diffusionally controlled. This knowﬁeélge can only{!ﬁe obtairled froﬁl'a
systematic¢ and detailed kinetic study of the systém, and this is the aim

of this thesis which is concérned with yeast alcohol déhydrogenase.

Preljiminary Information and Choice of the Enzyﬁe
7 B

Alcohol dehydrogénases are oxidoreductases which catalyze the

-

interconversion

A ¢
R - CH,OH + NAD&=2RCHO + NADH * H"

. . 3
where R can be a normal or a branched chain radical, either primary or '

[

Secondary,for aliphatie or arohati; alcohols and carbonyl compounds,
These enzymes were first recognized in elucidating the rolg of nicotin-
amide adenine dinucleotide (NAD} or coenzyme I in fermentation reactions‘
(14), They can also react with NAD analogues and NADP or coenzyme II.
Alcohﬁl dehydrogenase is of considerable interest in medicine,
especially in relation to ethanol metabolism and alcoholism, but‘it;
physiological role is not clear (15). The enzyme has been used in
forensic science {16-19) for determining ethanol in blood samples and
organs, and in synthetic organic chemistry. In particulaf, the liver

enzyme has found application for the stereospecific oxidoreduction of

cyclic ketones and alcohols (20) and for the preparation of a pure
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enantlomorph -of ethanol-1- d (21) Yeast alcohol dehydrogenase was the
R : -

first enzyme shOW1ng such specificity (22). : :
Hornby et al (23) de}t{igggdgfmﬁtﬁSéjgor immobilizing dehydrogen-

ases, including alcohol derdrogenase, and discussed applications to

automated agalysis. Other studies of immobilized alcohol dehydrogenase

have been reported (24 -28) but no detailed kinetic studles have prevlously
been made for flow systems It therefore seemed hlghly de51rable to
immobilize the enzyme inside a fube 50 as to stabilize it ‘for a sufficiently
long time, and to study the kinetics in the tubular flow reactor.//sach

" .
Systems may also be useful as cofactor regenerating systems (29,30) and

as affinity media for NAD (31).
T

Occurrence and Multiple Molecular Forms of the Eﬁiyme

Alcohol dehydrogenase occurs in a variety of organisms{ both in
the plant and animal kingdomg. "The fmost widely studied alcohol dehydfo-
genaée from the plant source is a Cytoplasmic protein whiéﬁ is usually
obtained from bakers' yeast.. It is the first pyridine nucleotide-
dependent dehydrogenase to be crystallized for which several purificafion
methods have been reported (32), ‘the first successful crystallization
being made by Negelein and Wulff in 1937 (33). The other most studied
alcohgi dehydrogenase is that obtained from mammalian liver, which is
abundant to the extent of about one gram per kg weight of liver (34).
This was first crystallized from horse liver by Bonnichsen and Wassén

in 1948 (35).
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Commercially available crystalline yeast alcohol deHydrogenasé

(to be referred to as YADH later in the thesis) is known to have protein':

kinase activity due to impurity (36)}. Therc has been a report in the

literature of homogenigous preprations (37), and there is no ]

evidence for ﬁetefogengity from amino acid sequence ;nalysis (38-40).

Two different forms have'a1§0 been reported on the basis of polyacrylamide
gel electrophoresis (41). Separation of YADH from simple enzyme mixtures
has also been.made by affinity chfomatography (42-44).. Apart from the
classical YADH; a second soluble isozyme Having a broéﬂer’%ubstrate
specificity is also known E45~49). This isozyme is repressed by glucose
(46-48) and is selectively produced by yeast grown on lactate or ethanol
as the main carbon source. Anéthpr isozyme which is also sensitive to
glucose repression is the mgtqchondrial YADH (ﬂ8,§0-54). Each of the
isozymes has also shown a multiplicity of enzyme forms (53,54), but the
relationship between the different forms is not well known. ~Similarly,
the liver alcohol dehydrogenase is also found in multiple molecular forms
which is considered to be the result of the synthesis of different types

of subunits as well as of the occurrence of secondary nmodified forms (55).

]

Comparative Features of Yeast and Liver Alcohol Dehydrogenase

YADH is a tetramer of molecular weight ldd,OOO-lS0,000 as determined -
by various techniques, while the subunit molecular weights are in the
range of 36,000-37,000 Which is consistent with the results of different
structural studies (55). It is a zinc metalloenzyme; the metal content

varies from 3.2 to 5.2 atoms per molecule, the most generally accepted



value being 4 zinc atoms per molecule or one zinc atom pef*subunit;
Each of the subunit chalns can also bind one molecule of NAD On thé

other hand, mammalian LADH is a dfﬂer'con51st1ng of two 1dent1cal chains
of molecula£ weight 40,000 eachfgf whichﬁcontains one binding site foF
NAD and- two sites for Zn2+, but dnly one of the zinc ions is now believed’
to be directly concerned with catalysis (56). Tﬁere is strong evidence
that the subunits of YADH and LADH haye similar structures (55}, aﬁd it
is often assumed-that the same overall reaction mechanism holds for both
enzyﬁeiv(SGJ although the mechanistic details are differeht.

DADH and ‘YADH also differ in substrate specificity and if the rate
- of catalytic activity (32). The mammalian enzymeé have much broader
substrate speci?iC1ty towards alcchols, aldehydes and ketones, It is
interesting that LADH can oxidize cyclic se;ondary qlcohdls, particularly
cyclohexanol, but not isoﬁropanoi. However, this enzyme does not show
maximum activity even with primary alcohols such as ethanol, whereas the
YADH is more specific for ethanol and acetaldehyde. The latter is com-
pletely inactive toﬁarﬁs secondary alcohols having bot? alkyl groups
larger fhan the methyl group, and also towards cyélohexanol. Further

details about these aspects can be found in the reviews by Sund and

Theorell (32) and Briandén et al (55).

Functional Aspects and Physiological Role of Alcohol Dehydrogenases

Much of the interest in the study of alcohol dehydrogenases,
especially in the fields of medicine, is due to the fact that ethanol is

one £f the substrates. 'In a comprehensive review on these enzymes,



. o ‘ ' \
Brindén et al (55) noted that the great interest in the enzyme is due -
to the multiplicity of isozyme patterns of ADH in human -liver, fogethér
with acquired and racial differences in ethanol metabolism, It has not,
~

however, been pbssible to find any clear correlation between the, patterns

of ADH isozymes and ethanol metabolism or alcoholism (57). Also, the

~ exact physiological role of the enzyme is vé}y much debated (15).

There are many repofts in the literature indicating that animals
under their nérmal living conditions may become exposed ‘to large.amounts
of alcohol by eating foods which are fermented to alcohol in the intestine
tSS). The physiological cohbusbion or the oxidation of ethanol then
takes plabe by the action of LADH (35’59_61)‘. The.enzyme is very powérful

in that ethanol is oxidized, mainly in the human liver, at a rate of

« 7 7 g/hour, at 70 kg body weight (59). The oxidation of ethanol produces

T

écetaldehyde which is converted to acetate or acetleCoA (55}, the latter'
being metabolized by a number of routes such'as biosynthesis of fatty
acids, cholesterol and porphyrin, aﬁd oxidation by way of the citric
acid cycle (15).

Alcohol dehydrogenase also plays an important role in the visﬁal
processes. Bliss (62) discussed the possibility that -ADH present in
liver extracts could convert the alcohol vitamin A to the corresponding
aldehyde, retinene. It is known that retinene (vitaﬁin A aldehyde in
its all-trans fofm) is formed in a free state from the complex with opsin
by the influence of light (32). The visﬁal purple is produced again after
its ;is-isomerization and sﬁbsequent reoxidation by ADH to cis-retinene

followed by recombination with opsin (63).
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Apart from ethanol and the vitamin A alcohol, severai.ofher

substrates of physialogical iﬁtereSt Have been discovered (55). -The

enzyme is involved in the degradation of fructose (64,651,‘and it reduces
glyce;aldéhyde; which is formed through the cleavagé of fructose—l—
'phosphate, té glycerél. Horse liver alcohol dehydrogénase has particularly
been found to contain steroid-active isozymes for which 3-keto and 38- .
hydroxysterEids are substrates, although their functional‘significaﬁée i;
not clear (55), especially because mammalian livers contain different.
steroid specific dehydﬁﬁgenQSES (66). waevér, the météboliﬁm of gteroids
in the liver hag been reported to be influenced in several ways by the
aéfivity of LADH during ethanol metaﬁolism (67). It was shown that ‘low -

doses of ethanol given to humans cause a marked increase in the plasma

levels of certain steroid sulfates having a free 178-hydroxyl group, and

-

simultaneously there is a decrease of the concentration of the corresponding .

17-keto steroid (68). The magnitude of the changes was related to the

& ~
blood ethanol level below a concentration of about 8-12mM, and the\i:fECt
was assumed to be due to the increase of the ratio of free NADH to NA

in the liver. This change in the NADH/NAD ratio has also been allegpd

to be responsible for many of the metabolic derangements seen in alé¢oholism

‘(69). The oxidation of ethanol producing large amounts of NADH.is there-

fore of prime importance in human physiology. Of no less significance is

+

the.éreater specificity of YADH for ethanol and acetaldehyde, which was
noted to be consistent with its recognized physiological significance
to participate in alcohol fermentation at the end of glycolytic pathway

(55), and also because there is some evolutionary link between YADH and



LADQ}(BS). Several workers reported YADH to function in fermentation
N SR ; c . . TR
reactions (45-47). This enzyme also participates in the formation of

carbohydrates from ethanol during oxidative metabolism (55).

-—

Obﬁe;tives and.Outline of the Present Work

In a symposium on the §tructuré and function of oxidation-reduction
enzymes, Blomstrand (15) stated in 1970 that "Alcohol is perhaps the
most universal hazard of eﬁéry.national culture, esﬁecidlly in a period
of explosive pbpﬁlation growtb. ‘This confrontation demands that we learn
to control the effects Bf a;cohol in different ways. One way to achieve
this «is to link together biochemistry.aqd clinical investigative medicine
..." He reported such’'a study on thé régulatioh of ethanol oxidation in
man. Immobilization of the enzyme can also contribute something in this
regard; This is because of the particular adfantages due fo the usually
enhanced stability and ready availabfiity of immobilized enzymes, which
can be used repetitively for the automated estimation of their substrates,
with a considerable économy‘in the enzyme utilization. The use of
immobilizgd dehydrogenases supported in nylon tubing and in automated
analysis has already been mentioned. Such an enzyme can also be useful
in‘the forensic determination of ethanol and in sterecospecific synthesis

\

involving ADH as was also noted earlier. Moreover, their potential in

-

controlling the effects of ethanol in human physiology, as in extra-
corporeal shunts, is another possiblity.

Efficient utilization of an immobilized enzyme requires the

-

preparatidn to be of sufficient stability. "Previous methods used by

»
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. dlfferent workers for the 1mmob1112atlon of ADH, partlcularly in nylon E
tubing, were not very successful since the enzyme lost 1ts act1v1ty
rapidly, with the result that coaslstent .kinetic data could not be
obtained. It is therefore an 1mportant objectlve to find or develop a
‘'suitable method for the stable attachment of yeast ADH inside nylon tublng.

This- ‘will be descrlbed in the next chapter. -Yeast alcohol dehydrogenase
was particularly chosen .in view of the economics and also because of its -
greater specificity towards ethanol.. _'. -

- A comprehensive experimental study of the kinetics of the reaction .
between ethanol and NAD catalyzed by yeast alcohol dehydrogenase attached
to nylon tublng and in flow systems will be presented in subsequent
chapters. The work was done at different flow rates and in two limiting
cases of varylng the-concentratlon of one substrateiwith the other kept
constant at a sufficiently high‘concentraﬁion s0 that it saturates the
enzyme. Thls allows the ‘evaluation of the apparent Michaelis constantsa _
at dlfferent flow rates, and also: allows the data to be treated accordlng-
to the hobayashl Laidler theory (70) It should be noted that this 15

the only theory available for t 'tment of data- for the flow kinetics.

of reactions catalyzed by enzymgs when they are attached to the interior
of tubes. This theory was devéloped for single substrate systems and
therefore the present studies.provide experimental tests .as to the
exten51on for two- substrate systems which present con51derable dlfflcultyt_
One particular reason for a possible deviation from the theoretical pre-’
dictions can be due to inhibition by products of the reaction which will

-2lso be examined in the tubular flow reactor.
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“The work was ‘'done at.several temperatures for each of the ‘substrate

. _ &
concentratione'and'flow rates. " This also provides mechanlstlc informa-

tlon, partlcularly about the dlffu51onal control, and glves the activation

energles under the conditions of full diffusion control and of complete

- chemical cbntrei.‘Finﬂlly; it is of interest to study the pH dependence
.of the kinetics, since hydrogen ions take part in the: reaction catalyzed-

‘by the enzyme, and also because the pH-activity behaviour of an'immobilized_

enzyme is often different from that of the same enzyme in free solution.
. ! ’ "

; A reliable analysis of such .data ﬁill provide valuable information about

\

the nature of the .ionizing groups and their role in the catalytic behav10ur.
The results of the various studies will lead to the reaction mechanisms,

whlch are of some physiological 51gn1f1cance and also the conditions suit-

' able for the. practlcal applications of the enzyme.

v

3

General Aepects of Enzyme Immobilization’

v

Accordlng to the Commission. on B10chem1ca1 Nomenclature {IUPAC-

IUB 1874}, the term immobilized enzyme is used to descrlbe all enzyme

-preparations in_which the enzyme is eonstrained one way pr another within

.

the .limited confines of the supporting material. Other types of molecules
that h§§e4been;immobilized include antibodies, antigens, substrates and
inhibitors. The practical applications of such systems in many areas and

the recognition of their potential in basic research have led to a very

-intense activity in this field., As-a result, immobilization itself has

inrthe last few years rapidly emerged into a new technology. The -technique

of immobilization has been extenéiﬁely reviewed by many workers of which
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mention may be made of Goldstein and Manecke(71) and of\several articles
appearing in a complete volume of Methods in Enzymology devoted to

Immobilized Enzymes (72). More recently, Klibanov (73) made a detailed

- .

evaluation of the potential of immobilization for the stabilization of

enzymes against different kinds of inactivation.: In this section; however,
only atbrief general description of enzyme immébilization will be given,
enough-to provide a backgrounh to the particular method used for ‘the
present study. | ‘ \

i
A very large variety of materials are being used for the immobil-

" ization. of enzymes, the choice being dependent on the applicafian of:the
particular derivative. There are some general characteristics which are
desirable in the supporting materials aside from their commercial avail-
ability at a reasonable or moderate costL It-.is necessary to have a

certain deg;ee of chemical and mechanical stability (rigidity), as well

as permeability to substrates and resistance to microbial attack, in order

>
v

to allow prolonged use of any preparation. The materials may possess
potential chemical reactivity which, to some extent, determihé; the method
of immobilization., A carrier should also be available in suitable geo-
metrical shape and appropriate dimensions. Immobiiized enzymes have been
used in a variety of configuration; such as packed beds, fluidized beds,
stirred tanks, ﬁollpw fibers, enzyme-electrodes, open tubular reactors,
enzyme pads, memb}ane reactors, fiber reactors, and several other more
unusual configurations (74). .
Immobilization of enzymes ‘is sub;ec; to stfict meyhodologicai
constraints, since it must be cpmpa;ible with the catalytic funcﬁion of

“»

-
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the epzyme. A number of methods a aﬁd hﬁverbeen classified
TG

a'vailay

f > ‘ ‘ A
by different workers (75) into four basic aches*as shown schematic-

—

phylsical entrapment in gel lattices, {(1iii) minoencapsulation withi

thin-wall sphercs,and'(iQ) covalent binding té natural or syntheti poly-‘
- . ~”
mers and intermelecular covalent cross-linking by multifunctional reagents
into maéroscopic ﬁarticles. Broadly Speaking, éll these methods can be
grouped info'two major techniques, viz., chemical attachment of the enzyme
by the introduction of insolubilizing groups, and physical attachment.
The former technique results in a chemical '""tying down' of the enzyme.
This is sometimes difficult to achieve since the insolubilizing groups can
attach across the active site destroying the intrinsic activity of the
enzyme,'while the latter offer'the advantages of xapidity and ease of
preparation (76). Despite th? practical difficulties; however, covalent
attachment is the most widely gsed since it pffers ﬁany advantages. It
allows a choice of the binding points on the enzyme, and the use oprre;

designed carriers. Besides, the reproducibility of bonding.to the

carrier substances, and little or no elution of bonded enzyme by aqueous

uffer systems, make them univérsally useful in different types of
reactor systems. The covalently bonded enzyme is specially suited for
of large substrates su h as proteins with proteolytic enzymes:
Physical entrapment, on the other hand, renders the enzyme somewhat
inaccessiblq in that large molecules cannot readily diffuse into the

matrix.
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Figure 1.
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Four basic approaches in the immobilization of enzymes (10). -
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The chemical attachment of enzymes involves forming coyalent bonds
between enzymes and functional groups of supportiqg‘matérials. " The most
frequently used carriers used range from water-insoluble syntﬁetic
polymers like pol;acrylamide, polystyrene, maleic anhydride polymers,
methacrylic acid polymers, and polypeptides; to water—insolublg natural
carriers like agarose, cellulose, sephadex, glass and starch (10).
Enzymes have also been covalently bonded  to wafer-solublewmacromolecules
like CM-cellulose (77) or dextran conjugate (78) to form soluble immobil-
ized enzymes which are useful for certain biomedical applications. A
large number of reactions have been utilized for the éovalenf cohpling
of énzymes, sometimes involving the activation of the polymer by introducing _
additianal groups to imprint the desired physigochemical properties. For
example, the acylazide reaction; diazonium coupling, the cyanuric chloride
reaction, the cyanogen bromide reaction, addition ofzisothiOCYaﬁates, and
the use of condensation reagents such as carbodiimides are among the most
frequently employed (71). Coupling reactions usually proceed under
alkaline conditions and involve reactions with the amino groups of the
enzyme, Howefer, the use of organic isocyanides has allowed the fixation
to occur via amino groups or carboxylic groups, and also at slightly
acid, neutral, or slightly alkaline pH valués (79). The alternative’
approach to covalent binding of enzymes is the intermolecular cross-linking
between enzyme molecules by the use of multifunctional reagents like
glutaraldehyde, bisdiazobenzidine—z,Z'—disulfonié acid, and others (71).'
This method has also been used in combination with or after microencapsu—
lation (80), and adsorption on the surface of a carrier (81), or impregna-

tion in porous membranes (82,83).
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Adsorption of enzyme in aqueous solution to the surface of carriers
: ) ' ! a . :

is the simplest of all the physical methods. 'The various types of .

carriers used for this purpose include carbon, alumina, collodion, clay,

N

glass, cellulose, collagen and others. Ion-éxchange-resins have also

been used for the adsorption of éﬁzymes by electrostatic interaction (84).
An important feature of the adsorbed eq;ymes is that they cén be reversi-
bly desqrbed provided there is suitable change in an environmental factor

r
like'pH “ionic strength, or temperature. This is.not p0551b1e with any
of the other methods, particularly with matrlt entrapment or microencap-
sulat;on. The former involves the entrapment of enzyme molecules within
the interstitial space of a cross-linked neﬁwork of water-insoluble
polymer. The most common type bf material: used is ﬁolyacrylamide gel,
to whichrthe enzyme may be attached by mixing it with acrylamide.and
N,N'-mqthylenebisacrylamide. Other materials like starch, silica and
siliconerubber (85) have also‘beén reported for matrix entraﬁment. The
relativé activity of such enzyme preparations is usuélly low since a.
large amount of the polymeric network is required to entrép a rather
small amount of enzyme. ‘%here are also diffusional limitations to the
substrates and the problem of enzyme leakage from the polymeric network.
A somewhat different situation exists with microencapsulated systems in
which the enzyme 1is entrapéed within thin walls of artificial membranes.
The membrane materials vary from synthetic polymerd like cellulose nitrate,
polystyrene and nylon, to biological materials like lipids, lipoproteins

and liposomes (10). The general procedure in microencapsulation is to

emulsify the aqueous solution of enzyme with a water-—immiscible organic
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solution to form aqueous microdroplets. This is followed by the addition

of a polymer to the stirred emulsion, resulting in the formation of a

membrane around the surface of each microdroplet,.thus producing the

so-called artificial cells. The coﬁ{ents of the artificia .‘ell can be

varied at will, and any of the other immobilized enzyme systems\can be
used in combination with such preparations (86). These offer sgveral
} . N

advantages making them particularly'valuablé for biomedical applications.

General Considerations in Immobilized Enzyme Kinetics
The importance of %he-kinet;c studies éf immobilized enzymes can
hardly be overemphasized in view of their growing employment in Qarious

. }
technological applications and in fundamentél research. Several recent
réviews (87-91) hav? dealt with the gubﬁect, but the available literature
in this area is fglatively small compared to fhose‘on immobilization
tecﬁniques. However, it is well known that the behaviour of "an immobilized
enzyme can differ significantly from that of the same enzyme in ffee_
solution, Bésides, the same enzyme can behave differently according to
the method of immobilization, and also a particular method can cause
different, changes in different enzymes. In general, there are two major
factors responsible for the difference in kinetic behaviour between an
immobilized enzyme and its free coﬁnterpart (89). The firsf invaolves
changes in the enzyme molecule or in its immediate vicinity ;esulting
directly from the attachment of the enzyme to the carrier, and the second
arising from the heterogeneous nature of the local enzymic environment.

These can manifest themselves in several ways such as conformational
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‘(inclﬁding steric), environmental, parfitional and diffusional effects on
the enzyme kinetic behaviour. %ach of the effects can also bé modified
by the nature of the supporting material, and a clear separation into
the‘individual factors is generally difficglt to achieve, Nevgrtheiess,
it is important at least to be -able to recognize and distinguish them
for the interpretation of data as well as for theoretical modelling or
the design of expériments.“ Various workers have presentgd theories in-
corporating the differeﬁt.pffects, but their discussion is beyond the
scope of this tha§isfand only.a brief general description of the above
mentj d effectsﬁwill be given here.

¢ It is well established that the kinetic behaﬁiour of an enz}me \
depegdglprimarily and stroﬁgly on its three-dimensional conformation,
This is éusceptible to alteration due to interaction between the enzyme
and the support when the enzyme is immobilized by any method. The decrease
in enzyme activity usually encountered upon immobilization has often been
attributed to such conformational changes or to steric hindrance to the
aﬁp;oach of the substrate, resulﬁing mainly from the shiégding effect of
the matrix, It is difficult to distinguish between these two effects
especially with low molecular weight substrates, whereas the possibility
of redﬁced diffusivity with high moleCular‘weight substrates creates a
different problem. However, the shie}ding effect can be reduced by
introducing a "spacer" to keep the enzyme at a certain distance from
the matrix. Interaction ﬁetween the bound enzyme and the matrix also

depends on the nature and properties of the support., For example, hydro-

phobic interactions induced by-contact with the support can cause
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inactivation, and narrowing of pH~a¢tivity profile by lowering tﬁé
dielectric constant in the surrounding, This effect can be more pronounced_'
as a fesult of' electrostatic interaction when the enzy&e is immobili;ed
- on chgrgea supports, It is thérefore apparent that the conférmational ;
changes. and mafrix interactions can modify the catalytic activi;y as well
as the selectivity and stability of the bound enzyme., In ﬁany cases, the
sFability of the supported enzyme is eﬁh;nced which is attributed to the
stabilization of the three-dimensional structure and the prevention of
autolysis, or simply beéause of less atcessibility t0»denaturing agents
and'microbial attack (73,89). Ho@ever,ﬁthe improveﬁent in stability as
a result of immobilization is not a general ruze,:éﬁd there are examéles
of reduced or no change of stability. WhatSQer may be the effect, it is
iﬁportant that the stability of an immobilizedlenzymé preparation is
ascertained befgre any‘consistent.kinetic data can be obtained,
Immobilization of an enzyme can put it in a diffe?g;t environment, °
especially with respect to the concentration of substrates or other
effectors, from that existing in free solution.” Thus, in the immediate
vicinity of the bound enzyme (microeﬁvironment) the conceétration of
épecies influencing the rate of reaction méy differ from.those in the
bulk solution (macroenvironment). This can also result from the electro-
static or hydrophobic interactions between the matrix and the substrate
or other effectors, as well as from the presence of diffusional resistances,
and-is determined largely by the chemical nature of the support material,

Such effects would be reflected in the concentration dependence of rates,

and may have far-reaching kinetic consequences. For example, the intrinsic
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Rinétic parameters of an enzyme and its apparent specificity might be
changed as a result of perturbations of the catalytic pathway of the
reaction induced by the modified microenvironment (90). It is difficult

- to evaluate the intrinsic kinetic parameters when there are microenviron-

' mental effects, since the experimental conditions usually permit measurement

ég: while the

concentration in

of the respective bulk concentration in the macroenviron

activity of the bound enzyme is determined by the loc

v

the micri;nvironment.' However, studies of enzyme reactions in different
’ »

solvents have shown that environmental effects can be very profound, and

some of these can be satisfaﬁ;orily explained in terms of the influence

" of the dielectric constant of the medium on electrostatic interactions

-
1’

{87). The envirommental effect is more clearly_observéd in the shffting
of the PH optimum of the enzyme since the local concentration of hydrogen
ions in the microenvironment may'either be more or less than that in the - : (
bulk solution depending on whethe; the sﬁpport is negatively or positively
charged. 1In order to achieve maximal activity, then, the required
alkalinigy of“the bulk solution must be increased or decreased. Similar
changes in the pH optimum can also&be observed with immobilized enzyme
systems producing or consuming acid during the reaction. Besides, the”
presence of fixed charges of the support in the neighbourhood of the
active site can modify the dissociation of the catalytic groups due to
electrostatic interactions, éhus resulting qufurther changes of hydrogen
ion conéentration in:thé microenvironment (91). This effect can be

profitably utilized to extend the active pH range of the enzyme, and to

stabilize the enzyme at a pH where microbial growth can be highly discouraged,

3
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It is possible ‘that environmental changes can be dué to the
static interac;ions witE}the sﬁpport. gor instancé, a relatively ﬁon-‘
pelar substance is more .soluble in a hydrophobic support containing a
number of non-polar groups than in aqueous soluéioh. Conversely, a ch;rged
or a polar substagcé wili havg‘% lower concentration-in ﬁhe domain of'the
immobilized enzyme; In principle, this effect can. be realized simply by
measuring the partition coefficients between the solutioﬁ and the support

and in absence of the enzyme. These effects are likely to be small if

" the support as well as the substrate and/or other effectors are uncharged

but profound chaﬁges canfoccur if they are charged. Microenvironmental
partitioning effects owingN\{o electrostatic inferéctions can be readily {
eliminated or cancelled at high -ionic strenéﬁh, while the effeqts due f;-
hydrophobip interactions can be detected by the wse of iabelled materials
(90). The effect of a hydrophobic‘%icroenvironment on the partitiening '
of substrate has parficularly been observed with horse liver alcohol
dehydrogenase coupled to cross-linked copolymers of acr}lgmide and

methyl acrylate (24). Similarly, the observed changes in the degr;e of
inhibition of B-fructofuranosidase by aniline and Tris wheﬁ the enzyme

is attached to polystyrene surfaces have been e§piained By partitional

effects (92). Some workers also ascribe the pH optimum shifts for

immobilized enzymes to the unequal partitioning of the hydrogen ions

.between the enzyme micro and macroenvironment arising from electrostatic

interactions with the support (see 89). Detailed treatments of the

partitioning of hydrogen ions and of charged substrates between a charged



immobilized-enzyme particle and the bulk solution have been given .by
Goldstein (90),'and similar treatments based on electrostatic interactions
have been extended to inhibitors by Royer (88). It is understandable

that the electrostatic attraction or repulsion between the charged sub-

- -

strate or inhibitor and the suﬁport can increase or decreaée their effective’
éoncentration within the microenvironment, éndrhence affect the activity
of the eﬁzyme. In-addition, there can be no ch;nge of inhibitor pofency
~if the substrate and the inhibitor possess-liké charges since the binding
effectlwill be the same for both.“ Cn the other hand, a very large increase
in the inhibitor'effectiveness,can Be;expécfed‘if,the substrate,cafries
the Sémeébhérge.as tﬁe supp@rt an& the inhibito;.qarries the opposite
charge (88). | d o |

Finaliy, and of particular importaﬁce in‘tﬁis thésis, is the effect.
of mass transfer or diffusional limitations on.the kinetics of immobilizedw
enzymes. The overall reaction catalyzed bylsuch a system consistsﬂofrﬂ
three rconsecutive. steps involving (1) . the transport of the subé?rate from
the bulk to fhe enzyme active site, (ii) the chemical transformation of
the substrate into the product at the active site, and (iii) the trans-

-

port of the product away from the actiﬁe site to the bulk of the solution.
The transpd;t of the substrgtes_and of the products, i.e,,steps (i) and
(iii), can occur both by molecular aﬁd convective diffusion, and these
"may be slowgr‘than the usually hiéh catalytic activity of the enzyme,
i.e.,step (ii).b Consequently, the observed-rate of the reaction would

be lower than that expected for a given amount of enzyme in. solution,

since not all enzyme molecules would be in contact with substrate at a



", established in the surroundlng of the bound enzyme so that the concentra-‘ E

. concentratlon level 1dent1cal W1th that of the bulk solutlon. In other-

y

jwords, the overall reactlon is what is known as d1ffhs10n controlled

This is better understood by 1mag1n1ng that concentratlon gradlents are <.

tion of e1ther or both the substrate and product dlffer'/etyeen the micro .
-

and macroenvrronment The effect 1s such that.the .e//entratlon of the

g .l

substrate or product decreaSes or 1ncreases grad: 11y from the’ bulk

solutlon towards the 1nter10r of the medlum, and these can. be d15t1ngu1shed

from the part1t10na1 effects whlch Tesult in steep concentratlon changes

r

at the interface,’ It can be empha51zed that the concentratlon dlfferences.

due to dlfqulOHal re51stances are. caused by the respectlve depletion and

r N a

accumulatlon of substrate and product as a. result of chemlcal reactlon

in the enzyme m1croenV1ronment (89) The extent of: these concentratlon

¥

"changes usually depends on the- 51ze of the spec1es 1nv01ved whlch may be

crltlcal 1n the case of enzyme 1mmob1112ed 1n a porous medlum Thus, rf

the substrate molecule is larger than the pore size of the medlum contaln- .

