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ABSTRACT

As the stock of non-renewable resources dwindles, the attention of researchers in
biotechnology turns to biomass. The most abundant renewable resource, cellulose,

has great promise as a feedstock for processes to produce food, liquid fuel and

chemicals.

A fundamental step in each process is the breakdown of the larget‘ cellulosic
polymers to smaller molecules. Enzymatic hydrolysis is one of the rlnés:-t'svile)l(t
routes to achieving this but the mechanism of action of cellulases on cellulose are
not clearly understood. One of the problems has befh the complexity inherent in
a two-phase system (solid/liquid). In this thesis, the enzymz;tic hydrolysis of the
soluble cellulose derivative sodium carboxymethyl cellulose (CMC) was examined

to overcome this problem.

. Three different types of CMC were studied. The degree of polymerization, DP,
had a range of 400 to 3200. The dcgreé' of substitution, DS, had a range of 0.511
Lo 0.947.

Here, a mechanistic model is proposed to represent the overall production rates
of glucose and cellobiose from the hydrolysis of substituted cellulose derivatives.
This rate is a function of the concentration of enzyme in the reactor, and DS, DP
and concentration of the substrate. The main feature of the model is the realization

that bonds are substrates‘to the enzymes.

The major findings were: [_\

» Three enzymes contribute to the kinetics of the reaction.

o The equation describing the rate of direct action by endoglucanase, £z, on its
substrate bonds is:

b

- kg, - B
Rate of cleavage of bonds by E; = L (1)

B



where s is the concentration of bonds between two unsugstitutéd anhydrogluco-
sidic units except fo; cellobiose and § is the totai concentration of S-glucosidic
linkaées in the reactor. |

¢ The equation describing the rate of direct action by cellobiase, Ey, on its sub-

strate bonds is: _ . -

"
!

Rate of cleavage of bonds by EFy = —kg, - E1 -5 | (2)

where s in this case is the concentration of bonds at the non-reducing end of a
' polymer ofaligomer of CMC provided the (noﬁ-reducing) end unit is uns'ubsti-

g tuted.
o As has been suggested in the literature, it appears that exoglucanase releases

cellobiose into solution by attacking eligible non-reducing ends of the polymer.

Furthermore, sthe problems associated with quantifying the concentration of any
given cellulase component and the difficulties in modelling the data obtained in this

. . . . L]
enzymatic depolymerization are discussed.

iid
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Chapter 1

INTRODUCTION

1.1 Enzymatic Hydrolysis of Cellulosics: Research Objectives

The motivation for this work comes from the prospect that man’s future lies
in the renewable resources of the earth. Cellulose is the most abundant of these
resources [3|(4]. The prospects for using biomass to produce sugars as intermediates
that lead to more useful chemicals may well depend on getting to understand the
mechanism of the enzymatic hydrolysis of cellulose.

This thesis addresses one related problem in the vast field of cellulase research;
what is the mechanism of the enzymatic hydrolysis of a substituted derivative of
cellulose? The first objective of/this work is to develop the theory that applies
to enzymatic hydrolyses. In the course of the theory development, a mechanistic
model should be obtained which, although initially applied to a specific ether of
cellulose, could be expanded to mathematically describe the hydrolysis of all cel-
lulosics i.e., esters of cellulose cellodextrins and cellulose. With* the collection of
data and through the use of modelling techﬁiques, kinetic parameters inhel‘"ent to
a proper mechanistic model will be evaluated. Furthermore, the model should be

able to predict the concentration of glucose and cellobiose as well as the degree of

polymerization of the mixture as the reaction proceeds, once the kinetic parameters

have been evaluated. ,

Our specific reaction can be looked at as depolymerization of the soluble polymer
sodium carboxymethyl cellulose by a catalyst. As elsewhere, sodium carboxymethyl
cellulose is henceforth called CMC. In Figure 1, some possible compositions of the
repeating units of CMC are shown. At some points in this work, CMC may be
referred to as ‘cellulose gum’ [5] with regard to its commercial name.

1
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Figure 1: Typical Anhydroglucosidic Units of Carboxymethyl Cellulose

The catalyst of CMC or cellulose hydrolysis may be either acid or enzymes. In
terms of practical applications, acid hydrolysis is more common. A two-stage acid
process is employed in over 40 Soviet wood hydrolysis plants {4}. It has the problems
of requiring acid-resistant equipment and yielding a poor grade of sugar. Cellulase
enzymes obtained from fungi or bacteria do not have these problems. On a mass
basis, it takes 100,000 times as much acid as enzyme to obtain a similar degree of
hydrt‘)lysis (3]

The view of most researchers is that the cellulase enzyme system is composed of
three enzymes: 1,4-8-D-glucan glucanohydrolase, 1,4-3-D-glucan cellobiohydrolase
and f-glucosidase. These names are rather cumbersome. Each of the enzymes has
a common name in widespread use in the literature amongst its several names.
The list of names is tabulated elsewhere [3] The names are descripﬁve of the
action that each of these enzymes is thought to carry out during the hydrolysis of
cellulose. In this work, the three enzymes are called endoglucanase, exoglucanase
and cellobiase respectively. The text will also refer to these as E;, F; and E;
respectively. Endoglucanase is thought to act randomly on the cellulolytic polymers.
Exoglucanase is thought to act on the non-reducing end of the polymer, removing 2
units hence the “exo” action. Cellobiase is not a cellulase. But it enhances cellulase
action (6]. Although in dispute, cellobiase is thought to act at the non-reducing enl:d
of the polymer, removing one unit at a time. As opposed to exoglucanase, cellobiase
does hydrolyze cellobiose, hence its name. In this work, references to the ‘cellulase

2



enzyme system’ addresses mixtures containing all three enzymes. In our research,
these enzymes are free in solution i.e., the reaction mixture is homogeneous except
for some activity tests on enzyme solutions where the substrate. is insoluble filter

paper.

/

1.2 Hydrolysis of Substituted Cellulose Derivatives

The experimental data that apply to the hydrolysis of partially substituted
celluloses reflects the fact that the substituent group affects the extent of hydrolysis
[7). Under otherwise identical conditions, soluble derivatives are initially hydrolyzed
more rapidly than insoluble cellulose. As the hydrolysis time increases however, the
maximum reducing sugars concentration that can be reached is lower for hydrolysis

of substituted derivatives of cellulose than for cellulose hydrolysis.

It will become evident when an overall hydrolysis model is developed, that the
distribution of the substituent groups on the CMC must be treated in a mathéma—
tical way. Two intensive variables describe the CMC: the degree of polymerization
and the degree of substitution henceforth referred to as DP and DS respectively.
The DP is the average chain length of the CMC, calculated as the average number
of anhydroglucose units per CMC molecule. More important to the distribution is
the DS. The carboxymethyl groups substitute on any of three free hydroxyl groups
on each anhydroglucose unit (with the loss of one hydrogen atom per hydroxyl
group). The average number of substituted hydroxyl groups per anhydroglucose
unit is known as DS. Thus the values of DS range from 0 to 3. The anhydroglucose
units at either end of the polymer chain have four hydroxyl groups that may be
substituted. In our discussion, this will be assumed to be three. Any difference with
the physical reality will be essentially diluted by the length of the chain. Hence it

is assumed that this “end effect” is negligible.

Three types of CMC were used in the hydrolysis experiments: 4H, 7L and
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9M31F. All are produced by Hercules Inc. The first digit in the product designation

is approximately 10 times the DS.

Table 1. Degree of Substitution of CMC: Hercules Inc. Specifications (5]

Type Substitution Range % Sodium Content
4 0.38-0.55 4.5-6.1
7 0.65-0.90 7.0-8.9
9 ' 0.85-0.95 8.5-9.2
12 > 1.20 > 107

The second digit is the viscosity type. Tables 1 and 2 indicate the specifications

of the manufacturer relating to our CMC substrates.

Table 2. Degree of Polymerization of CMC: Hercules Inc. Specifications (5]

Viscosity Type Degree of Polymerization Molecular Weight
H=High 3200 700000
M=Medium 1100 250000

LN
v

L=Low 400 ' 90000

The DP does not affect the distribution of the substituent groups in theory.l
As will be explained later, some experimental evidence indicates that an imperfect
substitution reaction may alter the distribution. Ignoring this fact for a morment,
‘a relationship must be found between the DS and the fraction of the CMC anhy-
droglucose units which are unsubstituted.

A DS of 0.7 means that there are an average of 7 substituent groups per ten
anhydroglucose units. But this does not mean £hat 30% of the units are unsubsti-
tuted. Some of the anhydroglucose units may be substituted more than once. An

equation relating the DS and the “fraction of unsubstituted units” is developed in -

the Theory chapter.



-

1.3 Schematic Diagrams of Anhydroglucosidic Units

Before proceeding with a survey of the literature, standard diagrams are now
introduced. Diagrams will be useful in illustrating some mechanisms that apply to

specific sequences of some fragments of the polymer chain.

Unsubstituted glucose molecule
Substituted glucose molecule.
Unsubstituted reducing-end unit
Unsubstituted non-reducing-end unit |
Unsubstituted mid-molecule unit
Substituted reducing-end unit
Substituted non-reducing-end unit

Substituted mid-molecule unit

$imitid ® DIt

The units illustrated above are distinguished by their state of substitution, their
orientation and their position on the polymer chain. A substituted anhydroglucose
unit is drawn larger than the substituted unit to reflect the significant increase in
size due to the carboxymethy! group. No distinction is made between units which
are substituted oﬁce, twice or thrice.

Each unit is drawn asymmetrically. One of the ends in the polymer is deemed
reducing while the other end is non-reducing. In our diagrams, the half of a unit

nearer to the reducing end is to the right and marked with an ‘R’.
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Chapter 2

LITERATURE SURVEY

Here are some aspectgsof the literature to review for their importance to mo-

delling hydrolysis of cellulosics:

o the multiplicity and mechanisms of the cellulase enzyme system
¢ the optimal reaction conditions
¢ the enzyme activity assay procedures

* the choice of a substrate

¢ previous attempts at modelling the hydrolysis of cellulose or its derivatives
2.1 Hydrolysis Reaction Kinetics: Enzyme Multiplicity

Wood and McCrae (8] enumerate the principle enzyme components involved in

the hydrolysis of cellulose,

“As currently understood, cell-free enzyme preparations that can sol-
ubilize native cellulose contain at least two types of enzymes, so-
called £y and F;. A third enzyme, a 8-glucosidase or cellobiase, is
normally, but not always, present as an extracellular enzyme.” [8]

This quotation was singled out because, in the derivation of an enzymatic hydrolysis
model, it is negessary to clearly identify all cellulase components that act on cellulose
and its derivatives. And our starting point is that there are basically three important
enzymes.

Yet Wood and McCrae found two separate exoglucanases for T koningii and four
exoglucanases from F. Solani. Five endoglucanases were isolated from T. koningii.
Those five CMCases are reported to have different randomness in attacking cellulose.
To explain this multiplicity, Wood and McCrae suggest, from Rantela’s work, that
the cellulase producing organism can ulter the active site of E, depending on its

carbon source.



Endoglucanase preparations usually contain from 3 to 5 enzyme components
differing in molecular weighf and isoelectric point according to two review papers
3}(6]. Gritzali and Brown {9] report that 4 different endoglucanases and 4 different
exoglucana;ses have been isolated in the cellulase system of Trichoderma viride.

Some papers emphasize the large number of componeﬂts but the limited basic
types of reaction. Lee et al [10] report that the total cellulase enzyme system has
been found to contain as many as.14 components but they reiterate that there are
only a few—4 for their mechanism—basic types of reaction. The multiplicity of the
enzyme system is also recognized by Ladisch et al. [11] but only 3 major types of
components are recognized: endoglucanase, E., exoglucanase, Ey and cellobiase,

¢
E1. Again, these are the ones we shall use in our mcdelling. '

There is another opinion of the cause of the apparent multiplicity. In Gong’s
opinion [12], and with experimental evidence, there are thought to be three basic
enzymes, £y, E3 and Ey for 8-1,4 bond hydrolysis. Multiple enzymes are derived
from the same parent enzyme and arise fl;orn partial proteolysis of the enzyme i‘n
questionl. Gong’s three purified cellbbiases are chromatographically distinct yet
kinetically similar. This has been reported elsewhere [13]. In fact 9 other references
- listed in Mandels’s review paper support the proteolytic action on cellulases. Yet,
the latter reports that some components have been well characterized as having

different modes of action [6].

Some protease enzyme in a broth might lead to post-translational modification
of 2 parent enzyme. The increase in multiplicity with age of the culture seems to

support the proteolysis theory [3].

. This work is based in part on support of the proteolysis theory and of the three-
enzyme theory. The proposal of Wood anid McCrae [8] where the enzyme active
site is altered as a function of substrate is not conducive to research looki‘ng for the
mode of action of cellulases. In that case, the number of enzyme components would

7



prohibit the use of a simple mechanistic model to describe the hydrolysis.
2.2 Separation of Cellulases

Two commercial enzyme solutions are at our disposition. The first, Celluclast,
is a highly concentrated cellulase mixture whereas the second, Novozym, is a highly
concentrated cellobiase. Each solution contains different concentrations of the three
enzyme components, E;, Es and Fy. An ideal kinetic study would involve separating
these components and investigating their separate effect on hydrolysis rates and

their effect when combined in different ratios.

Darbyshire (14] discusses the whole spectrum of enzyme separation methods.
The favorite method for separating cellulases is adsorption chromatography. Its

l{igh cost makes this method suitable for research or analytical purposes, not large-

scale recovery.

The cellulase fractionation involves chromatography on Sephadex gels, ion ex-
change resins, electrophosphoresis on polyacrilamide gels or electrofocusing in 4 H
gradient.' Best separations combine these methods. Poulsen and Petersen [13] Lse
gel ﬁltraiion and jon-exchange chromatography to isolate two endoglucanases from
Cellulomonas. Gong et al. [12], and others [3](6] also enumerate the above techniques
for separating cellulases and add avicel columns or immobilized concanavalin A as

more recent techniques.

The complete separation of the components in a mixture is not easy. Because
the reported loss of activity or loss of synergism of the enzymes on cotton varies
widely due to their separation, there is a suggestion that even researchers are not
capable of separating the enzymes completely [8]. We are here reminded of Gong’s .
warning; the methods of purifying enzymes are always tedious and the recovery of
enzymes is very low.

Because the separation of cellulases is a project in itself, and because we can
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vary the ratio of the enzyme components by changing the ratio of the commercial
g K :

et

enzyme mixtures, it was decided not to purify the cellulase components.

2.3 Hydrolysis Reaction Kinetics: Enzyme Mechanisms

N
A lot of information has accumulated since Reese first proposed a two-enzyme

cellulase system [15]. And in spite of extensive research, the debate on the mode
of action of cellulases continues [9)[11](12][16]|. Despite all the uncertainty, enough
information must berextracted from the present state of cellulase kinetic rescarch
to build a mechanistic mathematical model. The mechanisms of the individual

enzymes, By, Ez and E) as well as their aggregate action is reviewed in this section.
\
2.3.1 Endoglucanase

In an early paper, when only endoglucanase, - £, and cellobiase, El, were
thought to act together to hydrolyze cellulose, G, Reese [17] proposed that EZ
cleaves bonds between unsubstituted anhydreglucose units. Virtually all papers
since then have reported this random action 6][10].

Furthermoré, some modelling [10] assumes that E, has a uniform affinity for the
(3-1,4 bonds regardless of location or degree of polymerization, DP. This asgumption
is necessary in the?nodel development to keep the model form simple. Otherwise
the substrate becomes too complex to describe mathematically. We have not found
evidence in the literature that shows 'rtha:t the location of the 5-1,4 bonds a[fect?
the rate of cleavage by the enzyme.

The proposed substrates of E; are listed in review papers [3][6][18]. As pre-
viously discussed, all substrates contain 5-1,4 bonds between two unsubstituted
‘an}‘1ydroglucose units. Soluble cellulose derivatives {including CMC), provided tjmy
have a low degree of substitutioﬁ, amorphous (non-crystalline) cellulose and cel-
lodextrins are hydroiyzed by E;. The activity on cellodextrins decreases as the
chain length decreases and when it’s cellobiose, chain length 2, there is almost no
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activity. There is almost no activity on crystalline cellulose by the purified E;. But
on amorphous (reprecipitated) cellulose, there is a rapid decrease in the DP of the
solution [3]. This list is repeated by Lee et al. [19] who goes further in stating that
there is no Gy hydrolysis by E.. But Ladisch reports that both E; and £ hydrolyze
G2 [11]. Conflicting reports are not rare in the treatment of cellulase kinetics. This
shows the difficulty in analyzing data when.no proper mathematical approach has

been devéloped.

Noterthat all molecules containing $-1,4 linkages are substra;cles of E;. The
action on cellobiose is low to nil which explains the apparent reduced rate of reaction
on low DP cellodextrins. Upon scission of the latter, G; and Gg are immediately
obtained, preventing further hydrolysis by E; of the §-1,4 bonds of G.

After identifying the substrates of E;, let us identify the products. Oligosacc}}‘a-
rides and glucose are reported to be the hydrolysis products of cellulose attacked
by E; and B3 [6]]9].

~ Endoglucanase is said to act randomly by Ladisch et al. [11] buﬁ they list only
glucose, cellobiose and cellotriose as the scission- products. Fan and Lee {18] agree
that E, acts randomly. But they say cellobiose is the major hydrolysis product. It
. is difficult to reconcile these two statements because a totally random scission of the
cellulose chain by an enzyme that cannot hydrolyze G, will yield equimolal amounts
of &1 and G’; at com®pletion of hydrolysis. One difficulty in identifying products
is the inability to measure concentrations of cellulose oligomers of DP>6. The
concentwtion of those species can only be lumped with the cellulose concentration
because, like cellulose, they are insoluble. Yet the non-specificity of endoglucanase
in releasing products. is pointed out in the literature.

Of interest to the model development also are the inhibitors of E;. In Gong’s

“ review paper [12], E; is said to act randomly .to hydrolyze G;. No inhibitors of E;
are reported. But some papers |20][21] report the inhibition of endoglucanases by
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the accumulating cellobiose as a fact. So does Mandels in her review paper [6]. The
latter adds methylcellulose—also known as methocel—as an inhibitor of E;.

Ohmine et al. [22] found cellobiose to competitively inhibit E; and E;. However
they also found that glucose was notl an inhibitor of either E; or E;.

What is of most interest to us is the fact that the inhibitors of E, all contain
(3-1,4 bonds that are not cleaved by E;. In the case of cellobiose, it is a single bond
b'ut when high DS methylcellutose is involved it is those bonds which include at
least one substituted unit. This inhibitory effect of uncleavable bonds on E, will

~

be verified by the modelling.

2.3.2 Exoglucanase

.Exoglucanase is perhaps the least studied cellulase. It is the mos‘t difficult to
isolate. And if its mode of action on cellulose iz not well known, researchers are
even more in the dark about its mechanism on substituted derivatives of cellulose.

A cellulase review [3| reports that enzyme fractionation studies first led to the
conclusion that Ey acts in an endwise mannér to split off cellobiose. Further rescarch
by another group narrowed the mechanism to the non-reducing end of the polymer

-

chain. This is supported by most cellulase research groups [11)[18]{23]. ’

For _example,. only G» is obtained when G4 and Gg are hydrolyzed by E; but
G, and G, are obtained when G3 and Gy are hydrolyzed by E; [24].

Action that some attribute to exoglﬁcanase has been attributled by others to
two separate enzymes, exoglucanase and cellobiosylhydrolase [10][19]. The former
would split off glucose units from the non-reducing end of the polymer whereas the
latter wo'uld split off cellobiose units from the non-reducing end. With this theory,
cellobiase is assumed to hydrolyze cellobiose to two glucose molecules. Furthermore
the cellobiosylhydrolase has no action on CMC. One group {19} admits that the
first kind of exoglucanase—also known as glucohydrolase—has rarely been reported.

This “double exoenzyme” theory is not used here initially because of its' isolated

11




reporting. It will be seen that most researchers support the theory that E; has the
dual purpose of hydrolyzing cellobiose and split;ting glucose from the non-reducing

-

end of a polymer.

Quantitative information is available; exoglucanase acts by removing the dimer
from the non-reducing end of the chain with inversion of the f-glucosidic config-
uration [61 and an average Michaelis constant for E; has been reported [25] as
Kpnp, =5-107°M.

Polymers with two consecutive unsubstituted units at the non-reducing end are
eligible substrates of E;. They include amorphous cellulose, avicel (microcrystallihe
cellulose) and cellodextrins, with increasing activity as chain length increases [6)].
Action of E7 on amorphous cellulose decreasesrthe bp i}f’a slow, linear fashion [3].
There is no action on cotton or cellobiose by the purified enzyme. But Mandels
claims limited action by E; on CMC. Of course, the presence of substituent groups
reduces the probability of finding two consecutive unsubstit_t_%te'd anhydroglucose

units at the CMC extremitiés.

Thﬁs cellobiose is the specific product of cellulosic hydrolysis by E2. However
in keeping with the uncertainty of the mechanism of cellulase kinetics, one paper
referé to the production of mono-saccharides by E; [26]. We repeat that this glu-
cohy&rolase action will be attributed to E; in this work.

As we did for endoglucanase, we now identify the inhibitors of exogl;‘canase.
In their summary of the literature Goﬁg et al. [12] report that E3 produces G
through and endwise cleavage of the cellulose chain and that G2 is an inhibitor of
Ey. Others report inhibition of exoglucanase by cellobiose (3][6}(11}(20][22]. The
latter group [22] found that G is not an inhibiﬁor of E;. Methylcellulose is also a
strong inhibitor according to Mandels [6]. One report of glucose being an inhibitor of
Ez is questionable [11] as they name virtually all compounds to inhibit all enzymes.
Reports that Gy, the product, is an inhibitor of E; agree well with enzyme theory
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stating that a product-of an enzymatic reaction is a likely inhibitor. This is feedback
control in nature.