”

ing the enzyme 1t cannot dlffuse to the catalytlc 51te so that no

reactlon can take place even 1f the enzyme is fu11y actlve 1n the 1nter10r. e

.

lefu51onal resrstances can also glve rlse to an apparently hlgh stab111ty
of the. 1mmob1112ed enzymes the observed act1v1ty can remaln constant
in the limit of full dlfoSlonal control although the enzyme may suffer

. Y
exten51ve denaturatlon ‘or 1rrever51ble 1nh1b1t10n

There are two types of dlffu51onal re51stances, esPec1ally in the
case of a porous medlum, V1z., the external dlffu51onal resistances to

" the- tran5port .of the substrates and products between the bulk solutlon
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and the outer surface of the supported enzyme across a boundary 1ayer

of 11qu1d and the 1nternal d1ffusronal resrstances pertalnlng to the

transport 1n51de the. porous catalytlc medlum. The concentratLOn changes

ket - s : P’
b . LRI oy o .5

" across the’ boundary layer can often be approx1mated by a llnear gradlent

,l.

in the former case, but the 1atter effect normally glves rlse to non-llnear o

) concentratlon gradlents (90). Another dlfference between the two types

of drffu51onal effects 1s that the chem1ca1 reactlon occurs 1n serles and

- B

\ only after the external tran5port whlle the 1nterna1 dlffusron proceeds

. . __...
) :

51mu1taneously or in parallel w1th the chemlcal reactlon. Consequently,

the external dlffusron is 1ndependent ot 1nherent klnetlc parameters and

is unaffected by the actlon of chemlcal 1nh1b1tors, 1n contrast to the--
T . B .
1nternal dlffusaon for which the rate of enzym:c react1on can never. be .

¥

_determlned by the rate of substrate dlffu51on alone (89) It 1s also .J E

- ’ - -

-p0551ble that the latter is affected by substances other than chemlcal-.

effectors whlch can moilfy the structure of the porous medlum, thereby A

.\'

.-

- -

fralterlng the 1nternal dlffu51v1ty

Both types of. dlffu51ona1 11m1tat10ns can 51gn1f1cantly 1nf1uence"'

-
‘

the: k1net1c behavrour of Ihmob111zed enzymes. Fon example, the presence-

of dlffu51onal 1nh1b1tlon can cause the chem1ca1 1nh1b1t1on to manlfest‘

-

-

23,1tse1f dlfferently from that in free solutlon.“ In general .the effect

of chemlcal 1nh1b1t10n 1s smaller in the presence than 1n the absence of

-

- : ’ -

",f Hlffusronal effects sane the former can loweT not only the 1nherent

LR A
'

act1V1ty of the enzyme but also the extent of substrate deplet1on. This
means that the comblned effect in decrea51ng the rate of the react1on'

15 smaller than the’ sum of the effects that would be obtalned if each offf

e
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them were acting independently. This is particularly true when the
inhibifo; is neither substrate nor product, but if the substrate is'an
inhibitor then the rate of the reaction can be higher in" the presence

than in'the absence of diffusional limitations especially at relatively

high substrate cqhcentrations. The latter can .also show multiple steady

states {in a certaljl concentration range of the substrate provided-that

internal diffusi, él resistaﬁces'are sufficiently large. in the case of
product inhibition, both substrate depletion and product accumulation
must be taken into account. The effect is greatest at low product eon~
centrationm, i.e.; when the aétivity of the enzymes is the highest for a
fiven system, since the magnitude of diffusioﬁal resistances would be
reducéd with increasing product concentration. The combined effect of
diffusional and product inhibition can 5150 be d;fferent for‘competitiye
and nén-competitive inhibitors, particularly at high substrate concentra-
'tiong (89). The effects of inhibition due to product accumulatlon is of
partlcular interest when the product is either an acid or a base. The
.usual bell shaped pH proflle can be con51dered as the result of activation
and 1nh1b1t10n of ‘the enzyme by hydrogen ions at concentratlons lower

and hlgher than that at the pH optimum, respectively. Diffusional limit-
ations not only can shift the pH optimum but_élso the entire pH—activity
profile since the accumulation of acids or bageé can make fhehlocai pH
rindependent of the.bulk pH so that the enzyme activity platgaus or rises
monotonously with increasing pH (89). It is important to note that
electrostatic factors can also affect the transport of various cﬁarged

species, and may even have a greater influence on the overall klnetlcs



when diffusional limitations are considerable. Different workers have

o Y . .
developed theoretical models with particular emphasis on diffusional

limitations, but the only treatment available for open tubular
*

flow

reactors is that due to Kobayashi and Laidler (70) which will be discussed

later (in Chapter 3).

There are several ways of demenstra iﬁg diffusional effects, the

most direct method being concerned with the/Change of transport conditions

~ for substrate and product. .'As mentioned be external diffusion is

affected by the efficiency of mixing or the flow rate in the heterogeneous

enzyme reactor. Similarly, the effect of internal diffusion can be

detected by varying the imﬁobilized-enzyme particle size or the membrane

-,

thickness, The interaction between diffusional and chemical inhibition

can also serve as a diagnostic tool for diffusional resistances.: Another
. r .

important method depends on the effect of temperature on reaction rates

and thé'shape of the appropriate Arrhenius plots. Thus, when the temper-

ature is dow and the reaction is kinetically controlled, the true

activation energy is obtained. At intermediate temperatures, "internal

diffusion becomes significant and the apparent activation energy is differ-
. ; .

ent. The result is non-linear Arrhenius plots, while at sufficiently -

ﬁigh temperatures, the rate becomes practically independent of
‘when the reaction is bulk diffusion controlled (89,90). It is
noted that non-linear Arrhenius plots can also be obtained for

dependent conformational changes such as inactivation or other

Finally, and perhaps the most commonly employed method for the

.

temperature
to be
tehperaFure—
effects.

character-
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ization .and evaluation of difgusional effecte is® the anaLyeishef
conventional'gfaphical plots used in enzymology lefu510nal llmltatlens
usually yleld characteristic non-linear curves for the classzcal Mlchaells~
Menten klnetlcs, their usefulness being discussed by dlfferent workers,
notably Engasser and Horvath (89) and Goldsteln (90).

In general, the effects of various factors on the behaviour of
1mm0b1112ed enzymes are reflected in thelr klnetlc and rate parameters
such as km and Vmak' The decrease in enzymic activity as a result of
immobilization is inferred iré;’;ncreased K or decreased Viax: the latter
being the dlrect result of the attachment which can lead to a total or.
partial modification of the actlve-51te tepology. This can be due to the
teaction of an gﬁine acid side chain necessary for catalysis or substrate
:binding, disruption of the three—dimensional-structdre of the enzyme, or
'simply steric hi;drence to the approach of the substrate: On the other
hand, the decredse in Km can result from these as well as frOh environ~
.mental, partitional, diffusional and electrostatic' effects, In any case,
if the effect is such that it gives rise to a lower concentratlon of the
substrate in the 1mmed1ate vicinity of the active 51te then a hlgher
concentratlon will be required in the bulk solution to overcome the
effect, i.e., to achieve the same rate as for the enzyme in free solution,
thue increasing the apparent Michaelis constant. The same reasoning
applies to inhibition constants or any other dissociation constant, the
increased values simply meaning less binding or more dissociation,

It is apparent that the ‘measured rate and kinetic parameters or

the inhibition and dissociation constants for an immobilized enzyme
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system do not reflect thelr intrinsic or inherent values. The expezl-"

\_/ . al -

mentally obtalned effectlve or apparent values are of 11m1ted usefulness

. since these are obtalned under -certain experlmental conditions and cannot

— . -

‘be-compared directly with the intrinsic kinetic parameters of. the native

enzyme so that the efffect of immobilization can be established. Three

different types, of rate and kinetic parameters are to be recognized in

this context: the intrinsic parameters gharacteristié of the native enzyme

in free solution, inherent parameters pertaining to the imﬁobiliZed enzyme
in the absence of diffusional limitatidns, and the effective or.apparep:
parameters'obserged for an immobilizéd énzyme when diffusional effects
aré,significant (89,90). %he determination of intrinsic andrinhérent
kinetic parameters has received great attention in the stﬁdy of-immobilized
enzyme kinetics, - The former is obtained from the experlmental data only
when the microenvironmental and dlffu51ona1 effécts are evaluated, while
the latter requires only the separation of diff ional‘effects. It is
not very difficult to demonstrate the présence of microenvironmental
partitioning effects, but.their exact evaluation is generally not easy.
On the other hand, the techniques and methods for the charécterization
snd evaluation Pf diffusional effects, and therefore of inherent kinetic
parameters of immobilized.enzyme systems, are well_knowh, as discussed in
the. reviews by Engasser and Horvath (89) and Goldstein (90). In particu-
lar, the theory of Kobayashi and Lai&ler (70) also allows determination
of Michaelis constants in the absence of diffusional limitations and in

flow systems, with which this thesis is concerned.



> - CHAPTER 2

¢

IMMOBILIZATION- OF YEAST ALCOHOL DEHYDROGENASE INSIDE A NYLON TUBE

.

<

" Introduction: Choice of the Support Matoriag

Nylons are synthetlc polyamldes, typlcally formed elther by the
condensatlon of m—amlnocarbOtyllc ac1ds or of a bis-aliphate amlne wrth
a bls-allphatlc carboxylic agdid. - They represent a famrly of linear
polymers consistrng’of repeating assemblies of methylene groupe joined
together by secondary amioe linkages, and differing only in the numbet of
repeating methylene groups in-the alkane segments._ These are oesignated
accordiog to the number of carbon atomé‘in their component monomerio-
units, e.g., the so-called nylon 6 is ottained from the polymerization of
a srr carbon compound caprolactam., Similarly, the polycondensation of
hexamethylene diamine with.adipic acid (both 6-carbon compounds) or with
eebacic acid (e 10-carbon compound) yield.nylon.66.and nylon 61d,
respectively. . |

Nylons are very attractive for the'immobilization of enzymes
because they possess all the characterlstlcs de51rab1e for a supportlng
material (93).. They are mechanrcally strong and non-biodegradable whlch
make them pertlcularly useful for prolonged exposure to biological media
without impairment of their structurai ihtegrity.-rSome of:the nylons
especially those of shorter methylene chains such as nylon 6 and nylon 66,
are con51derably hydropﬁlllc —%\85 offerlng support for an environment

\
which is otherwise tonduc1ve to the -stability' of the enzyme. Finally,

L.
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nylons are readzly avallable in a wlde variety of configurations such as

,fllms membranes powders hollow fibers and tubes. Thus, it is %ossible_

- to prepare multlfarlous 1mmoblllzed enzyme structures u51ng a’ common

- -

“.*method for.a common supportlng mater1a1 so that.the different modes of

. the 1mmob1112ed enzyme may be entertained (93)

1

Use ofiNflon;Supporteo Enzymes: Choice of the Tubular Configuration

The commercial avallablllty of nylons in varlous forms has resulted
in the preparatlon of dlfferent types of 1mmoblllzed enzyme derivatives,

'Perhapsh the earliest use of nylons in the immobilization of enzymes 1is

"_.in=microencapsu1ation. The’ preparatlon of 1mmob1112ed enzyme micro-

capeules w1th1n semlpermeable membranes of nylon 610, and their 1mportance’
) in cllnlcal therapy, has been ‘described by Chang (94) Several workers
reported ‘the 1mmoblllzatlon by adsorptlon on the surface of nylon struc-
tures,’ such ag nylon floc, pelllcular nylon, nylen membranes, or nylon
_fllaments, and then fixed by Cross- 11nk1ng Wlth carbod11m1dcs(95), bisimi-
dates or glutaraldehyde (96-98) . However, the majority of 1mmobi1ized
eniymes usiné nylgns to daterhaﬁe been made by covalently binding the
 enzyme ;o”the nylon polymer iteelf. Tﬁisrallows e greater choice of
support conflguratlons whlch can be "tallor-made” to SUlt any operatlonal
requ;rement (93). Thus, enzymes have been covalently bonded to nylon
_powders, membranes.and tubes which have'been useo in the form of packed
beds, stirred tanks and open tubular reactors. A typical use of these

systems is in the contlnuous flow analytical - technlques for the automated

'determination of éubstrates as described by Campbell and Hornby (74).
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‘In principle, any immobilized enzyme structire which can be

operated in continuous flow mode can be employed in automated or semi-

automdted systems of analysis, This is, however, more -conveniently done

~with the enzyme. attached to the interior'surface of . a tube, and such

systems have so far been used almost exclusively for the determination .of

Ay

sibstrates in automated analysis. Many automated procedures of analysis

~

involve the use of tube-supported enzymes in flow‘systems as illustrated

schematically in'Fiéure 2. The sample, §, to be analyzed is allowed to

© react with the enzyme, E, normally used in free solution, but the latter

can be replaced simply by &, length of tubipg, containing the enzyme
attached ﬁo its interior wall, at T. The progucts ef the enzyme catglyzed
reaction then react with the neagents-Rl‘and Rz'to form, for example, a
coloured product whose concentration may be determlned at A say,
spectrophotometrically. The reactants are all samplcd automatlcally and
pumped through the separate pieces of tubing, allowing them to be mixed
in the order requifed by tﬁe particular‘analytical proceaure involved.
Numerous samples may.be analyzed sequentially in this way, the waste,
material belnéxcontlnuously collected in the discard vessel -D. Auto-
mated analytical .techniques using 1mmoblllzed enzymes have been in use
for some years, and several instruments such as those pioneered by Tech-
nicon are commercially available for executing sueh operations in many
routine ‘analytical laboratories.

Historically, one of the first reports on the applicaﬁion of

immobilized .enzymes in automated analysis involved the use of open

tubular reactors, in which glucose oxidase was covalently linked to the
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Figure 2. A schematlc dlagram of a. flow- type automated analysis
system, 1nvolvmg the use of tube-supported enzymes (99).

.
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inside Surface of a po;yéfyrene.tube (7). Subsequintly, Sundaram and -
Hornby (8) déveléped aAmethod for the covaleﬁt attachment of enzymes on
the inside surface of type 6'ny10n tubing. Fiiippuséon et al (100)
followed their method to attach urease inside a nylon iube and used the
derivative in a Technicon AﬁtoAnalyzerlcontinuous-flow system for the
automated_determination‘of urea, .Hornby et al (23) used different tech-
niques for the immobilization ofilactate dehydrogenase, yeast alcohol

- dehydrogenase, and malate dehydrogenase separately iﬁ‘nylon tubing and-
descriﬁed.their use for the automated determination of pyruvate, ethanol
- and oxaloacetate,‘respectively. "Automated analyses of substrates reqﬁiring
linked eﬁzyme systems can also be performed by using tube-supported deri-
vatives in which either the componcﬂt enzyméé are coimmobilized in the

same tubé,'or they are iﬁmobilized individually and, then operated in
series. THUS, Inman and Hornby (9) demonstfated the utility of glucose
oxidase linked invertase, B-galactosidase and amyloglucosidase systems in
nylon tubing for?the autaﬁated determination of the disaccharides sucrose,
lactose and maltose, reépectiyely. ‘similarly, Morris et al (101) immobili-
zed hexokinase and glucose-6-phosphate dehydrogenase'both'singly and
-together oﬁ'nyldn tﬁbing, and used fhem sucgessfully in the automated

determination of glucose. The versatility of nylon-tube supported enzymes

has been emphasized for several other systems such as those with penicill-,

»

anase and urease for the automated analysis of penicillin G in fermentation

media (102) and for the determination of plasma urea (103),‘respectivel

Another very important application of immobilized enzyme derivatives i
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- the continuous generation of an expensive cofactor from a cheaper
precursor and for the in situ supply of specific reagents necessary for

"contlnuous flow automated systems of analy51s. To thlS end, Hornby et

-al (23) used nylon—tube supported al¢ohol dehydrogenase for the in situ

productlon of NADH . by perfu51on with-a solutlon conta1n1ng ethanol and :

the less expensrve coenzyme NAD the NADH produced being dellvered for '

the assay of pyruVate and oxaloacetate w1th 1actate and malate dehydro-

genases, respectlvely, in contlnous flow analy51s.

U M

Several workers (104 107) have probed the use. of open tubular

enzyme reactors in- hlgh speed contlnuous flow systoms, in whlch the

enzymes were not covalently bound to the wall of the tube but were trapped f

-

im an 1nsoluble, porousannulus flxed to the 1n51de wall Thus Lcon et -

al (104) descrlbed a system usrng nylon tube supported glycerol klnase ‘

for the assay of trlglycerldes . They have also studled the nylon tube-_;‘l

-

supported hexoklnase/glucose 6- phosphate dehydrogenase syStems both

]

srngly and- together for the assay”of ATP formed by the enzyme creatlne

ph05phok1nase Other 1mmob1112ed enzyme conflguratlons have been employed

v

1n COntlHUOUSrfIOW automated analy51s For example, Inman and Hornby (98)f

o j

B cross llnked glucose oX1dase and ,urease separately‘usrng glutaraldehyde

W1th1n the matrlx of nylon 6 membranes. Such derlvatlves have- been o

operated in oontlanUS flow modes by 1ncorporat1ng them in, conventlonal

dlalyzer modules. The same workers also 1mmob1112ed these enzymes on

- nylon 6 powders and utlllzed them 1n the . form of packed beds for the

'automated analy31s of thelr substrates. Slmllarly, Flllppusson et al

(100) coupled .urate ox1dase to nylon 66 powder using glutaraldehyde,

t .
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oacked them intdrahcoiumn'and used in a continuous floy process for the
analysis of uric acid. - | "
Inman and Hornby (98)Ieva1uated'the use of different nylon-
:supported derivatires as potential enzyme reagents for the automated
determination of substrates, The application of powder-supported deriva-
tives in the form of-backed beds was considered unsatisfactory since air—
segmentation mustfbe removed as the sample stream is passed through the
columnj This neCessitates the irtroduction of a debubbler preceding the
reactor'which causes spreading of samples and increases the possibility
otycarry'over, hence limits tbe rate ‘at which samples can be.analyzed (74,
93). Membrane supported derlvatlves also d1d not permlt suff1crently

\

‘hlgh Tate of ana1y51s because they suffer from lateral dlffu51on problems. .
On the other hand, tube-supported derivatives shdwed_sutficient-activity
for\the required sensitivity; and.could'be perfused witb‘an air-segmented
stream such that an acceptable rate of sample analysrs was achleved In
‘7v1eWrof these advantages, Campbell and Hornby (74) concluded that the

.open tubular reactors are the best 1mmob1112ed enzyme conflguratlon for

thelr drrect 1nc0rporat10n .in contlnuous flow automated analytlcal pro-

cesses,, Such systems permlt an’ unobstructed flow of substrate solutlon,

-

'_ahd'as Ngo”and.Laldler (13) noted “their low pressure drop as well as
_favourable hydrodynamlc propertles render themselves very useful in blO-
imedrcal and analytlcal experlments.- These factors can alsb make them
'superlor to other types of enzyme reactors in 1ndustr1al preparatrve

work such as mentloned prev1ously (l 5) Besrdes, the use of a tube-

supported enzyme is partlcularly valuable for any fundamental investigation



_works whlch may be 1ntr1nslca11y dlfferent due to varlatlon 1n the sources'

_N-alkylatio

since the same- enzyme ‘can be used throughout a serles of experlments '.'Ti* .
T S oot o
thus av01d1ng d1ff1cu1t1es 1n the ratlonallzatlon of results from dlfferentgf

Y

of the enzyme. - ‘

\ Lo
h A

Pr1nc1ples and Chemlstry of Immob1112at1on of Enzymes on Nylons =‘

Goldsteln and Manecke (71) have rev1ewed the chemlstry of enzyme
1mmob1112atlon in general whlle Hornby and Goldste1n (104) descrlbed 4
the 1mmob1112atlon of enzymes on- nylon 1tself It has been polnted out

X . )
that natlve nyldns, generally of hlgh : molecular welght suffer from the

- 1ntr1n51c drawback asl?dpport for covalent 1mmob1112at10n of enzymes of

.

'haV1ng relatlvely few end groups Thls 15 eV1dent from the relatlve

. b

?1nertness of the polyamlde backbone 1n whlch only the termlnal amlno and

I
a

. carboxyl groups are left as the p0351b1e reactlve centres However the

proeblem ¢an be allev1ated by some pretreatments in whlch the characterlstlc '

y . _'.

secondary amlde llnkages of. nylons are broken, thus llberatlng either the

component groups or generatlng potentlally reactlve centres which- can be

1 . ’

used for the subsequent covalent hlndlng of enzymes.l In pr1nc1ple there

o

b are three ba51c approaches that-have been adopted to 1ncrease the blndlng

capac1ty of nylons (71 104) These 1nclude (1) the controlled cleavage

of amlde bonds to- 1ncrease the number of carboxyl and amlno groups, (11)

L
i

the 1ntroductlon of reactlve centres v1a O alkylatlon of the backbone

"

pept1de bonds 'f';zéfe 1ntroductlon of reactlve side cha1ns v1a

'of backbon eptide bonds..
Cova ent bindlng of enzymes to nylon by methods 1nvolv1ng the

first approach is essentlally carried out. by part1a1 cleavage of the



:

. hydroly51s, or nonnhydrolytlcally under nonwaqueous CODdlthnS wrth an.

‘ strength of the: support is 1mpa1red ThlS is. usually done by ac1drc

nylon followed by actlvatlon of e1ther of the released groups, and then
the reactlon of the enzyme wath the actlvated nylon. The treatment

Voo :
adopted for affectlng the release of the component groups of the peptlde

-

- bonds must be suff1c1ent1y m11d that nelther the morphology nor the B

=am1ne such as, N N dlmethylprOpylamlne. Acrd hydrolysrs releases free

;amlno groups together wrth a complement of free carboxyl groups, whereas .

_,treatment w1th an amine y1elds free prlmary amlno groups and a complement

,:shown in Frgurefﬁ.

.of tertlary amlno groups derived from the amlnated carboxyl component of

\

:the peptlde bond o | ‘ ; S

The carboxyl group derived from acrdlc hydrolysrs can be actlvated

¢ by'g.varlety of methods For example, Hornby and Frllppusson (105)
Jcoupled the free carboxyl groups to hydrazlne or benzldlne using carbo-

dllmlde as d condensat1oﬁ reagent “and then actlvated them to the corres#

‘»

pondrng acylazlde derlvatlve or the aryldlazonlum salts* respectlvely, “

for reaction w1th the enzyme.- The former allows chemlcal attachment of
. RY
the enzyme dlrectly with the carboxyl Broup’ of nylon whlle the 1atter

- 1nvolves coupllngfof the enzyme through the amino group of ben21d1ne as

- Alternatiyely;'the chemical'attachment-of enzymes'to.nylon surfaces

can be accompllshed through the prlmary amino group released elther-ln

“the ac1d1c hydroly51s or’ 1n the non- hydrolytlc cleavage. The actlvatlon-

of the amlno group has been reported by dlfferent workers (8 106 107)

T



Figure 3.

coupling through the liberated carboxyl groups

a -

Covalent bindihg of enzymes: to nylbn‘by methods invdlving

partial hydrolytic cleavage of peptide bonds by acids and

<~
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-using the bifunctional reagent glutaraldehyde. In principle, the support
is tredted with the reagent Qnder conditions_whi;h favour reaction of
onl& Ong of.its fdnctionai groups, while the othef‘is'used fo_attach the
enzyme;.as shown‘iﬁ‘Figure 4, The nature of -the glutaraldehyde reaction
has beén discussé& by several workers, notably by Quiocho (108) and
Goldstein and Manécge (71), but the exact methaﬁismlgf this reaction and
also the naéure of\tﬁe linkaQP is uncer£ain (109-111). Hornby and Morris
f93) mentioned the possibiiity that glutaraldehyde reaction may modify -
lyﬁ@ne side‘chéins of the enzyme without conser#ing the positive charge
on these moieties, thus affecting the activity, These workers also
suggested tﬁaf some of 'the uncertainties és;oqiated_with_the use of glth
aréldehyde can be obviated by USing'an alternative bifunctional agent
such as bis-iﬁidd q;ters like ethyl a&ipimidate. "There are other methods
for the activation and subsequent attachmént of an’ enzyme through the
“amino group. For exampie, Horﬁath énd Sblomon (112) coupled trypsin to
'aﬁ'150;yanate derivative of nylon prepared by reaction of the amino group‘
1with phosgene, an& also uricase through the trifunctional reagent cyanuric
chlgride.- It is tb be noted that the coupling of an enzyme through the
amino group of_hydrolytically'cleaved nylons leaves a residual negative
charge due to the free carboxyl groups on the sﬁrface; this méy_EQQQLAﬁ_
adverse effect on the stability of some enzymes (23). Oh the othér hand,
the non-hydrolytic dleavage blocks the carboxyl group by émidating it,

" but ghis creates a net positive charge in the form of tﬁe protonated

compleMéqt of tertiary amino groups.



Figure 4,

Covalent blndlng of enzymes to nylon by methods involving
peptlde bond cleavage and coupling through the llberated
- PTimary ‘amino groups {104}.
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. Methods based on the controlled cleavage of peptlde bonds are
of limited usefulness since the mechanlcal strength of the support mlght

be 1mpa1red by such treatments In order to avoid thls problem, technlques :

-

have been developed for the grafting of 51d0cha1ns by 0- alkylatlon or.

" N~ alkylatlon W1thout causing. any depolymerlzatlon of the support. It

~
v

has long been known that secondary amides of general formula R-CO-NH-R!

3.

" can be alky;ated by powerful alkylating reagents to yield the corresPonding
imidate salts (113). These are-versatiie intermediates.which can afford
several routes to enzyme 1mmob112atlon either. dlrectly via the salt or
after the‘lntroductlon of a bifunctional Spacer molecule, usually a nucleo—
_phrle such as an amine or an acid hydra;ide._ The latter can react with -
.the imidate salts or their. free bases (imido esters) to yield the
cOrresponding|amidrnes and amierazones; It has been found that the
1mmob111zat10n of an enzyme via spacer- molecules yields a more active
derlvatlve (114), » This method is preferable also because of the'fact that
the enzyme is attached at a p01nt away from the surface, Wthh reduces

the p0551b111ty of steric hlndrance between the _enzyme and the substrate

(93). R

I Campbell et al (114) used dlmethyl sulfate for the 0~ alkylatlon of
sone of the peptlde ‘bonds inside a nylon tublng, and then ‘allowed the
1m1date salt of the nylon to react w1th lysine or a polyethyleneimine
such as hexamethylenedlamlne to which the enzyme glucose oxidase was
atteched by-u51ng a cross-llnklng agent such as diethyladipimidate,or
glutaraldehyde; Morris ‘et al 101y preferred trlethyloxonlum salts like

tetrafluoroborate as the 0- alkylatlng reagent, since these can be used



~

under much milder condltlons glvlng a better yield of the 1mmob1112ed
enzyme derlvatlve; also, it 15 much less toxic than. the volatile dlmethyl
sulfate. Again, the enzyme can be coupled dlrectly with the imidate salt
through its free amino groups, or after the reaction of .the salt with a
_bis-amlne such as 1, 6~dlam1nohenane andlwith a bis-acid hYdrazide.such as
adlplc acid dlhydra21de under .non- aqueous condltlons All these possibil—
1t1es are summarlzed in Flgure 5. "The amlne-substituted nylon:can be
activated for enzyme coupllng by one of the conventlonal procedures u51ng
a bifunctional reagent (elther glutaraldehyde or dlethyl adlplmldate),
while the hydrazlde substltuted nylon can addltlonally be utlllzed by’
convertlng it to. an acld-azlde through reattion with HNQ2 (see Figure 3}
and then coupled to the‘enzyme The partlcular advantage of the methods
invelving 0- alkylatlon is that nowhere in the éntire process 1s there any
cleavage of the secondary amlde bonds of the nylon structure so that the
mechanical strength or the structural 1ntegr1ty of the support is pre-
served However thé method leaves a re51due of p051t1ve charge on ‘the
surface of the support in ‘the form of the protonated amidine groups. ThlS
may elicit non- sPec1f1c blndlng.of anions present in the.reactlon mlxtures,
particularly in the case of amino-substituted derlvatlves, as noted\hy |
Hornby and Goldsteln (104), or else can be more favourable as an environ-
ment for bound enzymes since the polarlty, and. therefore hydrophlllclty,
of the support is 1ncreased as noted by Hornby and Morrls (93).

The third approach to the generation of potentially reactive

centres on the nylon surface, capable of interacting covalently with the

enzyme, is a combination of the two approaches already described., It



Figure 5.

O—alkylatﬁon of nylon with triethyloxonium salts and

42,

reaction of the imidate salt of nylon with acid hydrazides,

enzymes, and bis-alkyl amines (104).
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involves initially partial hydrolyﬁis of the nyloﬁ followed by graftiﬁg
. of reactive side chains via N-alkylati@n of backbéne‘pep;ide bonds. .¥ﬁe
- cleaved peptide bonds are subsequently reconstituted in a four—compone;t
éondensation'(4CC) thatzinvolves reaction of the liberated amino and.
ca}bbxy} gfoups with an aldehyde and an isqcyahide.' In this process, the
barbox&l and the ‘amino coﬁpﬁnénts combine fo form an N-substituted amide
which carries the al&e de and the isocyanide componenfs as thg side chain
on the ami&e.nitrogen. Goldstein et al (115, 116) descrlbéd a procedure in
whlch acetaldehydé or 1sobutyra1 was used as the aldehydc component and

=

the bifunctional 1,6- dllsocyanohetane as the 1socyan1de component, thus

.leadlng to the production of polylsonltrlle nylon as shown in Figure 6.
‘.The 1son1tr1;e functional group_pf the nylon-der;vatlve is then used to
couple the énzyme by anothér 4CC reaction in which the eniyme provides
either_thé amino or the carboxyl group (second component) in the presence
of a watergsbluble aldehyde such as:aéetaldehyde (3rd component) in
aqueous buffers at . neutral pH. The fourﬁh component added in excess to

the reaction medium can be an acetate if the'enzyme utilizes one of its ‘\m% '

. amino groups or an.aminé such as Tris if one of the carboxyl groups of

‘the en;yme-ig'ﬁsed for its immobilization. It is also possible to modify'

'the isocyaﬁide group of the_nyfgg_ag}lvatlve into other functional groups

such as the diazotizable arylamlno derlvatlve,.V1a similar 4CC reactions

(115),‘to_wh1ch the énzyme can be coupled through azo bonds and mainly
with aromatic aﬁino acid residues of the eniyme.l This is particularly

_'.-; _ valnagle in cases where coupllng of enzymes to nylon via 4CC reactlons

¥

1s unde51rab1e owing to sen51t1v1ty of the enzyme to aldehydes. On the

\
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‘whole, the N-alkylation approach is consrdered to be versatlle 51nce ;t“f
allows flexlblllty in- the ch01ce of the vgilous components of'the 4CC
, Teactions so that dlfferent funct10na1 groups can be 1ntroduced on . the
N-alkyl 51de cha1n5 su1table for b1nd1ng with spec1flc gr;ups of the
enzyme. Be51des, the method does not 1mpa1r the: mechan1ca1 strength of
T\ the polymer since the initially broken secondary‘amlde llnkages are ult1-

mately resealed, and above all, 1t leaves no re51dual charge on the

polyamlde backbone or anywhere in the side: chaln.

Previous Work on the_Immobilization of Alcohol Dehydrogenasee

There are several reports in the literature ‘abput the 1mmob1112a-'
tion of alcohol dehydrogenases, the earllest one belng due to Hornby, _
S Inman and McDonald (23). These workers 1mmob1112ed several dehydrogenases,
including the yeast alcohol dehydrogenase, 1n51de nylon tublng and demon-

strated their usefulness in the automated determlnatlon of substrates

«»

Their method 1nvolved non -hydreolytic cleavage of the peptlde bonds‘ln nylon .

with N N' dlmethylamanoprop amine in non-aqueous condltlons,‘sance 1t
was considered that the hydro ytic cleavage produces free carboxyl groups
which are unsultable for the 1mmob1112atlon of dehydrogenases. The enzyme

was attached covalently, using glutaraldehyde, through the prlmary amlno

group’ released during the cleavage of the peptlde bond whlle the carboxyl "

group was amidated, thus 1eav1ng the catlonlc dlmethylamlno group on the

surface of nylon. The 1mmoblllzed enzyme derlvatlve was’ used over a

period of twenty days ''without incurring any ldSs in-their activity".hut no

details of the latter were provided.
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CL e Johansson and Mosbadh (24) covalently\‘_gifed hprse laver alcohol
_ dehydrogenase to cross—llnked copolymers of acrylamlde and methylacrylate {.

.

’-'a'u". u51ng the glutaraldehyde method These morkers studled the effect of a
S . f . :
hydrophoblc m1croenv1ronment on the enzyme reactlons by varylng the .com-

'p051t10n of the copolymer matrix in whlch acrylamlde and methylacrylate _— .
:"served as the hydrophlllc and hydrophoblc components, re5pect1vely ft
has found that 1ncrea51ng the hydrophoblclty of the matrlx caused a“ four—
Ffold decrease of the apparent Mlchaells constant for the more hydrophoblc.
substrate n- butanol, whereas that for ethanol was practlcally unaffected
The assumptlon that the more hydrophoblc matrlx Wlll preferentlally adsorb»
"the more hydrophoblc substrate was substantlated by equlllbrlum stud1es
, w1th n- [14C] butanol the more hydrophoblc acrylamlde methylacrylate

' copolymer b1nd1ng was. about 51x t1mes greater The 1mm0b1112ed enzyme .

preparatlon was found to lOSe only, 1(}d of its act1v1t) after storage for"

[ .

r Ty »

- a perlod of three weeks at 4°C.

- ‘

Gestrellus Mﬁnsson and Mosbach (25) c01mmob1112ed horse LADH and
an NADH' analogue, N [(6 am1nohexyl)carbamoylmethyl] NADH to Sepharose
'~4B under condltlons permlttlng blnary complex formatlon between the

enzyme and the cofactor derlvatlve The enzyme and the NADH analogue ‘

’\%;’,;/was mlxed prlor to coupllng to permlt formatlon of the blnary enzyme—

1

~ cofactor complex durlng an equ111bratlon tlme. The S of the enzyme

,ctor-analogue to the Same matrix. wasperformed acc

' and ‘the
the cyanogen bromlde method (117) It was- clalmed that both ‘the el

’and the NADH-analogue was covalently bonded in. such a manner that the

‘o . e i

' coenzyme is flxed 1n or near the. actlve 51te of the enzyme. The eff1c1ency‘

e - - 5 Z . -
o . ‘ o
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of the immobilized preparation was increased several times which was.
ascrlbed to the existence of the 1mmob111zed complex - of the 1nteract1ng
enzyme and the coennyme 50 ‘that only minimal or zero amounts of .the

coenzyme were requlred to bé’added Both thermal and storage E ablllty

11ng rate,
end.thls was con51dered to be due to the. protectlon of the actlve site by
colmmoblllzed cofactor molecules. It was conflrmed that the formation of
[ ~ the enzyme—cofactor complex took place in the solutlon prior to coupllng,
and that after iETOblllzatlon a number of these blnary complexes were
boundrto the matrix, allowihg them to interact more efficiently, The
1 cofactor was 1mmob111zed in the reduced form .because of its lower dissoci-
,atlon constant than for NAD (118), thus favourlng the blnary complex
formation, while the enalogue was chosen_to provide_a 'speter' as well as
a‘ﬁunet;onal groun suiteble for.binding to the matrix, . However tﬁe
regeneratlon of the cofactor was accompllshed by .the alcohol dehydrogenase
' act1v1ty per se, u51ng the coupled\ox1doreduct10n between the two alter-
native substrates, ethanol and lactaldehyde (119). B :
Kelly, Flynn and Johnson (26) reported a preliminary 1nvest1gat10n
on the 1mmob1112at10n of YADH on porous glass surfaces activated w1th
. 3- amlnopropyltrlethoxys1lane (3-APTEY) and then further treated Separately
- with glutaraldehyde, benzaldehyde?‘st aroyl chloride, and.p-nitrobenzoyl
chloride followed by dithionite redugtion and diazotivation The
.supports thus prepared were stirred gently with the enzyme in tetrasodium

perphosphate buffer (0. 03 M, pH 8.8) conta1n1ng g.2 mH cystein at 4°C forl

2 hours. The benzaldehyde and the stearoyl chloride derivatives were
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4

'de51gned to bind the enzyme by hydr0phob1c bondlng, wh11e the other two
derlvatlves were used to prov1de covalently bonded enzyme. Each of the

ods prov1ded actlve samples of 1mmob1112ed YADH, the most promlslng
beji;‘:;é p—nltrobenzoyl derivative, but neither the cause nor the extent
of the stability was determlned or evalnated. In'contlnulng this work,
Brougham anleohnson (27) studied the effect of the factors on the stability
".of the\bound énzyme, includingrthe'sdpport and the binling method used.
Tho enzyme was lmngblllzed on Enzyacryl ~T10 (porous partlcles of T102,
coated w1th polymerlzed and dlazotlzed m—dlamlnobenzene), lR 45 (standard
amberllte resin) and on porous glass actlvated with 3- APTES followed by
glutaraldehyde or azo-llnkage The stablllty of the 1mmob11§zed enzyme

-

preparatlons was found to depend on the support or the 11nkage method in

_ the order Enzyacryl-T10=porous glass (glutaraldehyde 11nkage)>1R-45>porous
. . ' .'_ . . " N (. § . )

glass “(azo-linkage). The g;ability‘was greater.in the pH range of 6.5 to

- v . . B .
. 8.0 than at 8.5 or 9.0.. It was also observed that the stability was

inoreased'bxrincreasing the quantity of the enzyne bound or‘by colmmobil-

izing albumln wrth the enzyme, but not by 1ncrea51ng the 1on1: strength
of the storage solutlons 1n contrast to that with the soluble enzyme

Flnally, Barry, Grlffln and Johnson (28) described the 1mmob1112—
ation of YADH on sepharose derlvatlves, such as the acetyl and phenyl-.
élycyl derlvatlves of agarose, by non- spec1f1c adsorptlon followed by
CTOSS~ llnklng with glutaraldehyde. The enzyme was strongly adsorbed on
the two non-specrflc gel derlvatlves which had acetyliminohexyl and

phenylglycyllmlnohexyl groups as thelr respectlve llgands the b1nd1ng

of the enzyme belng stronger w1th the latter than that w1th the other. 3

N
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Glntaraldehyde €ross- linkage was requlred to eliminate enzyme desorptlon
which occurred 1n the presence of NAD ‘Desplte the cross-linkage, howf‘
ever, the immobilized enzyme was less stable than the scluble enz&me at

20°C, but eoth were more stable in the nzesence of 2—mercaptoethenol of‘

concentration up to 20 mM. Coimmobilization of albumin.with the enzyme

‘ stability and ionic strength had no effect.
2y

The Present/Method and the Materials Used

of an immobilized enzyme derivative as well as its‘
practical applisg demand that the preparation:should be stable for
sufficient 1ength of timé. The method of Hornby et?al (23) for the

covalent aftachment of dehydrogenases inside nYlon tubing . was particularly

“tried for the present purpose with YADH, but was not very successful in

that the 1mmob1112ed enzyme lost its activity rapldly. It was dlfflcult

. . . > . e i
to rationalize the failure since Hornby et al] did not provide any activity

vs time data'nor did they justify the validity of their assay;procedure

to establish the stabilitf.' These led to the consideration that the

‘ generetionlof the cationic dimethylamino group by the non-hydrolytic

cleavage of the nylon, which is left even after the ccvalent attachment
of the enzyme with the primary amino group using glutaraldehyde, might
be responsible for the loss.of activity Consequently, a method has'been

developed which leaves llttle or no charge on the surface of the nylon

tube. It consists of part1al ac1d1c -hydrolysis and cleavage of secondary

‘amide'bonds, followeq by coupling of the carboxyl groups with benzidine

in presence of dicyclohexylcarbodiimide and of amino groups with glutar-



aldehyde.. The' enzyme is then attached chemlcally to the surface through
3‘1ts polar groups This is essentlally a delflcatlon of. the methods
.-used by Hornby and coworkers (8, 23 100 105) and by Alllson et al- (lo06),
and of those used prev1ously in this 1aboratory (13,107,120,121), and is
51m11ar to that descrlbed reoently by Daka and Laidler (122) fo: lactate
‘dehydrogenase Inside~a nylon'tube. | | | \
" The nylon tublng (0 206 cm internal diameter) was obtained from the
Canus Pldstics Company,_Ottawa. The enzyme yeast alcohol dehydrogenase
-(EC l.l.l.l) hayinQHZBS U/mg'proteln (lot 107C—8500), apd the coenzyme NAD
also from yeast (lot 106C- 7140) type III were obtalned from Slgma Chemlcal

Company, USA. Ben21d1ne used in the coupllng processes was also available’

from Slgma Chemlcal Company, whtle dlcyclohexylcarbodllmlde and glutaralde

hyde were purchased from Matheson Coleman and Bell Manufacturlng Chemlsts,
Ohlo, and Eastman Kodak Company, Rochester, NY, respectively. Coupling
buffers contalnlng EDTA and B- mercaptoethanol were prepared by using
VSOdem phosphates obtained from J.T. Baker Chemical_Co., Phillipsburg,'NJ;
Anaiytioal grade sodium borate-and botic actd? used.for‘anotnet buffer,
were.obtained from Anachemia Chemicais Ltd. and British Drugliouses Ltd.,
'respectively. The substrate ethanol was a product of Consolldated
Alcohols, Toronto, and was more than 99 9% pure. Dlsodlum salt of B NADH.
from yeast (1ot 117C 74801) grade III and acetaldehyde requlred for other
studles were procured from Slgma Chemical Company, and Matheso\igoleman “

and Bell Manufacturlng Chemists, respectlvely.
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Covalent ‘Attachment Procedure for YADH Inside a Nylon Tube

The following procedure is éssenfiélly the same aé”phat despribed
by Mazid and‘Laidler'(IZSJ.

| A l-metre porfioh ofathe tubing w;s uséd.as a tightly wound cp}l.

The tube.was‘first filled with'q miiture of 18% {w/v) calciup chloridé

in a solution of 18% (v/v) 'water in methanol, and was 1ncubated for. 30

min ,at 40°C. The available surface area was increased as a result of

the removal of amorphous nylon by rinsing #ith water at a flow rate of

5 cm3 min-l for ahput 20 min. Partial hydrqiysis of the inside o% the tube

was then accomplished gﬁ 40°C by pumping ~4 M HC1 for 20 min at a flow

_'rgai of 5 cm® min—l. The hydrolysis was stopped by washing the tube for
T

in with ice-cold distd water at 5 cms min-l.

A miﬁture pf_l% (w/v) benzidine with l%_(w/v) dicyciohex}lcarbo-
diimide in methylene chlpride was used at-~I‘cm3 min-,l for 4 hours at 10°C
to couple with the carboxyl groups 1iberafed in the previous step. Ffee
ben;idine was then washed away with SOAcm3 of methylene.chloride; Sofgps
of acetone, and So-dms'of.ice—colq.distilledlwater, puccessively, at a
flow rate of l-cm3 min'l. The free amino groups were then blocked by
 reaction with a solution of 12.5% (v/v) glutaraldehyde in 0.2 M borate
fhuffer (pH 8.5) perfused at 1 ¢m® min~! fop'l hour and at O-4°C The
excess of the b1funct10nal reagent dgs removed afterwards by washlng at
5 cm® min~ 1 with 0.1 M phosphate buffer (pH 7.5} containing 1 mM EDTA
and 1 mM B-mercaptoethanol. |

The same phosphate ‘buffer was used for making the enzyme solution

(l mg cm ), which was allowed to circulate through the tube at 0.5 cm min -1
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- Stability of the Nylon-tube-supported YADH

52,

L

AW

overnight to ensure complete reactlon, the temperature being maintained
w1th1n 0- 5 c by the use of crushed ice. Immediately after*the circula-

tion, the absorbanCe~at 280 nm due to enzyme protein was measured; a

udlfference of 0.54 was noted and the 1n1t1al absorbance showed that a

consmderable amount of the enzyme was bound /H\the tube. Any non- covalently

attached.enzyme was removed by washing the tube with 1 dn® of 0.5 M NaCl

- N

solution in 0.1 M phosphate buffer (pH. 7.0) at 5 em® minfl. «Iﬁe tube was

then filled with the assay buffer‘(ph 7.5) and stored below 5°C.

The stability of the entyme chemically‘attached to the nylon tube
was checked by periodic rate measurements (to be described in Chapter 3)
at a llnoar flow rate of 0.90 cm s l, temperature 25.5°C and pH 7.5, with

[NADJ=1,0 mM and [C OH]=100 mM. It was found that the rate decreased ‘by

. about 20% durlng the first two weeks after the attachment of thd enz yme,

‘pPresumably because of the detachment from the surface of loosely~ ound

enzyme After that period, the activity remained constant within 4%

over a perlod of about one year. - The observed activity measured in terms

of the absorbance at 340 nm of NADH against time in months are shown in-

hFlgure 7.

In dlscu551ng the activity vs time data such as those shown in

: Flgure 7 and to Justlfy the stability of an 1mmob1112ed enzyme derivative,

~ the valldlty of the assay procedure must be ascertalned It has been

suggested by OlllS (124) that to compare validly the stablllty of an

immobilized enzyme with its soluble counterpart steps should be. taken to

A



Figure 7. The attivity :of the nylon-tube-supported YADH, measured in
terms of the absorbance at 340 nm of NADH, plotted against
time in months.

53.
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avoid;diffusionai limitations on mass transfer in the solid phase sjstem.
These included avoiding high assay temperature, high reaction rates and
low ionic strength as noted by Barry, Griffin and Johnson (28) kelly

et al [26) have drawn partlcular attentlon o' the pOSSlbllltY that thermal

stability, studles on 1mmob1112ed enzymes may give’ dlstorted or spurious.

N

results if an‘assay system is used in which excessive conversion of the

substrate is achieved. In the present studies, however, neither the temp-

. eérature nor the conversion was high enough to cast any doubt on the

valldlty of the assay procedure. Besides, the buffer used was of sufflc-

1ently high ionic strength (0.1M phosphate buffer, pH 7.5) and, since

-Barry et al (28) showed: that the activity of immobilized YADH is unaffected

by ionic‘sfrength, this factor is of no consequence. Neverthelese, the
que;fion of diffusional limitations sfill remains since thfs is not.
reflected in ‘the act1V1ty Vs tlme curves and may conceallthe true stability,
This is because, in the llmlt of diffusion control, the observed actfﬁity

of a bound enzyme may remaln constant despite the fact that the enzyme

-may have undergone consrderable denaturatlon.- Hence, activity vs time

or~temperature data-must'be‘considered very carefully when used to deduce

-lnherent stabllrty parameters of an 1mmob1112ed enzyme (90) Besides,

the p0551b1e effect ‘of dlffu51onal phenomenon must be considered before
draw1ng conc1u51ons about the effeccjof'immobilization on the stability
of the enzyrie L89)¢_ ’

Engasser and Coulet (125] suggested a 51mple graphlcal procedure

for the removal of’ dlffu51onal effects, based on the determination of

"substrafe ‘concentration differences between the micro and macroenvironment



g
of the enzyme. However, as discussed ‘in the next chapter, our assay
"~ conditions are such that diffusional limitations were av01ded and
therefore the concluSien about the hagh stability cannot be invalidated.
We believe that the exceptional stability of our preparation is due to
. the ptoduction of a fairly neutral Surface such as that discusse& by
Daka-and Laidler (122) in the“case of lactate degydrogenase; ‘It is also
possible that the enzyne is immobilized considerably via.the amino'group:
~of benzidine so that'it is kept at a distance from the surface to ‘avoid,
any steric or other interactions. : .
There are other limitations arising, for example, fron chemical
modification or partial inactivation effects in the interpretation of
results on stability as discussed recently by Klibanov (73) Chemlcal
modification may be regarded as a change in the primdary structure, and
'this is expected to result in significant changes in stability. Zaborsky
(126) suggested that effects due to immobilizatibn must.be separated Zj’f‘
from those related to modification by comparing stabilities of immobilized
and free modified (but net natite) -enzymes. It is Possible that the
_enzymes are partially inactivated during immobilization and as a result
of the loss of activity by labile forms. As a_resuit, the rate of
- . .
immobilized enzyme inactivationrwill be diminished in conparison with
-"™~the free enzyme; in other words, stabilization of the enzyme upon
immobilization will be‘observed. Therefore, the stability of the
immobilized enzyme must be compared with that of the free‘ccunterpart

in which the degree of inactivation of the latter corresponds to the

loss of its activity during immobilization (73). It is, however, not

H
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the purpose of the present stud1e5 to establish the cause of stablllzatlonc
" or to evaluate the effect of 1mmoblllzat10n on the. stabiliey. All that -

.15 needed to obtaln c0n51stent kinetic data is to ensure that the

1

kinetic stability does not change with time and that the activity remains

practically constant., - . ' S ,
R . ‘ ‘




“Introduction

"CHAPTER 3 ==~ - T

. =

'FLOW KINETICS OF YEAST ALCOHQL -DEHYDROGENASE ATTACHED TO NYLON TUBING

The use of enzymes attached to the 1nter10r walls of tubes has
been mentioned in Chapter 1, and has been dlscussed in more detall in

Chapter 2, w1th partlcular reference to the automated determlnatlon of

.substrates in contlnuous flow systems of analy51s. The 1mportance of .

&

alcohol dehydrogenase in human phy51010§§£ ‘as well as its practée al
o S

_.appllcatlons, have been emphasrzed-ln Chapter 1. Studies of the immobil-

N

1zed alcohol dehydrogenases have been summarlzed in Chapter 2, and so
N

far the only klnetlc studles reported W1th this enzyme are those of

_Ma21d and Laldler (123) ';

A number of experlmental 1nvest1gat10ns of Fflow systems have been
carrled out in thls laboratory (13 107 120 121) on the ba51s of a\theor-

etical treatment developed by Kobayashl and Laidler (70) for srngle-

: substrate systems. Engasser and Horvath [89) have also developed a

theory of slnglensubstrate systems, and Engasser et al (127) con51dered

" an extensron to two- substrate systems w1th spec1al reference to aspartate

am1notransferase. They found that dlffu51onal l1m1tat1ons are entirely

‘ responsrble for the dlfferences between the behav1opr of free enzyme and

eénzyme; bound to collagen. A complete theoretlcal treatment of two-

-substrate systems present cons1derable dlfflculty and has not yet been -

:developed for 1mmob1112ed enzymes.

- g
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1 Daka and Laldler (122) carrled out experlmental work on‘the flow_if

. - : .
klnetrcs of 1actate dehydrogenasg’chemlcally attached to’ nylon tublng.'