Finally, one should be aware of warnings about assuming.that E attacks cel-
lulose in an endwise manner just because a high concentration of G is noted in
hydrolysis mixtures. A study of the oligosaccharide chain of cellulose shows tha‘t
only alternate 8-1,4 bonds are exposed to attack by cellulases. The other bonds
are protected because they face into the body of the solid. Alternate bonds would

. P 4
be cleaved leaving fragment of DP 2, 4, 6... held to the crystalline cellulose by
hydrogen l;onding. Freeing a tetrasaccharide into solution requires the breakage of
more hydrogen bonds than freeing a cellobiosyl. The less probable splitting off of
four consecutive units makes those units candidates to be further hydrolyzed to two
(G'» molecules. Hence’, we must be careful to interpret the presence of ‘cellobiose as
evidence of endwise attack [3].

With all of the evideﬁﬁe presented concerning the mechanism of E; action, u.ur
initial attempts at modeﬁing the enzymatic hydrolysis of CMC will assume that
E. cffect is negligible because of the presence of substituent groups. However if a
significant concentration of cellobiose is found in the hydrolyzates; we can modify
the proposed ‘model to take into account the significant hydrolysis rate o.f Es.

-

2.3.3 Cellobiase

In one of the earliest papers on cellulase enzyme mechanisms, Reese [17] pro-
posed that E) cleaves units one at a time at the non-reducing end of' the polymer
chain provided said unit is unsubstituted. This proposition has been challenged in
part by researchers claiming a separate enzyme, exoglucanase, separate from c}:l;
lobiosylhydrolase, cleaves polymer ends. In this case, cellobiase is assumed to act
only on cellobiose {10]. . |

In this work, we assume that the former theory holds. If we were to assume
the cellobiase action is by two separate enzymes, the model would take a more
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complex form since four instead of three enzymes would act on CMC. Besides, the
four enzyme theory is only a conjecture of some reqearchers. It is unsupported by
experimental evidence.

In their summaries of the literature, Gong et al. [12] an;i Fan and Lee [18]
report that E) hydrolyzes G, and perhaps otherlc‘ellodextrins to give G;. G is
said to be an inhibitor of E;. In another review of the literature {6], cellobiose,-

: — N
P linked glucose dimers, cellodextrins, aryl g-glucosides, (salicin, p-nitrophenyl §-
glucoside) are reported as E) substrates. Furthermore, the activity on cellodextrins
~increases as the chain length decreases which is opposite to endoglucanase action.
This chain-length dependency is also noted by Lee et al. [19]. No action of E; on
G was reported. ‘The transfer of a glucose unit to- other sugars and alcohols is
suggested.
The chain length dependency of the activity is, in our opinion, only apparent.
The actual substrate of E) is really the non-reducing end bond. At a given mass
concentration of a dextrin, there are more non-reducing end bonds for a lower DP
dextrin, hence more substrate for ), hence the rate of bond cleavage by E; is
higher. ' Q ) < /"
Ladisch et al. [11] pbint out the high activity of E; toward cellobiose and only
speculate on possible activity with respect to cellodextrins. |

The data of Matteau and Saddler [20] show that E; cleaves the bonds of salicin

at the same rate as that of G3. After 12 hours of hydrolysis, glucose yield from G
“hydrolysis is approximately 1.25 mmo! G;/mmol initial G;. The yield from salicin
hydrolysis is 0.62 mmol G} /mmol initial sa.li(-:in._ Only one of the salicin’s two units

is, glucose, accounting for the 2-factor.

. It appears from these observations that E; cleaves §-glucoside bonds at a con-
stant rate, regardless of the reducing side unit on the non-reducing end bond of the
molecule. This is to be an important assumption of our model. Applied to all three

™
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enzymes in the solution, it means that all substrate bonds—to one enzyme— are
cleaved at a rate independent of the units which are linked by the said bond.

The high activity of cellobiose on its substrates is evident in the literature. An
example of the effect of cellobiase on the hydrolysis of cellulose can be found in a
paper by Gritzali and Brown [9]. Little cellobiose is found when 0.001% E; is added
to a cellulose hydrolysis reactor that contained the whole cellulase enzyme system.
Without the extra cellobiase, cellobiose and glucose concentrations are comparable
for the first 24 hours of the reaction. With the addition of cellobiase, the cellobiose
concentration is virtually nil in the reactor as the reaction proceeds to completion.

Hun:;phrey [4] also shows a typical enzymatic digestion of cellulose. On his curve,
the maximum cellobiose concentration occurs at 50 hours. Where this rriaximurr;
occurs is a function of the concentrations of £;, Fy and Fy. Cellobiose always
exhibits a maximum between. its initial and final concentration (G2 =0 at t = oo).
The reason for cellobiose presence is the poor 3-glucosidase activity of Trichoderma
@skgumphrey. The poor cellobiase activity of Trichoderma is echoed by Gong et
al. [12] and Mandels (6], the latter showing a 20% increase in avicel and milled pulp
hydrolysis reacticn conversion by the addition of E} to equal 1 unit/filter paper

unit in the hydrolysis reactor.

The product of the hydralysis of any cellulosic by E; is acknowledged by all to
be Gy. -

There is some quantitative information available on E; action. An average
Michaelis constant for E; has been reported [25] as Kmp, = 107*M. Cellobiase
is reported inhibited by glucose (K; = 107 M) and by substrates cellotriose and
cellotetraose when these are highly concentrated. Amazingly, the same authors
report that the hydrolysis of cellobiose by E; yields G1, G and...G3! For example,
30 g/L of cellobiose yielded approximately 21 g/L cellobiose, 5 g/L glucose and 4 ¢/L
cellotriose after 2 hours of reaction time. This supports their glucosyl transfer theory
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[9].

We have already mentioned the product glucose as an inhibitor of Fi. Ohmine
.“ert al. [22] have inserted a term to account for glucose as a competitive inhibitor of
F, in their initial cellulose hydrolysis model. Glucose was found to be an inhibitor
of only E) because its addition to a mixture reduced the glucose yield while not
affc;cting the reducing sugar concentration.

| Montenecourt and Eveleigh [21] report other papers showing glucose to be a non-

competitive inhibitor of cellobiase. From their work, Fan and Lee [18] find glucose
to inhibit E; competitively. Matteau and Saddler [20] accept it as an inhibitor,
without specifying whether it is competitive or non-competitive. One review paper
[11] reports that both cellobiose and glucose have been found to inhibit £;.

With enzyme mixtures containing three enzyme components, it is unlikely that
we can show cellobiose to be an inhibitor of all of these. Thus we will only verify
for G, inhibition of Ey in the model. The model form can be changed to take into

account both competitive and non-competitive inhibition.

2.3.4 Synergism

We have discussed the individual modes of action of cellulases. A.;écurring
theme in the literature is synergism. The action of the stim of the enzyme mixture
on cellulose is greater than the sum of the action on cellulose of the three components
individually. That is the phenomenon that cellulase researchers agree on: synergism
[6](18], especially between E; and E; [11}. |

The initial hydrolysis rate is high as the accessible cellulose is hydrolyzed but

~if one of the cellulase components is missing, then the rate of cellﬁlose h}.ydrolysis
falls off rapidly [6][19].

At least E; and E; are required to hydrolyze crystalline cellulose, but either
of the two will hydrolyze amorphous cellulose [16]. Purified E;, E2 or E; cannot
degrade crystalline cellulose (cotton) separately but upon recombining these com-
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ponents, the initial activity is recovered [8]. Individually, E: and E; hydrolysis of
crystalline cellulose is®about 40% of their combined or recombined rate of hydrolysis
[19)]. |

There are however limitations on elevating the hydrolysis rate by adding one
component of the enzyme system. For example, the stimulatory eflect of adding
cellobiase to a reaction mixture is limited to 1.5 cellobiase units per filter paper
unit. Any more cellobiase does not show any improvement in hydrolysis rate. The
same phenomena limits the addition of E; or E;. But if all enzyme concentrations
are increased concurrently, then the hydrolysis rate of cellulose will increase 6].
Matteau and Saddler [20] have also reported the usefulness of adding cellobiase to
the reaction mixture to inc'rease the glucose yield. In their case, the cellobiase was
immobilized.

Synergism between enzymes of differént fungi is present only if the fungal source
produces E; and E; capable of degrading cellulose. The synergism of cellulases
is low on less well-ordered cellulose and absent on soluble cellulose derivatives.
However since the reported loss of activity varies widely, Wood and McCrae 8]

suggest that many of the enzyme separations are incomplete.

The mechanism on cellulose of {‘:'2 and E, has not been established and the order
of action of those two cellulases in the hydrolysis i‘s in dispute. A good discussion
on argurnentsl for and against one of the enzymes acting first can be found in (3], [6]
and [8]. Does E; initiate the attack generating new chain ends to be hydrolyzed by
E, or does E; produce some disorder in the cellulose chain to be further hydrolyzed
by E, at the weak point? The authors of the discussion papers support the initial
action by E; to produce free chain ends for the exoglucanase agd—not mentioned

.

by the authors—cellobiase.

Other mechanisms have been proposed [3]; E; and E; may combine to form
the complete hydrolysis enzyme. One of the enzymes, the “hydrolytic” factor can
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hydrolyze soluble derivatives but the hydrolytic factor must be held in position on
insoluble cellulose by the “affinity” factor, E,.

An interesting result of Gong et al. [12] is that the combinatibn' of E; and Es
when incubated together with substrate Avicel gives double the conversion of E,
used alone. E; used alone has little activity. Of course E; may have been equally
active in the presence of, or without K> but since Gong was measuring sugars
released, thefponcentration of smaller fragments would not be recorded. But those
smalle%fragxhnents may providémore substrate for Fs.

The way iﬁ which synergism has been handled by most groups attempting to
model cellulosic hydrolysis is shabby. One group has éhown that By assuming each
enzyme has its own particular substrgte, the synergism is explained. This will be

discussed in the section Hydrolysis Modelling.

For example, assuming that F, is a slow, random acting enzyme and F; is a
fast acting enzyme cleaving bonds at the non-reducing end of a polymer, initially
the concentration of available ends for £} is low. However as the reaction proceeds,
E. increases the substrate of E;. The solubilization of G is quick. If either of the
two enzymes is missing from a mixture, the hydrolysis rate is reduced considerably.

. In the model that we shall develop, synergisrﬁ is taken into account by the
normal mode of action of the three enzymes.

While on the subject of the overall enzyme system, we now discuss what com-
bone‘nts researchers have found to generally inhibit the overall system.

Products (reducing sugars) are reported to be inhibitors of the celluldse enzyme
system [3]. Cellobiose is reported to be an inhibitor of the overall enzyme system
[9). Most agree that it is a stronger inhibitor of cellulase action than glucose [16].
Cellobiose, in contrast to the above reports, has been described as an activator
when CMC is the substrate [6]. Glucose is reported to be an inhibitor of the overall
enzyme system [7][16][27], with [7] reporting because the yield of glucose decreased
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with increasing initial substrate but the overall conversion was not affected.

Fan and Lee {18] report that the products of hydrolysis are probable non-
competitive inhibitors of the surface reaction on cellulose, slowing down the action
of £, and E,.

Perhaps most re_vealing about the state of understanding of cellulase inhibition
are.Howell’s paper (23] and Ladisch’s review paper [11]. The former reports that
cellulases have been fouhd to be inhibited by cellobiose, the lower oligomers and
by excess cellulose. The latter reports that the soluble products G} and G5 are
inhibitors of the cellulase complex and of all individual enzyme components, E;, I2;
and Fy. It is possible that researchers always assume inhibition is responsible for
the lowering of an apparent hydrolysis rate upon addition of an extra component.
However it has been shown that the hydrolysis rate of the pre-addition component
will go down when more of a substrate is added to a reaction mixture [28].

One of the important aspects of cellulose hydrolysis research has concentrated
on the phenomena of adsorption of the cellulase components onto the cellulose. Not
all three components a.dsorb/a.t the same rate. In fact, §-glucosidase shows little
adsorption but E, and E; show a lot of initial adsorption followed by a levelling
off of the qua.ntity of enzyme adsorbed. A good review of cellulase adsorption can
be found elsewhere [3] Since our substrate is to be soluble, the enzyme adsorptionr

onto the substrate is non-existent and it will not be further discussed here.
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2.4 Optimal Hydrolysis Reaction Conditions

e

The hydrolysis reaction rate is a function of both temperature and pH, as are
most enzymatic reactions. In this section one can find a quick survey of the literature
to determine what are the optimal temperature and pH of the reaction. There are
maxima in both cases because of tolerance levels of the enzymes. It will be seen
Lhﬁt the optimal temperature for Trichoderma reesei (our enzyme source) is 50°C
and the optimal pH is 4.8.

Thg:\reziction kinetic parameters in this work are evaluated at the optimum
c'ondition/s). The analysis of the kinetic behavior as a function of the temperature
and pI’ll/fof cellulases is a project in itself. We make use of the presently known
optima.

2.4.1 Optimal pH

Kanda et al. [24] report a pH range of 3.5 to 6.0 where the activity of Ey from
Irpex lacteus shows little variation. The optimal was 5.0. Heptinstall et al. [29]
reports an optimal pH of 5.2 for Ey from Aspergillus fumigatus. The optimal pH
for the Thermomonospora sp. cellulase system minus ﬁ-glucosidasé is 6.5 (6].

Zabriskie (7] used 5 different sources of enzymes, including Trichoderma reesei,
and conducted his cellulose acetate hydrolysis experiments at a pH of 5.0 in all
cases. The pH was controlled with a 0.05 M acetate buffer. For Trichoderma he was
at the reported optimal pH of 4.8 for the endo and exoglucanases [6][11][20], The
pH of 4.8 is reported used for the hydrolysis of ball milled solka floc (3], acid swelled
solka floc [16] and avicel [22]'by Th'choderm_a viride cellulase. From the earliest
times [15], a pH of ar(;und 4.8-5.0 has been used for the enzyma.ti(%hydrolyses by
Trichoderma. We will be no different, conducting our experiments at the optimum

pH of 4.8.
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2.4.2 Optimal Temperature

Kanda et al. [24] report an optini’al temperature of 50°C for hydrolysis by Irpex

lacteus cellulases.

The optimal temperature for the cellulase system of Thermomonospora sp. mi-
nus f-glucosidase is 50°C [6].

Zabriskie [7] used 5 dififerent sources of enzymes, including Trichoderma reesei,
and conducted his cellulose acetate hydrolys1s experiments at a temperature of 50°C
in all cases. For Trichoderma he was at the reported optimal temperature of 50°C
for the endo and exoglucanases [6]. This temperature has also been used to assess,
the kinetics of the hydrolysis of G and salicin by cellobi'ase (20]. This temperature
of 50°C is reported used for the hydroly‘sis of ball milled solka floc (3], acid swelled
solka floc [16] and avicel [22] by Trichoderma viride cellulase. Ladisch et al. [11] are
more conservative, stating that’ the optimal hydrolysis tempera‘ture for Trichoderma

reesei cellulase is in the range 40-50°C.

We will conduct our hydrolysis experiments at the optimum temperature of

50°C.
2.5 Enzyme Activity Assay Procedures

The enzyme concentration cannot be conveniently measured in units;il‘\molcs
of enzyme per volume of solution. Instead standard tests are run on how much
substrate uptake is realized by a known quantity of enzyme in a given period of time.
The substr;ite uptake rate_is of course proportional to the concentration of enzyrhe
in the assayed solution. The respectiv:e enzyme dilution curves must be linear for
the test to be valid [30]. The concentration of substrate should be high enough that
substrate depletion does not limit the reaction. The extent of conversion should
be slight, hence the test time short, before depletion of the substrate or product

inhibition affects the reaction rate.
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Canevascini and Gattlen [26] describe the. results of many different cellulase

assay procedures tested on enzyme mixtures of different origin.

There is no total agreement on the best choice of substrate for measuring the
Fa.ctivities of the three cellulase components. This is partly due to a lack of knowledge
| abOL-1t the mechanism of ea;:h enzyme.

“And if'the substrate cannot be agreed upon, then certain branches of science

certainly disagree on the overall test procedure.

“It seems unlikely that any single assay procedure for enzyme mix-
tures acting on native cellulosics can satisfy biochemists trying to
understand synergism, microbiologists evaluating strains and chem- .
ical engineers involved in process development” (6]

Demeester [31] goes oq to ‘say that determination of the activities of the indi-
vidual components after purification is very time-consuming and not suitable for
practical work. However Canevascini [26] states that as long as the ciifferent com-
ponents have not been separated, the determination of their activity is a difficult
task, well reflected in the diversity of analytical methods.

One paper discussinrg the methods of estimating the concentration of cellulases
in a mixture contains a table of substrates used for the measurement of individual
components and components acting in concert. For example, four substrates are
listed to assay F), three to assay E; and three to assay E;. These will be discussed
later. The same paper .[32] blam;:s confusion _in the cellulase assay procedures on
the bewildering array of substrates, enzyme actions, units, and activities that have
been used.

In cellulase enzyme assays, the test substrate will usually contain $-glucosidic

units. These are hydrolyzed to reducing sugars, the concentrations of which are
measured as the indicator of the extent of reaction.

The dinitrosalicylic acid (DNS) procedure can be usea to measure the concen-
tration of reducing sugar in a mixture. It is the procedure used in this work. It is
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described agypart of the filter paper activity test description in the Experimental
Procedure sect'{on of this thesis. Several cellulase researchers use DNS to deter-
mine the amount of reducing sugars in a mixture [7]{16][22]{23][32]. However it has
been reported tha.t’ the citrate buffer—see the Experimental Procedure—causes a
dt\zcrease in the reducing power of sugars [33]. This may reduce the sensitivity of
the test. The partial destruction of glucose by alkaline oxidation results in biased
results especially at low glucose c_oncent-rations. _

An alternative method to DNS is the Somogyi and Nelson procedure |33][34|(35].
Several cellulase researchers use this method to evaluate the reducing power of their
hydrolysis mixtures [13]{26][36]. It is also a colorimetric method but used as an
iodometric method, it gives more precise results.

L'mciner et al. used both the DNS and the Nelson and Somogyi assays for mo-
nitoring the reducing sugars produced by the hydrolysis of CMC. Their results and
subsequent discussion show support for Nelson and Somogyi’s procedure. It is more
accurate and yields linear dilution curves at conditions where DNS is non-linear.

The DNS procedure was nonetheless used in this work for historical reasons; it
had been used in our biochemical engineering group from -its beginning in 1980.

There is a warning issued in the same paper by Lindner et al. [30]. The product
estimation by most colorimetric reducing sugar assays is non-stoichiometric since the
aldehyde group reacts differently depending on the residue to which it is attached.
This is especially true for CMCase activity dﬁe to the wide pr-oduct variety. Thus
the reducing sugar test cannot be used to measure the concentration of reducing
ends in a mixture where short cellulose derivative oligomers are present. This was
a further motivation for us to measure the specific concentrat.ions of glucose and

cellobiose in the reaction mixtures using HPLC.
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2.5.1 Filter Paper Activity

According to Mandels et al. {32], for a practical measurement of saccharifying
cellulase, measurement of any single enzyme concentration is unsatisfactory. For
this reason, the filter paper assa; was introduced. We suggest that for research
purposes, as long as the mechanism of the cellulase system has not been identified,
all enzymes should be assayed separately. Having one assay for a three enzyme

_~%t§stem is questionable especially if the ratio of these enzymes in a mixture affects the

g concentration of any given product. The difficulty of assaying enzymes separately

is the doubt surrounding the particular substrate that will be acted on by cnly one
enzyme of t‘he cellulase system.

Filter paper activity of an enzyme solution measures the overall activity of an
enzyme mixture [26]. The description of the test can be found in the Experimental
Procedure section of this thesis. It hqs been modified in places [7] to use an acetate
bufler instead of a citrate buffer to minimize interference on the DNS method. We
use the FPA test as the a.fézay of endoglucanase concentration.

ra

2.5.2 Endoglucanase Activity

Gong et al. [12] used 5 g/L CMC as the substrate for measuring E; activity. The
reducing sugars are monitored with DNS coloring for detection on the spectropho-
tometer. Heptinstall [29] reports that CMC is the substrate to use in monitoring
E; activity. Reese et al. [15] recommended using low DS CMC for the purpose

" of assaying E; but‘ that was before the theory of existence of Ey. With enzyme
multiplicity, it is now thought that the hydrolysis rate of a low DS CMC will be a
higher fun::tion of the enzyme solution composition.

There are two methods of keeping track of the activity during the test: measure
viscosity or the increase in reciucing sugar [26](29]. There is a stronger case for
the former [26] because the viscometric method is specific, sensitive and free of
interference. When measuring reducing power, E2 is thought to contribute to the
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measurement [26] Lindner and co-workers make a strong case against the reducing
sugar test using CMC as substrate. They, as most, conduct their CMCase activity
test at the optimum reaction conditions for E;, 50°C and pH 4.9. They note
that non-linear dilution curves are obtained when mdnitoring reducing sugars as a
function of enzyme at the constant assay reaction time. The non-linearity problem
- can be solved by diluting the amount of enzyme further but t-he reducing sugar
concentration is so low that the test loses accuracy. And they further warn that the
hydrolysis of CMC monitored by reducing sugar concentration will be a function of

enzyme concentration and composition. This must be assumed until the reaction

mechanism is eventually established.

Again according to some [26][32], there is variation in the DS, the time of
incubation and the reaction témperature_ between researchers measuring’enzyme
activities. This is why tests of CMCase activity are in need :)f standardization.
Because the CMC ‘hydrolysis lasts one hour and the increase in concentration of
reducing sugar is very non-linear, the determination of the rate of hydrolysis over

that period of time may be much lower than the initial rate of hydrolysis [13]. Then

a dilution series of the enzyme becomes necessary.