The substrates were pyruvate and NADH (the reduced form of n1cot1nam1de
. ' \"- ;
adenlne dlnucleotlde, NAD), and the"experlments dealt Wlth the two¢¢

, ha
11m1t1ng cases: one substrate present in excess and the concentratlon of

the other va?ied These condltrons permlt 1nterpretat10n on- the b351s

of the Kobayashl Laldler one—substrate treatment ThlS chapter descrlbes '
ny . Tty - .
.a 51m11ar rnvestrgatlon with yeast alcohol dehydrogenase, the substrates
.'Belng ethanol and NAD In the present study, partlcular attentlon is
;'focussed on the k1net1c aspects, especrally, of the role of dlfqulon as )
descrlbed by the Kobayashl Laldler tpeory, there -1ng 1ts valldlty .
for a two- substrate system. ?-ﬂ"” R S L i R
. . . ..‘ ; . l - “A‘ g-
.Theoretlcal Con51derat10ns ‘_';.3 T ?,‘;_ .
‘1 A general equatron for-two-substrate systems Whlch applres to
several mechanrsms is glven by (128) ,,”- ‘f f ‘; o
, ’k@[A][B] Y B T
V'R RgIARK [BJ+[AJLB]+ S )
o m@ ) - o :
' d B ‘
nhere,invthe reseﬂt case A and B refer to ‘the. substrates ethanol and .
NAD reSpectlvely If one substrate such as A 1s in excess, “the second
“ . : T "‘\ 7
and the last terms in the denominator may be negle 'éd,fand-the_equation
'redgzes to the Mlchaells Menten form for a srngle substrate v
o k[E][B] . S I
A &1 nl oy T
a - . i . ) \ ) ! ] . ) i .
oA . N
- : . '
o -ﬁ’: - *
o S
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S is attached to thﬂvlnner surface of a tube has been presented by ." |f§ 3

LY - v

i

P

: the substrate solutlon flom;ng through the tube must be taken: into

) . . S Teem - i . o .
1, N ol R - . 4

Accordrng to the theoret1ca1 treatment of Sundaram Tweedale S

and Laldler (129), the rate of a\51ngle substrate reactron catalyzed

by an: 1mmob1112ed enzyme can be approxlmated by an equatlon of the'"

-

N\ S
Mlchaells Menten form (Eqn 2) in whlch [E] is the total concentratlon § o

of the 1mmob1llzed enzyme, the catalytlc rate constant k 1s modlfled

L oy

by conformatlonal and env1ronmental effects but not by partltlonal and

. ~

Ao
‘ ;

dt dlffu51ona} effects whlle the Mrchaells constant 1s 1nfluenced by all

f"thesJ,factors.. The same is true for a two substrate system 1f one of i

the substrates is: 1n excess and we can wr1te the modlfled Mlchaells

. l

"z'constantsias K a p(A) and Km ,app (B) cdrrespondlng to the two substrates.p

The theory for the flow klnetlcs of a system in whlch the enzyme

Kobayash1 and Lardler (70) Ihe mathematlcaL treatment is qulte compll—:

cated and only the essentlal fﬁatures of the theory as well as’ the main

k.

concluslons wlll be drawn here It was assumed that the enzyme is present

’
1

1n a un1molecular Iayer at the surface so that 1nternal dlffu51onal

v
L \ N

w!
effects w1th1n the support can be neglected but .external d1ffus1on in

account. ThlS led to the suggest1on that a d1ffu51on boundary layer is.

establlshed at the walls of the tube and that the concentration of the

substrate w1th1n the dlffu51on 1ayer varles from its constant value in

'

‘the central part of the tube, as shown schematlcally -in Figure 8. The

‘concentratlon gradlent arises from the fact that the rate of disappear-

ance of the substrate by chemical reaction at the surface is not”

*

necessarily the same as the rate of diffusion of the substrate’ through

* ‘ f '
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h | I. b
Schematic diagram of a tube with enzyme attached to the
inner surface, showing the diffusion layer and the
concentration profile (91).
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the boundary lafer to the suiface, The thlckness of the dlffu51on layer
3

.‘depends on the magnitude of the mass transfer- coeff1c1ent k whlch is

in fact a measure of the rate at which the substrate diffuses through

”;the 1ayer. The theory also assumes‘that'the floﬁ of thezsubetrate is -

Ry

laminar, and that the substrate solutlon is dilute so that its dlffu51on
rate has a negllglble effect on the ve1001ty dlstrlbutlon Then -taklng
1nto account the mass- balance both for the substrate and the product,

and applying the approprlate boundary conditions, the theory leads to

the followlng expre551on for the mass,transfer coefficient: ‘g
kL =‘£:29 =3 . ‘ (3)
. " - . 2 .
where r(cm) and L(cm) are the vadius and length of the tube, D{cm s_l)

T

is the'diffusion coefficient for the substrate in solution, and vf(cm s l)
is th(/flow rate of the substrate through the tube. |

| Equation (3) shqws that decre351ng the flow rate of the substrete
or its diffusion coefficient and increasing the diameter oé the tube'or
its length decreases the mass-transfer coefficient, and therefere

favours the diffusion contrel. The dependence of kL on L arises due to

the changing concentration patterns along the tube, whereas the depend-

ence on‘vf is due to the reduction of the effective thickness of the

diffusion layer. It is apparent that increasing the flow rate increases
the rate of substrate diffusion, i.e., the mass-transfer to and from the
surface becomes large, and thus no longer controls the rate of the

reaction. In other words, the substrate reaches the surfade,rapidly and
R . .

-the rate of product formation depends on the chemical interaction at

4
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‘ rate constant k but not the Mlchaells constants (Eqn 2), the latter

62.

the surface. Diffusional effects are also unimportant at sufficiently .

high substrate concentratlons ~when the reaction.involves'the medified~

belng the one affected by diffusional limitations. Conversely, at low .
flow rates and loﬁ substrate concentrations, cohsidereble diffusioﬁ‘
control is expected so that the kinetic behaviour may deviate from thet
obtainee with the enzyme in free solution.

1 3

The. theory was developed for simple Michaelis-Menten kinetics as

.well as for substrate and product inhibition. In the simplest case, .

Eqn. (2) is obeyed to a good approximation but the apparent Michaelis } éb\

constant is modified in that it increases with increasing diffusional

~ control according to the equation

v kUElAY3 1/ -
K o= Ko+ B s ST |ZLEY : (4)
m,app m 2kL m 2.58 D2 f :

where V' is the maximal rate for the immobiliz¥d énzyme and K' is the

iffusion. -K thus
' m,app

approaches Ko in the limit-of very high flpw rages when.thé -second term

1nherent Mlchaells constant in the absence of

is negligible, and the latter can thérefore be determined from the plot

of Km,apé,against vf;l/s.
There ate other important results Eredicted by the theory,.reia-
ting t0‘theloveta11 rate of reaction within the tube and the product
concentratlon at the exit. Thus, under the 11m1t1ng condltlons of
little diffusional control (e g., at high [$].and hlgh vf), the overall

rate is equal to the product of the internal surface area 2mrL of the

tube and the inherent rate V. of the enzymic reaction per unit surface

3

o . \‘\\‘ﬁm\\ 3
!
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area. The 1atter is glven by an equ tion of the Michaelis- Menten form

.(Eqn 2), and the rate v of'product formation within ‘the tube can be

-—

ertten ‘as

2mrL kétE][S] o
,-K$+[Sj ) | f : . (5)

' = 2nrly =
Yo T

The product concentratlon [P] at the exit is this rate divided by the

I

.ivolume of solutlon 'rrr‘?\.",f Wthh emerges in un1t time, and is therefore

,glven by . o ;"‘ fl.: ) :; . - ',

I - 6)

At the other extreme; if the conditions are such that there is complete
oiffusional control (e.g., at low [S] and low veds the overall rate v,
of reaction within the tube 1nvolves the product of the terms contalnlng
the internal surface area, mass- trensfer coefficfient and the substrate

concentration, and the theory leads to

L 2, /3
vy = 2mel x 1.20|—%|  x [T = 8.06(v0%r212) /357" 7
D rL ‘ f :

The product concentration [P]g at the exit of the tube is now predicted

. by the expression Co - -

rv

b 8. 06(v DL )1/3[51 oL T3/3. . L
[P]7 = —— = 2,56 [s] (8)
e v 2 co

e _ _

: / .
It can be seen that Egns. (7) and (8) do_ not contaln the concen-

tratlon or th ‘rate constant (activity) of the enzyme, in contrast to
Eqns. (5) and (6), but Eqns. (7) and (8) do involve ‘the diffusion

*

s S SRR S
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.9defficient; and there is also a'differént dependeﬁqe'oﬁ flow rate. In
the case of full diffusion control, this can be ratibnalizéd-byfthé

“

assumption that thetre is enough enzyme atrtﬁe surface to convert all

- . A

- the substrate molecules that come.in contact with-it. - Equétioné (5) to
. ,"-‘,. ""‘c’ - .‘~F .

(8). are very useful.because they permit the product coﬁcentrétiqﬁ and

"‘raﬁes to be calculated and compared with the(experimental values. Alter-

" natively, double-logdrithmic piot; can be made to obtaiﬁ information
about the extent of diffusion control. In particular, Eqns. (6)}-and (8)
provide a convenient way in which the slope of the-double-iogafithmic

- plots of the product concentrations agaiﬁst the'flgw rates are prgdicfed

to be -1.0 and -0.67 corresponding to no or complete diffusion control,
respectively. . ' o .
L A specidl procedure for determining the extent of diffusion’ con-

trol is the use of two dimensionless paraﬁeterg, defined by the_Kobay-: :

ashitLaiQIerzthebry.és?folldWS: S -
[p] v 1_2 2/3 | ” \_« )
e f - s )
® =T [—m,] - e . O
and
p = “"g (10)

¢ against p can be divided into regions xample is to be found in
Figure 11)‘corresponding to different degrees of diffusion control. This

can be-determined for a particular experiment since all the quantities
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-in the equations are easily"obtainaﬁle; k‘particular advantage of this
type of plot is that it can be used even for a- 51ng1e exPerlment provided,

df course that K app “is known, and therefore the condltlons can be
J

E
e -

modlfled to altEr the - extegt of diffusion. control (91)*

‘u

It is to be noted that the dlmen51onless parameter p (Eqn 10)

‘{éié ehanged-lf the 51mp1e Mlchaells Menten equation is not obeyed Numerical

i

and approx1mate solutlons for this factor were glven for dlfferent klnetrc

conditions 1nc1ud1ng those for ‘the 1nh1b1t10n by substrate and products,

-

In the case of competltlve inhibition by product, found in the present

[1]

system, there is a factor of l + ———-.where [I] is the inhibitor concen-
1
tration and K. is the inhibition constant. The nature and the type of .

- inhibition can be understood from the fact that the degree of 1nh1b1;10n

%

decreases w1th increasify [S] or is independent of [S] for competltlve
and non- competltlve 1nh1b1t10n, respectively. Alternatlvely, these can
be aseertalned from 51mple Lineweaver- Burk plots for dlfferent inhibitor
concentratlons and w1th variable substrate concentratlons in which only
.the slope or the slope and intercept are both altered. by the same\factor
_depending gh whether the-product inhibition is competitive Or non-
petitive (128). The inhibition constant can be obtained from the
secondary plot of_the slope of Lineweaver-Burk plots against the inhibitor
concentrations, where the ratio. of the intercept to the slope of the

' secondary plot corresponds to the required inhibition constant.

-
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’;i

Kinetic'Procedure

Results. and Discussion ,

, e

All SOlUthHS were made up in 0 1 hlsodtum phOSphate buffer, at
pH 7.50 * 0 05 ‘with 1 nmlEDTA and 1 mM B- mercaptoethanol The kipetic
Tuns were carried out at 25.5 * 0.1°C, and were followed spectr0pho o-'
mettically'by ﬁeasuting the absorbance of_NADH at 340 .nm with a Pye Unicam
SP 1800 UV.Spectrcphotometer. fhc enzyme tﬁﬁe was képt immeréed in a

temperature-controlled .waterbath, one end being connected by means of

tygon tubing 'to the therm statted feed solution through a LKB Varioperpex

II peristaltic pump The praduct was delivered to a flow cell (lcm path

length) in the Spectrophotometer The rates were calculated u51ng

}:B = 6,22 mM-l cm_l (130)., A steady state was maintained-throughout each

€
kinetic run, and this was always>confirmed by the fact that the amount

of product remained practlcally constant at various time 1ntervals for

3
any run. For the present purpose, however the data used were the average

20
of‘seVeral such measurements ' . . - .

Vs

- ' . \

o

K Values
m,app

The apparent Micﬁcelis constants for NAD are substantially less
than 1.0 mM, and a toncentration of 2.0 mM was used to give complete
saturation of the enzyme Qith respect tp this substrate. Figure 9a
shows Lineweaver-Bdirk plots at this NAD concentration, with ethancl_
concentrations varying from 20 to 75 mM, and with flow rates ranging from

0.10 to 3.90 cm sul. Another set of experiments were carried out with

*

.excess NAD at 5.0 mM in which-the range of ethanol concentration was
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Figure 9. Lineweaver-Burk plots (a) with excess NAD at 2.0 mM,
and (b) with excess ethanol at 100 ,MM.  Temperature
25.5°C, pH 7.5, and the flow rates are shown.

-
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. ﬁd from 3. 0 to 100 nmland the flow rate was varled from 0. 30 to_
IW

-

3. 30 em” SN These showed non Ilnear Llneweaver Burk plots at concentra-~??

' ntlons,greater than 90 M ethanol . i'

- .
‘e

Some representatlve L1neWeaver Burk plots w1th ethanol in excess

N AN

“are shown 1n Flgure 9. The apparent Nlchaells constants for ethanol
; . are much larger, and a concentratlon of' 100 mM was used for complete sat- '
',uratlon The results show 51gn1f1cant deV1at10ns from llnearlty at hlgh -

:substrate concentratlons and }ow flow rates, and thls may be due to a

A}

'change in" the degree of dxffu51on control (90 91 99) S1m11ar behavlour

'rwas also. observed Wlth excess ethanol at 500 mM, espeelally at hlgher NAD

concentratlons when thls was varled from 0. 10 to 2. 0 mM, and’ wlth flow

-1 ‘
rates in the range of 0.30 to 3 30" omos . B

- s
(8

he a arent Mlchaells constants K , for ethanol and NAD were
pp app

jobtamed from the llnear portlons of the Llneweaver—Burk plots, and
these are ‘listed in Table I under dlfferent condltlons ' The values were

found to_decrease ‘with 1ncre351ng flon ratg, and they' varied linearly -

with vf-l[§; as shown typically in Figure 10 for excess NAD at'2.0'mM and

variahle“ethanodiédThe linearity is consistent with Eqn (4) and led :
lated values of 4.6 m and 4. 2 mM for h' Wthh relates to

ethanol, correspondlng to excess NAD concentratlons of . 0 mM and 5.0 mM,

to the extrapo

reSpectlvely. Slmllar plots for ethanol in excess at 100 mM, and 500 mM

gave values of 256 pM and 235 pM, respectlvely, for the K& relating to
. : . \ . ) L .

+
'

NAD. .. - -
Atlinear relationship between K_ _: and Q -1/3
: o o m,app f

the'Kobayashi-Laidler theory, was also found with other systems {13,107,

, as predicted by

T
-

N
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r, . Table I.. Mlchaells parameters wlth YADH attached to nonn tubing,;u

, kY

o

" o .. at pH 7 5 and temperature 25 5°C.

N
Lo

Flow Rate ;

'*_ﬁsicéés,EﬁAD]fz,dfmm‘

'Excéss-[cz

HSOH]=100 mM

3 i
.

;(cm s -1

y if?'loﬁ

XV

' *¥nax app

MsTh

m app (C

_ mM,_f

<OH)

106xV '
max app

S M's”

“n app(NAD)

UM

I-;ﬂﬁ%éﬁgffﬁ {*
-1{%1f5*- (
l ;155*
é.?;
3{90

fre

(extrapolated)

0.83 " |

R U § B

1,33

N

.00

46.7 -

$32.9
28.0

25,0

a6y

;i:os .
i1.2§f
1.67
.22

' 2.86

780
73
620
" 606

. 560

520

o 256(K$)
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Table I. (cont'd) Michaelis parémeters with YADH attached to nylon
tubing, at pH 7.5 and temperature 25.5°C.

.

Flow Rate Excess [NAD]=5.0 M Excess [C2H50H]=500 mM
(em sy 106xvmax,app Ky app (CoHsOH) 106mea¥,app Kp app (NAD)
. Mos mM M s M
0.30 0.46 10.4 095 810
0.50 0.56 9.5 1.18 747
"1.00 0.71 8.6 1.33 613
2.00 0.91 7.5 1.67 | 550
3.30 1.05 7.1 1.82 500
w . 42K 234(K!)

{extrapolated)
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Figure 10.

Plot of apparent Ml%yaElls constants, X ' , for
ethanol against Ve , obtained from ™>app
experiments with excess NAD at 2.0 mM and at dlfferent
flow rates.
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120;122); and in fﬁbse'casesqthe Kt &alﬁes were not’ far from the K,
wifh the enéyme in free so}utién. In the present case,'the K& values
of 4-5 mM for ethanol are compafable with thé‘values found for the free
epiyme and in ;fafic‘studies of thelimmqbflized enzyme. {see Table II).
On the other hand, the Kﬁ (NAD) value -of 234.uM or 256,uM‘is th ordefs

of magnitude higher than that for free solutioQ. It is possible that

. N
these values are somewhat in error since the extrapolation procedure is

not very accurate, and the Vﬁ values used to obtain the apparent Km-

results from the non-linear Lineweaver-Burk plots were also subject to

- s

error. Nevertheless, it is significant that both sets of experiments

with different ;mounts-of excess ethanol give approximately the same
i
result. As will be discussed later, this is attributed to the substantial
diffusion control found in this situation since ethanol cannot bind to
the free enzyme but only to the en;yme—NAD complex. .
However, one would expect similar values for Ké and the intrinsic

Michaelis comstants in free solution if diffusional effects 'alone are

Tesponsible for the increased Km

.

values. found with the immobilized
) . .o
enzyme systems. This leads to the suégestion thét other factors such
as thé confo;mational,lenvirénmental and partitional effects may be
responsible for the difference'bEtween the K& values for NAD with those
in the ‘free solution, especially when diffusional effects have been
separated. Conformational and environmental effects genefally lead to
relatively small changes in Michaelis constants, and these caﬁ be combined

together since they are difficult to separate (99). It is also more

likely that these effects are similar for both the substrates (ethanol

-
%

and NAD), whereas partitional effects could affect the two substrates
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differently depending on the nafurg of the support. - In terms of the .
hydrophilicity or hydrophpbicity, the latter effects seem. unreasonable
Siﬁce both the suppoft and the substrates are of similar natﬁre. There—
fore, tﬁe‘most plausibie éxplanation appears to be dqé‘to any electrof

static interactidh between the positively charged NAD with similar charges,

say, near the enzyme active site or on the support. This would give rise

to a higher value of K; compared to the intrinsic values in free solution.

Electrosfatic partitioﬁihg effects may be reduced or eliminmated by carrying

out the kinetic study at high ionic strength, but these investigations

have not been pursued and more attention has been paid to the” diffusional

effecfs. N

. Dimensionless Parameters

A very convenient wa&.to evaluate the extent of diffusional limita-
tions is ﬁrﬁvided by the double-logarithmic plot of the dimensionless
parameters‘¢-and p:défined by Eqné. (9) and (10), respectively, according
to the Kob;}ashi—Laidler theory. Such a plot for the experiments with
excess NAD at 5.0 mM and excess eéhanol at 500 mM when the concentrations
of ethanoi and NAD were variéd, respectively, is shown in Figure 11. In

-1

L)

. - 2
the calculation af ¢, the diffusion coefficient was taken as 4x10 6 cm” s

which is appropriate for molecules of the kind we are dealing with (133).

The plot has been divided into three theoretical regions, 'as explained

I .

in the caption. For constant ethanol and variable NAD, the points lie
in Regions 2 and 3 corresponding to substantial diffusion control. On
the qther hand, with constant NAD and variable ethanol, all the results

are well inside the diffusion-free region (Region 1). This arises from



Figure 11.

75,

Double-logarithmic plots of the dimensionless parameters
% and p. The half-circles are typical points for constant
NAD at 5.0 mM and variable ethanol (3.0-100 mM). Other
symbols are due to the results with excess ethanol at

500 mM and variable NAD (0.10-2.0 mM). for the flow rates
0.30 (solid circles,®), 0.50 (open circles, o), 1.00
(triangles, A), 2.00 {crossed circles, @), and 3.30
(squares,[d) in cm s™+. . The theoretical regions are
Region 1, little diffusional control (<5%); Region 2,
moderate diffusional control (5-60%); Region 3, con51derable
diffusional control (>60%).
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the very low ¢ values, which result from the fact that the product

concentrations are very much smaller than the ethanol concentratiocns,

the lattexr being large because of the large Km app values, The results

¥

obtained for;the experiments with excess NAD and excess ethanol at 2.0 mM

and 100 mM are shown in Tables IIIA and IIIB, respectively, and these aré//”‘

also similar to those shown in Figure 11 except that there are now fewer

points (only two) in Region 3 for variable NAD since the concentrations *

. -
—r—

used were not sufficiently low.

In‘general, the theory predicts diffusion-free beh&%iour at high
substrate‘éoncentrations. In the experiments with saturation by INAD and s
-variab}e ethanol, the conceﬁtrétions of the lattér are high enough that

there is no diffusion control at any of the flow rates employed. The
\ B
trends. found with constant ethanol and variable NAD .are also consistent

with less diffusion control at higher substrate concentrations. The
. . " . N

. s . - - w?
points lying near Region 1 (little diffusional control)} correspond to

these conditions, while those in Region 3 (considerable diffusion control)

are for low substrate concentraticns.

Product Concentrations

Another method for ¢he demonstraticn of diffusional effects uses
the double-logarithmic plots of productrconcentration at the exit against
flow rate. This is ghoﬁn in Figure 12 for the experiments done with
constant NAD and ethanol concentrations of 5.0 and. 500 mM, respectively,

and the data for excpgss NAD at 2.0 mM and excess ethanol at 100 mM are

presented in Tables IVA and IVB. The slope of the plots in Figure 12



Figure 12.

79.

/ o :
Double~logarithmic plots of the product concentration at
the exit [P] , against the flow rate v., for the results
with ethanol”in excess at 500 mM (circles) and for excess
NAD at 5.0 mM (triangles)}. Variable NAD concentrations
(0.10-2.0 mM) for the former, and variable ethanol concen-
trations (3.0-100 mM) for the latter (within brackets) are

shown.
/
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varles from -0.57 to -0.60, while the corresponding plots for the data

in Tables IVA and IVB gave slopes of -0. .40 and -0.45, reSpectlvely, the;
points for_the lowest flow rates being ignored in the latter case since
these showed greater deviations.. b
The treaﬁmeht of théLKobayashi:Lgidler theo%y predicts that the

. $lope of the above plots should“be -1.0 for no diffusion control (Eqn. 6)
and -0.67 for full diffusion control (Eqn. 8). The smaller dependence

qf product cqngentratiqp on flow rate therefore indicates that there are
some complicationsj Bunting and ‘Laidler (107) found a'similarllow
dependencé of proéuct_concentration on flow rate with L-asparaginase,

and concluded that 1t was due to complete conversion into products before
the substrate had reached the tube outlet. In the present system, however
the conver51on was much smaller and therefore thlS explénatlon is not
tenable. |

An alternative possibility is that there i% inhibifién by‘products

- which may remain attached to the enzyme and block further reaction.

This will hgye a stronger effect at lower flow rates,'whén the residence
times are-longer and allow more blockage of reaction by prpducts.” As

the flow rates are reduced, the product concéntrations at the exit will
therefore ihcrease to a smaller extent than in the absence bf inhibition,
and the negative slopes of the loglo[P]e Vs 1og1$vf plots will P?

smaller, as in Figure 12. We therefore tested for inhibition by products,’

and this is illustrated in the following section.



.

Inhibition by Products

H;atten and Cleland (134 135) found 1nh1b1t10n by products for-
“liver and yeast alcohol dehydrogenase both in free.solutlons In order
jﬁpq@pmonstrate this as well as to establish the type of inhibition with
' the immobilized yeast alcohol dehydrogénase, a number of experiments were
carried out. Raté measurements were made at various substrate concentra-
tions, and with different‘initial concentrations of tﬁe productﬁ,
acetaldehyde ‘and NADH. The products were added in amounts considerably
_greater than produced in the reaction so that the results would not be I
signifiéantly~a£fected by those formed in a.particular run.

Figure 13 shows some Lineweaver-Burk plots at a fixed flow rate
an@ variéble NAD concentration with constant ethanol and diffe:ent
amounts -of NADH added as indicated. All the plots are convefgent near
;ﬁé 1/v axis, and therefore suggest mixed competitive and non-competitive
inhibition, with a preponderance of the former. Secondary plots of the
slopes from Figure 13 against the inhibitor NADH concentrations yielded
:a straight line. The ratio of thé intercept to the slope in thé latter
plat led to an inhibition constant K; of 120 HM.  Data for the inhibition
by added acetaldehyde with variable ethanol at a fixed flow rate and

“constant NAD are shown in Table V. Lineﬁeaver-Burk_Elots of fheserdata
'were similar to Figure 13 but now the lings'were convergent almost on
the vertical axis, thus suggesting even more competitive inhibition than

with NADH. The inhibition constant for acetaldehyde was found to be

62 pM which means that this is a stronger inhibitor than NADH (Ki=120 UMy,
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Figure 13. Lineweaver-Burk plots for constant ethanol at 100 mM and
' variable NAD concentrations with NADH added as indicatéd
at 25.5°C, pH 7.5 and a flow rate of 1.15 cm s-1.
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Table V. Rates of reaction (106x M s_;) for the product inhibition
by added acetaldehyde with variable. éthanol. and constant
[NAD]=1.0 mM at a fixed flow Tate of 1.15 om -1'pH 7.5 and
- temperature 25.5°C. ' .

-
- r

Concentraéion of ' ' Concentration of Ethanol (mMi <\\;

EddedigcgﬁCHOJ - | 30 50 L 1ooi\\
0 | 0.375 1 0:468 ' 0.660
0.10 | 0.205 . 0.283 0.483
0.20 - * 0.133 0.205 ' - 0.346
0.30 : 0.104 ' 0.159 0.277




o

Ouf‘résulté aré to be compared with those for the free enzyme as
studied by Wratten'and Cleland (134, 135) who'fodhd NADH to ‘havé a K of
108 uM and acetaldehyde to be a much wcaker 1nh1b1tor w1th a K of 780 M.

Be51des, ‘the latter showed linear non- competltlve 1nh1b1t10n with ethanol

as the Varlable substrate, whereasffhe former showed linear competitive

1nh1b1t10n with- NAD as the variable substrate: | . However, the‘differences
are understandable in view of the*fact that in ou; experlments dlffu51on
control is much more important with variable NAD than with variable .

ethanol. Hence, the greaté; the amount of diffusional control sthe less

’ . . . -

the inhibition, since inhibitors affect the chemical interaction at the
¥ % .

enzyme but not the'diffusion process. The 1nterplay of dlffu51ona1 and
chemlcal 1nh1b1t10n has been discussed in more detail in Chapter 1, and

it is quite well known that the latter behaves differently in the presence
of the other. There are also reports that the type of inhibition can

be changed upon immobilization. For example, with membrape-bound enzymes,
Thomas et al (136) fouhd competitive inhibitors which tended to behave

as non—competitive inhibitors, and non-competitive inhibiters which
behaved as anti-competitive inhibitors. : %

In the present system; the amount of product formed depends

‘significantly on the flow rate, as in Figure 12. We therefore studied

-

L&,
the effect of flow rate oﬁ the product inhibition, and the results are
shown in:Tables VIA and VIB for different amounts of acetaldehyde and

NADH édded, respectively. In either case, it is observed that the degree

- of inhibition increases with increasing concentration of the inhibitor

and at any flow rate. 1In the case of inhibition by acetaldehyde, the
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Table VIA. Effect of fLoQ gte'onlproduct inhibition by‘;dded'acetal—

-dehyde with 'tonstant [C,H.0H]=20.0 mM and exéess [NAD]=5.0 m
at 25.5°C and pH 7.5. : » . o

i

\‘.
. Concentration of begree of Inhibition at Flow Rates
added [CHCHO] 1 R 1 1

" in mM a 0.50 em s "' 1.00 em s 2.00 cm s 3.30 cm s

0.10 : 0.3 . | 0.36 | 0.34 . 0.37
| T .

0.20 g 0.54 0.55 . 0.54 0.56

.. 0.30 . 0.65 0.65 0.64 - 0.66
0.40 0.72- o2 0.71 | o7




BR l *
" Table VIB, ‘'Flow rate dependence of product inhibition by added NADH
with constant [NAD]=05Q, mM and excess ethanol: at 100 mM.

7
.Coqlcentration of | Degree of Inhibition at Flow. Rates
added [NADH] T 1 1
in mM 0.48 cm s~ ‘ 1.15 cm s~ 2.75% cm s
0.0s | ° 0.20 0.18 . 0.15 -
A
0.10 - 0.34. " 0.29 | 0.24
0,15 '0.43 10.39 - 0.33
0.20 - 0.50 - . 0.46 ) 0.40
1 0.25 | 0.56 0.52 0. 46:
' 0.30 0.60 . 0.56 . 0.50
S\
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flow rate 51q2e has no considerable effect on the'degreé'of inhibition,

as shown in‘TzEE} VIA. With NADH, however, fherek

is a significant

decrease in the degree of inhibiﬁidn withﬂincreasing flow.rate and at .
any concentration of-tﬁe inibitér %dded {see Table ViB]. ‘This difference
of behaviour is again consistent with the fact that the?e is essentially
no diffusion control with variable ethanol, in contrast tp-substantial'

diffusion control with variable NAD. ConseQuently, the inhibition by ,

products depends' on the degree of diffusion control which in turn depends

on the flow rate.

Concluding Remarks

The quegoing results and discussion for the flow kinetics of YADH
attached to nylon‘tﬁbing have shown that when the NAD Eoncengrati;n is -
held constant and the ethanol éoncentfation varied, there is no appreciable
diffusion confrol, but that the cénverse conditions lead to substantial
diffusion control. It is important to note that the mechanisms involved.
with alcohol dehydrogenase in free solution are by no means clear, and
thé yeast and liver enzymes behave differently There is some . evidence
(134, 135 ,137) that with both yeast and 11ver enzymes there is an ordered
mechanism, the NAD addlng flrst and the product NADH leaving last.

Various investigations have shown that NAD and NADH occupy the same
binding sites (59,138-140), NADH being bound more tightly (56), a

Dunn (141) has concluded that under steady-state conditions the rate of
substrate turﬁover i§ limited by the rate with which NADH leaves. However,

.Silverstein and Boyer (142) for both the horse liver and the yeast

enzyme showed that a random mechanism is important, and for the yeast

v
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enzyme Dickinson and Monger (143).cdnc1uded that thefe is a partly random
mechanism for addition of NAD and alcohol and a comﬁﬁlsory 6rder of
pfoduct dissociation. Déad-end complexés (144) andxﬁbortive enzyme-
NADH-gicohol ternary complexes (142) haﬁe also been ﬁrqposed.'

Tﬂe situation is therefore complicated even f&f the free enzyme.
Our results are_mdﬁt saﬁisfactorily explained if under our experimental
conditions the mechanism is an oréered one, the NAD adding first and the
alcohel reacting with the enzyme-NAD comg}ex. .Thus, in our experiments

»

with NAD fixed at 2.0 mM or at 5.0 mM-and the alcohol concentration varied

the enzyme will be saturated &ith NAD and the process will invo}ve the
diffusion of alcohol to thg\gézyme-NAD_at the surface and the subsequent

' réaction. This diffusion can occur reaéily, ané there is no appreciable ~
diffusion cop;rol. When,.on the other hapd, thp alcchol concentration

is in excess of the Km,aﬁp the enzyme will not be saturated by alcohol;
the NAD will first have to diffuse to the surface and form an enzyme-NAD
complex, after which the alcohol must diffuse to the enzyme-NAD at the
surface and form the ternéfy complex. Diffusion is therefore much more

heavily involved, and the larger NAD molecules will diffuse more slowly;

the diffusion control is therefore understandable.
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/ " CHAPTER 4 A
TEMPERATURE EFFECTS WITH IMMOBILIZED YEAST ALCOHOL
DEHYDROGENASE IN FLOW SYSTEMS _
Introduction d

It is well knoﬁn‘thet‘the overall rate of an .enzyme-catalyzed
1

reaction passes throughaa maximum-as the temperature is increased. This
/- ) .E
is due to the fact that changing the temperature affects two independent

AT}
. e
&

lprocesses, tiz. the catalyzed reaction itself and the thermal inactiva-
tion of the enzyme., At sufflclently low temperatures the rate of

. 1nact1vat10n can be very slow so that this may have no appreciable effect
op the rate’of the catalyzed reaction. Thus, the overall rate w111
fncrease with rising temperature, as with ordinary chemital reactions.

On the other hand, Inactivation becomes more and hore important at

temperatures when the concentration of the active enzyme falls

*he course of the reaction, resulting in a decrgase in the overall

rate. .
Many enzymes are stabilized aga?nst.different types of inactivation
upon immobilization (73). This is sometimes true for thermal inaetivation,
and then the effect of temﬁerature on the catalyzed reaction itself can
be studied more conveniently and, perhaps, over a wi&er tempeféture
range. Tempegature studies on immobilized enzymes are very useful in a
" number of ways. For example, actitation energies for diffusieﬁ in,water

fall within a certain range of vaiues, and may differ from those for

the chemical interaction. An analysis of the temperature dependehce'

\

~

\ .
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under dlfferent conditions of concentratlon and flow rate can therefore

-

prov1de mechanistic information. These studies also “have a practital
. - . [ Y . -
bearing on the design of enzyme-reactors for varibus purposes.
Most studies with alcohol dehydrogenases have been performed at

single'temperatures, or else the temperature effects were limited to the

|
estlmatlon of thermodynamlc parameters such as the free energy changes

 (see 32). As mentioned above temperature studles can otherwise be

“diagnostic of some general feature of the mechanisms, especially in the

case of the immobilized enzyme since diffusional effects play an important

role in the overall mechanism (123). It therefore seemed desirable to

~

carry out such investigations.with'the'immobilized_yeast alcohol dehydro-
‘ N -

‘ genase in the tubular flow reactor. 'In the previous chapter, the flow

kinetics of the immebilized enzyme have been described at a single temp-
erature of 25.5°C. " This chapter discusses the kinetic results obtained
and analyzed at' temperatures ranging from 5 to 45°C. Similar studies
ﬁave previously'béen made . in this laboratory with immobilized eiectrie
eel acetylcholinesterase (145)‘and @ith immobilized lactate dehydrogenase

(146). Some of the results presenfed in this chapter have also been

published recently (147). : a

Theoretical. Considerations

Temperature dependence of an enzyme-catalyzed reaction is mani-

N fested in the various kinetic constants associated with a rate

expression. In, the simplest case of an enzyme in free solution with a

51ng1e substrate 5, the rate 1nvolves at least two kinetic constants,
»

# .
viz,, the cataly;rc rate constant k. which relates to the breakdown BET
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: : ' . . - | o . " T,
theenzyme-substrate complex into products, and the Mlchaells constant

- \’ &

K pertalnlng to the equ111br1um of the complex, the latter being a -

v -

composite of several rate constants.: Each of these kinetic constants «¢can -

'vary with temperature accord1ng to the Arrhenius equatlon as follows

E, /RT R
c c B o . R S (111

=
no.

o

4]

and

K =A e ™ S "".'(12)

where A and E terms are the. correSpondrng frequency factor and the actl-
Vatron eneréles, respectlvely The observed activation energy’ E w111

'erelate;to k .if [S]>>Ku: If however both constants vary srmultaneously

<

'bw1th temperature, espec1ally at low substrate concentratlons, the
:observed actlvatlon energy Wlll be E~+AE " In the case of 1mmob1112edv

enzymes, the. apparent Michaelis constants Km.app

' dlffu51on control so that thelr temperature dependepce w111 be d1fferent

L] R

Many treatments have‘bee reported~of-the k1net1cs of 1mmobilized

-

. vary with the extent. of -

enzymes taking into account tHe diffusional effects but 11tt1e has been

‘done for the temperature effecks in such systems. In the prev1ous
’ ehapter, the treatment of the Kobayashi-Laidler theory (70) have been i

outlined for the interpretation of the flow kinetics of yeast alcohol

s
oz

-dehydrogenase attached to%hylon tubing. This,theory can also be‘extehded.

to deal with the temperature effects, espec1a11y in some 11m1t1ng cases

(91). Thus, under the conditions of high substrate concentratlons and _

High flow rates, the Km app approaches K&,_and the rate is given by‘

Eqn. (5):
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lwhere k':is the inherent rate constant at the surface The temperature :

dependence of the rate therefore reflects only that of this chemlcal

.'rate constant and the actlvatlon energy will correspond to the breakdown L

of the enzyme-substrate complex. At the other extreme conditions, i.e.,

at low flow rates and low substrate concentrations, the rate is.-?iven by

A3

Eqni (7) -

v = 8. 06(n D 2L )1/°[S] o o (14)

which involves diffusion but not the enzyme-catalyzed reaction.. The

overall rate of the reaction now depends on- the flow rate, and the temp-

eratuge dependence is controlled entirely by that of the diffusion

-4

coefficient D. - This constant can also be expressed in terms of the

P

Arrenenius'equétion
- =Ep/RT Lo e
. D = AD e N . o - (15)

wheremAD—and ED are; the resPectlve frequency factor and activation

-
.a

cenergy’ Under]these circumstances, therefore, the observed activation

energy will be two-thirds that for the diffusion process.

=

Experlmental Procedure

* The materials and methods used for the present studles are’

essentially the same as those given in the previous two‘chapters. The

L £

; same enzyme-tubeﬁes that deserioed in‘Chdpter 2 was used throughout

the experiments, .and the kinepic procedure is to be found in Chapter 3,
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This involved pumping of therm?stattqd\substratq ;q}utipn through the
tubul%r reéctor which\was.kept in a temperature—céﬁtgbiled waterbath
having the same temperature as the substrate solution. Rates were

measured at five (ox, in some cases, four) temperatures rénging from

5 to 45°C, and at a variety'of flow rates and substrate confentyations,

all solutions being prépared in 0.1M phosphate buffer of pH 7.5.

Results and Discussion

Temperature Dependence of Overall Rates

The experimental data for the rates of reaction with excess NAD
' %

and excess ethanol, at different temperatures and flowlrates,_afe listed
in Tables VIIA-E and VIIIA-E, regpectively. Figure 14 shows typical
Arrhenius plots for NAD ih excess and at é single flow rate, with various
ethanol concentrations as indicated. Similar ploté for excess ethanol
and variable NAD concentration are shown in Figure‘ISJ‘ It can be noted
that in all the experiments the Arrhenius law was obeyed within experi-
‘ﬁental error; there weTe no changes in slope, such as were found with
immobilized acetylcholinesterasé (145) and which were attributed to
.changés in mééhanism.

Table kaéhbws the observed activation energies with excess NAD,
and those with excesé ethanol are given in Table X.‘ T@ése values were

calculated using the method of least squares (148,149), the errors being

estimated at the 90% confidence level. The activation energies listed

— \

L . i . B
are the apparent values, obtained directly from.the Arrhenius plots,

\
\ .
AN L
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Table VIIA. Rates of reaction (10° x M sul):qg various flow.rates

and ‘ethanol concentrations, with eéxcess [NAD]=5.0 mM and
at temperature 5°C. ’ ‘

Flow Rate ~ , | ~ Concentration of Ethanol (mM)

(em 71 | 10.0 | 2000 50.0
0.10 e 0.025 0.034 ‘ 0.046

§
) 0.50 . 0.063 0.089 0.126
‘ 1

1.00 0.071 0.110 - 0.170
2.00 0.100 0.141 0.120
3.30 0.117 0.170 0.251
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Table VIIB. Rates of reaction'(lo6 x M s_l)'at vérious flow rates and
ethanol concentrations, with excess [NAD]=5.0 mM.and at

' temperature 15°C.

Flow Rate | : Cpnceniratioh of Ethanol (mM)
(em s™h 3.0 5.0 10.0 20.0 50.0
i

0.10 0,026 | 0.032 0.043 0.062 0.087
0.50 0.062 | 0.083 0.112 0.157 0.229
1.00 0.076 |.0.097 0.132 0.193 0.305
2,00 ) 0.090 | 0.129 0.178 0.263 0.347
3.30 0.110 | 0.148 0.214° | 0.309 0.437




" Table VIIC.

Rates of reaction (106x M 571

ethanol concentratlons, with excess [NAD] 5.0 mM and at
- temperature 25,5°C.

\

., 98,

) at various flow rates and

Flow Rate Concentration of Ethanol (mM)

(em s™1) 3.0 5.0 10.0 20.0 50.0
0.10 0.041 0.051 0.071 0.100 < 0,150
OfSO- 0.110 0.145 | 0.193 0.285 ‘ 0.42?
1.00 0.138 0.186 ' 0,251 0.355 0.531
2.00 0.184 0,257 0.351 0.457 O.§53
3.30 - 0.219 0.292 0.389 0.537 0.794

—~—d



Table VIID. Rates of reaction (lOGx M shl) at various flow rates and

ethanol concentrations, with excess [NAD]=5.0 mM and at
temperature 35°C,

Flow Rate Concentration of Ethanol (mM)

(em s 3.0 5.0 10.0 20.0 . 50.0
0.10 0.063 0.079 0.105 0.145 0.209
0.50 0.188 0.240 0.285 0.447 0.676

; |
1.00 0.245 0. 305 0.380 0.562 0.851
2.00 0.295 0.389 0.531 0.794 1.023
3.30 0.395 0.457 0.562 0.871 1.259
1' .
5
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Table VIIE. Rates of reaction (106 x M s_l) at various flow rates -and

ethanol concentrations, with excess [NAD]=5.0 mM and at
temperature 45°C, B

N

Flow Rate Concentration of Ethanol (mM)

(em s~y 3.0 5.0 .10.0 20.0
0.10 0.105 0.132 0.174 0,257
.50 0.263 0.355 0.473 0.708
1.00 0.398 0.513 0.668 0.891

-y A
2.00 0.501 0.700 0.891 1,189
3.30 0.603 0.794 1.000 1,413
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Figure 14. Arrhenius plots for the rate of product formation at a
flow rate = 0.50 em s™1, with excess [NAD]=5.0 mM and at
the ethanol concentrations as indicated.
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Arrhenlus plots forhthi rate of product: formatlon ‘at a
flow rate = 0,50 cm"s¥*, with excess [CZHSOH] =500 mM and

at the NAD concentratlons as. 1nd1cated
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without multiplication by the 3Y2 factor (see Eqn. (14)). The net -
. - Coer \ - _ ’ b '

result of.the consideration of, the errors-leads to the conclusion that

e

these are mbstly less than *10% or at worst wi;hin_iz'kcdl mol'l;of.tﬁe

appérent values in a few ‘¢ases where only four temperatures were used.

The res@lts in Table IX, for NAD at sétpfétiﬁg concentrations and

with ethanol concentrations varied, show very little dependence of the

activation energy on the ethanol concentration or on the flow rate.

 This result is consistent with the cohglusion of the previous chapter

‘that .the kinetics under these conditions are essentially diffusion free.

The activation energies, péfticularly at the higher concentrations of.
ethanol, therefore correspond to the chemical process occurr;hg at the
surface. Table IX also includes values extrapolated to 1/[S]=0 and
therefore corresponding to very high concéntrationg of ethanoi. Thus,
it appears that the activation.energy for the chemical processes'wheh
there is saturation by both sub;trates is about Q‘kcal molfl.

In contrast, the resﬁlts‘with,Saturating concentrations of
ethanol, listed in Table X, 5h0w a sxg?ificant variation af activation
énergy with flow rate and with‘coﬁcéntfﬁr%on of NAD. Increasing the
flow rate and the NAﬁ concentraﬁion, bo%ﬁ’prodﬁce an inérease in acti-
vgtion energy. This feéult is aiso gonéistent with the conclusions of
the preceding.chapter;'whiéh sﬁowed that there is substantialldiffgsion
control under,these';onditions; tﬁe extent of diffusion control being
reduced as the flow rate and the substrate concentration are increased.
The activation energies extrapolated to infinite concentrations and

flow rates should theérefore correspond to the diffusion-free value.



v .. ' d q, . .' -‘
. Table X shows, the values extrapolated to 1/[S]= 0. .These values also =~

increase with 1ncre351ng flow rate, and at the hlgher flow rates are

cohsistent,wfth~the 9 kcal mol_—'l obtained from the results in Table IX.

f

Both sets of results therefore suggest sth‘atQ the activation energy for -
the chemlcal 1nteract10n at the’ surface is about 9 kcal mol . ';' ’
éxtrapolatlon of the results in Table X to low NAD® concentratlon‘
and flow rate leads to an activation energy for the fully dlffu510n-
controlled Rrocess. The values extrapolated to [NAD] 0 are shown at the
top of the columns in ‘Table X. In accordance with expectations, thEse'
Tesults fall as the flow rate is'reduced, and suggest a value of about
2.8 keal mol"l for the apparent activation energy for complete dlfoSlOﬂ
control. This value rust be multiplied by 3/2, in the 11ght of Eqn (14},
to obtain the activation energy corresponding to the diffusion coeff1c1ent
This gives a value of 4.2 kcal mol l, which is very recasonable for diffu-
sion in water. | |
The results described above:are somewhat similar to those
obtained by Buchholz and Riith (150) for immobilized trypsin. These
workers .also found a significant drop in activation}energy {(from 9;5‘
to 4.5 kcal mol_lj with decreasing substrate concentration (from 30 to
0.1 mM), and concluded‘that the-decreese wes‘doc to ao'inerease in the
extent of. diffusion control. On the:basis ofla simplified model, it"
was suggested further that the apparent activation energy may be reduced

to half its diffusion-free ualge at high substrate concentratlons or

lessifthe actlvatlon energy for the M1chaells constants has a p051t1ve

value: For alcohol dehydrfm/ewree solution, Gierer (131) obtained



an actlvatlon energy of about 14 kcal mol -1

for V max s fhis is sbmewhat
-hlgher than the present value of about 9 kcal mol l_for théhimmobilized
',.enzyme. Glerer also found values of 3-8 kcal mdl -1 from thc temperaturc .1'
 -coeff1c1ent of the Mlchaells constant, these belng for association pro-
-cesses., Slmllar results have been obtalned from our data, but these were
‘not very rellable (to be discussed later) because of the changes in
' mechanism.w;;h;thange of substrate concéntrqpioﬁu
However, in the presént:gtudies as well as those of éucﬁholz and
Riith ClSO),‘the activation energy for the chemical process is substant-
-ially éreater than that for the diffusion process. In these systghs, it
‘is ﬁherefore easf to find conditions in which the processes ére:essentially
diffusion-free. These results show'an interesting contrast with those
'fér-léctate dehydrogenase attlached tg nylon tubing, studied by Daka and
Laidler (146). They obtained aﬁ activation energy for‘the chemical process
of about 1 keal mol_l, ﬁhich is very much less than that of about
‘5 kcal molﬁ1 for the'diffusion process. In this system, it was therefore
much easier to find conditioﬁs favouring diffusion control, and diffusion-
free behaviour was only found under the extreme conditions of high sub-
‘strate_cohcentration and of high flow rate. An important consequence of
the sitgation existing in the present work with the immobilized yeast
élcohol dehydrogﬁnase is that, beéause of the high dctivation energy for

the chemical process, the reactions are very much slower than found in

the system studied- by Daka and Laidler (122,146).
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Temperature Dependence of Michaelis Parameters

The Michaelis parameters (K and V__ ) for the data with
_ m, app - max

exéess NAD and ethangl{in Tables VIIA-~E and VIIIA-E were obtained from
Lineweaver-Bufk plots, and these are summarized in TabIes-XfA-B én;
XIIA—B; respectively. It is to be noted.that these ploté were nonllgnear,
partlcularly for variabile ethanol, a typical exampie being shown in Figure
16. Similar behaviour was noted in Chapter for'bqth the substrates,
and it was suggested that this might be due to a chaﬁge in the degree of "
dlffu51on control Such an explanatlon would seem to be more reasonable
for varlable NAD when there is substantial diffusion cont;ol, in contrast
to appreciably no diffusion con;rol with va;iéble ethanol. Howevér, the
Michaelis ﬁgrameters were evaluated from the'linear portions of the
Lineweaver-Burk plots at lower concentrations with variable NAD, while
the results from Eoth low (SLIO mM) and high (10-50 mM)_concentration
ranges of ethanol are listed. |
With ethanol as the variable substrate, Tables XIA-B sﬁow two
different sets of Michaelis parameters resulting from the non-linear
kinetics. X§milar behaviour was observed with native human- liver alcohol
dehydrogenase, and Dubied et al (151) discussed several possible mechan-
isms to interpret the appafrent kinetic constants. One possibility is a
réndqm mechanism in which rapid binding steps are not aésumed; but where
the free enzyme can first bind eiégz;\aﬁffnol or NAD, This was rulea out

on the basis of the fact that the non-linear kinetics was obtained with

saturating concentrations of NAD, and so also in the present work, which
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Figure 16. LineWeave.r-Bﬁrk plots with excess [NAD]=5.0 mM, at different
' flow rates.as indicated, pH 7.5 and temperature 25.5°C.
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;‘would effectrvely glve rlse ‘to a compulsory ordered mechanlsm by forc1ng

:the blndlng of NAD to the free enzyme.- Alternatlvely, a random mechanlsm;

‘W1th an enzyme NAD alcohol complex that dlssoc1ates more rapldly than thei:

enzyme NADH—alcohol comp&ex was con51dered ‘but . then 1nh1b1t10n by hlgher

:-'concentratlons of ethanol whlch has obv1ously not been found in the
'.,present system, .was not explarned Secondly,‘the enzyme may contain

,multlple forms~d1ffer1ng in klnetlc characterlstlcs 50 that the observed

.

"act1v1t1es would be the sum-of the 1nd1v1dua1 ones. Finally, the enzyme

may Exhlblt cooperat1v1ty in that the blndlng of the frrst molecule of

N i

ethanol changes the afflnlty for the second or the subsequent molecules

“of the substrate. o . . ‘_ ) ) ' - . h‘

In the case of yeast alcohol dehydrogenase neither the non-llnear
klnetlcs nor any of the ab0ve p0551b111t1es have S0 far been reported

We haye used a crystalllzed and lyophlllzed enzyme whlch is homogene0us

":at least chromatographlcally and electrophoretlcally, but mlcroheterogen-

.elty of the enzyme active- site may result from any modlflcatlon due to '

the 1mmob111zat10n. The results 1n Table XIA B show that both R -x_and-
Km app values dfffer in the 11m1t of hlgh andklow concentratlon ranges f“
of ethanol with saturatlng concentratrons o£ NAD ThlS 1nd1cates that

dlfferent dlssoc1atlon ‘rate, constants are 1nvolved in the product forma—-

tion (152) Drfferences due _to 1ntr1nsrc act1V1ty would seem unllkely

as w111 be seen shortly, whereas the’ modlflcatlon of the catalytlc act1v1ty -

1

i3 p0551ble in a- number of ways. ‘At one extreme the enzyme may be

'attac;gﬁ to the support through the catalytlcally active groups -in which

N
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-case complete 1oss of act1V1ty would be observed Slmllarly; partlal
modlfacatlon may occur if the enzyme .is immobilized through the actlve
group of one subunlt while the others are free, or via dlfferent groups S
‘away from the actlve -site but which can influence the catalytlc rate

e

constant. This means necessarlly that two different forms of enzyme are
;present in the 1mm0b1112ed system thuaylmplylng m1croheterogene1ty The
effect would be particularly reflected at high substrate concentratlons
when all the enzyme molecules may be.1nvolved in the catalysis., It is,
however, dlfflcult to conclude unequlvocally whlch of-the above possibil-
ities are predomlnant and ‘therefore the explanatlon of the non-linear
,klnetlcs w1th ethanol as the variable substrate remains to be eluC1dated
{more clearly

It can be seen from Tables XIA and XIIA that, in all-cases, the
apparent V ax Vvalues increase w1th 1ncre351ng flow rate and w1th 1ncrea51ng‘
températUre; ThlS is reasonable since the extent of dlffu51on conttol ‘
decreases under these condltlons, and the rate therefore approaches the :
diffusion-free values, The temperature dependence of the V ax:showed
generally linear Arrhenius plots and gave’ actlvatlon energles of B- 11 Lcal
: mol_l W1th varlable NAD and of 7-10 . kcal mol l with varlable ethanol |
These values are'within i2 kcal mol -1 of the actlvatlon eneréy of about
9 kcal mol‘—1 as deduced earllor for the chemlcal interaction at the surface:_
and therefore are in reasonable agreement in view of the accuracy of ‘the |
extrapolation procedure in obtaining the Vméx values. .The-act1vat10n~

energies together with the linearity of the Arrhenius plots for béth

Vmax and the overall rates (discussed before).auggest that the maximum
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steady%state velocity, as have been measured“in our experimente, is
controiled'by a single rate.constantFWhich 1n\accordance with the con-
c1u51ons of the previous chapter, is due to the dissotiation of the
product NADH from the ternary complex

~ The temperature dependence of apparent Michaelis constants 1nd1-

v
cated a compllcated behaviour. " In the case of varlable NAD Table XIIB
shows that the values increase generally with increasing temperature,
but these did not yleld linear Arrhenlus plots and gave somewhat unrellable
activation energies of 2 to S kcal mol -1 ThlS is due to the fact that
there is a change of mechanlsm with the change of substrate concentration
and also because Michaelis constants are composite of several rate_cons—
tants, each of which is a function of temperature. However, the values
. are, srmilar to those of 3-8 kecal mo1”! for the association constantsiim
obtained by'Gierer (131) with alcohol dehydrogenase in.free solution...
Besides, it is noteworthy that with the 1mmob1112ed enzyme the actlvatlon
.energles for the apparent Michaelis constants for NAD decreased generally
with 1ncreas;ng flow,rate, and a value of 2 kcal mo; -1 ‘was obtained at

~the high flow rate“of 3.30 mnsf; when diffusional effects are unimportant.