Mandels et al. [32] in their review of the literature list three substrates that may
be used to assay E; activity: amorphous cellulose, CMC, cellodextrins. However
the use of cellodextrins and amorphous cellulose to assay E. must be questionned;

amorphous cellulose is also included as assay substrate of E». Cellodextrins are also

included as assay substrate of E) and exoglucanase, E>.

.

Demeester’s proposed test [31] may be the best measurement of endo}glucana,sc
activity yet. A high molecular weight hycﬁoxyethyl cellulose (HEC) with a DS of 1.3
is the substrate. This is ideal since only E; would be able to break any bonds if it
is true that E; and E; can only cleave unsubstituted units from a non-reducing end
of the.polymer chain. The test instrument is a capillary viscorr}et}:r. The response

:
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variable is viscosity. To try to measure reducing sugar in the test is useless because
little is produced at high DS. And those reducing sugars are also a concentration
of 2 and FE;. Against the test is the necessity to calibrate the viscometer and to

characterize the substrate.
2.5.3 Exoglucanase Activity

Gong et al. [12] used avicel as the substrate for measuring Fy activity. The
reducing sugars are monitored with DNS coloring for detection on the spectropho-
tometer. Use of avicel or filter paper is suitable for the conjoint determination of
E; and E, cla.ir'ns Canevascini [26] in rejecting that test procedure.

Mandels et al. [32] in their review of the literature list three substrates that
may be used to assay Fjp activity: amofphous cellulose, crystalline cellulose and
cellodextrins. However the use of cellodextrins and amorphous cellulose to assay
s m;ist be questionned; amorphous cellulose is also included as substrate to assay
Ez_. Cellodextrins are also included as substrate to assay £y and E,. In fact, a 1982
review paper (6] claims that no measurement procedure existed at that time for E,
because of synergism.

Heptinstall et al. [29] recently claim to have developed a more reliable assay
procedure for exocellulase to eliminate the influence of the E; concentration on the
test results when avicel is used as the substrate. The substrate used by Heptinstall is
MU-cellobiose (,B-D-Glcp-(l—r4)—ﬁ—D-Glcp-7-O-d-methylurﬁbelliferone). ~However,
_ to overcome interference by Ey, D-glucono-1,5-lactone must be included in the assay.
The reaction progress is followed fluorimetrically.

In our work, the exoglucanase concentration is not measured. Our first assump-
tion is that its effect on CMC is negligible. But following initial model fitting, it
is introduced to explain the high cellobiose concentration. The variance in the Gy
data is so high that an assumption of virtually infinite concentration of E; in the

mixture is satisfactory. More detailed work by cellulase researchers will eventually
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need an exact measurement of Es.

2.5.4 Cellobiase Activity

Zabriskie et al. [7] measured the release of glucose from a 30 minute hydrolysis
of a 5 ¢/L solution of G_?.llobiose at 50°C and pH 5.0. Gong et al. {12] used cellobiose
as the substrate for measuring cellobiase activity of purified E; but p-nitrophenyl-
B-glucoside was their substrate of choice for measuring cellobiase activity during
purification procedures. The product glucose was measured with a Beckman glu-
cose analyzer in the first assay apd the release of nitrophenol was monitored col-
orimetricaly in the second assay. It is presumed that p-nitrophenyl-g-D-glucoside
does not react with £, or Kz and thus makes it ideal for monitoring Ey activity in a
crude cellulase mixture. However Mandels [6] states that cellobiose is the substrate
of choice for cellulase work since there are some aryl §-glucosidases which do not
h_';(drolyze cellobiose.

Heptinstall [29] and Mandels [6] also mention the two substrates as the most
popuiar for monitoring A-glucosidase activity. The latter suggests the aglucone sali-
genin can be followed. Jhis third possible substrate is the one used by Matteau [20],
salicin, to follow Ej activity. The test can be followed colorimetrically since glucose
and saligenin do not interfere with each other on the spectrophotométer. Their
resufts comparing salicin a :i cellobiose hydrolysis by Ej are consistent, indicating
the same activity of E; on both substrates.

Higerdal et al. [37] have also used the two substrates to measure E; activity.
They g"we different names to the activities as measured by the release of glucose
from cellobiose and as measured by the release of nitrophenol from p-nitrophenyi-
3-D-glucoside. The former is called cellobiase activity and the latter is called §-
glucosidase activity. The two measurements are not in the same ratio when mea-
sured in different mixtures. Thus they are not a measure of the same enzyme(s)
concentration. This is also reported by Canevascini {26], however thg precision as-
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sociated with the resulis is not reported by either author. From the latter, one
might conclude that the cellobiase activity is about twice the aryl-@-glucosidase
activity. The aryl-B-glucosidase activity is lower than or equal to cellobiase activity
in virtually all cases.

Mandels et al. [32], in their review of E; activity tests lists trhe three substrates
previously discussed, Ga, salicin and p-nitropheny! S-glucoside plus another, cel-
lodextrin. However the use of cellodextrin must be questioned since it is also listed

as an assay substrate for E; and E;.
2.5.5 Protein Content

Note that the protein content of a mixture can be taken as indicator of the
totzl concentration of enzyme in the solution if enzymes are the only protein in the
solution. This is not discussed here because the procedure is even less specific as

an indicator of ¢ellulase concentration than the FPA test.
2.6 Enzyme Deactivation

As higher and higher conversions are desired in the hydrolysis reaction, the time
of reaction must increase. The hydrolysis rate will slow however due to product
inhibition and enzyme deactivation. If the hydrolysis substrate is cellulose, the rate
also slows due to increasing resistance of the residual substrate [6]. This section is
concerned with enzyme deactivation.

Howell and Stuck [23] note that cellulases are not very sensitive to deactivation
by high temperatures or in the presence of poisons. They remain active from pH
2.0-8.5, at 50°C for at least 24 hours. There is also no loss of activity in a 4 M urea
solution.

Enzyme stability of cellulases are reported by Hagerdal et al. [37]. For Ther-
moactinomyces sp. only 15% of the CMCase activity is lost over 24 hours at 60°C.
At 60°C, 50% of the avicelase activity is left after 24 hours but at 55°C the stability
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is only marginally affected. Cellobiase activity is most affected by temperature;
the half-life of £y is 8 hours at 55°C and 1 hour at 60°C. Not.e that these data
apply to Thermoactinomyces and that the optimum pH range for hydrolysis by
Thermoactdinomyces is 6.0-7.3. ‘

Higerdal et al. also cite a study ‘B} Andren where the stability of the cellulolytic
enzyme system from Trichoderma viride QM 9414 was reported as 40% loss of ac-
tivity when maintaining the enzyme sys'tem at 50°C for 24 hours. But at 30°C n;)

loss of activity was found after 24 hours. -

The half-life of E; from Trichoderma E-58is 1 day at 50°C according to Matteau
and Saddler [20].

Ohmine et al. [22] determined that E; and E; are relatively stable at 50°C.
E. was deactivated to a half-life of 280 hours at that same temperature. The
components were in a mixture produced by Trichoderma viride and the incubation
period was 30 minutes.

Mandels in ‘her review paper reports the thermal stability of Trichoderma reesei
). At 40°C, there is 95% loss after 1 hour incubation. But at 60°C, there is 100%
loss. However this is for the intracellular enzyme. For the extraceilula.r E; used in

kinetic studies most of the time, there was no reported loss for a 1 hour incubation

at 60°C.

In Mandels’ review paper [6], there are references to papers showing the f-
glucosidases and endoglucanases to be more resistant to changes in pH, temperature
and chemical inhibitdrs than exoglucanases. A

All of the papers enumerated above show that the enzyme deactivation rate
of cellulases is dependent on the component—E;, E; or Ej—, its source and the
temperature amongst other things. For cellulases, t};is rate may vary from O to 80%
after one day. A signiﬁcant drawback of any work, including this one, is the failure
to measure and account for enzyme deactivation in the hydrolysis reaction.
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The alternative to measuring the deactivation of enzymes is to modify the model
and insert parameters that describe deactivation as it is currently understood in the
literature.

The deactivation of enzymes often follows a first order decay law 28]

d
d_: =—ky-e e(t) = o - exp(—kgt) ; (3)

The decay constan’t, kg often has an Arrhenius type dependency on temperature.
Since our experiments are to be done at a constant T, it would be simple to add
some parameters to the model, one parameter for each enzyme to estimate its rate
of decay during hydrolysis. However, we will discuss later why a parsimoniously
parameterized model is preferred.

The enzyme deactivation may not follow suﬁh a simple pattern. Gianfreda et al.
[38] provide a general discussion—not specifically related to cellulases—on complex
enzymé deactivation. Non-exponential decays may be two-sloped on a logarithmic
plot. Another phenomena is the time-progressive increase in the rate of deactiva-
tion. The latter is explained by assuming that the native enzyme reaches its final,
totally inactive form through intermediate, partially inacti.ve proteic structures [38|

as shown here:

native enzyme N
: S LN
intermediate forms X o X &
. N L

inactive structure D

Therein may be a link with the proposed proteo:lytic action on cellulases. To
verify this link is b.eyond the scope of this work. But if the cellulase deactivation
rate is important at 50°C, and it is not simple in form, then the overall hydrolysis
motiel would be complicated by the addition of several parameters to take this
mechanism into account. -

o«
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Most models pertaining to enzymatic hydrolysis by cellulases choo;qe to ignore
the deactivation of the enzy;mes' {3]. Thirteen out of fifteen reported models did not
take deactivation into account. Iﬁ order to maintain parsimony in the parameters,
we also do not include deactivation in the model. But this section is included as a

caveat to any user of a fitted model which disregards deactivation?

2.7 Choice of a Substrate

Several substrates may be used to investigate the mechanisin of enzymatic hy-
drolysis by cellulases: cellulose, cellodextrins, cellulose esters or cellulose ethers.

By a process of elimination, an ether of cellulose was chosen. The justification is

presented here.

2.7.1 Cellulose

The hydrolysis reaction can be surface limited because the substrate is solid {4];
The rate of reaction should be a function of surface area b‘ecause direct physical
contact must occur between cellulose and cellulase for the reaction to occur 13]{18].
Thi.s is probably why soluble cellulose derivatives are hydrolyzed more rapidly than _
cellulose [7]. The initial hydrolysis rate for CMC is 4.1 times faster than for solka
floc under otherwise identical conditions. This difference is greater if the cellulose
substrate has even higher crystallinity [7). This is due to inter-chain hydrogen
bonding.

'The structure of cellulose is not perfectly established. Three postulated repre-
sentations of elementary fibrils in native cellulose are presented in a recent review
paper [3]. Yet it is known that cellulase produces extensive changes in cellulose prior
to producing a measurable quantity of reducing sugar: fragmentation, swelling,
cracking, lowering of the DP.

Here, we repeat the theory that cellulases adsorb onto cellulose. The protein
conter;t in the hydrolysis reactor has been reported to drop from its initial level
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when insoluble cellulose is the substrate [16}. Refer to Gilbert and Tsao {3] for 2
complete discussion on adsorption.

A great deal of enzyme is requ'ired to saccharify cellu]c;se at iligh conversions.
A filter paper activity test lasts only one hour and the conversion is low. If one
is to model cellulose hydrolysis, data are needed at hiéh conversion. At the high
conversions, the enzyme efficiency—ratio of achieved conversion to that predicted
by the enzyme unit value—is one-tenth of predicted by the FPA test [6]. Thus
shake-flask experiments will require a great deal of enzyme when a high conversion
of solid cellulose is desired.

Perhaps the most important reason for rejecting cellulose as substrate lies with
the initial objective of this work. The hydrolysis reaction would be heterogeneous.
Intrinsic kinetic data on endo and exoglucanase are lacking, so that it is necessary

to separate the kinetic and diffusional effects [11][39].
2.7.2 Cellodextrins

Cell_odeictrins are short cellulose oligomer chains. They are soluble in water at
a DP< 6 [3]. They have no attached substituent groups..
Cellodextrin hydrolyses have been modelled, though not always successfully.
One paper [11] reports an increasing rate of reaction with chain length when expo-
"sure is to endoglucanase and a reduced rate when exposure is to cellobiase. One
kinetic model is presented. However its range of validity is limited to cellodex-
trins of DP less than 5. Each new dextrin of DP greater than 4 would increase
the number of parameters in the model. This is one example that shows the poor
nomenclature is causing problems in the modelling of cellulase kinetics. fadisch’s
paper does however encourage the use of cellodextrins for kinetic studies of the
cellulases’ hydrolysis mechanism because of their solubility.
Mandels et al. [32] in their efforts to find the ‘one’ substrate that can be used to
measure the overall cellulase activity reject;ed cellotetraose because it is not available
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commercia.lfy and preparing it is a major research effort in its own right.

The preparation of cellodextrins.is described by Huebner et al. [40]. An acid hy-
drolysis of cellulose is the key step of six steps in the preparation of the cellodextrin
mixture. The cellulose solids at the end of the reaction are filtered off. The resulting
cellodextrin solution can be concentrated 25 fold by evaporation. During the acid
hydrolysis, there is partial degradation of the sugars. _;I'his is the first difficulty.
The second one is more important. The first six steps of the cellodextrin produc-
tion leave a mixture of G1—Gg. The last step in Huebner et al.’s method is the
separation of the dextrins by preparative chromdtography. This is time-consuming
yet the alternatives are worse according to the authors.

A study of cellodextrin hydrolyses is not practical because of the difficulty in
preparing pure solutions of the; oligomers. Only a few millilitres per day of cellodex-

trins could be produced. And the concentration of cellohexaose and cellopentaose

is significantly lower than cellotetracse and cellotriose [41]. Since we wanted to
work on a larger scale than the test tube, the use of cellodextrins as substrate was

rejected.

2.7.3 Cellulose Esters

Reese [17] found that sliéhtly more giucose was obtained from the hydrolysis of
. cellulose esters—cellulose sulfate, cgllulose acetate and cellulose acetate phthalate—
than from 4 different cellulose eihers, at equal DS. The reason suspected by Reese
is the presence of acetyl esterase in the hydrolysis mixture. This enzyme would
deacetylate the substituent group making a subsequent attack by cellulases easier.

_The objective of Zabriskie et al. [7] was to accelerate the production of glucose.
Cellulose acetate was used as substfate because esterases present with the cellulase
are capable of removing the substituent group, thereby improving glucose yield.
With the intentionally added esterase, 70% of the cellulose acetate is saccharified

before the hydrolysis reaction seems to level out.
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Because of interference by esterases, esters were rejected as hydrolysis substrate.
2.7.4 Cellulose Ethers

The ether group on cellulose is very stable [42] but it is possible to regenerate
the cellulose by removing the substituent (3].

An ether of celllulose was chosen as our substrate because it did not present some
of the problems associated with the other substrates; unlike cellulose, it is soluble;
unlike cellodextrins, it is available commercially and thus in large quantities; unlike
cellulose esters, its substituent group cannot be eliminated by an enzyme.

CMC is a-cellulose ether. Since we had some in large quantities and since it
presented the least drawbacks short of hydrolyzing theoretically soluble cellulose, it

proved to be our substrate of choice.

2.8 Hydrolysis Modelling y

V4

A recent review by Gilbert and Tsao [3] lists models developed to describe
cellulose hydrolysis. The important assumptions made in developing the fifteen
models are included in the review.

- Two models consider the diffusion of the enzyme in the solid substrate, five mod-
els consider the enzyme adsorption onto the substrate and of those five, only two
consider the decrease in adsorption sites. This shows that many cellulase researchers
are not ready to allow for the importance of physical phenomena in cellulose hydro-
lysiis. However, physical phenomena are not significant in the hydrolysis of a soluble
cellulose derivative like CMC.

Only six moc?els ‘out of the fifteen listed have considered substrate multiplicity.
For cellulose, it should be obvious that the substrate is not uniform; there are some
grystalline and amorphous sections. But substrate multiplicity goes deeper than
thaﬁl. Even soluble substrates are not uniform. In substituted cellulose derivatives,
the degree of substitution affects the extent of hydrolysis. All cellulosics may be
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hydrolyzed in an endwise manner hence the degree of polymerization affects the
rate of hydrolysis. We will show in this work that a redefining of the substrate
by changing the nomenclature to describe the enzymatic hydrolysis of anything

that contains §-1,4 glucosidic bonds leads to an explanation of many phenomena

experimentally observed in enzymatic hydrolysis reactions.

The models of the biochemical engineering group of the University of Waterloo
are closest to what is to be developed in th.is work. They are amongst two of the
dix models placing irnplortance on substrate multiplicity. A third is a modification
of the Waterloo model to allow for a different mode of action by the cellulases [10].
Discussion of their approach is found in the following section.. The three other mod-
els that consider the cellulose substrate as non-uniform separate the cellulose into
crystalline and amorphous sections. We now discuss some of the specific approaches

to modelling the overall cellulose enzymatic hydrolysis reaction.

Huang [16] looks at the hydrolysis of insoluble amorphous cellulose. IHe treats
it as a one-substrate, one-enzyme reaction. Since all enzymes bind and depolymer-
ize the cellulose, we feel this is an oversirﬁpliﬁcation. The Langmuir adsorption
isotherm is used in the model to describe the {one) enzyme binding to cellulose.
Huan-g’s three-parameteg equation describes the pro'gress curve .of cellulose hydro-
lysis well. However, we must point out that the ratio of enzymes E;, £; and E, in
all runs was not changing. One enzyme mixture was simply diluted to change the
enzyme concentration. Huang measured the reducingAsugars and the glucose pro-
duced. The difference between the two is calculated as cellobiose. This assumption

may be invalid if the concentration of cellodextrins in the reactor is significant.

Huang’s hydrolysis model overestimates the sugar produced when the conver-
sion is above 70%. The Langmuir equilibrium adsorption may not hold and the
enzyme may be denaturing. Those are two reasons given by Huang to explain the

overestimation.
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In any case, we cannot use Huang’s hydrolysis model as our own because it
doesn’t take into account substrate multiplicity, enzyme multiplicity and product
multiplicity. We consider the latter to be important because, as discussed in the
Introduction, one of our objective's is to predict G; and G, as the reaction progresses,
not only the lumped reducing sugars. In Huang’s estimation, the cellobiose/glucose
ratio changes from 3:1 after 30 minutes of reaction to 1:1 after 24 hours.

Ohmine et al. [22] first attempted to fit a semi-mechanistic model to cellulose
and cellobiose hydrolysis by combining equations from individual pieces of the ki-
netic model. When they individually accounted for substrate crystallinity, glucose
inhibition of F; and cellobiose inhibition of E; and E; they predicted each event
successfully. However in combining these in an overall model they failed to predict
the time course of the hydrolysis. Their eventual solution -wa;s an empir}cal model,
not reflecting the true kinetics of the reaction. The empirical model contained a
lumpéd rate retardation parameter.

The Kansas State University group also developed a comprehensive kinetic
model by combining models from several aspects of the cellulose hydrolysis reaction
[18]. They started by characterizing the substrate by its crystallinity and available
surface area. The enzyme-substrate complex is formed by adsorption of the enzyme
molecules onto the cellulose. The E) reaction does take place concurrently in the
‘aqueous phase.

‘The principle assumptions made by Fan and Lee j18] in developing their model

included:

1. The reaction is composed of two steps:
o I; and E, synergistically hydrolyze G. to soluble G5
o ) hydrolyzes G, to Gj.
2. The bicompositional nature of cellulose is ignored i.e., no distinction is made
between crystalline and amorphous regions.
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3. Mass transfer is not rate-limiting.

4. Enzyme activity is proportional to the amount of adsorbed protein.

5. G, hydrolysis occurs at the surface of cellulose.

6. Gp and G, are non-competitive inhibitors of this reaction. The G hydrolysis
in the aqueous phase is competitively inhibited by G;.

7. The deactivation of the enzyme and the increase in the [:raction of cellulose which
is crystalline ‘a.re responsible for the decrease in the initial rate of hydrolysis.

8. The cellulose concentration is represented by the average bulk concentration.

[tem 8 is of particular interest to us because the authors do mention the difficulty of
expressing substrate concentration in molar terms unless such a concentration were
expressed as the molar concentration of scissile bonds. This last item echoes the
concern we have about the Fan and Lee model; its substrate definition is incomplete
as far as its accessibility to the enzyme ana its heterogeneous nature are concernced.

Otherwise the ten simultaneous equations of their model g‘:‘ve a good represen-
tation of the cellulose time course hydrolysis. .All 11 mode! parameters—also known
as kinetic constants except one—have been evaluated individually. Some residual
plots show some trends and of course the lack of parsimony in the parameters {11)
--and the failure to report confidence in the parameters are of concern to modellers.

Howell and Stuck [23] developed a model where the non-competitive inhibition

by cellobiose dominates the kinetics. The main assumptions of their model are:

1. Substrate inhibition by excess cellulose (isolated theory) is negligible at their
low operating concentrations. : S

2. Substrate inhibition by intermediates is negligible.

3. Multiplicity of substrate structure is ignored.

4. Product inhibition by G; and G, is significant.

5. Ga-Gg are lumped into a cellobiose concentration term.
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6. A single, unidentified reaction is rate-controlling.
7. Equilibrium of enzyme, substrate and products may be expressed by simple
equilibrium constants.

8. Substrate concentration is represented by bulk concentration.

. Item 3 and 8 have already been criticized as an ineflective characterization of.the
substrate. Item 5 can be criticized by engineers who want to keep a tab of all species
in the reactor.

The model of Howell and Stuck is very limited in its applications. It is valid
at relatively low yields or reaction times. At reaction times of 10 hours and at
low substrate concentration, 3.4 g/L, the model ;)verpredicts the total carbohydrate
yield. Most restrictive of all is its inability to predict the glucose concentration. .

A review of many hydrolysis models, including some listed by Gilbert and Tsao
[3] can be found in a paper by Lee et al. [43].

In their review, Gilbert and Tsao |3] list some conditions for the use of Michaelis-

Menten kinetics in modelling chemical reactions:

1. the amount of substrate available can be expressed in terms of its molar con-
centration.

2. the substrate concentration greatly exceeds the enzyme concentration, and

3. when integrating the differential form, it is assumed that the concentrations of

substrate and product together add up to the initial substrate concentration.

According to Gilbert and Tsao (3], these assumptions do not hold for enzymatic
reaction on a solid substrate. The inapp]icaBi'li;ty of Michaelis-Menten kinetics to
the solid substrate is repeated elsewhere {18]. This is not a concern to us as CMC
s solubl:e. But the modelling approach in this work may show that a redefining
of the nomenclature used in modelling the kinetics of enzymatic depolymerizat.ion
can lead to the use of Michaelis-Menten kinetics for even a solid substrate. With
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a proper model form and substrate definition, the assumptions above will. not be

violated.
2.9 Bond Hydrolysis Modelling: Support in. the Literature

Many cellulase researchers have, at one time, directly and indirectly, said that
the species of interest to us in the hydrolysis of cellulosics are the bonds linking the
anhydroglucosidic units. After all, it is 2 bond that is cleaved by the enzyme. And
in a substituted cellulose derivative, the nature of units on both sides of the bonds
determines if the bond is eligible to be cleaved.

Our proposed model for CMC hydrolysis is the first that assumes bonds to
be the species of interest in the reaction mixture. Let’s now review some of the
direct and indirect support in the literature for develéping a model l:)as.aedt on bond
hydrolysis by cellulases.

To make the units of activity assays more palatable, Canevascini, in a viscomet-
ric endoglucanase test for Ez, transforms his arbitrary visé.(‘)-sity units into ‘number
70-f glycosidic linkages broken per unit time'. The idea is correct. The difficulty
is that his calculation is not strictly mechanistic. Enzyme kinetics’ modelling will
need to be mechanistic. |

Gilbert and Tsao [3] state that cellulose is a linear polymer of cellobiose. Attala
(44] also suggests development of the view that cellobiose, not glucose, should be
regarded as the basic repeat unit of cellulose and that we must realize that 2 an-
hydroglucose units are necessary to define the nature of the linkage between them.
Furthermore, steric constraintsf;ssociated with the §-1,4 linkage determine its re-
activity. This is central to our work since a substituent group on an anhyd'roglucosc
unit changes the reactivity and the naturé of the enzyme-bond complex.

In their review of the enzymatic hydrolysis of biomass, Ladisch et al. [11] state

that the process is a function of substrate reactivity and enzyme activity.

“The two must be considered together if an accurate description of
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biomass saccharification is to be developed. To accomplish this,
cellulolytic systems must first be modelled using realistic but well-
defined substrates so that the optimal cellulolysis conditions can be
formElated.” [11] .

This is indeed our foremost objective. The bond hydrolysis model, should cor-
rectly define the substrate to allow the determination of the true kinetics of enzy-
matic hydrolyses. '

Of all the models derived from some mechanistic approach, the c.ellulose depoly-
merization kinetic model is our favorite. It has been developed by the biochemical
engineering group at the University of Waterloo. In their model, the degree of poly-
merization of cellulose is most important. A chain splitting mechanism is assumed
to follow Michaelis-Menten kinetics with inhibition. Then the model keeps track of
the concentrations of the various chain lengths in the reactor. For example, with
an initial DP of 1000 for cellulose, there are 1000 different species in the reactor,
G1, Gg...Gagg, G1o00.- The analysis by Suga et al. is completely theoretical [27]. In
this first analysis, the exoenzyme is assumed to split off monomer units from the
end of the chains whereas the endoglucanase is random-acting.

Their simulation results are expected; the exoenzyme alone in the reactor pro-
duces more monor;ner than the endoenzyme alone. Most important is that the rate
of release of monomer for two enzymes together is higher than the sum of the rates
of release for the two enzymes alone. They are on the correcdtfmo,del development
path because their model shows synergism to be a direct conse‘:uence of the mech-
anism of the individual cellulases. One review paper [19] mentions that the Suga
mode! [27] does not consider inhibition by products. The model’s importance is in
showing that synergism between two enzymes when hydrolyzing a uniform cellulose
is an obvious result of even a.simple hydrolysis mechanism.

A drawback to their model is that the CMC hydrolysis cannot be predicted on

a molecular scale because of the presence of substituents and their effect on the
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kinetics.

In a later version of their model [25], the presence of three enzymes—E., Eo,

Ey—is taken intro,account. Furthermore the proposed mechanism of exoglucanase
- .

has been corrected by assuming that E; attacks the non-reducing end of the chain

splitting off dimers. E) is a.ssurﬁed to attack only Gz, Gs and G4. E.'s action is

random however its hydrolysis rate on chains of five units or less is assumed to be

slower than for longer chains.

The slower hydrolysis of highly crystalline celluloses is blamed on the DP. -
Okazaki and Moo-Young (25} classify the DP of cellulosics as follows: 200-800
for CMC, 1000-2000 for wood pulp, -3000-5000 for cotton and 10000-14000 for a-
cellulose. In our opinion, the DP of the cellulosic will ﬁontribute to its-crystallinity,
however there are other factors that influence crystallinity. The linking of the de-
polymerization resistance (;f the substrate solely to its DP is a drawback of their

model. It does not take into account the differences between two celluloses of equal

DP but different crystallinity. Besides, in our work we use CMC with a DP as high
as 3200.

The versatility of the Waterloo approach is evident when one modifies the model
form to account for a differing opinion on cellulase mechanism. This has been done
by S.E. Lee et al. [10] to account for the separate action of a cellobiosylhydrolase
and a cellobiase in the reactor. Of course, more parameters are added to the model.-

A Okazaki and Moo-Young state that their simulation agrees well with the shape
‘\\é/f/a CMC hydrolysis curve. However, many mathematical expressions will yield
the proper curve shape. The true test of a CMC hydrolysis model lies in its ability
to predict the glucc;se yield, the cellobiose yield and the DP of thel solution at any
time during the hydrolysis. But in all fairness, the authors admit that comparison
to real data as well as taking into account the DS of the CMC is necessary.
Despite its drawbacks, the Waterloo model-development approach is, in our
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opinion, the right one. The quantities of all species in the reactor must be accounted
for at all times. With the introduction of different nomenclature an “accounting”
model can be develoéed that places importance on both DP and crystallinity. In
our work, crystallinity is not a parameter because the substrate, CMC is soluble.
However, a method of treating crystallinity will later be discussed regarding the

extension of our CMC hydrolysis model to insoluble cellulose hydrolysis.
. 2.10 Hydrolyses of Cellulose Ethers

Reese [15]{17] in early studies of CMC, methocel (methyl cellulose), HEC, car-
boxymethyl hydroxyethyl cellulose (CMHEC) and sulfoethylcel]ﬁlose hydrolyses
showed the DS to be important in resistance to attack. In the earlier paper [15],
Reese correctly concluded that the nominal DS of some HEC was wrong. It had
yielded an innordinate amount of reducing sugars for an HEC of DS > 2. In fact

r

its DS was less than 1.

The important points from Reese’s papers are that the amount of glucose pro-
duced from enzymatic hydrolysis of soluble cellulose derivatives is a high function
of the DS and that cellulose esters yield slightly more giucose than cellulose ethers.
Reese however suggests that the presence of cellobiase esterase may be the reason

for higher glucose from cellulose esters.

Savage, in a separate paper (36|, and Reese note that more glucose is obtained
from methocel than from the other ethers at equal DSs. We suspect that the
distribution of the smaller substituent group on methocel is more random—thus
leading to a higher fraction of unsubstituted anhydroglucose units—than for the
bigger substituerit groups of-?ther ethers. Savage’s CMC had a DS of 1.23. After 24
hours of hydrolysis the yield was 5.2 mg reducing sugar per ¢ CMC. By comparison,
hydrolysis of methylcellulose, DS 1.24 yielded 22.1 mg; reducing sugars per g CMC.
Both yields are low, as expected because of the high DS. No precision is given for
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the yields.

A study of the CMCase activity test by Lindner et al. [30] may be considered
more as a study of CMC hydrolysis. They examine three possible causes for the

non-linearity of a curve of reducing sugars as a function of enzyme concentration:

e enzyme deactivation
¢ cryptic substrate limitation

e product inhibition!

No enzyme deactivation was noticed after 30 minutes incubation at 50°C. Then
the progress curves of hydrolysis of CMCs DS 0.4 and DS0.7 were examined. Sure
enough, more reducing sugar is obtained at the lower DS. The progress curve of
the CMC of DS0.4 being more linear, the authors conclude that cryptic substrate
limitation is the cause of the non-linear dilution curve.

Product inhibition was tested by adding 1.1¢/L G;. The corrected -progress
curve shows a 20% reduction in the rate of production of the reducing sugars from
CMC. However, because the DS0.7 curve is still non-linear and the D50.4 lcurve is

-

linear, cryptic substrate limitation is the main cause of non-linearity.

A paper by Banerjee and Laidler [45] reports hydrolysis experiments on CMC.
They found a good fit for a Michaelis-Menten model. However they did their ex-
periments with only one enzyme mixture and one type of CMC. Tit;\a.ﬂ)jt_{?ry
Michaelis-Menten model does not take into account the substrate multiplicity or
the enzyme rmultiplicity. They would have noticed this had they tried CMCs of
different DS and had they changed ratios of the individual enzyme components.

Poulsen and Petersen [13] verified that DS of CMC is an important influence to
the ultimate amount of reducing sugars produced during its enzymatic hydrolysis.
The DS varied from 0.4 to 1.2. Although the reducing sugar concentrations are

expressed in absorbance units, it can be seen that 27 times as much reducing sugar
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is obtained at a CMC DS of 0.4 than 1.2. Their theory, which adds little more
information than Reese, suggests that substitution prevents endoglucanases from

hydrolyzing bonds a ‘certain’ distance from the substituted anhydroglucose units.

Poulsen and Petersen [13] do contribute a model to predict the initial rate of
CMC hydrolysis from a single time course hydrolysis data point. They use Huang’s
hfdrolysis rate model [16]. At this point in time, one can be very critical of the
model applied to CMC hydrolysis. The model is valid only for a DS of 0.7. It
only holds true for an enzyme system containing no cellobiase—Cellulomonas sp.
does not produce E). In fact the authors confirm the model fails upon addition
of cellobiase. The initial estimate of substrate concentration is obtained from. the
product concentration at the reaction completion and the model parameters were
estimated for one initial substrate concentration. Finally, even thoﬁgh the -Inodel
was developed by assuming a one—enzyr;le, one-substrate systeﬁl, it has four param-
cters. In all fairness to the authors, they-were not in search of a versatile model.
The objective of our work is to obtain an overall mechanistic model capable of pre-
dicting G, and G; as well as other fragment concentrations in the mixture under
any starting enzymatic hydrolysis conditions.

In his discussion paper, Wood [8] states that there is no synergism between E,
and E; in hydrolyzing CMC. He also states that, when highly purified, E; shows lit-
tle or no cabacity to hydrolyze CMC. In interpreting the above two statements, one

could say that the CMC hydrolysis rate will be the same function of E, regardless

of how much Fj there is in the solution.

) Kanda et al. [24] present some CMC hydrolysis curves. They keep track of
the hydroiysis bé' following absorbance with time. This is unfortunate for us as we
cannot find out how much sugar is produced. Nonetheless the curve is the typical
CMC time cou;se curve; the initial hydrolysis rate is high but then levels off after
several hours—depending on the amount of enzyme. This curve ghape was also

44



reported by Canevascini and Gattlen [26]. There is a problem here. Kanda states
that the purified enzyme acting on CMC is exoglucanase. But there is little action
of Ez on CMC according to other sources. Kanda tried CMCs with three different
DSs: 0.6, 0.75 and 1.45. The problem is that without the actual glucose or cellobiose
concentrations instead of reported absorbance, we cannot conclude much from his
data. It makes _slightly. more sense if; as Kanda claims all product is cellobiose but
this must translate into an extremely minute quantity of cellobiose if indeed F; is
an endwise acting enzyme. Finally there is a warning that he cannot be certain
that the enzymes he pﬂriﬁed are 100% pure.

In Zabriskie’s work, initially the hydrolysis rate for CMC is 4.1' times faster
than-for solka floc but the hydrolysis reaction of CMC appears to have stopped
after saccharifying only 23% of the substrate. [7). We know that the cellulase
enzyme system cannot degrade substituted polymers of cellulose completely.

Demeester [31] has studied hydrolysis of HEC. His first objective is to set up a
test for assaying Ez. The DS of HEC is 1.3 thus it was of no use to measure the
minute amounts of Gy and G4 expected. The most interesting plot in Demeester’s
paper is the progress of the weight-average moleculank\weight with time during the
hydrolysis reaction. It off at a value well above 100,000 which shows that few
bonds are cleaved in this HEC hydrolysis due to its high DS.

More important t« us is that Demeester’s paper shows that another response
variable in our model can be follow;fed, DP. We will not Ineasure DP but by measuring
it, along with G; and Ga, and also the reducing power in the reactor, more precise .

parameter estimation as well as more checks of the model are possible.
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2.11 Summary of the Literature .

A new orientation is needed in the @nalysis of cellulase kinetics. After 20 years
of research, the theory is uncertain at best. From our search o‘f the literature, it
appears that only general observations can be gathered concerning the cellulase
mechanism. The majority of papers accept three major enzymes; E; acts randomly
in cleaving bonds, E; produces G from the non-reducing end of a chain and E;
acts mainly on cellobiose to pi‘oduce two glucose molecules and on the non-reducing
end of a polymer to produce one glucose molecule.

These will be .our reneral guidelines in developing a model. The multiplicity of
cach enzyme, we feel may be due to proteases attacking the parent enzyme. That
is why a three enzyme mechanism should be sufficient to develop a kinetic model.
Proteolysis kinetics is a project in itself.

Inhibition effects are not clear. It seems everything in the hydrolysis reaction
mixture has been named as a competitive and a non-compeiitive innibitor of all
three cellulase componentrs. This illustrates the unsatisfactory mathematical ap-
proach presently used in analyzing enzymatic hydrolysis of cellulosics.

None of the models in the literature was particularly appealing although the
Waterloo model came closest to what we want to develop. Cellulase researchers
keep insisting that it is bonds that are cleaved. Yet no mathemati;:al model takes
this into account. One of our contributions, we hope, is the theoretical approach to

a sound analysis of cellulase kinetics.
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. Chapter 3

THEORY

L

In this chapter, a complete development of a structured mathematical model of
the kinetics of the enzymatic hydrolysis of soluble cellulose derivatives is presented.
The mathematical treatment of the polymer structure is first discussed. Important
new nomenclature for the substrate is intr.oduced and then used in a step-by-step
building of a first ‘basic’ model for the hydrolysis kinetics. Finally, a number of
alternate models are presented to show the flexibility of our mathematical treat-
ment. Of course these alternate or rival m<')deis are necessary since the kinetics of

the enzymatic hydrolysis reaction are not known a priori.
3.1 Distribution of the Substituent Groups on CMC

As discussed in the previous 'chapter, the hydrolysis kinetics depend upon the
degree of%bstitution (DS) of the substrate, in particular the number of unsubsti-
tuted units. We now develop an equation relating the DS and “fraction of unsub-
stituted units® in CMC. Some investigators have conducted theoretical work [16]
and experimental work [42](47] concerning the distribution of substituent groups on

CMC. The nomenclature now introduced is consistent with their papers:

e ¢g is the fraction of units which are unsubstituted in the polymer.
e ¢ is the fraction of units substituted once.
e cp is the fraction of units substituted twice.

o cs is the fraction of units substituted in all three positions.

Hence ¢g + ¢; + ¢z + ¢z = 1, ignoring end effects or disturbances in the cellulose

structure.
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Let the selectivities Seg, Sez and Seg be the probabilities that a carboxymethyl
group reacts with a hydroxyl group in position 2, 3 or 6 respectively given that all
three hydroxy! groups on an anhydroglucose unit are unsubstituted and that the
carboxymethyl group must react i.e., Ses + Sez + Seg = 1. Another way to look at
selectivity is thai, given an-unsubstituted cellulose molecule, Se; is the probability
that the first substituent to react with said cellulose, will bind to a hydroxyl group
in position 1.

Sclectivity nomenclature is introduced to facilitate the development of theory
deseribing the distribution of substituent groups on substituted cellulose derivatives.
We consider this approach easier to visualize than the approach in Spurlin’s paper

|46]. Moreover, the form of the final equation is simpler and more applicable to the

purposes of this work.

Finally, x4, 23 and z are the fractions of the anhydroglucose units that contain
substituents in the 2, 3 and 6 positions respectively. The DS is related to the ¢’s

and the x's:

DS ¥ ¢) + 2¢; + 3¢s (4)

def
DS= z3 + 23+ 2o (5)

CMC is prepared by the reaction of alkali cellulose with sodium chloroacetate
[48]. At the start of the cellulose etherification reaction, all of the anhydroglucose
units are free of substituents.

The initial conditions:

CO=1
AtDS:0{61=Cz=Cg=O
To =13 =15 =10

Consider N anhydroglucose units undergoing etherification. At a given time during
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the reaction, the number of free hydroxyl groups at each position is:

N(1 — z2) +# of free no.2 hydroxyls
N(1 — z3) # of free no. 3 hydroxyls
N(1 —zg) # of free no.6 hydroxyls A

/

If the binc%ng procedure were completely random i.e., Ses = Sez = Seg = % then Lhé'
probability that a substituent attach itself to a given position would be proportional
to the fraction of the free hydroxyls in that pc;sition.

However the selectivities or preferences of a substituent group for a position
change the probabilities. Table 3 is a list of the total number of each type of

hydroxyl groups in the N-unit polymer considered as the etherification reaction

proceeds.

Table 3. Hydroxyl Types and their Discrete Amounts in a CMC Solution

Hydroxyl Type Total Number
~unsub. hydroxyl #2 on unsub. anhyd. unit N-co
unsub. hydroxyl #3 on unsub. anhyd. unit ~ Neo
unsub. hydroxyl #6 on unsub. anhyd. unit N-¢p
unsub. hydroxy! #2 on sub. anhyd. unit N-(1 — z3 — ¢g)
‘unsub. hydroxyl #3 on sub. anhyd. unit N-(1 — z3 — ¢p)
unsub. hydroxyl #6 on sub. anhyd. unit N-(1 — z¢ — co)
sub. hydroxyl #2 on sub. anhyd. unit N-z;
sub. hydroxyl #3 on sub. anhyd. unit N-z3
sub. hydroxy! #6 on sub. anhyd. unit N-zg
total hydroxyl positions 3N

Of course there are no substituted hydroxyl groups on unsubstituted units.
To continue the development of the mathematical relationship between DS and
co we have to “build” a CMC molecule from a cellulose malecule. We now proceed

with this brobabilistic buildup by looking at the events that oczur during this |

ctherification reaction.

Agz: next substituent group binds to unsub. hydroxy! #2 on an unsub. unit

.
[ *
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Aga: next substituent group binds to unsub. hydroxyl #3 on an unsub. unit
Aos: next substituent group binds to unsub. hydroxyl #6 on.an unsub. unit
Ayo: next substituent group binds to unsub. hydroxyl ‘#2 on a sub. unit

/113: next substituent group binds to unsub. hydroxyl #3 on a sub. unit‘ N

Aye: next substituent group binds to unsub. hydroxyl #6 on a sub. unit

Note that the next substituent group cannot bind to a hydroxy!l position which is
already substituted:

- Let A be the event that t_he next substituent group binds to the CMC we are
in the process of building. Since we are forcing the substituent group to attach to

the CMC, P(A)=1.

P(A) = P(Acz2) + P{Aos) + P(Aos) + P(Arz) + P(A1s) + P(Al'.e) =1 (8

Now assume that for a given hydroxy! type, a substituent group does not discrim-
inate whether that hydroxyl group is on an unsubstituted unit or on a unit with
substituents present in the other positions. In other words, ass_urhe that the substi-
tution of one hydroxyl in the position 6, for example, will not affect the reﬁctivity
of positions 2 or 3. )
Hence the ratio of the probabilities of the next substituent group l;inding to a

Dydroxyl in position j of an unsubstituted unit as opposed to attaching itself to

position j of a substituted unit is equal to the ratio of the amounts of each, i.c.,

P(Aoj) _ N - e
P(Alj) a N-(l—IJ‘—Co) (7)
P(A12) = P(Aoz) - (1 — 72 — co)/co

For the three hydroxyl positions, { P(A;3) = P(Ags) (1 — z3 ~co)/co  (8)
) P(Am) =P(A05) -(1—&:5—60)/60

Eliminating P(A4;2), P{A13) and P(A;¢) from equation 6 yields

(1= 22) P(Aoz) + (1 — z3) P(Aos) + (1 - z6) P(Aos) = co (©)
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Now, we use the definition of sélectivity. As listed in Table 3, the number
of unsubspituted J hydroxyls on unsubstituted units is the same for all 7 {and is
equal to co-N): Assuming that the, ratio of reactivities of the hydroxyl groups is
ipdep;:ndent of the state of substitution of neighbouring hydroxyls or the DS of
the chain as a whole, then the ratio of P(Ag;) to P(Ag;) is equal to the ratio of the
selectiviti_es of hydroxyl positions ¢ and 5. Savage [36] does mention some crystalline

parts of cellulose are reluctant to und¢rgo etherification. Hopefully, the presence of

long unaltered residues of the original cellulose structure is negligible.