: -1
'Thls value is also con51stent w1th the activation energ1e£ of 1-3 kecal mol -

]

found for the apparent Michaelis constants for ethanol (in Table XIB)

for which there is n0‘drffu51on control at any of the flow rates employed.

-

‘_In'general actlvatlon energles for K may be p051t1ve or negative but
-1
_are expected to be small {145) and therefore a value. of 2 * 1 keal’ mol

for the dlffu51on—free Mlchaells constants-is quite Teasonable.

b
*
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Flnally, it may be noted that the apparent Mlchaells constants s,

for elther of the substrates do not show a regular decreasa with increasing
flow rate and at dlfferent temperatures, as would be expected on the .
basis of the Kobayashi- Laldler theory (70) This is not surprising tor
variable ethanol when dlffu51onal effects are insigniftcant In‘the case
of variable NAD however, "the apparent Mlchaells constants are functlons

J
of both flow rate and temperature, - The results are also subject‘to a

certain degreg of inaccufacy"because of the limitations in the extrapola-

tion procedure in deriving the Michaelis parameters from the non-linear
Lineweaver-Burk plots. Besides, there is the possibility that other

factors, such as the electrostatlc partitioning effects, as discussed -in

Chapter 3, may be 1nvolved with the substrate NAD so that the variation

of its Michaelis constants with temperature and/or flow rate becomes even

more unpredictable,

Conclusions
Extensive theoretical and experimental studies of the diffusional
behaviour of simple molecules have shown that diffusion-controlled

reactions occur at very high rates (153). A number of enzyme_gatalyzed

-reactlons have also been observed to be fast enough for the diffusion’

limit to apply (153-155). Immobilized enzymes behave'differently and
these have-been‘treated by the Kobayashi-laidler theory (70) for the

flow kinetics'of enzymes attached to the interior surface of tubes. This
theory has been extended to the temperature effects an_such systems;'and

has been applied to experimental results, notably by Daka and Laidler (146)
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who observed complete diffusion control with lactate dehydrogenase
_attached to nylon tubing., Our results are also consistent with the theory
and showed that there is only partial or substantial diffusion control
for NAD in contrast to no diffusion control for ethanol w1th yeast alcohol
dehydrogenase in 51m11ar systemsh

The actlvatlon energy for. complete diffusion control was obtained
by extrapolatlon to zero concentratlon of NAD and was found to be 4.2 del
mol_l. At hlgher conceptrations, the situation is compllcated by the
~simultaneous processes of dlfoSIOH and .chemical reactlon with a prepond-
erance of the latter for whlch an activation energy of about 9 kcal mol -1
was obtalned by extrapolatlon to 1nf1n1te concentrations of both sub-
strates, As a consequence, the reactions are slower than the diffﬁsion
process so that it is easier to find conditions in which there is no
diffusion control. It is also concluded .that flow rates have no 51gn1-
ficant effect on chemlcal processes, but the extent of dlffu51on control
- decreases with 1ncrea51ng flow rate as well as Wlth increasing substrate
concentratlon.

Temperature dependence of Michaelis parameters obtained from
Llneweaver Burk plots were also discussed. In general, the Lineweaver-
Burk plots. were non- linear, and with' ethanol as the variable substqate,
two different sets of results were obtained but these could net be .
explained conclusively. Activation energies for V ax Were similar to

the value of 9 kcai mdﬁ_ for the chem1ca1 1nterdct10n at the surfacc

showing that the same rate constant is involved in the product formatlon



-

from fhe_ternary complé*l; The apparent-Michaélis constants;ﬁid”nbﬁ
follow the Arrhénius:équatibn'and'gave somewhat unreliable ‘activation
energies of 2-8 kcal mpIT} which are similar to those obtained by Gierer

(131) for the'enzyme.in.free solution. The results with the Km app for
R . . . ]

NAD, however, decreased with increasing'flow;fate and showed an activation
energy of 2 kcal mol_l‘at'a‘high'flow rate when there'is no diffusion

control. This is-also consistent with the.activation energies of 1-3 kcal

mo:‘L"1 for the diffusion-free K values for ethanol.
. B bl . T
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CHAPTER 5 . | I € - ,<§’
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pH DEPENDENCE OF YADH KINETICS IN FREE SOLUTION AND
IN A TUBULAR FLOW REACTOR

Introduction

. The pH dependence of»the rate of an-enzymic reaction usually shows

'a bell-shaped profile as a result of activation and inactivation of the

enzyme by hydrogen iens'(89). A systematic study.of the effects of pH

on the rates and kinetic parameters of the reaction is very important for
-Aestabllshlng the mechanlsm which requlres a knowledge of the amino acid

‘re51dues 1nvolved Thls 1nf0rmat10n .can be obtained, at least partly,

from pH studles which enable one to -evaluate the. d1550c1at10n constants. of

certain 1onlzlng groups, at or near the actlve centre of the enzyme

‘ part1c1pat1ng dlrectly or 1nd1rectly in the cataly51s (128 156). All. the

participating groups are not, however, necessarily revealed by ths pH

‘dependence of the k+net1cs, and only those groups are implicated whose

‘change in. state of 1onlzat10n has some effect on the rate of reaction.

These are the grbups'whlch_lonize in the initial state and whose ioniza-

tion affecté‘the'ease of formation of the activated state (157). It is

’ fto be noted that W1th an 1mmob111zed enzyme, the results of the pH

:dependence are, in general different from those~1n free solutlon because

!

of mlcroenV1ronmental effects arlslng from electr05tat1c partitioning
and dlffu510na1 effects {89, 91)

A number of workers reported the pH-dependent kinetics of alcohol

dehydrogenase -‘catalyzed reactions in free solution, but there is no

general, agreement about.the nature and ‘identity of the ionizing groups

. .
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involved in the catalysis. This i's p0551b1y because the enzymes and the

. «

'experlmental cond1t10ns used were not 1dent1¢a1 so that the results

cannot be ratlonallzed on a;common ba51s  An advantage of worklng with

J‘

-an 1mmob1112ed enzyme is that the “same preparat1on can be used repeatedly

_in stat1c systems, in order to compare the results. w1th those found in

in a serles of klnetlc experlments. This is convenlently done when an
enzyme:tube is used. TFew k1net1c 1nvest1gatlons "of "the - 1mmob1112ed YADH
haue been made, except those by ourselves (123 147) on the £low k1net1cs
and temperature effects with the ‘enzyme attached to nylon tubing. These o
have been descrlbed in the prev1ous chapters, ‘and the present chapter
1llustrates further studles with the 1mmob1112ed enzyme, on the pH- depend-
ence at various substrate concentratlons and at a temperature of 25 s° C
Studies have also been carrled out w1th the enzyme in free solutlon and

the tubular reactor S0 as to be able to dlStlngU1Sh the effects of. immobil-

1zat10n and of flow.

Theoretical Princfﬁles

~

Varlous workers have presented the theory of pH effect 1n enzyme
kinetlcs, and have dealt partlcularly with one-substrate reactlons in

free solution. A complete kinetic analys1s of the pH ‘effects on enzymlc

-reactlons 1nvolv1ng two substrates is too cumbersome, and therefore a

very high concentratlon of one of the substrates has often been used to
permlt interpretation on the basis of equations describing a single-
substrate system. Under this condition, the c1a551cal Michaelis- Menten

equatlon holds (as shown in Chapter 3) and the pH dependence of the
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' kinetics is reflec?bdtgn:the‘overall rete as well as in{the kinetic
‘parameters viz., the V ax’ K ”and V /K values Kaplan and Laidler
(158) developed equatlons showlng the pH dependence of the Mnchaells
parameters in a form which dlStngUlSheS between essent1al and non- essent1al
1on121ng groups The pH dependence of the overall rates was dlscussed by
Krupka and Laidler (159) in’ terms of the nature of monlzatlons of the free il
enzyme and’ the enzyme- substrate complexes taking into account the various
p0551b1e rate determlnlng steps. It was shown that- the acldlc\und baslc
51de of the pH optimum correspond to the dlssoc13t10n of the basic and
ac1d1c groups reSpectlvely "In a recent revrew Tipton and Dlxon {156)
con51dered the effects of pH both as a kinetic parameter and also as a

~

way to 1dent1fy -specific 1dn121ng groups The ioniz atlon con

obtained from the pH-activity profiles'or_by utili;ing the’

ead y—ls tate
kinetic paraﬁeters. . o o : . S
‘ Ionizet;on constants in enzyme systems are usuallp obtained graph-
ically from plots of the comnOn logarithms of the kinetic parameters
agalnst pH, generally knowu as Dlxon plots (160). Accordlng to’ thls
method the values of pK are found from the 1ntersectlons of tangent |
lines. From theoretical con51deratlons, it can be shown that the ioniz-
ation constants obtained from kC/Km or Vmax/Km correspond to the free
. enzyme, while those from k or Vmax correspond to the enzyme-substrate
complex. Similar results can be obtained from plots of me against pH;
these show many patterns of behaV1our 51nce K has, in general, a more

complex dependence than either k. or kc/Km. Nevertheless, the pH profile

of me is often found to be less complex than the profiles of either
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loé10 k. or leglo(kc/Km), since the ﬁKm plot is‘the difference between

the latter two plots. However, these plots are reliable only when_the
ioriiations of the dissociating groups are well separated by.several units
of pH. 1In sucg cases, falrly reliabie estlmates of the pKs may also be
obtalned by plottlng the klnetlc parameter 1tself against pH and nptlng
the' pHs at-which it has half its_maximum value. If tee icnizations are
not well separated, the dissociation constants can be obtained by the
method of Alberty and Massey (161). This method is based on the deriyat‘ioﬁ
that the hydrogen ion cohcentration at the maximum'activity is simply the
geometric mean of the two dissociation constants, the latter values being
obtained from ‘the pHs at which a kinetic parameter has half its maximum

value.

r

The same general princiﬁles as above are expected to apply to

-

immobilized enzymes, but since these behave differently from those in

free solutlon " the results may not be the same.” Laidler and Bunting (91)-

-

1

'pointed out that, the partitioning of hydrogen ions between the solution

and the immobilized enzyme ‘microenvironment can very much influence the
pH dependence of rate. This is particularly important if the eﬁzyme-
Catalyzed reaction produces. or consumes protons. When acid is belng

produced the pH in the vicinity of the enzyme active-site will be less

- than thatjln the bulk solution so that the pH profile will be shifted

towards the right; .the converse conditions will lead to'a shift of appar-

: | ¥
ent pH optimum to a lower value. Hence, the dissociation constants

obtained for the specific ionizing groups will be appreciably different.
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This is even more possible if the immobilizing support contains charged

~

groups. In such cases, the pH- act1v1ty profile of bound enzymes has been
thoroughly.investigated both from the experimentel and theoretical points
_of vieo,;and it oas been.noted by'éngasser and Horvath (89) that the
general-shepe of the pH profile of the bound enzyme is fiot affected but
that it is shifted towards higher or lower pH vaiues depending on whether
the mattpx_is negotively or poéitively charged. -Thus, the dissociation
constant of an essential aC1d1c group in the actlve centre of the enzyme -
'can be decreased due to mutual electrostatlc 1nteract10n with a negatlvely
charged group on the support and vice-versa (91).° The pH dependence
with immobilized enzymes has also been found to be affected by diffusional
limitations for the protons, and in such cases, unusual pH profiles can

be observed eSpec1ally if the buffer concentrations are not high enough

to facilitate the transport of protons (89,162). - All these factors must

therefore be taken into consideration in the interpretation of results from

the pH dependence with immobilized enzymes.

Experimental Procedure

Kinetic experiments for the reaction between ethanol and NAD were

.

carried out under two liﬁ;;zﬁﬁfgogaltlons with the concentration of each
‘substrate in excess and the other one varied..  All measurements were made
both in free solution (statlc system) and also with a tubular flow

reactor of 1 m in length, at 25.5;0.1 C and over a pH range of 6.5 to 10.0.

The buffers used were 0. 1 M NaH PO4 -Na HPO and 0.1 M Na,HPO Na PO,, -

4 2774 4
‘conta1n1ng 1.0 mM EDTA and 0.1 mM B- -mercaptoethanol.

N

~

-
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The ‘kinetic proceduresfor the rate measurements w1th the tubular

reactor is essentlally the same as desorlbed in Chapter 3, and agaln the

Ay
4

same ‘enzyme-tube was used throughout: the experlments The enzyme-tubeg

. ,
and- the solutlons prior to enterlng the reactor were thermostatted in a

'waterbath ~The product was delivered to a flow cell connected to one end

of the reactor by means of tygon tubing, whlle the substrate solution

entered the other end ‘with the help of a LKB Varloperpex II perlstaltlc

pump. The reaction was followed by determlnlng NADH absorbance at 340 nm - -

in a Pye Unicam SP 1800 WV Spectrophotometer -and the rates under steady~

state condltlons were calculated‘u51ng the absorptron coeff1c1ent of

-

6.22 m"tem ™t (130). C ' o

In_the case of free solution experiments, initial rates were

. measured in static systems.. Each kinetic run was initiated by-the addition -.

of lq'ul'of the enzyme solution (1 mg/ml buffer) to a thermostatted cuvette,
contaiding 2.5 ml of the substrate solution at the seme.pH. "Before the
start of a particular Tun, the reaction and the reference cuvettes (1‘cm
path ‘length), beth contarnlng the same concentratlon of the substrate )
solutions in 0.1 M phosphate buffers of the desired pH, were kept .inside

the spectrophotometer for sufficient time to allow the system to .attain
c)

the temperature equilibrium, after which the reaction was 1n1t1ated by '

the enzyme. The ohserVed injitial velocrty was obtained from the slope of
a continuous trace recorded by the spectrophotometer The full. scale of
the recorder was varied from 0.2 to'2.0 absorbance ranges in order to.

obtaln a trace with a slope as close to 45° as p0551ble in dlfferent runs.
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It can be noted that the traces of absorbanee vs time were usually linear .

for the first few minutes so ccurate initial rates were obtained.
. ' r

Analysis of Data: betermination of Tonizatjon Constants
The'ionlzation constants for catalytically important groups.were
evaluated from the Michaelis parameters, the 1atter being deriyed from
LineweavereBurk‘plots."The analysis'is based on.the fact that the pH
yariation‘of a kinetlc'parameter,y_often‘folloms an equation of therform

SN

- C(1A+'.[H+] Ifxb—‘_) ) | | 16)

;where C is a pH—lndependent constant, and K and Kb are the dlSSOClatlon
constants for ac1d1c and ‘basic groups, reSpectlvely, at the. active centre

"of the enzyme (128 156 163).‘ The kinetic parameter y can be K /V ;x,-ln'

: whlch case the dlssoc1at1on constants relate to the free enzyme. It can

‘also be l/V ax’ when the constants~are related to the enzyme substrate

-

' addltlon complex or some other 1ntermedlate The M;chaells constant K

1tse1f shows more complex behav1our which has been analyzed in terms of

-_Dlxon 5 plot (160), however this procedure .sometimes 1eads to dlfflculty
because of masklng of the dlsSOClatlon constants . We have therefore

carrled out the analyses of the data using K /V and l/V . In

ax
general, any graphlcal method such as the 1ogar1thm1c plots of the kinetic
parameters against pH'gives only approximate values for the dissociation
constants, and for more reliable estimates,.a statistical treatment is

-

necessary.
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Stat15t1ca1 analyses of the pH dggendence of k1net1c parameters s
"have prev1ously been made by Nllklnson (164) Hlnberg (157) and by Hlnberg
\ -f . and Laldler (165) The present treatment also based on the method of

|

\\ .least squares, is somewhat 51mp1er The deV1at10n D of the experlmental
value Y “of the parameter y from the value calculated by u51ng Eqn (16)

is given by

CK, C[H]i

) Di_= y. -~ C -

S0 that, o | S \l:. <.7jp’%iu. ii_:‘[

C o n n CKa C[H]lz ) .
. £ D= % (y. -C - - ) e L e T (18)
- i=] 1 R i

‘In order to satlsfy the least- squares crlterlon for the best f1t ‘that
the sum of the shuares of the dev1at10ns be m1n1mlzed Eqn (18)-can-be:
set equal to zero, and e,partlal der1vat1ve ef thls-WJth,respect_to-Ké'
can be written as
~n . o
9 121 Dy c - c[HJ e
S S i o -E PSR s W 3 =0 (19)
N LA A i

b

Similarly, after partial differentiation with tesbect'to KB, we have -

= _ . o

n . . :“.‘ ‘.

? -§1 i n C[HJ ek, ocEl

——=—=2 I -C- - =0 20y
oKy i i=1 = K2 905 I LS PR ).=0 (20)

' ‘.\A P ’ | E b b |

™ solving Eqns. (19) and (20) therefore yields
= q

[

%

\H.:' 3?.5 g ~‘lﬁ3;Tf ff;ff-_f_:lg*fi-:ff L : -j? 0 ft;,fﬁp '41132._' 2

1-(17).

R
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where n is the number of data points., Equatlon (21) shows a relatlonshlp

between K and Kb, and partlal d1fferent1at10n of Eqn (17) w1th reSpect‘f

to C gtvee_‘
. . | g N
z - € ?.CEHJi-- Cﬁd Ie! +.§§]‘;*'[§]if*= 0 r e,
R LR R

Substltutlon of the values of C and K {or Kb) from Eqﬂ"‘(Zl) into Eqn. (22)
-glves a quadratlc in K (or K ) after re- arrangementg and thlS can be
'solved for K (or K ), the two dlsSOC1at10n constants are thus obtalned

A computer programme in FORTRAN Iv language ‘'was used’ ‘to perform the lengthy

Ko

_calculatlons (see Appendlx)
The approx1mate 100(1 Q)% confldence contours, as descrlbed by !
':fl;;’d;d/'nraper and Smlth (166}, were determlned by f1nd1ng the values (K s b)

which satisfy the equatlon

o n n RPN
\/;gl gL Kb) Tty M) g Feonp - N

Here, E;,and Kg,are the dissociation constants obtained by the least-
-equares treatment, the parameter p is the number of variables, which is 2

. in the present case, and C is the value corresponding to the least-square .

.‘ >




: sets of measurements were made at flow rates of 0.30 cm s_ and 0.90 cm s

PR o Lo P 7T

3E';and ?5 values Standard statlstlcal tables glve the necessary infor-

matlon about the F d15tr1but1on The rlght hand 51de of Eqn (23) 15

therefore known whlle the left hand—51de is given by Eqn. ( 8) into whlch |
the value of C has 2,?“ substltuted Equatlon (23) thergfore ylelds an
expre551on 1nvolv1ng only the two unknowns K and Kb’ and this can be

- Te- arranged to give a quadratic equation in elther K or Kb. From the

least squares estimates of k , the qua&ratlc then yields the’ two 11m1t1ng

A valyes of Kb’ and viceé-versa. N

- -

The analy51s is simpler. when, as with excess NAD and varlable
ethanol in the enzyme tube ‘there is no ‘fall- off of rate at high pH In

that case, _K 0 and Eqn (16) reduces to a 11near form a simple 1east~

- squares treatment can then be applled

| Resultsgfor:the nH-Dependence of YADH Kinetics

: Flgures 17(a) and (b) show: plots agalnst pH of initial rates at
dlfferent substrate concentratlons for the enzyme in free SOlUthH
Flg 17(a) glves the results w1th ethanol at 300 mM, and Fig. 17(b) with
excess NAD at 5, 0 mM In the case of the immobilized enzyme, two different
-1
with the saturating cdnCentration of ethanol,.and.with the NAD'concentra—
tion varying from 0.10 to 1.00 mM forﬁthe nH rangelof 6.5 to 10.0, xAnother

set of experiments was done at the flow rate of 0.90 cm s"1 w1th excess

" NAD, the alcohol concentratlon being varled from - 5.0 to 50 mM and over the

'same"pH range. The pH activity profiles for the apparent rates with the

immobilized enzyme are shown in Figs. 18(a) and (b). Figure 18(a3) is for

LY

et e e



Figure 17.:

Ed
.o
A
At - . .
o e * .
= :
e #
e .
. § -
. .
* -
-
-
o
N
»
-
-
N
N -
*
-
.
Y v
L]
r
.
'
-
I
-
‘.
[N
-
. = J
i
«
-
-
o
Y

pti-dependence of initial rates at 25.5?C'and different
substrate concentrations as indicated, for yeast alcohol
dehydrogenase in free solution with (a) excess ethanol at

500 mM and (b) excess NAD at 5.0 mM.
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Figure 18.

\

pH-dependence of apparent rates at 25.5°C and different

substrate concentrations as indicated, for YADH attached :
to nylon tubing and at a flow rate of 0.90 cm s~ ,.With

(a) excess ethanol at 500 mM and (b) excess NAD at 5.0 mM.
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the higher flow rate with excess etﬁanel,’éﬁd,Fig. 18(b) is for excess

bt
NAD. " .
The Michaelis parameters are listed ip Tables XIIT and XIV for the
data with the enzyme in free‘solutioﬁ'and.Wi?“ the immobilized enzyme,

respectively. - These values were obtained from Lineweaver-Burk plots, a
S - : .

~typical example being shown in Fig.. 19 for the immobilized enzyme in the’

tubular reacter, at'erflew rate of 0.30 cm s'1 and at varioue pH values as
indicated. , All these plots for the enzyme both in free solution and in
the tubular flow reactor were llnear over the ten-fold concentratlon range
of 0.10-1.00 mM NAD?when ethanol was held in excess at 500 mM, and with
variable erhenol in the raﬁge qf35¢50 mM when‘the sefurating-concentration
of NAD wasrs.0§mh _The‘Micgaelié parameters noted,ere the average values
baeed on therdata for eevera} runs covering the range of eubstrate
concentrations;

The Mlchaells parameters were used to obtain the 1onlzat10n constants
of catalytlcally 1mportant groups.. Approxrmate velues of the 1onlzat10n
constants were f1rst obtalned by graph1cal methods viz., from the pHs at

half maxlmal values of the rates and Michaelis parameters, or from the

'fk Dlxon plot of the common logarlthms of the Michaelis. parameters against

1

o pHQ‘ in all cases, two different 1on121ng groups were 1mp11cated except

for the 1mmob1112ed enzyme ‘with excess NAD and at a.flow rate of 0.90 cm s~

~

More’ accurate and rellable values of the dissociation constants were,

'.hoWever,fdeferminéd by computerized curve-fitting involving the statistical

least-sqﬁares treatment already described, and these Tesults are summarized

in'Table'XV for differeqt conditions. The pK values are the negative
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\ Table XIII. Michaelis parémeters:with yeast alcohol dehydrogenase in
free solution, at various pH and temperature 25.5°C.

. . &

+ |

pH Excess [C2H50H]=500 mM . Excess [NAD]=5f0an

| 106vmax/M st Km(NADJ/uM = 1°6Vmax/M 571 X (C,HLOH) /mit

6.5 ' %.11 269 | 3.60 $23.0
o700 6.53 | | 28 | 6.11 ‘7; 22.3

7.5 7.57 j ‘\ 234 D 6.34 19.4

8.0 | 6.56 5¢' 255 ‘ .6;f9 | 19.1

8.5 .41 1 207 \ 6.40 C 7.3

9.0 3,19 , 220. 5.53 25,2

9.5 112 | 104 3.36 25.2
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~ Figure 19. Lineweaver-Burk plots for the data with YADH attached to

C nylon tubing, at a flow rate of 0.30 cm s-1 and temperature
25.5°C, with excess ethanol at 500 mM and at various pH as
indicated. . ‘
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logarithms of thefrespective dissociation constants, and aré those for
the enzyme 1tse1f in presence of saturatlng concentratlons of elther of

. the substrates, whlch are referred to as pKE, and for the ternary complex

y
_ of the,enzyme with‘both substrates, as indicated by pK S. These are
rounded-off at the first place after the decimal point and the average » .

values of the 95% confldence 1nterva1 limits are noted.

Discussion of'Résults for the Enzyme in Free'Solution

'NyzfgﬁiActivity Profiles’
4

Flgure 17 shows clearly that the rate passes throughz{t;ximum at

each of the varlous'substrate concentratlons whether NAD or. ethanol is

held in excess with the enzyme 1n free solution. This glves a pH optimum

of 7.5 with varlable NAD and of 8 0 Wlth variable ethanol. A broad opti- \
mum over the pH range of 8.4 to 9 5 was reported by Wenger and Bernofsky

[52) for commerc1a1 yeast alcohol dehydrogenase whereas Wallenfels and -'_a\\\
.Sund (167) obtained a value of 8 6 for crystalline YADH The difference

can be ascrlbed to the purlty of the enzymes{:and our results suggest
further that the experimental.condftions are also important in determining
the pH optimum. e i

For a particular enzyne, the*difference in pH-activity profiles

and in pH optimum can arise from.a numberfoflcanses, as discussed earlier
in this'chapter and also inlChapter 1. In.the case of the enzyme in
free solution, therehfs no partitioning'or diffusional effect and ther

slightly hlgher pH optlmum of 8.0 found with excess NAD compared to that

of 7.5 Wlth excess ethanol may be due to m1croenv1ronmental effects

¥
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‘ resu1t1ng from electrostatlc 1nteract10n, for example wrth a“negatlvely

-

‘where A is the first and B is the second substrate.