P(Aoz) Seg

P{Ag3) _ Ses
P(Aoe) Seﬁ

P(Aoe) SEG

(10)

...with the constraint Se; + Sez + Seg = 1

Combining equations 9 and 10 to eliminate P{(Ao2) and P{Ap3) gives
See A\CO

P(Agg) = Sea(1 — z2) + Sea{l —g3) + Seg(l — zg)

In the same way, the other probabilities can be caledated.

P(Aoz) = S oo ’
Sez(1 — z2) + Sea(1 — x3) 4 Sea(l — Tl _

P(As) = Sex(1 — ) + Seffi .—cia) + Ses(1 - 7o)

Pir) = 5o Iz)sfs'f:(f = T)s%(l “zo)

P(4is) = Sez(1 - :rz)S:au‘J;e(al(l_—xiii_) C‘*?)Scﬁ(l ~ o)

P(A1s) = Sl sl

~ Sezx(1~ z3) + Sez(1 — z3) + Seg(d — o)

With these equations to calculate the probability that a given hydroxyl type will
be the next recipient of a substituent group for all combinations of unsubstituted
hydroxyls on substituted or unsubstituted units, we now proceed with the “b_uilding”

of the CMC molecule.
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Again, recall that N is the total number of anhydroglucose units considered in
this building process. Let Au be the incremental nut_nber of substit}lent units to
be added. ADS is the incremental change in the degree of substitution due to the
addition of Au units to the polymer.

ADS & Au/N (11)

The number of units which have a substituent in the 7 hydroxyl po%ition increases
by the increment P(Ao;) + P(A,;) whenever Au units are substituted on the N
anhydroglucose units considered. In other words, the fraction of the Au substituent

groups which will bind to, say position 6 is calculated as

NAzg\“z] Au[P(4os) + P(As)]

! Seg(1 — zp)
= Au
7 _362(1—3:2)—{-563(1-—-:53)+SCG(1—$5)_
Replace Au/N by ADS to obtain i
[ Seﬁ(l - .?:5) ]
Azg = ADS 12
e _382(1—:52)+SE3(1—I3)+S€5(1—275)_“ ( )

In the limit as the incremental change in the degree of substitution tends to zero,
equation 12 becomes

[Sea(1 — z2) + Ses(1 — z3) + Seg(l — z6) |
SCG(I - IG)

Similarly, - ,_)

dDS =

dzg (13)

JDS = Seg(l - :L'z) + 583(1 — Ia) + 386(1 — 2:5) dzg (14)
L 362(1 —1'2) ] . )
DS — Sea(1l — z2) + Se3(1 — z3) + Seg(l — z¢) dzs (15)

583(1 - .'1:3)

The variable ¢g is of considerable interest to us. As before, the change in the number
of units which are unsubstituted is calculated from the number of Au substituents

which will bind to an unsubstituted unit.
Alco - N) = —Au{P(Acz) + P(Acs) + P(Acg)]
3 Au-co-(Sez + Sez + Ses)
Seg(l - :1':2) - 583(1 — :1:3) + SC@(I — .'.Uﬁ)

probabllity of binding to unsub, unit
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Recalling that Sez + Sez + Seg = 1 and rearranging,

B _
o N S\‘Zg(l—zz)-{-Se;;(l—'Ia)+See(1—$6)

Au 1

(17)

Substituting ADS = Au/N and taking the limit as as the incremental change in

DS tends te zero gives

dcg dDS

co _ch(i—:r:g)-i—Ses(l—:r;;)-}-Seg(l—zg)

(18)
Comparing equations 13 and {18 to eliminate DS yields

deo dz

co “885(1 — zg)

This form of equation is simple to integrate. The initial boundary condition is

0 deg /I“ —dzg
g _ [T __ 9% 19
,/; co o Seg(l — zg) (19)
In(1—1x5) In(1—0)
Seg Seg

g = 0 at ¢g = 1.

Incg—Inl =

Two other similar equations can be developed for the other hydroxyls. The three

are listed here after simplifications:

zg =1 — Cgcz
3 =1-— c%c"’ (20)
zg =1 —cy"
Eliminating z9, z3 and zg from DS = z5 + z3 + z¢.
DS = (1—¢c5%) + (L — %) + (L - c§*)
DS =3 -] — 5% — S (21)

One objective of this work has now been satisfied. An equation that allows the
calculation of the fraction of anhydroglucose units which are unsubstituted given
the DS of a substituted cellulose derivative has been developed.- Qur eq_luation 21 has
been compared with Spurlin’s set of equations {46]. The predicted unsubstituted
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fractions are the same. We do not reproduce Spurlin’s complex equations here. -
Equation 21 is, in our opinion, easier to understand a.nd-g’ertainly easier to work
B £

with. S

Notwithstanding the two majof assumptions concerning etherification, equation.
21, as applied to our work, does have its inconveniences. In the first place, it is
implicit in cg. A trial and error routine is necessary to calculate ¢y from DS. In the
second placi, the selectivities of the carbon positions are not known a priori. There
are three v;fays to deal with the latter problem. The selectivities may be simply
assumed, estimated as parameters in the hydrolysis modelling or determined by

independent chemical analysis.
3.1.1 Selectivities as Model Parameters

One way to detérmine the values of the selectivities is to include them along with

the kinetic constants as parameters to be estimated in the rate equations describing

" the hydrolysis. This approach has the advantage of ensuring that the selectivities

are those specifically related to the substrate being studied, CMC. However, there
are several disadvantages. First, the addition of two more parameters increases
the complexity of the already difficult estimation problem. (Only two selectivity
parameters need be estimated as a result of the constraint Se; + Sez + Seg = 1).
Second, it is doubtful that typical hydrolysis data contain sufficient informa.tibs to
obtain unambiguous estimates of the selectivities. For these reasons, this appl/oach

wa.s\not taken in the present study.
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2 Assuming Equal Selectivities

Another approach is to assurmne, as did Spurlin [46], that the substituent groups
attach in a totally random fashion, i.e., Se; = Sez = Ses = 1/3. In this case,
]
4
equation 21 becomes |
1 1 1
DS =3~¢] —¢—¢f

which may be solved explicitly for ¢o to give

co = (1 - %DS)'3 (22)

Although this approach pr_ovides a very simple way to calculate ¢y for any DS,
its validity is unlikely from both steric considerations and experimental evidence
presented in the next section. This method of calculating ¢o will only be used in

this work when we examine a hydrolysis model proposed by Reese.

!
3.1.3 Distribution of the Carboxymethyls D‘e\termined Experimentally

There has been some research on the distribution of the cgrboxymethyl gfoups

on CMC. Timell [42][47] conducted this research. In his studies of CMC with a DS

-varying from 0.45 to 1.11, he found that the hydroxyl group in the 6* position is
the most reactive and that position 3 is least reactive. He also noted that no an-

hydroglucose units had both positions 2 and 3 substituted. Fr'om'his experimental

data, Timell [47] concluded that a (negatively charged) carboxymethyl group in ei-

ther of‘éhe two secondary positions prevents the adjacent secondary hydroxyl group

from being converted into a substituted position. In addition, Tlmell also concluded

that the rate at which substituent groups attach onto position 6 is approximately

equal to the sum of the rates of attachment (;nto positions 2 and 3. Consequently,

Timell developed the following equation relating ¢; and DS:

co = (1-— %DS)Z o (23)

Note that Timell’s experimental work shows that one of the assumptions made in
our development of the distribution equation does not hold; the substitution of the
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carboxymethyl group onto a hydroxyl-—especially the secondary positions—is in
fact dependent on the state of substitution of adjacent hydro;cyls.

Extrapolating the observations brings up an interesting point. At a DS of 2, all
units on the CMC will have two substituent groups attached. Timell discusses the
preparation of CMC. Above a DS of 1.5, the preparation of CMC is very difficult,
but he does report that ca.rboxyinethyl cellulose with a DS as high as 2.8 has
been synthesized. However, 23 treatment steps were necessary to achieve such a
high etherification. Since high etherification is no problem during methyl cellulose
preparation, and since the distributions of CMC and methyl! cellulose are different,
it is suggested that as more and more negatively charged carboxymethy! groups are
introduced on the polymer, interference becomes r'xoticea.ble between neighbouring
anhydroglucose units. This would violate another assumption in our distribution
assumption. Fortunately, at the DS of interest to us (0 < DS < 1}, such interference
is negligible [47].

Fiquation 23 is simple and it is based on experimental data. It is the one to be

used in our modelling of the kinetics of the enzymatic hydrolysis of CMC.
3.2 Nomenclature and Schematic Diagrams of Relevant Bond Types

To des;(ibe the hydrolysis of CMC.in terms of the formation of an enzyme-bond
complex followed by cleavage of the 8-1,4 bond, it becomes necessary to distinguish
_ between the various bond types in the reaction mixture. The molar concentrations
of these bond types become the varigbles in a model representing the mechanism be-
hind the enzymatic hydrolysis of carboxymethy! cellulose by cellulases. The various
types of bonds are summarized in Figure 2 in terms of the symbols and nomencla-

ture introduced earlier.

@ o glucose G, @ substituted glucose
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Figure 2: Diagrams of Bond Types

All the boﬁd species'illustrated herewith are mutually exclusive. The whole
range of possible bond types is covered. For example a cellobiose molecule with
substituent groups attached on both glucosidic units would in fact be a §,, type
bond.

It is important to observe that the continuation of the polymer chain beyond
the next glucosidic unit may or may not be relavant. The diagrams take this

into account. For example in case (a) illustrated here, the polymer is the dimer

(a) (b) (c)

consisting of an unsubstituted non-reducing end unit and a substituted reducing
end unit. In case (b), the polymer may or may not continué beyond the reducing
side unit. In case (¢), the polymer chain must be more than two units long for
the discussion to be valid. In both cases (b) and (c), the type of unit in the third
position from the non-reducing end is unimportant. But references to a diagram

such as (c) in the text imply that there is a third unit in the chain.
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3.3 Mddel 1 Development

3.3.1 Assumptions and Basic Kinetic Relationships x

Th(; form of the enzymatic hydrolysis model for CMC will depend on the as-

sumptions made in its development. A list of the assumptions made in developing

the basic model follows. o

1. The most important assumption -is that, in solution, eligible #-1,4 bonds and

el .
the free-enzyme come together to form a complex leading to cleavage of the

bond. /(
2.. Two enzymes have an influence on the rate of reaction: endoglucanase and cel-
lobiase. The so-called exoglucanase does not affect the kinetics of the reaction.

3. Endoglucanase cleaves any ﬁ-i,4 bond between two unsubstituted anhydroglu-
g : g

cogidic units. The possible bonds are shown below:

2 u . re | nre

4. Cellobiase cleaves §-1,4 bonds at the non-reducing end of a molecule where this

end unit is unsubstituted. The possible bonds are shown below:

—

2 : nre nres

5. The dissociation rate of an enzyme-bond complex is not a function of the type
of bond.

6. The system is. free of inhibition i.e., the enzyme does not fbrm a complex with
products or non-substrate bonds. The literature does not support this but it is
nonetheless a convenient sirnpliﬁcla.tion in this first-to-be-developed model.

7. Enzyme deactivation is negligible. at 50°C and pH 4.8.

8. Michaelis-Menten kinetics apply to the system.

Based on these assumptions, some basic kinetic relationships can be developed.
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Keep in mind that the formation of an enzyme-bond complex is the underlying
assumption in this development.

Assumptions 3, 5 and 8 lead to an expression for the rate of cleavage of g, G,
Byre and fnye bonds by the endoglucanase, E;:

_d(ﬁu + G2 -+ ﬁrc + ﬁnrc) _ E:c : klE, - (ﬁu + G2 + ﬁrc + ﬁnrc)
dt Km.E, + ﬁu + G2 + IBTC + ﬁnrc

(24)

Equation 24 is a modified Michaelis-Menten expression. To account for the multiple
substrates, the usual substrate term has been replaced by the total concentration
" of the endoglucanase substrates, G3, By, Br. and bn,c.

Assumption 5—equal dissociation rate of the endoglucanase complex regardless
of substrate—implies that the substrate typé is transparent to the enzyme. Hence
the rate of cleavage of one substrate type by E; can be calculated if the ratio of

~ this substrate to the total (endoglucanase) substrate is known. For example, the

rate of clea\}age of cellobiose, G, by E. is

_dG2 _ l: G2 . ] l:Ez ‘ klE, : (GZ + ﬁu + ﬁrc + ﬁnrc) (25)
dt G2 -+ ﬁu + Brc + ﬁnre || I{mE. + G2 + ﬂu =+ ﬁrc + ﬁnrc
fene of By uub-:;:ue which is Gy rate at which £, cleaves all lublll‘nlrt

Assumption 4 lists Gz, Bnre and Bpes as the substrates of cellobiase, Ey. Again

the aggregate rate of hydrolysis of these bond types by E) can be written as

d(G?. + ﬁnrc + ﬁnrca) - El : klE, ' (G2 + ﬁnrc + ﬂnrea)
dt KmEl -+ Gz + ﬁnrc + ﬁnrca

(26)

This aggregate rate can be decomposed into a sum of the rates of hydrolysis of

the individual substrate types to yield

_d(GZ + ﬁnrc + ﬁnrca) _ El ' k1E1 ' G2
dt _Km.E,, + Gz + ﬂnrc + ﬁnru
Ey kg, * Prre
KmEl + G2 + ﬁnrc + Bnrca
El ) klEl ' ﬁnrca
KmE; + Gz + ﬁnrc + ﬁnru
]

+

(27)

+
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where, for example, the term E) - ki g, - G2/(KmE, + G2 + Bare + Bnres) is the rate

of cleavage of cellobiose by cellobiase. The two enzymes, E, and Ej, are acting
| 22 DRl CRA O "
7
concurrently on different G2 molecules in the reactor by first forming a complex

with G2 and then cleaving its §-1,4 bond. To calculate the overall rate of cellobiose

hydrolysis, add the rates for the two enzymes acting on cellobiose.

- dG, E: kg, G2 Ey kg, - Ge

dt - KmE, + ﬂu + G2 + ﬁrc + .Bn.rc _. KmE. + G2 + ﬁnrc + ﬁnrca

(28)

Equation 28 is a measure of the cleavage rate of cellobiose by E; and E;. It does
not necessarily give a measure of the rate of change of cellobiose with time since G,

can be formed in the hydrolysis of a cellulosic polymer.

3.3.2 Rate Model for G,

The quantity of glu‘cose in the reactor is strictly increasing as a function
@ of time. Two glucose molecules are produced when a cellobiose molecule
is hydrolyzed. The endoglucanase and the cellobiase are both capable of cleaving
the 8-1,4 glucosidic bond of a cellobiose molecule. Also, with the assumptions made

in developing this model, one glucose molecule is produced when a B;., a fpre Or 2

Bnres bond is cleaved. Then,

dGl 2- G2 :ll:E: : klE, " (ﬁu + G2 + ﬁrc + ﬁnrc)]
dt ) _GZ + By + ﬁ:e + Bure Km‘E, + Bu + G2 + Bre + Brre
2-Gy ] [El . klE; ‘ (GZ + ﬁnrc + ﬁnrca):l
_G2 + ﬁnrc =+ ﬂnrca KmE1 + G2 + ﬁnrc + ﬁnm
4 [ - ﬁrc + ﬁurc :| [E: ' klE. * (ﬂu + Gz + ﬁrc + ﬁnrc)“
_ﬂu+G2+ﬁrc+ﬁnre KmE.+ﬁu+GZ+ﬁre+ﬁnre
[ ﬁnrc + ﬁnrca :I [EI . klE; ) (Gz + ﬂnrc + ﬁnrcn):l
_G2 + ﬁnrc + ﬁnrca KmE. + GZ + ﬁnrc + ﬁnrca

+

.+

The first and second lines of equation 29 are the rates of production of glucose
from cellobiose hydrolysis by E; and F) respectively. The third line is the rate of
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cleavage of Brc and fgre bonds by Ey. The fourth line is the rate of cleavage of fnre

and Buree by £1. Equation 29 simplifies to

dGy _ (2G2 + Bre + ﬁm‘e) -Ez - kg, (')-G'z + Bure + ﬂr_t_r_ca) - Ey - kg, (30)

dt -_ KmE, + G2 + ﬁu + ﬁre + ﬁﬂ.rc KmEl + GZ + ﬁnrc + ﬁnrca

The rate of glucose production in a hydrolysis reaction can thus be calculated.
The concentration of all the bond types has to be known.‘ Direct experimental
determination of these bond concentrations would be one method of calrculating the
glucose concentration. At present however, analytical techniques are not advanced ~
cnough to estimate By, Bres Brre @nd Bnres experimentally.

3.3.3 Rate Model for G,

The expression for the rate of cleavage of cellobiose by K, and

_ _ .
M E. has already been calculated. Cellobiose concentration in the

reactor can also increase. This happens as a result of the cleavage of a bond adjacent

to an end bond.

The molecule from which the cellobiose will separate must have a molecular length
greater than or equal to 3 anhydroglucose units and the two end units that, after

cleavage, form the cellobiose entity have to be unsubstituted:

Loth B, and Bas. bonds are transformed into a G4 bond when their adjacent

bonds are cleaved. These two cases will now be considered.

Only three types of bonds can be adjacent to a fnre bond: fy, Banr and [3;-:.

The ‘r%te of cleavage of 8y bonds is given by

— [ By l {Ez'klE.'(G2+ﬁu+§rc +ﬁnrc)}
G'.’. + ﬁu + ﬁre + ﬁnrc KmE, + Gz + ﬁu + ﬁrc + ﬁnr:
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The probability that fnse is the bond on the non-reducing side of a By bond is
Bare/ (Bu + Bure + Bar). Thus the rate at which Bar. bonds are transformed into G

1 - 0] .
bonds because an adjacent B, bond was cleaved is:

[ ﬂnrc ] [ ﬂu ] [Ez ‘ klE, b (G2 + ﬂu + ﬁrc + ﬁnrc)
ﬁu +- ﬂnrc + ﬁar GZ + ﬁu + ﬁrc + ﬁnrc -KrnE, +Gg + ﬂu + ﬁrc + ﬁnrc

A B, bond, the other type of bond that can be adjacent to a §,,. bond cannot
2 .
be cleaved by the enzyme system.

The rate of cleavage of §,, bonds is given by

™

_ ﬁrc [E: ' klE, ' (G2 + ﬁu + ﬁrc + ﬁnrc)jl
G2 + ﬁu + ﬁr: + ﬂnrc KmE, + GZ + ﬂu + ﬁrc + ﬁnrc

The probability that G, is the bond on the non-reducing side of a f,. bond is

Bure/{Bu + Bnre + Bsr). This is actually the fraction of B, bonds to the total

number of possible bonds adjacent to F,.. The rate of production of Gy due to

cleavage of 8,. bonds adjacent to f3,,. bonds is

P | I B ] {B Kig- (Gt But fre + o]
ﬁu -+ ﬂnrc' + ﬁar ‘ .G2 + ﬂu + ﬁrc + ﬁnrc : I{mE, + G2 + ﬂu + ﬁrc + ﬂnre

When a fnr. and a g,, bond are contiguous,&)c'y form a cel-
s

lotriose molecule. We have just considered the action of cleaving
. ¢ . . ) .

Iy which releases G2 into solution. But the 8,y bond of the cellotriose can also be

cleaved. This also releases a G2 bond into solution. Furthermore both E; and E;

can cleave fOn,e type bonds. By direct cleavage, -

‘_m_‘n__rc_ - Bree ._] [E; - kg, - (G2 + Bu + Bre +'am;c_-)_s- -
ot Ga+ Sy + Bre + .anrc_l l b

Kpmg, + Gz + By + Bre 4 Bare -

5 [ .Bnrc J [El . klE; : (GZ + ﬁnrc + ﬁnrea)]
GZ -+ ﬁnr: + ﬁnrn ‘KmE, + G2 + ﬂnrc + ﬁnrca

(31)

And the probability that ;. is the bond adjacent to a Bare bond is B,/ (Bu + Bre +
S ..\Il:[tip]_\' cquation 31 by the probability of finding a2 contiguous f,. to give
the rate at which G2 is produced by the cleavage of ﬁn;, in cé]lot‘fiosé.
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[ ﬁrc ] [( E; - klE. ) ﬁnrc - ) '+ ( k- klE, * ﬁnre )]
ﬁu -+ ﬁrc + ﬁ-ml' KmE. + Gz + ﬂu + ﬂrc + ﬁn"e KrnE, + GZ + .Bnrc + ﬁnrc.’

The final way in which the concentration of cellobiose in the reactot can increase
S e X [ ¢

is by the cleavage of a By bond adjacent to a fr. bond. The rate at which Gy

increases through the transformation of fr. into G by the cleavage of an adjacent

By is . "y

[ ﬁre ] |: ﬁu ] {Ez ) klE. ' (GZ + ﬁu T ﬁrc + ﬁm—c)]
ﬂu + ﬁrc + ﬁanr G2 + ﬁu + ﬁrc + ﬁnfc -KmE, + GZ + ﬁu + ﬁrc + ﬁnrc

Combine the expressions for this rate of production of G2 through transforma-

tions and for the rate of depletion of G» by.direct cleavage. The resulting equation

is the relation for calculating the rate at Which cellobiose concentration is changing

in the reactor.

d)G'_S: _ ﬁr: } ] ﬂu ] E: ) klE. - (Gz + ﬂu + ﬁrc as }81-.”)[1 .
dt B [E'i‘ﬁr:'*'ﬂanr '_G2+ﬁu+ﬁrc+16nrc_ [ KmE. +Gz+ﬁu+ﬁrc+ﬁnrc }
+ ﬁre - 1 [ ﬁnrc ] [E: * klE. * (Gz + ﬁu + ﬁre -+ ﬁnrc)} ’
' Lﬁu+ﬁre+ﬁnnr. .G2+ﬁu +ﬁrc+ﬁnrc. Kme, +Gz+ﬁu + Bre + Bnre
- [ ﬁrc . } i ﬁnrc } [El b klEl - (Gz + ﬂnrc + ﬁnrcl):\
» ] _ﬁu + Bre + ﬁunr EGQ + ﬁnr: + ﬁﬂﬁ:ﬂ KmE_ + G2+ ﬁnrc + Brres
o B ] B ' [E ckip,  (Gat But Bre t ﬁn;c)]
Lﬁu + ﬂnrc -+ ﬁlr‘_ LG2 + ﬁu + ﬂf: + ﬁnrc_ KmE. + GZ + ﬂu + ﬂrc + ﬁnrc
4 [ ﬁnr: 1~ ﬁre ] {Ez ’ klE. : (GZ + ﬂu + ﬁrc + ﬁnre)]
_ﬁu + ﬁnrc -+ ﬂar_ LG'A' -+ ﬁu + ﬁrc '+“.8nre KmE. + GZ + ﬁu + ﬂrc + ﬂnrc
_ I- GZ ] [Ex'klE. '(G2+.8u+ﬂrz+ﬂnrc):|
|Gz + B+ Bre + Brre] | Hme, + G2+ Bu ¥ Bre + Bure
_ G2 ] [El kg, - (G2 + Brre -+ ﬂnm)]
[GZ + ﬁnr: + Bnru KmE, + GI + ﬂnrc + ﬁnru

Simplifications are possible! It all reduces to:

“\’. . dG'Z . [ﬁu'ﬂrc+ﬁnrc'ﬁrc +ﬁu'ﬂnr:+ﬂrc'ﬁnrc -G ] [ Ez'k”':- IO
.’; “ i ﬁu@ﬁ” + ﬁ.mr ﬂu + ﬂnr: + ﬁll’ . KFHE- + G2+ Byt Are Bore

* [ nre ﬂrc G ] [ p[ * kl’E; ]
' . T Y1
ﬁu + Dre + ﬁ:nr [{mﬁl + G? + ﬁnrc + ﬂnrn

(32)
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Now the Queétion may be asked: “How about the quantities that are not experi-
mentally measured..., the 8’s7”. If a complete system is to be defined, a balance
must, be made on each of those species. We now proceed to develop the pertinent

cquations.
3.3.4 Rate Model for 8y

By type bonds are strictly depleted during a reaction. In the
- M first instance, endoglucanases act to clga.ve these bonds di-
rectly. In the second instance, fy bonds are tran_sformed intc; one of the end-type
bonds—f,, or Bnr.—when an -adjacent bond is cleaved. This is represented mathe-

matically as follows:

dﬂu _ [ ﬂu ] [Ez - klE. ‘:'(02 -+ ﬁu +- ﬁre + ﬁnrc)]
dt - _Gz + ﬁu + ﬂrc + ﬁnrc KmE. + G!:*" ﬁu + ﬁrc + ﬂnrc
_ [ ﬁu 17 ﬁu - ‘QQ \'~} -EJ: ‘ klE. : (GZ + ﬂu + ﬁre + ﬁnrc).
_ﬁu+ﬁrc +ﬁanr_ _G2 +ﬂu+ﬁrc+ﬁr;Fc'\‘_ KmE, +G2 ﬂu +ﬁrc "f‘ﬁnrc
_ [ Bu’ 11 Bu ] —Ez ’ klE. : ( + Bu+ Bre + ﬁ.!rc) ]
.ﬂu'*’ﬁnrc"f‘ﬁar_ .G2+ﬁu+ﬁrc+ﬁnre_ L KmE.+GZ +ﬁa_4‘ﬁrc+ﬁnr¢
_ [ Bu 11 Bre ] ‘Ez ! klE. . (Gz + Bu + Bre + ﬁnn)-
.ﬂu +ﬁnre +ﬁar_ _Gz.'f'ﬁu +ﬂrc +ﬂnrc_ L KmE. + G2 +ﬂu +ﬂrc+ﬂnr:
_ [ ﬂu 11 ﬂnrc ] -Ez ) klE. ' (GZ + ﬁu + ﬂrc + ﬂnrc)-
A _ﬁu +ﬂrc+ﬁanr_ ..G2 +ﬁu ‘*“ﬁre +ﬁm‘c_ L KmE. +G2 +ﬂu "*'ﬂrc'i"ﬁnr:
_ [ /Bu T ﬁnrc ] [El * klEl * (G2 + ﬂnre + ﬂp?u)}
_ﬁu + ﬁrc + ﬁanr_ _G2 + ﬁnrc + ﬂnru KmE. + G! + ﬂnrc + ﬂ}’nru

(33)
The first line 6f equation 33 is the direct cleavage rate of 8, bonds by F..

The direct cleavage of a B, bond further reduces the concentration of g, if any

of the adjacent bonds are also of type §,. - ) '

I

—_— —
non-reducing reducing

On the reducing side of a 8, bond, we can find either another 3, bond or a
Jre o & f,n, bond. The probability of finding B, is given by 84/(By + Bre + Bynr)-
Multiply this probability by the rate of cleavage of 8, to obtain the rate at which
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reducing-side B, bonds—adjacent to cleaved 3, bonds-=are transformed into fnre

type bonds.

{ L . ] [ ‘ ﬁu ] [Ez ) klE. : (GZ + ﬁu + ﬂrc + ﬂnrc)}
By A Bre ¥Banr ) LG2+ But Bre + Bare) | Kmp, + G2+ Bu + Bre + PBrre

This is the second line in equation 33.

On the non-reducing side of a cleaved B, bond, there may also have been a g,

bond. The probability prier to cleavage was Bu/(Bu+ Bure + Bor). The rate at which

non-reducing side 4, bonds—adjacent to cleaved 3, bonds—are transformed into
»

Bre type b_onds is 4
l: ' ﬁu ] [ ﬁu :| [Ez ) klE, ) (GZ +ﬁu + ﬁrc + ﬁnre)]
ﬁu + ﬁnrc + ﬁar GZ + ﬁu + ﬁrc + ﬁnrc KmE, + GS’. -+ ﬁu + ﬁrc -+ ﬁnrc

This is the third line in equation 33.

If there are three consecutive unsubstituted units at the re-
A /A ducing end of a polymer that is at least 4 units long, then
/
the cleavage of the fre bond results in the transformation of the 8y bond into a 3y

bond. The rate of cleavage of 3. bonds is

\: ﬁfc :‘ [Ez : klE. : (G2 + ﬁu + Bre + ﬁnrc) .
GZ + ﬁu + ﬁrc + ﬁnrc “KmE, + G2 + ﬁu + ﬂre + ﬂnrc

And ﬁu/(ﬁu 4+ Bnre + Bor) is the probability that it was ‘indeed a 3, besides he

cleaved Bre. The fourth line in equation 33 is the rate of transformat:on of [jL bonds

into 8, bonds due to cleavage of adjacent Bre bonds. .

To complete the analysis on how B, changes with time in
@M_ an enzymatic hydrolysis reaction, we calculate the rate at
which (3, bonds are transformed into fnse bonds through cleavage of fnrc bonds.
Three consecutive unsubstituted anhydroglucose units at the non-reducing end of

the substituted cellulose are considered. Two enzymes cleave fnre. The overall rate
E
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of direct cleavage is given by the sum of the two individual rates of E; and E..

|: ﬂnre ] [Ez : klE, : (G2 + ﬁu + ﬁrc + ﬁnrc)]
Gy + By + ﬂre -+ ﬁnrc KﬁtE, + Gz + By + ﬂrc + ﬁnre
+ [ ﬁnrc :| [El ' klE; : (GZ + ﬁnrc + ﬁnrca)jl

G2 + ﬁnre + ﬁnrcs : KmE, + GZ + ﬁnrc + ﬁnrcu

To obtain the rate of depletion of 8, through transformation due to its being ad-

jacent to a cleaved S, bond, multiply the above overall rate by the probability of

linding a By adjacent to a far. type bond, Bu/(Bu + Bre + Bons)-

Equation 33 is now complete. It simplifies to

dﬂu _ ﬂu + ﬂnrc ﬂu + ﬁrc E:: * klE.
T B {ﬁu'+ ﬂrc + ﬁnnr * ﬁu + ﬁnre + ﬁlr * l] {50] [KmE, + G2+ ﬁu + ﬁrc + ﬁnre
_ [ ﬂu ) ﬁnrc ] |: : El - klE‘ ]
ﬂu + ﬂrc + ﬁnnr KmE; + Gz + ﬁnre + ﬁnrca

(34)
Equation 34 describes how 3, changes with time in the reactor.

3.3.5 Rate Model for G,.

) " At the reducing end of the cellulose or céllulose derivative, there
—@_@ may be two units which are unsuﬁ.fituted. According to the |
nomenclature set up in this work, the ﬁ-l,f;;lucosidic bond separating thepe two
units is abpropriately “ferred to as fy.. Specifically By, is the concen‘tration of
these bonds in the reaction .Imixture, in units of moles/L. Let’s s;t up the differen-

tial equation governing the rate of change with time of f,, one piece at a time.

The overall rate of reaction of the E; enzyme cleaving its substrate is calculated

Ez ) klE, ‘ (G2 + ﬁu + ﬁrc + ﬁnrc)
KmE, + (GZ + ﬁu + ﬁre + ﬁnrc)

This is a simple Michaelis-Menten equation with rate constant for the E; enzyme

kig, and its Michaelis constant Kmng,. For this overall hydrolysis madel, one of
the listed assumptions concerns the substrates available to the E; enzyme. They
are Ga, By, Bre and Bnrer—Those are the quantities which have been used as the

~ [i14]
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enzyme substrate in the numerator and the denominator of the Michaelis-Menten

equation. Also note that t’ is' no product inhibition term in the Michaelis-

Menten equation to remain faithful to the assumption of no product inhibition for

" this particular model. -

So we have the rate at which E; cleaves all its available bond substrate. Multi-
plying the overall E; rate equation by the ratio of 84 to all substrate available gives

the direct rate at which the 8, type bonds are being depleted by the enzyme E;.

|: ﬁu :| [Ez * klE, : (GZ + ﬂu + ﬁrc + ﬂnrc)
Gq + ﬁu -+ ﬁrc + ﬂnrc KmE, + G» + ﬁu + ﬁrc + ﬁnrc

B,. bonds are created when a 3, )bornd is cleaved if the bond on the non-reducing

side of the B, bond considered prior to cleavage was also a 8y bond. In other words,

if there are two contiguous 8y bonds in a CMC molecule and the one closer to the
reducing side is cleaved, then the uncleaved g, bdnd has now been transformed into

a fr. type bond.

To the expression of the rate of cleavage of Ay, add the constraint that the bond
next to the B, bond considered, on the non-reducing side must also be type (..

Three possible bond types'can be adjacent to a g, bond, on its non-reducing side.

M@_ .. dnother B, (now considered)
A W7 5,

e a2 Bure : \
ﬂﬂf ﬂ‘ : *
a [,

!’IP ﬂl

The probability that the adjacent bond considered is indeed By type is given as
Bu/(Bu + Bure + Bar). Now combine the likelihood that the adja.cent n&h-reducing
side bond is 8, with the rate at which the §, type bonds are being cleaved to obtain

the rate of formation of §,. bonds from the cleavage of 8, bonds.

\: ﬂu ] [ ﬁu [E: * klE, : (G2 + ﬁu + Bre -+ ﬁnrc)
Iju -+ ﬁnrc + ﬁsr GVZ- + ﬁu + ﬂrc + ﬁﬂV!J KmE. + G! + ﬁu + ﬂrc + ﬂnrc
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That’s .only the first part of the overall equation to determine the rate of change of
Bre.

Another way in which a ;. bond is created is when a ;. bond is cleaved
provided that the adjacent bond was a B, bond. What types of bond are permitted
to be adjacent to A, bonds? §, (presently examined), Bnr. (in which case we are
looking at a cellotriose molecule) or B (if the ﬂext anhydroglucose unit considered

is substituted). The rate at which the 8,. bonds are being cleaved equals:

|: bre j| [Ez ‘ klE, * (G2 + ﬁu + ﬁrc + r@nre)]
G'z + ﬁu + ﬁrc + /Bnre KmE, + G2 + ﬁu + ﬂrc + ﬂnre

-

And multiply by the probability that the adjacent bond is type B, to obtain the

rate of formation of f,. from cleavage of f3,, contiguous to g,

|: ﬁu :| [ ﬂrcv :I [Ez N klE, ) (G?. + 614 + ﬁrc + ﬁnrc):|
ﬁu + ﬁnrc + ﬁar G2 + ﬁu + ﬁrc + ﬁnrc JKmE, + G2 + ﬁu + ﬁrc + ﬁnrc

v >
‘ E, 1
00— 0 ®
This last case has been considered despite the fact that the net gain of 5. bonds is

nil since one must be cleaved to obtain another. Recall the direct cleavage rate of

G.. bonds:

[ ’ ﬁrc - | :| [Ez ) klE, ) (GZ + ﬁu + ﬁrc + ﬂnr.c)jl
G2 + ﬁu + ﬁrc + ﬂnrc Km.E, + G2 + ﬂu + ﬂrc + ﬂnr:

T’llle la&two equations can be interpreted ip a different way. On cleavage of a 3,
bond, there ,'ua/{net loss';)f one f3,. bond if the bond adjacent to it was either a F,,,
or a J,, bond. o 4

Not all bond reactions that affect the rate of change of 8, with time have been
covered. One 3, bond is lost i£ a 3, bond is cleaved if the bond next to it was a §,.
bond. This is the reversed.case from above with the same two adja.lcent bond posi‘tion

»

Y
considered but a different order of cleavage. The probability that the bond next to

the 8y bond on the reducing sidé is a By bond is given by B.¢/(Bu + Bre + Bsnr)- |

-
08



—

This has been set at the ratio of f;. to the eligible bond types for the position
considered, the reducing side of 8,. Thus the rate of change of §,. with time due

to the cleavage of a 8, bond next to a 3, bond is given b'y

_ { ﬁrc } |: ﬁu : } [Ez i klE. ) (G2 + ﬂu + ﬁrc + ﬁnrc)
ﬁu -+ ﬂrc_ ,+ ﬁanr GZ +l ﬂu + ﬁrc + ﬁnrc KmE, + GZ + ﬁu + ﬁrc -+ ﬁnrc.
A - :
There is only one more type of bond reaction which affects the rate of change

of By, with time. When a Bre bond is adjacent to a §y,. bond and fat Brre bond
!

is cleaved, the By, bond is transformed into a G2 bond. In other words, the bond
E. E,
+
06 €60

closest to the non-reducing end in a cellotriose molecule has been cleaved to yield
one molecule of glucose and one of cellobiose. As before, the probability that the
bond'nc;xt to a fn,e bond is of F,, type is calculated as 8,./(Bu + Bre + Bsnr). Now
we have t?account for the fact. that in this model, both the endoglu;anasc and
cellobiase are assumed to cleave 8, bonds. The instantaneous rate at which one
enzyme cleaves ﬁn,c'is'considéred independent of,the other enzyme rate. The total
rate of clc'a.vage‘is assumed additive for enzyme type. And since the assumptions for
this model include Ga, fnre qnd Brres as substrate for the E) enzyme, the cleavgge

A
rate of fnre by the two enzymes is

1 -

l: ﬁnrc’ R :| [E:z * klE. ) (GZ + ﬁu + ﬁrc + ﬁnrc)]
G2 +ﬁu +ﬂrc +ﬁnrc KmE, +G2 +ﬁu+ﬁrc +ﬁnrc
+ |: ﬁnrc } [EI : klEl * (G2 + ﬁnrc + ﬂnrca)}

GZ + ﬁnrc + Bnrcu Km.E. + GZ + ﬁnrc + ﬁnrca

where the first line is the effect by E; and the second line by £,. Then the rate of

>

chz;nge of B, due to the cleavage of By, bonds is

_ [ [ ﬁrc ] [ ﬁnrc ’ ] {Ex : klE. Y (G2 + ﬁu + Bre + ﬁnre)]
ﬁu + ﬁrc + ﬁanr G2 + ﬂu + ﬂrc + ﬂg:c Km'E, + GZ +‘lﬁu +ﬁrc|‘i' ﬁnrc
_ [ ﬁre ] l- ﬁnre L /] E] . klE, * (G2 + ﬁnrc + ﬁnrc;:}j‘l
ﬁu + ﬁr: + ﬂlnr lGI + ﬂnrc"*' ﬁnr}b L K_mE. + G2 + ﬁ_nrc + ﬁnru
I

-




AllL the bond reactions that affect the rate of change of f,. with time have been

discussed. Assemble together all the parts of the equation.

ﬁu ] [ l Bu ] [Ez i klE, ) (G2 + ﬂu + ﬂrc + ﬁnre)]
Lﬁu + Bnre + Bar Gy + fu + Bre + ﬂnrc KmE, +Gg+ B+ ﬂrc + ﬁnrc ’
[ Bu ] ‘:  Bre :| [Ez kg, (GZ + pu + Bre + ﬁnrc)]
LJBu + Bare + ﬁar G+ ﬁu + ﬁre + ﬁnrc KmE, + G2+ Bat ﬁrc + ﬁnrc
[ 'ﬁrc' :| l[Ez i klE, - (GZ + ﬁu"" ﬁr; + ﬁm’c)] N

+ Brre

_G?. + Pu + Bre KmE, + G2 +ﬁur+ Bre + Brre

B [ ﬁrc 17 ﬁu :l [Ez ’ klE, ' (G2 -+ ﬁu + Bre -+ ﬁan)]
_ﬁu + Bre + ﬁanr_ _G2 + By + Ree + Bare KmE, + Gg + By + Bre + Brre

. ] ﬁrc 110 ﬁnrc ] [Ez ) klE, * (Gz + ﬂu + ﬁrc + ﬂnrc)l
_ﬁu -+ ﬁrc + ﬁanr_ _GZ -+ ﬂu + ﬂrc + ﬁnrc KmE, + GZ + ﬁu + ﬂrc + ﬁnrc

_ [ ﬂre 10 Bnrc :‘ [El ) klE. : (G2 + ﬁnrc + ﬁnrca)}
By + Bre + Banr | (G2 + Bare + Pures Kmg, + G2 + Bnre + Brres

It all simplifies to

dﬁrc _ [ ﬂu " (ﬁu + ﬂrc)
dt ~ [ But Brre t+ Bor

— B, - ﬂu-(ﬁuwm)] [ E: - kiE, }
re K

ﬁre + ﬁu + ﬂ‘anr mE, + G2 + ﬁu + ﬁrﬁ + ﬁnre '

_ [ ﬁnrc ) ﬁrc ] [ El : klEl ]
ﬁu + ﬁrc + ﬁnnr Km.El + GZ + ﬁﬂrc + ﬁnrcl

3.3.6 Rate Model for DBure .\‘ /\/

Action on fare is very similar to that on B The difference is

>

M- that we are now considering a bond between two unsubstituted

anhydroglucose units at the non-reducing end of the cellulose derivative. ‘*\

A Bure bond is created when a 8, bond is cleaved if the adjacent bond to that )

being cleaved, said adjacent bond being on the reducing side of the cleaved (3, bond,

o 1 o R SR o L

is also a 8, bond. The rate at which 8, bonds are cleaved is given by

_dﬁu_ — [ Bu } ,[E:: ) kiE. ) (G2 + Py + ﬁrc + ﬁnrc)]
df ~ |Gz + Bu+ Bre + Bnre) | Kmg, + G2+ By + Bre + Bnre

And the probability that the bond on the reducing side of the S, bond being cleaved

: -~
is another g, bond is given by the ratio of B, bonds in the reactor to the total

o
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number of bonds which are eligible to be positioned on the reducing side of a 3y
. bond. Those eligible types of bonds are fu, Bre a.nd Bsnr- Then the rate at which

Bre bonds are produced because a 3y, bond adJacent to another By bond has been.

cleaved is given by

[ B H B ][Ez-kw,-(Gz+ﬁu+ﬁ,c+ﬁ;,c)]
ﬂu + ﬁrc + ﬁsnr R G?. + ﬁu -+ ﬁrc + ﬁnrc Krr}E, + GZ + ﬂu + ﬁrc + ﬂnrc

o
# prob. of contiguous Bu tate of cleavnge of fu bonds

f",.‘_'-i;,;
. . I
o Thé rate at which By, bonds are directly cleaved after dissociation of the

_-enzyime-fnyr. complex is the sum of the action of the two enzymes on the Brre l;on'd.
o Recall here that it is assumed in the development of this model that non-reducing

end bonds between two unsubstited a.nhydnogluepse units are an eligible substrate

of both cellobiase and endo-glucanase. .

[ ﬂnrc } [Ez B klE, ) (Gi’. + ﬁu + ﬁrc + ﬁnrc)]
] G2 + ﬁu + ﬂrc + ﬁnrc K:-QE, + G2 3&' ﬂu + ﬁrc + ﬂnrc
l + { ﬁnrc ] [El" klEl ) (G2 + ﬁnrc + ﬁnrco)]

GZ + ﬁnrc + ﬁnrcs KmE, + Gg + ﬂnrc + ﬂnrcc-

’lhls is the total rate of cleavage of Bnre bonds. However, if there was a fy bond
contiguous to.the Fnre b6nd cleaved then the net effect on the number of Bare bonds

cleaved is nil because that f, bond has in turn been transformed into a Bpre type

bond.