-

charged group in ox- near the enzyme actlve site 1tse1f This will : glve

' rlse to d1f£erence§ 1n the dlssoc1at10n constants of catalytlcalhy 1mport4

ant groups, and may also result. from the compulsory order of . substrate
‘ .

blndlng, as will be dlscussed 1ater

-— A

pH-Dependence of Michdelis Parameters o Y
. vl - o ‘ , SR
' It is important to note that the kinetic mechanism of the action of_

alcohol dehydrogenases is in general random, but becomes ordered when the

enzyme is saturated w.1th elther of. the substr/a}«es.._‘lig\

dehydrogenase in free solutlon Kllnman (168) showed that* the mechanlsm

¥

east alcohol

1nvolves a ternary-complex, and therefore thedreaction can be represented

as, - L -~
I N kg k . :
E+A == EA é -EAB —3—> products (24)
) . .l:'k ' '
k.4 k.
CE 2 ,
' ¢

Klinman (168)

i

also concluded from various lines of evidence that under saturating

conditions the rate dontrolling step is the breakdown of the ternary

gﬁﬁplex EAB

thg‘substrates when the other was varied was su£f1'

In our experlments, the f1xed concen jaihon of either of

ently hlgh to maintain
saturatlon at aIl pH Jalues and the above conclusions also apply
The rate expression for the scheme (24) cah be derived and the

kinetic parameters can be utilized to obtain binding and dissociation

* . rate constants. The second-order rate constant k, for the ‘binding of the
Lo, ’
L :
o g ‘ ' " AN v
Y ' -
i . ! - -
, - - » . ‘ - o S .
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T '-enzyme and the flrst substrate can be determlnedlfrom the observed V ax '?:{TT s
';ai' and K. values, the latter belng referred to as the Mlchaells constant T
:_; Coe _ " for the flrst substrate wlth respect to the 1nf1n1te1y hlgh concentratlon
| of the second one. For compulsory ordered klnBthS, Suhadolnlk and Lennon
(169) noted that V /K IS,‘ln fact ‘an estlmate of the blndlng constant
.k of the enzyme reaction with NAD while V ) 1tse1f reflects the dlSSOCl-
a&ign rate constant k . The Mlchaells constant K for the flrSt substrate
" is expressed by the ratio (k_ 1t kJ)/k1 Wthh reduces to the. dlssoclatlon '
\'- ' ‘constant k. /kl, prov1ded\k, is rate- 11m1t1ng B
' | Table XIII shows con51derable degree of pH dependence of the |
‘Mlchaells paramcﬁers derlved from the experlmental data in free solution.
- In general both V ax and Kv'values are affected by pH, and therefore
hydrogen 1ons can be regarded 3s mlxed or non- competltiy"effectors of the
;enzyme (156) ‘For both ethanol and NAD 1n excess the V ax goes through
fa maximum at pH Values 7 5 and 8 0 respect1vely, while the M1chaells cons-
~ tant shows more complex behav1our espec1ally for those of NAD. Thiglis
_reasonable since the K values are functlons -of several rate constants,
each of which may be affected by pH. If, however, the rdtio. V ax/Km is\§=
considered then this,is also‘found to go through a maximum at similar pHs
as those,for the Vmax results, thus indicating that the binding as well as
the ddssociation rate constants kl and k3 are favoured approximately at

-

the same PH, particularly with excess ethanol.

v . lonization Constants of Catalytically Important Groups

" For the enzyme in free solution, it can be seen from Table XV that

the.pK and pr values are independent of whether NAD or,ethahol is in - . -~
‘ Ay, ' . , . _
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excess, whereas the pKE and pKES values are con51derably hlgher in the
presence of excess NAD. compared to those with excess ethanol. In general,
the pK of a group re5pon51ble for the enzymic act1V1ty with respect to one
substrate is expected to be perturbed as a result of the saturation by the
other The dissociation constants for a group in the free enzyme and in
the enzyme substrate complex, in the presence of a partlcular substrate in
excess, may also differ either because the binding of the second'substrate
Changes the dissociation of the relevant group, or because the constants
.refer to dlfferent ionizations This is understandable since it is not
necessary that the protonatlon or deprotonation of the same group that
1nyolves substrate b1nd1ng by the free enzyme will be responsible for the
-reaction of the enzyme-substrate compler once formed (156), However,
since pKB/but not pK s and pK but not prS, are altered it appears that
the order of substrate binding is partlcularly 1mportant

The mechanlsm of the YADH catalyzed reactlon is essentlally an
ordered one when one of the substrates is in large excess, but the order.
of substrate addition to form the ternary complex may be different. The
results in Chapters 3 and 4 as well as those of other"!’kers have shown -
_ that the substrate NAD is first added‘y/_the enzyme. AcCordlngly, if
thlS binding occurs through the protonated form of a ba51c (e g., amino)

.y
]

group, its dissociation constant will be decreased, this efﬁect would be
\ . .

more significant with excess NAD than with excess ethanol. Once the
enzyme-NAD addition complex is formed, the -effect of the'binding of

. }_’_)
ethanol on the dissociation of the acidic group (presumably a carboxyl

.

group) will be slmllar for excess NAD and excess ethanol as reflected in

<ir

L .
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almost identical pK values. This explalns why the ngs values are also

.the same since thé\addltlon of the second substrate, i.e., ethanol, is

. now 1nvolved in the formatlon of the ternary complex%-but not of NAD.which

is already attached to the enzyme through the basic group. As a result, f

however, the pK ES values are 51gn1f1cantly altered, the dlssbciatiqn being

favoured with excess ethanol and decreased with excess NAD since it is
[

p0551b1e that the deprotoag%éd form of the atidic group is required fof) .

the binding of ethanol. Similar arguments can’ be put forward for the

binding ‘of ethanol first with the enzyme in a way that pKE and pKES are

b
decreased, i.e., the éarrésponding dissociations are favoured, and that
the pKE and ngs.valués remain similar with either of the substrates in

excess., Therefofb, the results for the ionization constants of catalytically

important groups involved in the free solution kinetics are again con-

sistent with the fact that the mechanism is essentially'ordered, but which

of the substrates forms the binary complex first with the enzyme remains

-

uncertain. It is, however clear that two different ionizing groups, one

w1th a pK of 6. 6 7.0 and another of 8.5-9.1, are involved in the catalytlc

‘ L
process.

Discuésion of Results for the Immobilized Enzyme

. The Patterns of pH Behaviour

Two different kinds of pH behaviour were observed for the immobilized
enzyme, ds shown in Figure 18. With saturating ethanol and varigble NAD
concentrations,-when the rate also passes through a maximum and falls at

both high and low pH values, as in free solutions, the entire profile is



. \ \' . . .
shifted towards the rigﬁt showing a pH opfimum betweéﬁ_S.S and 9.0.°-0n"
tﬁe otherlhand, with satuta£ing conéentrations‘of‘NAb énd variabie“' ”
ethanolu"thére is no fall-off at High pH valué; ahdlthe pH gﬁﬁimum aprars
to.héve been shifted further upwards. This optimum cduid nét be éscertainedl‘
since the instability of the substrate NAD ét higher bH valués'(l70) did
not-allow rate measurements to'be carried out in ofder to estabiish any".
fall-off in the activity on the alkaline side of the maximum. However,
differences in pH optiﬁum\and‘in the pH—aékivity pfdfiles with the immobili-
zéd enzyme can result f£zem éledtrostatic, parfitioning and/or diffusional
effects. . ° : ¢

When the enzyme is immobilized, the presence of ¢harged groups'on
the subpprting matérial can produce marked and even more pronounced
changf§;in the pH—activity profiled compéreq to those for the enzyme in

- free solutions. ‘In the pre;ent‘systém, this is possible if all the
carboxyl,grohps releasedvin the‘partial hydrolysis of the ;ylon peptide

" bonds were not blocked by the reaction Qith‘benzidine (see Chapter 2).
However, the effect of electrdstatic:interaction with a negat%vely charged
group either in the‘support.or in the enzymé itself would resuilt in a
decrease in the apparent Michaelis constants, and the extrapolated K%

ayéiles at infini?e flow rates should correspond with the intrinsic values
in' free solution. The fesults obtained for_the'KE(NAD) were higher by
twd order; of magnitude {see Chapter 3) and fhérgfore suggested different
possibilities éggh_gi electrosfatic interaction with a positively charged

"group in the enzyme itself. This point will be returned to later, and for

the pH-éctivity profiles the diffusional effects, such as those;diépussed

in Chapters 3 and 4; must be considered. .

v . rd
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~with immobilized enzymes have been studied by Goldman et al. (171), who.,

\‘ - , 148,

The effect of dlffu51ona1 limitations is partlcularly indicated

.in the pH act1v1ty profiles of the 1mmob1112ed enzyme W1th excess NAD

(Fig. 18b)} which shows not only the shift but also some changes in shape

of the profile in that it flattens or rises‘continupusly,with iﬁtreasing

"pH. . The experimentally observed flattening of the pH profile has been

. conveniently explained by proton accumulation in the microenvironment of -
. . B .

the immobiliied'enzyme. For example, the kinetics of ester hydroly51s
postulated that proton accumilation is re5pon51b1e for profound changes éb
in catalytlc behav1our Similarly, Ngo and Laidler (145) observed a ‘con- .

tinous 1hcrease‘1n rate with increasing pH for acetylcholinesterase

immobilized in polyacrylamide gels, in contrast to the bel;-shaped behaﬁiout

- .

suggested that anomalies will

]

with the free enzyme.. Other workers\hls

arise as a result of local pH changes durikg substrate hydroly51s Our

‘ results w1th excess NAD and variable ethano found with the 1mmob1112ed

YADH are similar to these,wzth papaln in co'lodion (171,172} and with
membrane-bound acetylcholinesterdse-(145,173 .
Thé result§ obtained with excess etharpl and variable NAD show

thé ordinary bell-shaped profile (Fig. 18a) with the immobilized "YADH.

In terms Qf a theoretical model presenﬂed by Engasser and Horvath (162),

this represents the pH profile of the enzyme without diffusional limitations

and at a very low proton modulus, the latter characterizing the interplay

‘between the rates of proton generation and transport, therefore expressing

the relative importznce of diffusion resistances for the proton. The

L3

results in Chapters 3 and 4 have shown that the overall rate is partly

f T~
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dlffu51on controlled wrth respect (to NAD Engasser and Horvath (89, 162),
;however suggest that at the saturatlon rate, the d1ffu51on of the substrate'
h'has‘no effect on: the rate and that only the d1ffus1on of protons formed in
the- reactlon has to be con51dered Under these condltlons buffers may

also’ play a dynamlc role in actlng as carriers for the hydrogen 1ons thus
facllltatlng thelr transport The transport faC111tat1ng effect of a -

proton.acceptor suchfas a buffer manlfests 1tself in a reduction of the

dlffu51on re51stance for protons and ‘also by increasing the effectlve proton

-

transport coeff1c1ent by several orders of magnitude. ThlS ability of
-buffers to facilitate the molecular or convective d1ff051on of protons
arlses from thelr capacity for brndlng H* rever51bly The buffer-medlated
transport of H' to or from the catalytlc 51te can therefore attenuate the

degree of proton accumulatlon or depletion, thus causrng changes in the pH

behaV1our . N

In our experiments with excess ethanol and varlable NAD, it is
p0551b1e that' the proton transport is faC111tated to some extent by the
readlly avallable huffer anions so thaﬂ there is not much change of local
pH. The intrinsic bell-shaped profile, unaffected by the diffusional
resistance to the proton, is thus obtained. On the other hand, with excess NAD

at 5.0 mM and variable ethanol, the buffer- medlated proton transport is
relatively less important since the concentration of the buffer anions,
especially in the m1croenv1ronment of the enzyme activé- site, can be

{

51gn1f1cantly reduced ow1ng to the large excess: of the p051t1vely charged

substrate NWD, to affect the proton transport In other wprds, the very
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hlgh concentratlon of the p051t1vely charged NAD -makes the buffer” anions B

much less avallable for the transport o%-protons. As'a result H o

\

accumulates at the surface and the act1V1ty plateaus, 1nd1cat1ng that

~ w - -
W~

the surface-pH becomes 1ndependent of the bulk pH.’ ThlS is equ1valent to’
"saying that as the bxternal (bulk) pH-is raised, the increased - rate of
enzymic activity‘causes a decrease in the local pH which tends'to decrease
the observed rate thus leadlng to the flattenlng of tHe pH- act1V1ty curve.”
- A theoret1ca1 treatment by Ngo andealdler (145) for the data w1th
1mmob1112ed acetylchollnesterase has shown that there is a considerable
lowerlng of local pH as a-result of acid released in the hydrolysis. The\
ex1stence of 1ocal pH gradients of several units generated by an _enzyme-
catalyzed reaction was dlrectly demonstrated by Goldman and coworkers
(171). It is therefore ev1dent that the transport of the H' generated at
‘ the enzyme actlve-slte to the bulk medlum, and the role of the buffers in
a facihitating this transport, are’ﬁgry'important\Tﬁ‘detetmiping the pH-
activity behaviour of immobilized enaymes. This is particularly so with

-

although the local changeé of‘pH can be significant even with neutral

substrates and in the presence of buffeks. Hence, the. continuous increase

or fl@ttening of the pH-activity profile ith excess NAD and variable
ethanol, in contrast to the bell-shaped profile with variable NAD and
excess .ethanol, can be accounted for by the/diffusional resistances to

x

the protons generated in the reactio ell as‘by the lack of buffer-

mediated proton transport in the former case.

charged substrates which can alter the effective concentration of buffers,

-

-

F]
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pHQﬁepeﬁdence of Michaelis Paramefers -
The Mlchaells parameters for the 1mmob1112ed enzyme as shown in

Table XIV are remarkable It was concluded in Chapters 3 and 4 that the

®
degree of d1ffu51on control with varlable NAD is greatest at low substrate

o /. Jg"concentratlons and at low flow rates. Changes of pH w111 not have much

~effect on dlffu51on constants since it is the chem1cal reaction Wthh 1s
affected by pH but Jhot the diffusion process ‘It is therefore 51gn1f1cant
that at low flow rates' the k values are little affected by pH, 4$ indi-

cated by the Tesults at 0.30 cm s } flow rate and with excess ethanol.

NI

Under these conditions, hm values also represent k«llkl’ and there is
. relatively less-dependence on pH of.Vmax'which reflects the dissociation
rate constant k3. Thfhresults at higher flow rate, however,-show a

-2
stronger pH dependence. Between pH 8.5 and 9.0, the rates are at a maxi-

mum, but the Mlchaells constant passes through a minimum, because the

enzyme-substrate ternary complex decomposes most readily;into products.
In this case, there is very little or no diffusion control, and the
_ Michaelistconstant is no longer affected by the diffusion constant and

) "ﬂc:;;:j\\;f/jbpends significantly on the relative magnitudes of the différent rate

. : constants, particularly on the dissociation rate constant k3' It is also
| ( notable that at'pH between 8.5 and 9.0 the values Ofi;max/gm end hence
the binding constant k1 go througﬂ a maximum with excess ethanol at both
flow‘rates.
The results for the Michaelis parameters with veriable ethanel and

saturating concentxations of NAD are different from those discussed

above. The value of Vmax now increases and the Michaelis constant



‘decreases sfeadily with ihc:easing pH,_iP contrast to .the bebaﬁiour with v
varié?lé NAD ;né;éxcess eﬁhaﬁql. This.inaicates thétﬂwheﬁ_NAD is satur-
‘ating the enzyme, the binding of the substrate as well as the q;séociation

of the ternary éompiex in;o ﬁfoducts is favoured af more alkgline pH

values than those,require& with' excess ethanbl."As explained earlier, the

‘behaviour with excess NAD is due to-the slowness of proton transport and

'fhe lack of buffer-facilitated diffusion. It can be noted that with the

immopilized enzyme, the Rechanism alsc involves the formation of the
enzyme-substrate addition compléx and that the rate-controlling step is
the breakdown of the ternary CQPplex. Therefore, the same general principles

as those discussed for the pﬁ dependence of the Michaelis'pérameters with

-

the enzyme in free solution can also apply to the immobilized system.

Ionizatidﬂ Constants of Catalytically Important Groﬁps
v In.thé case of the immobilized énzyme,'the results.ig Tébf; XV,
also indiqate thét there are two ionizing oups that play a rélé in the

1‘rea§t{bn mechanism. At the’higher flow rate, the'dissociation constants

for fhe acidic. group were not obtainable for excess NAD siﬁcé there was

no fall-ofg in the raté' on the alkaline side of the pH maximum. The pK

of the basic group for the free enzyme varies from 7.1 with excess ethanol

to 6.9 with excess NAD, and-that of the basic group is 9.6 wlth excess.

ethaﬂol Both w1J% excess ethanol and excess NAD there appears to be a

small downward shift of the pr values, but an upward shift for the pKa

with excess éthanol, when the ternary compléx is formed. The pK value of

6.8 for the basic group of the enzyme-substrate ternary complex with
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".excess ethan only changes to 6.7 wit;\:icess NAD, both at the higher

flow rate. These differences a?e too small and afe within,experimentel
errors, but if significant they may be due to perturbation or saturation
by one or the other substrates. However, the results obtaineﬁ at the -
lower flowfrate.of 0.30 cm shl and with excess ethanol shee that the
d1550c1at10n constants for the groups in the free enzyme are not altered
from those in the -enzyme-substrate ternary complex. Hence, it is reasonable
that the same groeps are also involved at the higher flow rate. The lower
.pK of 6.8 for the ternary complex ce%pﬁ;ed to that of 7 1 for the free
enzyme in the presence of excess ethanol suggests that the dissgciation

has been favogred by the blndlng of the second substrate.

. M \ .
The difference in pK values for the acidic group is also not very

significant. Only in the case of excess ethanol is there a considerably
lower pk of 9.6 for the free enzyme at the . hlgher flow rate, compared to
9 9 at the lower-flow rate, with the 1mmob11;zed enzyme. The pK of th1s
group changes from 9.6 for the free enzyme to 9.8 for the ternary complex\
at the higher flow rate. If this change is significant, it can be under-
stood provided;%he group is involved in the binding of ethanoég?ince the
depretonated form tan Be.stabilized by interactien with the hydroxyl

éroup of ethanoi, which in turn can assist the release of a proton in the
reaction. This interaction will be mueh less important at the lower flow

\

rate, when diffusion control plays a sigﬁificant role. Therefore, the
N
ionization constants of the relevant groups are new unaffected as seen in

Table XV.



The ionization constants obtained for the acidic and basic groups

N
\

of the free enzyme in the presence of excess ethanol are $lightly differ-

‘ent @t the two flow rates. While the pK of the basic group increases

~from 6.9 to 7 1, that of the. ac1d1c group decreases from 9.9 to 9. ‘6, as

. -

-1

the flow-rate is increased from 0. aO em 5T to 0.90 cm s 1. Again, the

differences are quite small but ean possibly be explained by the fact that

Y .

as the rate approaches the diffusion-controlled limit the substrate binding

can no longer be in equilibrium, as demonstrated by Brant et al. (174) for
V

the rapid action of fumarate hydratase. Alternatively, Tipton and Dixon

(156) suggested that if the enzyme contains more than one active form the

mechanism will give two pK values for th? free enzyme and also two distorted:
values, .Iﬁe however, all fdfms of the enéyme combine with substrate to
the §ame extent, then .only the two distortedlyalués will be observed but
the shift wiil be symmetrical, with pK, lowered as much .as pr is raised.
Thus, the dissociation constants for the enzyme itself in the presence of *

' i ) s
excess ethanol and variable NAD with the immqbilized systeﬁ are also
consiétent witﬁ the extent of éiffusion control, as well as.with the
presence of microheterogeneity sf enzyme forms, the latter being sdggested
in Chapter 4 to explain the non-linear Lineweaver-Burk plots especially -
Wlth variable. ethanol (see F1g 16). For the preseél purpose,-howefbr,
?he dissociation constants for the acidiE and-basic groups in the immob-
ilized enzyme may be considered to remain the same under different

"

conditions.
Y
The results for the enzyme in free solution and those for the

. ) h N ‘ -
immobilized enzyme show notable difference. It is evident from Table XV

\ -
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"result of immobilization i

’ . . ’ ‘.‘:

[/Jjunrthe\pkg and pkis values are 51gn1f1cantly 1ncreased upon 1mmob1112a-_,
tlon.

The pKE and prS results for the 1mmob1112ed enzyme are more or less :

the same as for the enzyme in free SOlUthH partlcularly W1th excess NAD.

The dissociation of the basic group is therefore affected by 51m11ar

factors such as any electrostat1c 1nteract10n of the substrate NAD or 1ts -

compuléory binding with the enzyme prior to the blndlng of ethenol, as

dlscussed prev1ously e effect on the ac1d dlssoc1at10n constant ds a -

jcates that: there are some negat1Ve1y‘charged :

groups. in the supporting nyl structure " The’ presence of such charges in

the close prox1m1ty of the actlve site acidic group ‘¢an reRress the

dlssoc1at10n of the latter therely 1ncre351ng the pK .

'

The interaction between a negatlve charge in the gupport and an

“acidic group in the active site of the enzyme can oécur independently,

apd without affectlng the basic group, but we are faced agaln with the

problem that the Kt values for NAD (as obtained in Chapter 3) were much

r

higher than the 1ntr1n51c values of 5-10 uM obtalned by Theorell et al,

(132) with the liver enzyme in free solution. However, -it is well known

that the yeast 'and liver enzymes have different substrate specificities.
With YADH in free solutlon Wratten and Cleland (134) found a X (NAD)

value of 74 uM, and our results in Table XIIT give values of 200-300 uM

which are 51mllar to the K' values of 230-260 pM obtalned in Chapter 3.

It is therefore not difficult to rationalize the results for thezacid

dissociation constants of the immobilized enzyme in terms of electrostatic

N

1nteract10n with some negatively charged groups in the support Such

*

charges can exist if all the carboxyl groups released during the partial

>

¢
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ac1d hydroly51s of the nylon peptlde bonds are not blocked by ben21d1ne,
as dlscussed earller Thls could also’ produce a deleterlous effect -on

the stablllty of the 1mmob1112ed enzyme Preparation, but the introduction

- a

of ben21d1ne whlch serves as a's acer' revents any stron 1nteract10n
P P y

with the support S0 that the stablllty and hence activity are not greatly

7,,
reduced as shown in Flgure 7. o

~ B
%

Flnally, it is: also, p0551b1e that the presence of p051t1ve1y charged

13

groups elther 1n the support or in the actlve site itself can affect the“ﬁ;

dlssoc1at10n of the catalyt1cally 1mportant groups The existence of

_ whlle that in the actlve,51te of the enzyme would - result in changes in

dlssoc1at10n constants for both ac1d1c and ba51c groups, even 1n free

-solutlons This 1nteract10n is therefore of negllglble 1mportance and

the differences in pr and pk ‘with saturatlng concentratlons of either
substrate in free sd!htlon conflrm the compulsory ordered klnet1cs which,
1h view of the previous results, appears to be due to the blndlng of NAD
prior to e anol. However,. the nature of the 1on121ng groups Tremains

.

Speculatlve but it seemed reasonable that the protonated form of .a basic

-+

~amino group and of a deprotonated form of an ac1d1c carboxyllc group are

requ1red for the binding of NAD and ethanol respectlvely.

D —
P

Concluding Remarks -

-
v

It follows from the above‘results and oiscussion that a basic

group whose pK varles between 6.6 and 7.0 dye to saturation by or addition

~

of one or the other substrateﬁze/respon51ble for substrate binding as well
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#s for the sﬁbsequenf reaction of the eﬁzyme—substrate férnary compléx
into products in free.solﬁtioﬁ. In addltlon an essential acidic group
of pK varying from 8.5 to 9.1 has been 1mp11cated under 51m11%r condltlons
The pK of the basic group ranges from 6.7 to 7.1 and that of the acidic
group from 9.6 to 9 9 for the enzyme attached tp a nylon tube, the hlgher
values of the latter compared to tho;e in free solutlon belng due to the
presence of some negative charges in the 1mmob11121ng-support.h In the.
case of the immobilized enzyme, the effectlof buffer—facilitated proton
transport as well as of the substrate diffusion have been manifested in
the anomalous pH—act1v1ty profiles w1th excess NAD-and in Michaelis cons- !
tants for NAD with excess ethanol and at a low flow rate, respectively.

' Qur results for the ionizat;on constanfs are to be toﬁtrasted with
those of Klinman (175) who demonstrated the participation of a single
activefsite basic group of pK 8.25 functioning in acid-base catalysis of
a hydride transfer step. The effect of PH on the steady-statg kinetic
parameters for the YADH cat#lyzeﬁ reduction of aldehyde and oxidation of
alcohols was studied by‘ghis worker. He showed that different enzyme
forms, but consistent with the single active side chain regidue, are
responsible for the reactions in the opposite directions. This residue
wasnsuggested to be due to the participation of an acti&e-site amino acid
side chain, e.g., imidazole,pcysteine or lysine. More.recently, Klinman
. et al. (176) proposed the ionization of an active-site Zn—OHz, as revealed

from solvent isotope effects and also in view of the similarity of the

dissociation constant for zinc-bound water with a pK of 8.7 (177).
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. ‘ The oxldatlon of ethanol itself was studled by Wenger and Bernofsky

(52) and was found L to result in a four- fold ‘decrease in rate betweenan
‘\ Al El
. 6.5 andvg 5. These workers did. not con51der the participation in the

- .

I : ’

enzymlc cata1y51s of any partlcular group Our results, howaver, clearly

show that two dlfferent groups are, 1nvolved 1n the mechanism; these groups

i

have to some extent been 1dent1f1ed from 1nh1b1t10n studles . Thus, Jeck

L \ ~

and’ Woeckhaub (178) observed that the inhibition of dehydrogenases by NAD -

L

‘ analogs involves hlstldlne and cystelne re51dues The. react1V1ty of the
actlve site sulfnydryl group and the identification of Cys-43 in %ADH was
demonstrated by the effect of pH (179) as well as by inhibitiOn_exPerii
ments (180), while the rdié“af an essential histidine residue was observed
in inactivation studies (181). The partieipation of the aetive—site zing
atom at the substratewbinding pocket was particularly invoked fof the

’ : ' X

mechanism of action of liver alcohol dehydrogenase (182). Studies of the

pH dependence of reactions catalyzed by the native enzyme also showed

that the free enzyme hae_a group with pK of about 9,0 which changes to
about 7.5 in the enzyme-NAD complex (13? 183). Other workers suggested
pH- dependent conformational change and, indeed, Shore et al. (184) found
that the ph of 6.4 observed in the transient ox1dat10n of ethanol could
result from an 1somerization step.

It is apparent that the identification of an essentially active
group corresponding to a particular pK is not always unamblguous An
important reason for the disagreement between the various workers is that
the enzyme used is not necessarily of the same form. The exper1mental

conditions are also dlfferent so that the kinetic differences may not be_



+
v

" ]

rationaiized on the basis of intrinsic-aCtivities‘ Our results, partlcu—

larly w1th ‘the 1mmob1112ed enzyme, are free from these dlfflcultles since

w the, same enzyme tube has been_used throughout the eXperlments" It 1s also

necessary ‘that the egperlments be carried out over a suff1c1ently wide

"range of pH and of substrate concentraitons. In-these regards, the present

work has provided a more reliable and reasonable estimate of the pK values -

of the groups involved in the catalysis‘by YADH. The exact nature and.
1dent1ty of the catalytlcally 1mportant groups, however,. remaln to be
_ eluc1dated this will require more detailed studies, probably involving

isotopic labelling and crystallographic structure determinations.
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CHAPTER 6 . -~ o
" ' GENERAL.DISCUSSION AND CONCLUSIONS
ST Gﬂj -

T . : . e
Introduction . B

Tﬁe procedure for immobiliiiﬁg yeﬁét'alcohOI dghydrdgenase (YADH)
inside a nyion tube has been described in Chapter 2, and the kinetic
results for the reaction between ethanol and NAD in the tugular floﬁ
reactor havé been presénted in the‘subsequent chaﬁters. In Chapter 5,

the pH.dependence of YADH kinetics in free solution has also been reported,
and has been compqrgd with the results obtained for the immobilized enzyme
.system..» This final chgpter is concerned with a general discussion and
with graﬁing conclusiqﬁs from thé experimental &ata given in the previous
chapters. The discus;ioﬁ centres mainly around‘the di§§§§?3551 egfects

observed in' the kinetics and mechanism of the reaction catalyzed by the

immobilized enzyme.