E\E, .
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Again the probability that there was a B type bond adjacent to a Bare tym\.
bond is calculated as the ratio of the quantity of ﬁu l-).oaas to the quantity of all
eligible bonds' to be adjacent to-a Bnre bond ie., fu + Bre + Bene. The r:xtc at .
which the enzymes cleave the B,.sc bonds has already been accounted for _thf' this
is & positive correction for the presence o_f some 3, bonds adjacent to Eleavé? Pnre

T1
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bonds.

+ I: ﬁu ] . |: ﬁnrc :I |:Ez’klE, '(G2+ﬁu+ﬁrc+ﬂnrc):|
ﬁu + ﬂr: =+ ﬁmr G2 + ﬁu + ﬁrc + Bnrc KmE.‘, + G2 + ﬁu + ﬁrc -+ ﬁnrc

+ [ ‘ ﬁu ] :| . [ ﬁnr'c ] [El ‘ klE, * (Gz + ﬁnre + ﬂurca)}
Bu + Bre + Bonr G2 + Brre + Bares Km.E, + G2 + Bare + ﬂnrcs

One fpr. bond is transformed into a cellobiose bond if an adjacent Be bond is
E,
| T Uex St U DR U2

cleaved. On the non-reducing side, the only types of bonds that can be adjacent to

a f, bond are:

non-reducing <= reducing
This rate of transformation of 8, is calculated as the rate of cleavage of S, bonds

multiplied by the probability that a §,,. bond was adjacent.

_ [ ﬂnrc ] [ ﬁu ] {Ez - klE, ) (Gz + ﬁu + ﬁre'“f' ﬁnrc)jl
Bu + Brre + Bar G2+ Bu + Bre + Bure KmE, + G + Bu 4 Bre + Bare

where you will recognize the first (probabil‘ity) term as the ratio of the number of
Bne. bonds to the number of bonds in the mixture which are eligible to be adjacent
to a 8, bond on its non-redl{cing side,

The last bond cleavage _Jtha.t affects the rate of change of B,y with time is a G,,,.
bond transformed into a c.ellobiose'bond from its position as a non-reducing end
bond in a cellotriose molecule when the reducing end bond, B, in that cellotriose
molecule is cleaved. The possible types of bond that are found on the non-reducing l

side of a S, bond are By, PBure or B,r. Then thé rate of change of f,,. due to this

transformation is

m[ Bare H Bre - HE kg, - (G + Bu + Bre + Bare)
f ﬁu + ,gnre + ﬁsr Gz + ﬁu + ﬁrc + ﬂnrc .ng. + G? + ﬁu + ﬁrc + ﬁnre
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In the same order as the possibilities have been enumerated in this section, here is

the overall equation for the rate of change of 8, with time:

gﬁr}iﬁ — [ ﬁu ] I: ﬁu ] [Ez . klE. ) (GI + ﬂu + ﬁrc + ﬂnrc)]
dt _ﬂu + ﬁrc + ﬂanr G2 + ﬁu 4+ ﬁre + ﬁnrc KmE, + GZ + ﬁu + ﬁre + ﬁnrc
' _ [ ﬁnrc ] [Ez : klE. N (Gz + ﬁu_'i' ﬂrc + ﬁnrc)]
G, + ﬁu + ﬁrq '+' ﬁnre KrnE. + G2 + ﬁu N ﬁrc -+ ﬂnrc
L [ ﬂrirc ] [El * klfh ’ (Gz + ﬁnrc + ﬁnru)]

G2 + ﬁnrc + ﬁnrcs KmE. + GZ + ﬁnr: + ﬁnrcs
+ ﬁu ] i ﬁnrc ] ‘E::: * klE. ° (G?. + ﬂu + ﬁre + ﬁrxre)l
ﬁu + ﬁrc + ﬁznr .G2 + ﬁu + ﬁre + ﬂnra L KmE. + G2 + ﬂu + ﬁrc + ﬁnrc
+ ] ﬁnrc ] [EI ) klE‘ * (G2 + ﬂnre -4 ﬂnrca)]
ﬁu + ﬁrc + .er _GZ + _ﬁnrc + ﬂnru KmE. + G2 + ﬂnrc + ﬂnru
_ Brre ] ( Bu ] [ E. kg, - (G2 + Bu + Bre + ﬁnrc)]
ﬁu + ﬁnrc + ﬁar _Gz + ﬂu + Bre + ﬂn‘re KmE. + Gy + ﬁu + Bre -+ Brre
-‘ _ ﬂnrc } [ ﬁrc } -Ez * kIE." (G2 ‘f‘ ﬁu + ﬁre -+ ﬁnrc)}
Lﬁu+ﬂnr: +ﬁnr .G2 +ﬁu+-ﬁrc +ﬂnre L KmE, +G2 "*‘ﬁu’*'ﬁrc -+ ﬁnrc
(38)
Grouping of terms gives . , -
dﬁnrc - [ﬁu - (ﬁu + ﬁnre) _ ﬁ _ ﬂnr: ) (ﬁu + ﬂI‘C)] [ ) ) E; - klE, }
dt ﬁu + Bre + Bonr e Bu + Brre +ﬁur KmE. + G2+ Bu + Bre + Bure
+ [ Bu * Brre ! ] [ Ey - kg, ' }
. ﬂu + ﬂrc + ﬁanr e Jr(mE1 + GZ + ﬁnr: + .Bnru

(37)
3.3.7 Rate.-Model for S,

. . ~ Afother end type bond considered in the development of this hy-
@‘@ drolysis model is By.s. This is found at the reducing end of the
polymer which may be as small as 2 units. The condition is that the reducing end

unit be unsubstituted and the next unit be substituted.

s
Y

A [O,.s bond is not cleaved by either F, or E;. This assumption applies to
the basic model presently considered. A f,., bond cannot be-tré;lsformcd into
another type of bond hecause of the cleavage of a contiguous bond. There are
no bonds on the redhcing side,'i.e., it is"a reducing end bond. And accordiﬁg"to
the nomenclature set up in this work, a dimer of substituted cellulose is a f3,.,

bond if only the reducing end unit is unsubstituted. Thus for this model’s assumed

13
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mechanism, the concentration f,., is strictly increasing. Or to put it in another
way, the rate of change of f;., with time is positive throughout the reaction.
There are two ways in which a B,., bond is éreated, Either a 8, bond contiguous

to a By bond is cleaved or a fr. bond contiguous to a f,, bond is cleaved. In

Yy nI l
8. WS p, . Bee WS 8.,

cither case, the B,, bond is transformed into a fres bond. Note also that it is not
necessary to specify that 8, and §,. are on the reducing side of 3,.,. They can
be positioned only on the reducing side because the anhydroglucosidic unit of F,.,
closest to the molecule’s non-reducing end is substituted. Since only E. can cleave
By and B, type bonds, the equation relating the rate of change of fy., with time

includes two terms.

dﬁrcn — [ ﬁar ] [ ﬁu v ] [Ez ’ klE. * (G2 + ﬁu + ﬁrc + ﬂnrc)]
dt ﬁu + ﬁnrc + ﬁar GZ + ﬁu + ﬁrc -+ ﬁnrc KmE.', + G+ ﬁu + Iare + ﬁnrc
+ [ ﬁar ] [ ) ﬂra ] |:E: * klE. ° (G'?+ ﬁu + ﬁrc + ﬁnr:)]
ﬁu + ﬁnrc T ﬁar G2 + ﬁu + ﬁrc + ﬁnre KmE. + GZ + ﬂu T ﬂrc + ﬂnrc (38)

~ where again the first term in each line of the equation represents the probability
of having a Bsr type bond adjacent to a 8, ora Bre bond. The second and third
" terms of each line taken together are the rates of cleavage of 8, and 5,. by E;.

IEquation 38 simplifies to /

dBres — l: Bu + Bre jl [ﬁ ] [ E;. klE. (39)
dt . ﬁu + ﬁnrc + ﬂar T I{mE, + G2 + ﬁu + ﬁrc + ﬁnr: .
3.3.8 Rate Model for Byrcs ‘ , "~

Prres bonds, as opposed to fBy.,, can be cleaved direcly by' Ej.
- : o '
ﬁ_@ This bond type does not accumulate to a fixed concentratién as

the reaction proceeds in the reactor in the presence of cellobiase. It becomes totally

depleted,

The transformation of a 8,,, bond into a B,,, bond is the only méghanism by

which the quantity of Bares in the solution ¢an increase. Cleavage of a fp,, or a 3,
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bond which was contiguous to a Bsnr bond transformed the By bond into a Bures

bond. Mﬁ(thematically, the change in ﬁf,.,, 1s ca..lcula.ted as
dﬂnrc: - _ [ ﬁnrci ] [El ) klE; N (G2 + ﬁnrc + ﬂnru)] R

dat Gz + ﬁnre + ﬂnru }_'{mE, +G2+ ﬁnrc + ﬁnrcn |
+ [ ﬁsnr ] [ ﬁu ] [E:: ° klE. * (GZ + ,Bu + ﬁrc - E{I'r'c)}
¥ Bu -t Bre+ Banr ) G2+ Bu+ Bre + Bare Kme, + G2+ Bu+ Bre + Bure
+ [ Bany ] [ Bare ] [Ez . klE. ) (G2 + Bu + fre t ﬁnrc)]
i ﬁu + Bre + ﬁsnr G2+ ﬁu + ﬁrc + Brre Kmp, + Gz +8u+ ﬁr;) + Brre /
+ [ ﬂanr ] [ . ﬁnrc ] [El . klEl ) (GZ + ﬂnre + ﬁmrn)l -

ﬁu + ﬁrc + ﬁanr G? + ﬁnrc + ﬁnrcl KmE. + G2 + ﬁnre + ﬂnru

--Thc first line of the equation is the rate of direct cleavage of the f,,., bonds by
cellobiase. The second line :lS the expression for the rate of cleavage of 3, bonds
multiplied by the‘probal‘)ilitj‘{ (first term) that there was a f,,, bond adjacent to
that G, being cleaved. ;he third and fourth lines are expréssion for the probability
~of finding a Bsnr band besides a Gy bond m'L'xltipli‘ed'by the rate of cleavage of that

 Bnre bond by the endoglucanase and the cellobiase respectively. Simplifications

%
yield:
dﬁnrca | r . ﬁanr :| ]: E; ‘klE. ' ]
—_— u + R
dt [ﬂ ﬁnn] [ﬁu + ;Bré + Bunr I{mE, + G2 + ﬁu + ﬁrc + ﬁnrc ‘ (“))
. J :
+ [ ﬁnrc . ganr _ ﬁ :| [ El K klE; ] ‘,/"
Bu t Ore + Banr nree KmE. + Gy + Brre + Brires ‘

3.3.9 Rate Model for Bar
%,

B:r bonds are mostly. non-end bonds at the onset of the hy-
o @—@- - drolysis reactioﬁ. The non-reducing side unit of a 3,, bond 1s
sqbstituted. The reducing side unit is unsubstituted and cannot be at the end of
3 -the p‘.olyr'ner chain or el.se{the_a bond would be ti{pe Bres.
For the asstumptions listed in this r‘no-dcl, there is no way that u fi,, bond can
. © be crcatcd.through a tltzinsformation due to the cleavage of aAny type of bond. And

“,
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neither E; nor E; can form a complex with this type of bond, followed by cleavage.
Yet G,, in the reactor is constantly decreasing. At reaction completion, there has
been a partial depletion of f;r bonds becoming reducing-end bonds. Those [,

bonds will thus have been transformed intc fy., bonds. The only way _that this

transformation can happen is through the cleavage of\&;{u or a f,. type bond

- O = B ®

which was adjacent to the 3,r bond in question. Again, one can go back to the
nomenclature and figure out that by definition, 8y and 8,, bonds can be linked to
a B bond on its reducing side only/ The rate at which the concentration of g,,

bonds is changing .in the mixture is given by

dber _ _ [ Bar ] [ Bu ] [Ez kg, (Gt fu+ Bre + ﬁm)]
dt [ ButBrre+ Bar) (G2t But Bret Bure] | KmE, + G2+ Bu + Bre + Pore
/.\ _ [ Ber ] [ Bre ' ] [Ez kg, - (G2 + Bu + Bre + ﬂnrc)] .
W \\J ﬁu + ﬂnrc 'f‘_ﬁar GZ + Igu + ﬁrc + ﬂnrc KmE, + GZ + ﬂu + ﬁre + ﬁnrc .

where the first termpn each line is the probability of ﬁndmgﬁ_a\ B,y bond besides any
glven By or By, bond The probability is the ratio of §,, to the concentration of all
. bond types which may be on the non-reducing 51de of By onfr.. Only three bond

types may be placed there...

Aer S
dﬁsr

- ﬁar E; 'klE’ |
dt T [ﬁu + ﬁrc] [ﬁu +ﬁnr: + ﬁar] |: mE + G + Bu + Bre + ﬁ’"“l (41)

Simplifications yield

I, is the only enzyme which directly comes into play in the equation because only

it can cleave g3, or 3,. bonds.
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3310 Rate Model for ﬂ;nr ’

An unsubstituted anhydroglucose unit and a substituted an-

o _@ """ hydroglucose unit are linked by a Bsu; type bond if the un-

substituted unit is closer to the non-reduch}\g end without being the non-reducing

end’s end unit. Gsnr bonds are mostly non-end bonds at the onset of the hydrolysis
reaction. |

The reasoning leading to an expression for the changing f,,, is similgr;ai that

for #,;. No direct loss of bsnr can occur as a direct result of an enzyme attack..

However an indirect loss o'f Bsnr occurs if 2 8,5, bond happens to be contiguous to a

By or a By bond in the process of being cleaved. “Prior to cleavage of an adjacent

! L_@ +
ﬂ‘ ﬂll' nras
lill.ll ﬂ!'\' ’l\rl‘l

3y or Byre bond, the B4, bond considered is anywhere on the CMC molecule but not
at the non-reducing end. In the transformation considered, the 8,,, bond becomes

a Ppres bond, the non-reducing end bond of one of the two fragments of the original

CMC molecule.

The rate at which 8 bonds are cleaved is
[ ﬁu . } [Ez'klE G2 +ﬁu +ﬁrc<¥\én

G2 + ﬂu + ﬁrc + ﬁnre KmE + G2 + ﬁu + ﬁrc + ﬁnrc

The rate at which fnre bonds are cleaved is the sum of the individual rates of £}

and E; which both complex and cleave fpr..
l: ﬁnrc ] [Ezz ) klE, ) (GZ + ﬁu + ﬁrc + ﬁnrc)]
G2 + ﬁu + ﬁrc + ﬁnrc KmE, + G2 + ﬁu + ﬁrc + ﬂnrc
+ [ ﬁnrc ‘ |:E1 ) klEll b (Gz + ﬁnr: + ﬁnrcs)il
h&z + ﬁﬂl“c + ﬁnrca KmE, + G2 + ﬁnrc + ﬁﬁrga

The probability of finding a B,,, besides any given 3, or fB,,. bond is equal to the

ratio of fynr to Bu + Bre + Bsny.  This last sum is the concentration of all bond
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types which may be adjacent to and on the reducing side of f, and SBye.

%‘_ _ [ ﬂanr 1 [ ﬁu ] [E: * klE. " (G2 -+ ﬁu + ﬂrc + ﬁnrc)]
dt - }gu + ﬁrc + ﬁarir_ _G2 + ﬂu + ﬁrc + ﬁnrc KmE. + G2 + ﬁu + ﬁrc + ﬁm’e
. [ ﬂanr 17 ﬁnrc ] [Ez ) klE. ) (GI + ﬁu + ﬁrc + ﬁnr:)]
ﬁu + ﬁrc + ﬁanr_ |_G2 + ﬂu + ﬁrc + ﬁnr: KmE. + G2 + ﬁu + ﬁre + ﬂnrc
_ [ ﬁ.mr 11 ﬂnrc ] [El " klE. * (G'Z + ﬁnrc + ﬁnrca)]
Bu+ Bre + ﬁmr. LG2 + 6nrc + ﬁnrca KmE. + G2 + Bare + ﬁnrca

Simplifying yields

dﬂsnr — ﬁam‘ Ez * klE,
di B [ﬁu + ﬁrc -+ ﬂanr} [ﬁu T ﬂnrc] [KmE, + G?. -+ ﬁu + ﬁrc + ﬁnrc]

(42)

_ l: ﬁnrc y ﬁanr jl |: EI ' klEl ]
481.: + ﬁrc + ﬁanr KmE. + G2 + ﬁnrc + ﬁnrca

3.3.11 Rate Model for 5,,

It is simple to track 8,, during the enzymatic hydrolysis reac-

M """ tion. These bonds remain unchanging through the course of

the reaction. Neither E; nor E, can cleave these bonds between two substituted
anhydroglucose units. Even if adjacent bonds are cleaved to yield an end bond of
this configuration, it is still considered to be of type BM. In the extreme case, a

5,5 bond can be a simple dimer consisting of two substituted anhydroglucose units.

The governing equation in this case is thus:

—— =0 or fa = Bs4+(0) (43)

In the set of variables introduced to describe the hydrolysis reaction of cellulose
derivatives, B, is not part of the set of simultaneous differential equations that are
solved to estimate concentrations of G; and Gy. In an alternate model however, an
assumption that §-1,4 bonds between substituted units inhibit the enzymes, would
reintroduce S3,, into the diﬁ‘erent'ial equation system.

TN
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3.3.12 Rate Model for 3

The rate at which the total concentration of bonds in the solution is changing
depends only on how fast the enzyme system is cleaving bonds. Bond transforma-
tions do not have a net effect on total bond concentration. At any time ¢ therefore,

the instantaneous rate of change in bond concentration is calculated as

dg E. kg ]
— = —i{Gy + ut Jre + -
dt (1 % Bt Bre + B Kmg, + Ga+ Bu + Bre + Bnre (44)
Ey kg }
- |G + + res :
I 2+ Anre “ﬁn ] |:KmE1 + G2 + Bare + Pnres

The first line of equation 44 is the bond cleavage rate of G4, B4, Orc and Bpn,. by
endoglucanase. The second line is the bond cleavage rate of Gz, Onre and Bnres by

cellobiase.

3.3.13 bP

The final quantity included in the model may give the reader a feel for the extent
of reaction. It is possible to develop an equation to calculate the DP of the hydrolysis
reaction mixture. Define the DP as a ‘number-average degree of polyr%erization’
that takes the concentration of monomer—substituted or unsubstituted glucrose—
into consideration.

For example, the reaction mixture has a degree of polymerizat‘ion of 1600 if
there is but one CMC molecule of length 1000 units. Should an enzyme cleave
one unit off of one end of that molecule, the mi.xture will now contain two CMC
fragments, one of length 1 unit and the other of length 999 units. The DP of the
mixture is calculated as the average length of all CMC fragments, i.e., in this case,

the DP is %999 + 1) = 500 units. In other words, the DP is equal to the ratio of

the total number of glucosidic units divided by the total number of molecules in the !

reactor. _ -

_ number of glucosidic units

= 45
total number of molecules ( ) :
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- This definition of DP implies that there is a direct relationship between DP and
thenumber of bonds cleaved by any enzyme, independent of the specificity of the

enzyine in cleaving a particular bond.