Stability of the Immobilized YADH

It was shown in Chapter 2 tha£ the method used for the chemical
attachmeﬁt of the enzyme on the iﬁteriordsurface of a nylon tube resulted
in a preparation of considerable stability, tﬁere being 1ittle.change in
activity in about a year. This was believed to be due to the production
of a fairly neutral surface, as discussed by Daka and Laidler (122)
for lactate dehydr;éenase in similar s?stems. However; the results in

Chapter 3 suggested that electrostatic interaction due to some residual

charges on the support gave rise to the disagreement between the Kﬁ'(NAD)



values and the 1ntr1n51c Values obtained by other workers in free solutlon

o

Flnally, in Chapter 5, it was concluded that not all of the carboxyl
groups released in the 1n1tlal acidic hydrolysis of the nylon peptide
bonds were blocked by reaction with benzidine. Nevertheless, the act1V1ty
of the immobilized enzyme remained practlcally constant since the intro-
duction of benzidine prov1ded a ‘spacer' to prevent any strong interaction

between the enzyme and the support, thus allowing cons;stent kinetic data

to be obtained. 1 . ) -

Kinetics and Mechanism

The flow kinetics of YADH attached to nylon tublng has been-described
in Chapter 3, and the results have been 1nterpreted on the basis of the
Kobayashi-Laidler theory (70]. This theory was developed for one- substrate
systems, and the present work prov1ded experimental tests as to the
extension to a two-substrate reaction. In general, the apparent Michaelis
constants were higher at low substrate concentrations and at low flow |

S

rates, when diffusion control is greatest The K m,app values were derived
from L1neweaver Burk plots which suggested diffusional effects, especially
for variable NAD and with excess ethanol. These results varied linearly
with vf_l/g, as predicted 'by the theory, and gave extrapolated vaiues of
Ké (CZHSOH)=4—§‘mM‘and K (NAD)=230-260 uM at infinite flow‘rates. The

" former values are similar to, but the latter are two orders of magnitude
higher than the corresponding values found in the 11terature for alcohol

dehydrogenases in free solution and in static systems of immobilized

enzymes. In accordance with the theory, this indicated greater degree
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of dlffu51bn control w1th variable NAD than W1th variable ethanol Hoﬁever,

the results for K! (NAD) snggesxed some electrostatlc interaction with the
suppOrtlng medium.

Treatment of the data.for the flow klnetlcs in terms of the dimension-

A

less parameters defined by the Kobayashi-Laidler theory confirmed that
there is a substantial or moderate degree of diffusion control with respect’
to the substrate NAD, in contrast to apprec1ably no diffusion control W1th
variable ethanol at any of‘the flow rates employed. The theory also pre-
‘dlCtS the dependence of product concentration at the exit of the tube on
theﬂflow rate, and the results for the double logarlthmlc plots showed
devaattons due to 1nh1b1t10n by products. Both acetaldehyde and NADH were
fodnd'to be competitive and'hon¥competitive inhibitors, with a preponder-
ance of the former, the inhibition by acetaldehyde beiﬁg stronger than |
that by NADH. The degree of'inhibition decreased with increasing flow

rate with added NADH, in contrast to little variation with added acetalde-
hyde at‘different fiow rites. This is also consistent with the degree of
diffusion control'for the two substrates, the extent of which decreases

with increasing flow rate and substrete ooncentration.

Temperature effects with the immobilized YADH in flow systems were
discussed in Chapter 4. The Arrhenilis plots for the overall rates were
Iinear, suggesting that there is no change of mechanism over the temper-
ature range of 5-45°C that wae employed. With ethanol in excess and

NAD as the variable substrate, the activation energies depended signi-

ficantly on flow rate and substrate concentration, the values increasing
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with incregsing floﬁ rate and NAD,céncentration.' On the other hand, when'
ethanol was used as the variable substrate with excess NAD the activation
energies remained practically the same at-different flow rates and sub-
strate concentrations The extrapolated values at high substrate concen-
tratlons and flow rates gave an activation energy of ~9 kcal mol -1 fof
- the chemical interaction at the surface when both the substrates aTe. .
satﬁrating the enzyme. The activation energy for the diffusion process
was obtained by extrapolation to ,zero NAD concentration and at low flow
rates. The values-decreased with decreasing flow rate ang yielded an
activation energy of 4.2 kcal molf1 for the reaction under the conditions
of full diffusion‘control The result is ver} reasonable for the diffusion
in aqueous solutlon of the molecules we are dealing with, and ;galn is
consistent with the degg%e of diffusion control with variable NAD in con- .
‘trast to no dlffu51on control with variable ethanol. As a consequence
of the much hlgher activation energy for the chemical process, the reactions
are very much slower than the diffusion process, and therefore 1t is easy
to find condltlons favouring the chemical interaction at the surface.
Temperature dependence of the Michdelis parameters were also
discussed, the results for the Vmax being similar to those for the overall
rates, showing that the same rate constant is involved in the product
formation, i.e., in the disséciation of the product from the enzyme-
substrate ternary complex. Arrhenius plots for the apparent Michaelis

constants were generally non-linear, thus suggesting complications due

to changes of mechanism with substrate concentration and flow rate.
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These plots gave somewhat inaccurate values of the activation energies

: i _
of 2-8 kecal mol™l for X (NAD), which are similar to those obtained

m,app"
for the assogiation proéesses by G erer (131) with tﬁe enzyme in free
solution. Agpin, .the results deéreased with increasing flow rate and
gave.a value of ~2 Ecal ngol_l at high flow rate, simil&r to those for the ‘
. diffusion-free Km,ﬁﬁp valgés fer‘ethqno; at any flow rate. It is to be
noted that the Michaelis parameters were obtained from Lineweaver-Burk
plots which were, in general, non-linear at different temperatures,
particularly with variablé‘ethénol over ‘the concenfration range. of " 3-50 mM,
This indicates that.fhe enzyme.active-site is micfoheterogeneous as a
result of immobilizatién, which can modify the en?yme into different forms.
The Michaelisjparameters obtained from the limits of lower and higher
concentration ranges of ethanol (within 3-10 mM and 10-50 mM, respectively]
were differeﬁt, but the>activation energies for vmax were similar to
those discussed earlier, thus cbnfirming that the same rate constants
are involved in the enzymic catalysis.

Finally, the pH dependence of YADH kinetics in free golution as
well as in the tubular flow reactor were desc?ibed in Chapter 5: The .
pH-activity Qrofiles for the initial rate with the enzyme in free solution
showed the ordinary bell-shaped behﬁviour giv%ng a pH optimum of 7.5 and
8.0 for var;able NAD and ethanol, respectively. Similar behaviour was
observed for the immobilized enzyme with variable NAD, but the entire
profile for the apﬁarent rate was shifted towards the }ight showing a i

pH optimum between 8.5 and 9.0 at different flow rates. These changes

were indicative of microenvironmental effects arising from electrostaticy
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‘partitioning and/or diffusional effects. T pH optimum was shifted

-w'ﬁﬁrther upwards with variable ethanol in the tubular reactor, but this

. optimuni could not be determined on account of the instability of the sub-

strate NAD at higher pH; there was no fall-off in the apparent rate.
The continuous increase of rate with pH up to 10.0 showed diffusional
limitations to the transport of protons generated En the reaction, and
is due to the lack of buffer-facilitated diffusion. The latter is rela-
tively less important ‘with excess ethanol when the effective concentration
of the buffer anions is not much altered in the microenvironment of the
enzyme, thus showing the bell-shaped pH profile.

The pH dependence of the Michaélis parameter Vmax and of the ratio
V__ /K showed similar behaviour to that of the initial rates with the

max’ m

enzyme in free sofution, or of the apparent rates with the immobilized

- enzyme. The results for the Michaelis constant Km itself showed complica-

ted behaviour since these are functions of severgl rate constants, each
of which may be affected by pH. In general,lthe Km value passed thfough :
a minimum at a pH corresponding to the maximum activity. In the case of
the immobilized enzyﬁe with excess ethanol and at a, low flow rate of

0.30 cm s_l, @hen there is substantial diffu;ion confrol, the K_(NAD)
values were found to be independent of pH, because the ﬁiéﬂaelis constants
are not affected by diffusion coefficients which in turn do not depend on.
pH. At higher flow rates, diffusion control is less importapt and there

is much stronger dependence of K, on pH, as observed for the results at

a flow rate of 0.90 cm s-l and with excess ethanol. Similar results could



i

166,

N

be expected with excess NAD and variable ethanol, when-there was no

diffusion control at any flow rate, but now the Km decreased and_Vmax or

vmax/Km increased continuously with increasing pH since there was no '«

‘fall-off in the apparent rate; this may be due to;ﬂiffusibnal resistances

L

N ‘
to proton transport and the lack of buffer-facilitated diffusion of protons

as discussed earlier.

\

and Km/\imax were utilized to deter-

The Mlchaells parameters %/Vmax

mine the ionization constants of catalytically important groups, which
were oBtained reliably by'cqmputerized curve-fitting involving a simple
stgtistinal least-squares tfeatment. In all cases, two different pK
values were obtained, except for the data with excess NAD and variable
ethanol in the tubuiar—flqw reactor. With the immobilized enzyme, the
dissociation constant of the acidic group for the enzyme itselg in the
presence of excess ethanoi and that for the enzyme-substrate ternary
complex were significantly léwer, i.e.; the pKa values were higher, com-
pafed to the corresponding valués found in free solution. This was due

to the presence of some negatively charged groups on the support which
can decrease the ioﬁization of ihé acidic group b} electrostatic attfacti;n
to the leaving proton. The pK values for the acidic and basic groups in
the immobilized enzyme with excess ethdnol were slightly different at a
low and a high flow rate,'which appeared to be consistent with the varying
degfee.of diffusion centrol.

In the case of the enzyme in free solution, the dissociation -

constants of catalytically'important'group% were dependent, to some extent,
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on which substrate was used in excess. The pKi'and pKES results were
not\affe;ted, But the pKE and pKiS valueé were considerably higher with }
ex&qss NAD than with excess ethanol. This indicated the comﬁulsory order
of substraté binding whiﬁh, in accordance with the previous results,
involves the addition of NAD Prior té thé binding of ethanol with the
enéyme‘to form the ternary compldx. The Einding of NAD with the protonated
form of a basic group will decreage'its‘dissociation CODStaﬂF‘ﬁpKE is
higher with exceés‘NkD); but will not change that of the aéiéic group
which is required for the bindimng of ethanol, presumably in its deproton-
ated form. ~The binding of ethanol will, however, affect the pKEi
values, but the pKES will remain the same since NAD is already attached
to the enzyme through the basic group.
In general, the mechaﬁiém of action of alcohol dehydrogenaseé is

random but it becomes essentially ordered when one of the sﬁbstrates is

in excess. There are several reports in the litératu;e ndicating that
‘the éubstrdte NAD is added first to the enzyme, ;nd that the product:NADH
leaves last. Our results in Chaptérs 3 and 4 showed clearly thgt there

is substantial degree of diffusion control with variable NAD and excess
ethanol in contrast to appreciably no diffusion control with variable
_ethanol and exces; NAD. This is understandable if.there is a cbmpulsory
order of binding, the substrate NAD being bound prior to ethanol. Since
ethanol cannot bind to the free eﬁzymé but only to the enzyme-NAD complex,
and the larger NAD molecule will diffuse more slowly, diffusion control

is important with excess ethanol. With excess NAD,'however? the situation

is different since the substrate ethanol can diffuse more readily and °
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become attached to the enzyme-NAD complex aiready formed, so that there
is little or no diffusional control. The pH dependence of the YADH

*

kihetics, particularly the results for the ionization constants of cata--

: L J
lytically important groups in free solutidn, explains the compulsory
"'\ .

ordered mechanism more clearly. Evidently, there are two important groups,
one basic and the other ac1d1c, involved in the catalytlc process, a
result that was not knowu earlier. However, the exact nature and the

identity of the catalytically important groups remains to be elucidated.

Probiems to be Resolved

Immobilized enzymes beh;ve differeﬂtly from those in free sdlution
as a result of conformational, environmental, partit;;nal and diffusional
effects, each o} which méy also be modified or affec@ed by electrostatic
factors. This thesis was concerned with the k;ﬁetics of YADH attached
to nylon tubing, and_particulafly with the diffusional effects in the
kinetics of the reaction befween ethanol and NAD.in flow systems. ‘

In general, the apparent Michaelis csqstant Km,app for both Ehe
substrates was ﬁighér thaﬁ those found in free solutions. Treatment of
£he data in terms of the Kobayashi-Laidler theory.gave the inherent
Michaelis constant Kﬁ at infinite flow.rates when there is no diffusional
effect. The'diffusion~free Ké‘values for ethanol were not considerably
different, but for‘NAD were substantially ghe? yhan the corresponding
values in_free solution. The latter suggggggﬁxé#t possibility oé electro-
static interaction of the p051t1ve1y charged substrate NRD with similar

[~

charges either in the support or in the enzyme active-site itself. It
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would seém desirable to investigate the effect of other factors on the
immobildzed YAbH kinetics.

The pH dependénce of the immobilized enzyme kinefi&s ghowed that
phe support bears some negatively charged groups which reducesthe ioniz-
ation and hence incréases the pK ;f the acidic group invofved in the
catalysis. Experimental tests as to the nature of residual charges on
the support or the presence of any charge in the enzyme active-site itself:
should therefore be carried out. Th;s would seem to be possible‘by
studying the effecf of ionic strength on the kinefics of thé-enzyme-catalyzed

reaction. .

. The presence of residual charges on the support could affect the

-

stability and therefore the activity of the immobilized enzyme. It was
suggested that the introduction of benzidine as a 'spacer' prevents any
strong'interactiqﬁ to induce substantial loss of enzymic activity: However,
the exact cause of the stabiiity remains to, be, determined. It may be
possible to attach the enzyme directly to the carboxyl and/or the amino
groups released in the- acidic hydrelysis of the nylon peptide bonds, and
then to dete;mine the effect of the 'spacer' on the stability of the
immobilized enzyme.

N

The dependence of Michaelis constants either on temperature.or-on
pH showed complicated behaviour sinee the former is a coggosite of several
rate constants; which of these is affected to what extent is not known
with any certainty. More detailed studies are necessary to separate
the individual rate constants; this réquires the use of transient-kinetic

techniques, which have, as yet, not been applied to immobilized enzymes.

i’
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In obtalnlng the Michaelis constanfs from L1neweaver;Burk plots,
non-linear behaviour was observed partlcularly with exces;‘NAD and variable
ethanol at different temperatures Several p0551b111t1esjwer¢ discussed,

- .
and the most plausible interprefdtion appeared to be the presence of |
microheterogeneity as a result.of immobilization. Agaln ‘the detalls are
to be worked out, perhaps by .the use of modification experiments.

Finally,' the pH dependence of the YADH kinetics in freexsolufion“ "
aqd insghe‘tubular fiow reactor showed different behavioﬁr._ The pH-activity
profiles for the immobilized enzyme were explained in terms of th; electro- ,
sthtic pdrtitibning and diffusional 1imitations1t8”ﬁrotoﬁ transport,
resulyihg from the lack of buffer-mediation, parficuiarly with excess NAD.

The pH optim; observed for the énzyme in free solution were somewhat

different with either of the substrates in excess. The slight1y~higher 3&{

pH optimum obtained with excess NAD appeared to be dué to electrostatic

interaction with the enzyme, bu; the nature of this interaction is not i .

very well understood. - ' , | | -
. LS ’

Both for‘the enzyme in free solution@and with Ehe immobilized enzyme,
two different and catalytically important ionizing groups were implicatedf-
The ionization constants of an essential acidic and a basic group wWere
obtained under different conditioﬁs. The protonated form of the basic

group was required for the binding of NAD, while the'&%g;otonated form

of the acidic groyp was involved in' the subsequent binding of ethanol.

Again, the exact nature and identity of the groups are to be determined.

However, all of the results are consistent with the compulSory order of
binding, NAD being bound prior to ethanol to form the enzyme-substrate

ternary complex which ultimately decomposes into the products.
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‘Suggestions .for Further Work w

;- Some §ug§estions have,already'been made.with reépect'to the\partié

-

cular problems Xo be resolved in the preceding sectlon.r It would be of

partlcular 1nterest to look at‘the.extent to. Wthh one or the other

facters, v1z , conformational, env1ronmental part1t10na1 diffu51onal
\hb“?:~ and electrostatic effects,_contribute to the- dlfference in behaviour of

“the immobilized enzyme compared to its free counterpart Different

1mmob1112ation techniques involving various conflgurations of the supporting

nylon structure can be utilized in thlS regard In particular, the

immobilization of the enzyme by matrix entrapment in a gel may lead to

models for understending the function of “the enzyme in vivo. .

- A very useful 1nvest1gat10n would ‘be to study the flow kinetics in

3 multistep System, i.e., in which both the enzyme and the coenzyme NAD
are immobilized, either singly or together; Since the enzyme requires
the participation of the readily dissqefggle coenzyme, its economic use
woeld necessitate methods to retain them in the reaction mixture and to
regenerate them. Such a study would be of practical interest in enzyme
technology and enzymic analysis in general.

The use of ehzymes"as active elements in eledtrochemical probes
or sensors for analytical purposes, espec1ally of biologically important
metabolites, is quite well known. The reaction cataly ed by alcohel
dehydrogenases is pH-dependent, and therefore immobilizing the enzyme
for use, as an enzyme-electrode may also he desirable. -

Kinetic. studies of immobilized enzymes especially in flow systems

have mostly been ‘carried out with arbitrary concentrations of the enzyme,
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which may be entirely unphysiological, or thé copncentration may not be

optimum for practical purposes. _In case of the enzyme attached to a

tube, the effective concentration may not be known so that it is difficult’
B . - . 1

to evaluate the exact rate constants. Experiments may therefore be

designed to work with different amounts of the enzyme and to be able to

L]

determine the actual amount which is immobilized. The activity of YADH

“cafl also depend on its metal cFﬁtent which may be varied or substituted
- / .

L]

to-see’the effect.

More imqutantly,‘the YABY differs from LADH in'its substrate
(ineluding the;coeniyme) specificity and cataiytic activity, and therefore
the kiqefics‘of both types of the enzyme ﬁhen they aré iﬁmobilized deserve
comparison. Thelaction of LADH, particularly in mammalian physiology,
can be complicated by a number of inhibitors, apart from the products, of‘
which berbérine -and some other rvelated alkaloids have received consideréble
attention (185) since alkaloids are frequently used in medical sciences.
Hence, the effect of different inhibitors can be ;tudied, and the results

mayAhelp to explore their physiological role, and relate to biomedical

applications.
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CLAIMS TO ORIGINAL RESEARCH

J.A'methbd has. been déveloped‘for thg chemical attachment of yeast*
alcohol dehydrogenase inside a\nylon tgbe. The immqbiiized enzyme
retained itslactivity over a pefiod of about one year, and allowed
consistent kiﬁetic'data to be obtained in flow systems..

Kinetic studies of the reaction between ethanol and NAD were carried
out in the tubula; flow reactor. The apparent Michaeiis constants.
were higher at different flow rates compared to the values in free
solutions and in stééic systems of the immobilized enéyme. Extra--
polétion of the results at .infinite flow rétes,igccording to tﬁe
Kobayashi-Laidler theory for the flow kineties, yielded the diffusion-
free valﬁes of the Michaelis constants. |

The present work provided experimental tests‘as to the validity of
the Kobayasﬁi—Laidler one-substrate treatment, extended for a two-

" substrate reaction under the limiting conditions of one substrate
present in excess while the other was varied. Treatment of the data
in te;ms-of the various methods suggested by the théonyiéhowed that
“there was substantial_ degree of diffusion control with excess etE;nol

and variable NAD, in contrast to appreciably no diffusion control

under the converse conditions. The extent of diffusion control with

«

variable NAD was found to be increased with decreasing flow rate
and decreasing substrate concentration. . e
There was inhibition by products of the reaction, acetaldehyde and

NADH, which showed deviations for the flow rate dependence of product
= ’ ‘

»
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-Q eoncentratlon at the exit of the tube, as predicted by the theory
Inhlbltlon constants were determlned and acetaldehyde was found to
be the stronger inhibitor for the 1mm0blllzed enzyme, in contrast

\\to the behav1our observed in free solutlon by other workers. This,

"as well as the dependence of product inhibition by NADH on flow

rates, was due to the greater degree of diffueien control with vari-
able NAD.

5. ‘The.effect of temperature was studied at differemt flow rates and
Substrete concentrations. Activation energies for the overall rates
varied significantly wirh flow rate and NAD Concentration, in
‘contrast to little variation for the other substrate ethanol. This'
was again the result of the varying degree of diffusion control. The
activation energy fer'the reaction under the conditions of full
diffusion control at zero NAD coﬁcentration and at low flow rates
was found to be 4,2 kecal mol"l, and that for the chemical 1nteract10n

at the surface when there was saturation by both the substrates and

at high flow rate was ~9 kcal mol >,

6. Lineweaver-Burk plots at different temperatures were,non-linear

with variable ethanol over a concentration range of ;>50_mmf and
gave two different sets or Michaelis parameters, indicating micro-
heterogeneity of the enzyme actrve-site-resulting from the
immobilization. Temperature dependence of Vmax gave activation
energies similar to that for the chemical interaction at the surface,
while the Michaelis constants showed complicated behaviour. The
ectivation energies for the latter varied with flow'rate and showed

-1

a value of ~2 kcal mol for the diffusion-free Michaelis constants.
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The pH- dependence of the YADH kinetics were.studled both in free
solution and in the tubular flow reactor. The pH-act1V1ty profiles
for the immobilized enzyme showed electrostatic partltlonlng effects Y

and/or diffusional limitations to the proton tranSport due to the

" lack of buffer- fac1lltated dlfoSlOﬂ with excess NAD. The variations

of Michaelis constants with pH were not 51mp1e. The effect of sub-
T

strate diffusion was manlfested in apparentiy constant h values for

. 7
NAD at a low flow rate, , ¥

Dissociation constants for two different éenizing groups involved in
the enzymic catalysis were oEtained reliably by a computerized
curve-fitf}ng technique involving a simple s;atistical‘least—squares
treatment. The pK values for the acidie group in the immobilized
enzyme itself in the presence of either of the substrates 1n excess

and also in the enzyme~substrate ternary complex were hlgher than

the corresponding values in free' solution. - This was due to the

.

presence of some residual negative charges on the support.

P

For the enzyme in free solution, there were considerable differences

in the pK values of the basic group in the)enzyme itself and for

o
=

the acidic group in the ternary complex, in the presence of either

of the substrates in excess. This was consistent with the compulsory

ordered mechanism, in which the NAD is bound to a basic group prior

to the binding of ethanol to an acidic group.
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FORTRAN IV PROGRAMME FOR THE DETERMINATION OF IONIZATION

CONSTANTS OF CATALYTICALLY IMPQRTANT GROUPS
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IMPLICIT REALXB -{A=H,0-2)
DIMENSION Y(“O)oH(ao)
TOLN—:OOl *
NP=0 .
2 READ{S5,.100)I+¥YI.HI L
[IF(L.EQ.0700 YO 20
Y(iI)=1./Y1 _
H{ 1)=HI ' . ‘ SN
WRITE(6,105)1,Y1.HL
NP=NP+} -
Go T 2 -~ . ‘
20 CONTINUE
Cl=0.
C2=0.
C3=0.
C4=0.
CS=0.
- C6=0.
C7=0.
CB=0.
DEV=0.
DO 25 I=1,NP
Cl=C1+Y{1)
 C2=C2+10.%%(~H([))
C3=C3+YL D) *{10.5%{—H( 1)) ) :
C4=Ca+1 /{1 0asx(=H(I)))
CS5=CS+1le /{1t (~H{I))})222)
CO=COFL1OaxH(—H(L))) =42
C8=CH+Y( I)*Y (L) ‘ -
23 CT=CT7+Y{1)/7U10exmd{—-H{1)})
WRITE(6,107)C14C2,C3,C41C5,C6+C7.C8
XNpP=NP .
U=C3%C4—C2%C7
VEXNP®C3—-CO6%CT
W=XNP*C7~-C3%C5
/} WsC3
REWHEC2+X NP XU
L= CHE+XNPxVY
WRITE(S,108)UsVyW,XsR,Z

i1-2 .*CS*U*V*X%—C?-‘-‘-V*W*R +C7HUEWRZ +CIF(WER2) %R .

TC= C3+LN#¢2JaerT*V4W*L COR(VHED2)IX—2 s 2XNP AV AW EX-COR{WRND ) X
WRITE(G6,2110)TA,TH.TC

XKB= [—TB+DSORT(TE%%2=4 ,%TAXTC))/(2.%TA)
XKBZ={—TB~DSURT{ TB**2 ~4 . 2TARXTC) )/ (2. %T A)

XKAZLUH{V/XKB ) Y /v

XKAZ=A(Uvr (V/XKB2) } /W

A=CT/{Ca+( XNP/XKBY+XKA*CS) -

WRITE(G, 102)XKB s XKA» XKB2 , XKA2, A



30

100
102
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D0 30, 1=1..NP
OD=(Y(l)=A%{1lat{]l Jeden(—H( l))J/XKUbXKA/(lU.v#(—H(I)))))**2
DEV=DEV+D | : : !

S0=2.7133%DEV

wRITE(o.Lll)onv

T1=( A%%2 ) %CS

T22Z2 e WARANCL+2. B XNPRASA/ XKB -2 . % ARCT

T3I=C8-2. #ASC1-2. *A*C3/XKB+XNP*A*A+A#A*Cb/(XKB*XKB)

I+2oxnsAx2/XKB-5Q

XKAH={ - T2+DSORTtT2#T2—§.*T1*T3))/(2.*T1)

 XKASS(-T2-DSORT{T2*T2-4.%T1#T3) )/ (2.%T1) ‘
T4=CB~2e FAXC 1 2 FARXKAFCT+XNPRAHA

L+ AsAxXRASR XKA +L5+2b *5=A¥A#,<KA‘-}=_XKA#CA-SQ

TS=2 o kXNP R ARAKXK A+ 2. %ARAKC2-2 . %A %C 3

TO=A®ARCE

XKBH={=TS+DSQRT( TS*TS—4. %T4*TH) } /(2 %T4)

T XKKBS={-TS5-DSQRT{TS*TS—4 , 5T 42T6 )} ) /{ 2. %T 4)
WRITEio.llEJXKBH XKBS»XKAH »XKAS

STOP

FORMAT(15,2F10.5)

FCAMATL/ /10X v " XXBaeanwaz? ,D12.6/

110X 7AKA s cevwe=" WO0l12.8/ "

LLOXs *XKBZ2esoea=t,DI2.6/ ‘ I

L10Xs " XKA2ews o a=?,D12.6/ !

110Xe "Asccnseae=?,D12.6) '

105 FORMATCL X015 e5XeF11leDsSX +F105) !

107

108

110

11
112

FORMAT(//10X+*Cleceseea=?,DI2.6/ !
110Xs"C2uevsene=tsDI2.6/
IIOX.‘CB.......—'.DLZ-U/ -

110X '"Chanoneac=?,D12.6/ .
110X 7CSennnneea=t,012.6/

110Xs'Chennvosaee=" D12 .67

110X, *CTosensce=?,D1l2.6/

110X, 'CBesvsesa=?! ,012.6)

FORMAT(/ /10X s ' Ueoosrowa=?,D12.6/

110X Voo aoasaa='"4D12.6/ .
110Xe Weesoooaa=!,D12.6/ T . -
110Xs *Xesusseee=?,D1l2.6/
110Xs'Reassense=! D12.6/

110Xy " Zecsavnee="'4012.E)

FCRMAT(/ /10X % TAwwneeaa="sD12.6/

00X+ "TBeooaaossx? D12.6/

110X+ *TCoasnwens=?3D12,.6)

FCRMAT(/ /710X +"DEVessaes=", D12 .6)
FORMAT(//10X e " XKBHaea aaea="4yD12.6/

110X+ *XKES o ree=? ,D12.6/

1LOXs " XKAHe ev 0= D12 .6/

110x.-xmA5.....— »D12.86) .
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