The number of molecules equals the number of glucosidic units minus the num-

ber of #-1,4 bonds, . Thus,

- units .= number of glucosidic units = § + number of molecules (46)

Comparing equations 45 and 46 to eliminate ‘number of molecules’ and solving for

the number of units,

) g-DP
= 47
units DP —1 (47)
At time ¢ =0,
) 3(0) - DP(0)
ts = ————~ 48
= DR0) — 1 (48)

Eliminating ‘units’, which is unchanging through the reaction, from the last two

equations,
§-DP _ B(0) DP(0)
DP-1  DP(0) -1

and re€rranging to give

_ 3(0)-DP(0)
Y =600 — 57 DP0) 1 5

(49)

The initial values of both DP and 3 as well as the concentration of bonds 8, at time t, .

must be known. Equé.tion 49 describes the number average degree of polymerization

during the hydrolysis reaction. -



3.4 Summary of the Rate Equations for the Basic Model (Model 1)

CiGl _ . Ez i klE.
T = + [262 + ﬂrc + ﬁnre] [Km}_-','. + Gg +ﬂu +ﬂr! + ﬂnrc] .
El ) klE: =
‘ <+ [2G2 + Bnre +ﬂnr=l] |:Km51 ¥ Cat Bore + ﬁnru] ("‘0)
dGE =+ -ﬂu 'ﬁrr. +18nrc ) IPerc + ﬂu 3 ﬁnre + ,Brc 'ﬂnre -G ] [ E: ) klE, ]
dt L ﬁu + Igrc + ﬁlnr ﬁu -t ﬁnre + }ggr 2 KmE. + G2 + peu + ﬁrc + ﬁnrc
[ ﬁnrc ' ﬁr: _ E1 - lel
+‘ LBy + Bre + Bane Gg] [KmE. + G+ Pare + .Bnrc-] (51)
% - _ ﬁu + )enre ' ﬁu + ﬂrc . E: ) klE.
dt h _ﬂu “+ ﬂrc + ﬁ-nr * ﬁu + JBnrc + ﬁ-r + lllﬁUI [KmE. + G2 -+ ﬂu + ﬁrc + ﬁnrr]
B [ Bu - Brre ] [ E, ki, ] ' (52)
Bu + Bre + ﬁ-r‘nr King, + G2+ Bare + Brres -
(fﬁre — _{ [ '.Bu N (ﬂu +ﬂre) _ ,8 _ }Brc N (ﬁu +f?‘ﬂn:‘c):| [ N Ex . klE, ]
dt _ﬂu +-ﬂnrc + ﬁlr i ﬂrc + ﬁu + ,Banr, KmE. + GQ + ﬂu + ﬁrc + ﬁnrc
_ [ ﬁﬂre'ﬁre ][ El'kIEl ] (53)
_ﬂu + ﬁrc + .B.mr KmE. + GQ + ﬁnr: + ﬁnren ]
dﬁrcn _ [ . ﬁu +5ﬁrc E: ' k].E, . =
e B+ B+ ﬂ.r_] 18] [-ng. + Gy + Pu + Pre + ﬂm] (54)
dﬁnrc =4 -}Bu ' (ﬂu + ﬂn'rc) _,TB _.ﬂnrc . (ﬂu -+ ﬂre)] [ Ez ) klE; ]
at Bt Bre ¥ Bane " But Brre + fur | | KmE, + Ca 4 But Bre + v
| N ﬁu “Bare _ : .EI : klE; o (EF
B et B P | et es e (59
e} .
dﬁnrra . ﬁanr E:: : klE.
gt = F1But ol [ﬁu + Bre + ﬁ.m] [Km-g_ +Gg 4 Bu+ Pre + ﬁm]
- ﬂnrc 'ﬁlnr _ E1 - klE; .
¥ [ﬂ., B+ B P ] [ng, 7 Gt fure ﬁm.] | (56)
_(L,‘l - _ ﬁar E: ) klE- 5
: dt lﬁu * BM] [ﬁu + ﬁnre + ﬁar] [KmE. + G? + ﬁu + ﬁrc + ﬂnrcjl ‘ ( 7)
.d.g.nur _ ﬁlnr ' E:E' klE. ‘ ]
dt [ﬂu + fre + ﬁlnr} I.Bu N ﬁn"] [Km[.;. + Ga + Bu “Fﬂ" + gnrc .
— [ .ﬁnrc : ,B""- ] |: El : klE; ] . ’ (58)
ﬂu + ﬂre + ﬁmr KmE: + Ga 'kﬂnre + ﬁnru = .
% =0 or ﬁu = ﬁll(o) . | x, , . - (59)
d o e ‘ R -k ¥ N . .
-£ = - lﬁu + G‘2 + ﬂrc -1- ﬁnrc] [KmE. + 02 +ﬁu1£';:'ﬂrc +ﬁnrc] Q@
. - [G'J ‘?’;ﬂnrc + ﬁnru} [Kmﬁ'; + Gg + ﬁnrc + ﬂr’"“} ] (&0)
8(0) ; DP(o) e
DP = 2 .
- T B0 - B DPO) + B n (o)
- s ‘_, V]
b " . . .: ) ‘, ) 81 o
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3.5 Initial Conditions of Model Equations

i
Y
Y

When applying the model to experimental data, the .knOWn initi\él conditions,
by measurement, are G1(0), G2(0), the DS and DP of the CMC an ‘.\the initial
mass, concentration of CMC in the reactor (CMCp). The initial concenhﬁations of
the types of bonds from CMC, i.e., 84(0)}, Br.(0) ect. as well as the initia‘l\ degree of
polymerization of the reaction r;lixture must be calculated. ~

First, consider the initial DP of the mi)sture. Define here, DPcpc, as the degree
of polymerization of the CMC initi-ally/in the reactor, not that of the reaction
mixture, which may be corrected in some cases to accouni for the presence of
glucose and cellobiose. Similarly, define Scmc as the concentratioﬁ of ﬁ-l,{i bonds

associated with the CMC initially in the reactor which can be calculated to be

v 2,

DPcomc ~ 1 CMCo
Beme = ' (62)
. DPcme 162480 -DS + 18/DPemc

avg. CMC unlt molecular weight

If only CMC is placed into the reaction mixture, then DP(0) = DPgpmc. How-
ever, in some cases, gllucose (G1) and cellobiose (G3) may also be introduced into

the reactor. Then, in general, the initial number of glucosidic units is given by

CMC, - '
its = o 0) + 2G3(0) | - [Reaction Volume| (63
units [162 780 DS + 18/DPayg | 010 26 )J [Reaction OAumLI (63)

The concentration of molecules due to the initial CMC is

CMCy iy
162 4 80- DS + 18/DPape M€

Consequently the total number of molecules initially in the mixture is giwﬂl

CMC,
162 + 80 - DS + 18/DPcomc

molecules(0) = [ - fome + G1(0) + G’z(O)] [Volume]
' (64}
Thus the initial DP of the reaction mixture in the general case can be calculated as
CMC,y
[162+80-Ds+1fs/DPCMc + Gl(o) + ZGZ(O)]

CMC,
[162_+80-DS+1§/DPCMC — Beme + G1(0) + Gg(O)]

DP(0) =

(65)
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Ca.lculativon of the initial concentrations of the different types of bonds will require
the determination of the number of end bonds and non-end bonds. Considering
the average CMC‘ molecule of length DP&MC units, the ratio of end bonds to total
bonds is [2/DPcmc — 1]. Thus the concentration of CMC end bonds in the reactor
is fomc - [2/(DPomc — 1)) and the concentration of CMC non-end bonds is Bcmc -
(DPCMC — 3)/(bPCMc — 1). The fraction of anhfdroglucose units of the CMC
which are unsubstituted, cg, will also be required and can{;e calculated from either
of two equati;)ns presented earlier, equations based on equal selectivities of carbon
positio® or on Timell's experimental determination [47].

The initial amount of 8« bonds in the solution is equal to the amount of CMC
mid-molecule bonds multiplied by the probability that a given mid-molecule bond

links two unsubstituted anhydroglucose units. .

DP —
B(0) = Bome - (._CMQ_E) ¢}

6). .
DPemc — 1 (68)

The initial amounts of 3,, and of B,,. bonds are equal and calculatéd as the
amount of CMC end Ebnds divided by two—to account for the fact that one of the
two ends is of the reducing type while the other is a non-reducing end—mutltiplied
by the probability that the end unit and the next-to-end unit of a given CMC end

are both unsubstituted. The mathematical representation is

2
ﬁrc(o) = ﬁnrc (0) = ﬁCMC : (mc—_i) ‘ % : Cg (67)

The initial amounts of F;., and of F,res bonds are equal and calculated as the
amount of CMC end bonds divided by two, then multiplied by the probability that
the end unit of the CMC end considered is unsubstituted and the next-to-end unit

is substituted and is given by

-

2 1
Brea(0) = Bnres(0) = Bomc - (m) r5c (1~ co) (68)
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The initial amounts of 8,, and of #,n, bonds are equal and calculated as the
amount of CMC mid-molecule bonds multiplied by the probability that one of the
two units linked by the bond is unsubstituted whereas the other linked unit is
substituted—noting that order is important since §,, type bonds have the unsub-
stituted unit closer to the reduciné end than is the substituted unit. Add to the
above Auantity the situation when ar@‘nd bond is classified as a §,, or a 3,n, bond.
For example, if the hon-reducing end’s end anhydroglucose unit is substituted and
the unit nexs to it is unsubstituted, that end bond is considered to be a 3,, bond.

The same situation can happen in reverse at the reducing end of the molecule, with

the reducing end bond being of type fB,,,. The mathematical representation is

D _
ﬁsr(o) == ﬁsnr(o) =BcMe - (B%) *Cp (1 — CO)

i
2 1 L
N —— NV §
+ Beme (DPCMC_]-) 5 c0 {1~ o)

which can be simplified to give .
¥

Bsr(0) = Banr(0) =fcmc - (D—PM

prne _1) oo (1-e) (09)

The ;5 bonds are not a function of pqsition_on the CMC molecule. They can
be found in a mid-molecule position or as the end bond of the‘ CMC. A bond is of
type Bss \;vhen the two units linked by the bonds are substituted. The probabilitj
that any given bond in the CMC chain is of type f,, is equal to the probability
that both units linked by that bond are substituted. And since the probability
that one unit is substituted is given by 1 — ¢q, the probability that both units are
substituted is (1 — ¢o)Z. Multiply the probability of 2 CMC bond being of type
Bss by the concentration of boﬁ’ds, Bcme to obtain the initial—and unchanging—

concentration of 3., bonds.
Bos = Bomc - (1~ co)® ' (70)
The total number of bonds initially in the reaction mixture is calculated as

B(0) = fomc + G(0) | (71)
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The consistency of equé.tions 67 to 70 can be verified by substituting these

equations into the relationship

ﬁu(o) + ﬁrc (O) -+ ﬁnrlc(o) + ﬁru (0) + ﬁnrcs(o) + ﬁsr(o) + ﬁsnr(o) + /3,,(0) = BCMC

The sum of the initial types of bonds should and does here equal the total number

of bonds in the solution.
3.6 Final Conditions of Model Equations

Prediction of the final concentrations of the various speci.es resulting from toltal
hydrolysis (at ¢ = co) of the CMC by a complete set of cellulases does not require
any know]édge of the kinetic constants. These predictions can be used to provide
a preliminary evaluation of the proposea mechanisms and the accuracy of the nu-
meric‘a.l procedure for solving the rate equations. Rather than solving the system
of non-lil;\ear algebraic equations resulting from setting the derivative terms in the
mode] equal to zero, a procedure based upon the distributi;)n of bond types is used.

If we assume that there is no formation of side products due to the degradation
of glucose, the gluc—ose concentration in the reactor will constantly increase with
time to reach its final value {at ¢ = co0). The harvested glucose comes from three
sources: ‘ _ | >

1. Bach glucose molecule initiall)} in the reactor wiil go through the reaction un-
changed.
2. Every cellobiose molecule initially in the reactor will be hydrolyzed to produce

two glucose molecules.

3. Some glucose will be produced from the hydrolysis of the ﬁCMC bonds.

All CMC bonds that have their non-reducing side unit unsubstituted and the ‘next-

to-non-reducing-side’ unit also unsubstituted will yield that non-reducing side unit,
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the middle unit in the diagrams, in the form of a molecule of glucose at complete

reaction., From this theory, the amount of glucosg extracted from mid-molecule

r

. funits is given as'
t e n -
L

S . DPcMmc - 2 2 -
= - Beme (DPCMC — 1) cg . (72)

1

A non-reducing end unit will eventually become a glucose molecule if

' @_ "" that unit is unsubstituted.

'
S

) - SR 1 .
. | Bome - (DPCMC — 1) - co (73)

And finally, a2 reducing end unit will eventually Become a glucose mole-

N _@ cule if that unit and its adjacent unit are both unsubstituted.

| 1 .

. ) 74
Beme (m) €5 ( )
Add the three preceeding equations to the glucose from G{0) and G,(0) to obtain

) Bemc - DPemc co ¢t - (DPemc-2)
G =G (0)+2G-(0 . . 75
. 1(c0) 1(0)+2G:(0)+ DPemc - 1 [DPCMC - DPcmc DPeme %] (75)

- 1
Gi(o0) = G1(0) + 2G2{0) + Bome - ¢o - | co + ——— (76)
DPcmc — 1

Many of the bond types are cleaved directly by the enzyme. Th_ose bond types
are either dépleted as the reaction goes on or they reach a maximum before they
start depleting..Conditions favor the attainment of a maximum if their production
through the transformation of another bond type is occuring at a high rate. Ilere
are all the bond types.depleted as t — oo: G2(00) = Bu(00) = Bre(00) = Barc(o0) =
Bnres(o0) = 0. This equatiqn i;'s valid under the condi}ion thap both endoglucanase
and cellobiase are present.in the reactor.

Bres bonds strictly accumulate as the reaction goes on. All the Sy, bonds‘
iniﬂal]y in the reactor remain unaffected by the, feaction. And more f,;., bonds are
‘created’ as the reducing-side bond adjacent to a 8,, bond is cleaved. This cleavage
can only take place if the uﬁit next to the B,,, on its reducing side, is unsubstituted.
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Thus at ¢t = oo,

ﬁrca (00) = ﬁrca (0) +¢p - ﬂar(o) (77)

_ co-(l—co) | : e DPeme — 2
Bres(20) = BemMe ——-——-—DPCMC o1 +¢o - Bomc - ¢ - (1 co) (DPCMC 1

Bres(o0} = Bemc tco - (1~ eo) - (1 + (DPeme — 2) - co) /(DPemc — 1) (78)

Bsr(oo) and B,nr(0o0) are equal and their actual concentra-
a.. ﬁ, \ " tion depends on the probability that the unit next to the
unsubstituted unit at the onset of the reaction is substituted. The final quantities

of bond types Bs; and fy4nr equals their initial quantity multiplied by the probability
that. the unit is substituted,.1 — ¢,. -‘
DPcmc — 2
ﬁar(oo) = ﬁsnr(oo) - ﬁCMC * '__') *Cp (1 - CU)2 (79)
. DPeme -1

There.is ng change in f,,.

ﬁu(q;) = Bome - (1 = co)? (80)

The total quantity of bonds § at the completion of the reaction may also be
calculated from the initial data. The question one must ask is ‘What bonds in the
reactor will not be cleaved by either E, or E;? The answer is ‘All bonds with a

substituted unit on the nog-reducing side’,

]
o/

This category of bonds includes 3,,, 8,, and-f,., bonds initially in the reactor.
Their total concentration is Acpc - (1 — co). .
The bonds that have no substituted units as part of their linked groups are not
considered the calculation of B{oo) since they are cleavable by at least E,.
Which of the bonds with a substituted unit on the reducing side only will escape
- a

cleavage? fures is directly_( depleted by the cellobiase thus our attention must turn to
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Bsnr. If the unit adjacent to the 8,4, bond, on its non-reducing side is substituted,

the B4, bond cannot be cleaved because the adjacent Bar-bond is uncleavable. On

Bunr 1 T _

fhe other hand, were the non-reducing side adjacent unit unsubis_tituted, then the
adjacent bond to fsnr would first be cleaved, resulting in the transférmation of our
Bsnr bond into a Brres bond. This would lead to its eventual cleavage by cellobiase,
as assumed in the enzyme mechanism. The contribution of B,4n,(0) to F{co) is thus
equal to its initial concentration multiplied by the probability, 1 — ¢p, that the next

non-reducing side unit is substituted. The overall number of bonds in the reaction

mixture at ¢ = 00 is N,

AN

B(oo) = Bomce - [(1 — o) + C;a (1= co)- (P—M) (1 - CO)]

AY

DPcoyve — 1

which may be rewritten as

—c¢p + 2(.‘{% — cg)
DPeme — 1

B(o0) = fomo [( f-2d+ eg)] (81)

The sum of the individual types of bonds in the solution at ¢ = oo should, and

does, equal the total quantity of bonds 3 in the reactor as calculated in equation

81.

_-/ ﬂ(DO) = /333(00) + ﬁanr(oo) + ﬁar(oo) -+ ﬁrcs(oo) . (82)
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3.7 Development of Rival Mechanisms to Model CMC Hydrolysis

The first model developed, model 1, asélimes ideal Michaelis-Menten type kinet-
ics with no inhibition. Enzymatic reactions with inhibition of the enzyme by any
of the various species involved in the reaction.\ are more common. The enzymatic
hydrolysis of cellulose substrates by the cellulase system is no exception according
to the literature. The beauty of the approach of modelling bond hydrolysis is that it
allows for inhibition of any of the enzymes in the mixture by any of the products or
reactants. Tl‘lere is another reason for trying other kinetic models; the mechanism
of the enzymatic hydrolysis is not known. \{

In the following subsections, the modifications to the present model necessary

lo accommodate the observations made in building up to our proposed model will

be described. Note that the model numbering scheme is consistent with the presen-

tation of results.

3.7.1 Model 2: No G; cleavage by E,

In the development of the basic model, it was assumed that cellobiose is hy-
drolyzed by endoglucanase, E., as well as cellobiase, F;. However it is often as-
sumed that £; does not cleave G2 bonds. This assumption is essential in the use
of cellobiose as a substrate in hydrolysis reactions to estimate E; activity. A model
.Incorporating this assumption is therefore of interest. Comparison of experimen-

tal results with both models offers an opportunity to check the validity of either

mechanism.

-

Elimination of G; as a substrate for E;, alters the denominator of the “Michaelis-

Menten” term for E; in model 1 so that

Ez ' klE,
I{mE. + G2 + ﬁu -+ ﬁrc by ﬁnrc

E: ) klE, ‘
KmE, + ﬁu + ﬂr: + ﬁnrc

The three differential rate equations in model 1 describing G;, G2 and § will also

} becomes

change. With no direct cleavage of G2 by E., the rate of production of G and the
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N -
depletion rates of Gy and § will contain one less term each.

dGI Ez ) klE ]
S c z
dt (Bre + Bard [ng, + Bu + Bre + Bare
Ey kg ]
+ [2G + Bares : 83
[2G2 + Bure + Bure] [ngl + G2+ Buare + Brres (83)
d& =-+ ‘:ﬁu * ﬁrc + ﬁnrc ) ﬁrc ﬁu " 6nre + ﬁrc : ﬁnrc] E:: ) klE,
dt ﬁu + ﬁrc + ﬁsnr ﬁu + ﬁnrc + ﬁar KmE, +/0u + ﬂrc + ﬁnrc
ﬁnre : ﬂrc ] El ' klE '
+ -G L 84
[ﬂu #Bret Bane N Kong, + ot Bure + Buref (&9
dap E;-kig :|
- = — |Pu re :
dt B+ Bre  Pure] [Kms, + Bu + Bre + Brre
Ey-kig
-G o} ! 85
[ et ﬁnrc ﬁnrﬂ] |:KmE; + G2 + Bnre + ﬁnrca:| ( U)

Application of model 2 will show this modification to be beneficial and it is retained

| 3
in the development of all other models.

3.7.2 Model 3: Non Michaelis-Menten Kinetics for Jom

0o
Enzymatic reactions generally follow Michaelis-Menten kinetics. Other modes

of action can be assumed. The most popular alternate mechanisms are zero and
nﬁrst-or‘c'ler kinetics. The reason for deviating from Michaelis-Menten k'mt?gcs is that
the data does not contain_ sufficient information to permit the evaluation of kinetic
constants with any kind of precision.

In model 3, it is assumed that E, follows zero-order kinetics with no inhibition.
The rate of substrate cleavage by F, is constant in kinetics of order zero. Model 2
is modifted in one way: K, = O.' In practice, the integration routine for the
computer program is modified. The hydrolysis rate by E, is set to 0 when g, +
Bre + Bare = O to prevent exponential overflow—there is then no substrate for yom

in the reactor.

r

O klE:
I{mE, + ﬁu + ﬁrc + ﬁnre

| o [i2520]
€ecomes

Bu + Bre + Bare
/
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3.7.3 Model 4: Non Michaelis-Menten Kinetics for E,

Cellobiase kinetics are first-order. A simple Michaelis-Menten rate equa.t_ion is
downgraded to first-order kinetics by eliminating the denominator. For example,
in model 4, K,,,,,'E1 is assumed to be > G3 + Fnre + Bnres during the reaction. Then
the denominator of the Michaelis expressioﬁ is a constant. The rate constant kg,
is totally correlated wi,th the Michaelis constant, In the fitting rou‘fﬁm, they are
combined into one parameter to be evaluated. That parameter wrill still be referred

to as kg, .

E,-kig
: becomes |Ey- kg,
[KmE; + G2 + ﬁnrc + ﬁnrca [ ! 1B ]

3.7.4 Model 5: Inhibition of By by G '

A major contribution of the Michaelis-Menten approach to modelling the hy-
drolysis kinetics is accounting quantitatively for the presence of inhib'ition. The
modifications to the basic equation are developed elsewhere [28]. We will apply the
derived results to our overall hydrolysié model. If we are fortunate, we may be able
to identify the inhibitors of each particular enzyme.

The rate of reaction of a Michaelis-Menten reaction with inhibition depends on
whether the inhibition is competitive or non-competitive. A competitive inhibitor
blocks the active site. No other subsfrate or inhibitor can form a complex with the
enzyme if the active site is already blocked by another substrate or inhibition. For

total competition,
_ kegs
s+ Kn(l +1/K))

(86)

where s and 1 are the substrate and inhibitor cc(gcentra.tions respectivelely. K is
the dissociation constant of the enzyme-inhibitor complex.

Totally nbﬁ-competitive inhibition arises when'the inhibitor binds to the enzyme
at a point other than the active site. A ternary enzyme-inhibitor-substrate complex

is now possible. However the binding of the inhibitor halts the breakdown of the
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ternary complex into products. The rate equation for non-competitive inhibition is

given by {

kegs
' ‘ T Km)(ol +1/K;) (87)

After fitting the data to model 4, it was decided to keep the assumption that
Kmp, > Gz + Bnre + Bnres-  Applied to equations 86 and 87, this means that
K, > 5. Thus, it turns out that with a larée Michaelis constant, the equat-i—ons
describing the kinetics of inhibition by a substrate are identical.

To obtain model 5, a-change was made to the denominator of the cellobiase rate

expression of model 4.

Ey kg
- 1
.[El klEI] becomes [———1 K,

With this last modification, it is possible to fit the model that assumes G to be an

inhibitor of E}. It is not possible however to distinguish whether the inhibition is
competitive or non-competitive.

Model 5 fitting will show that no improvement is obvious in the model by
assuming E; inhibition by G;. That assumption is not retained in the overall

hydrolysis models yet to be developed.
3.7.5 Model 6: Inhibition of E, by its Non-Substrate Bonds

Model 6 checks for inhibition of E, by non-substrate 8-1.4 bonds in the solu-
tion. If we assume that the endoglucanase enzyme forms a complex with all g-1,4
glucosidic bonds in the solution and that the dissociation ra.te; of that baond-enzyme
complex does not depend on the type of bond, the model is easily modified. In
this case the inhibition is assumed to be competitive since the complex would form
at the active point of the enzyme. By assuming equal disso‘ciatioﬂ rates for the
complex, whether it is a complex with a cleavable or an uncleavable 3-1,4 linkage,
a new parameter is not necessary in the model. The denominator of the E; rate
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term in the rate equations is transformed as follows:

{ E: - ki, ] becomes [——Ez k1,
Bu + ﬂrr,"‘ Brre B

Equal dissociation rates in equation 86 means that K; = K. Consequently the
" substrate and inhibitor concentratipns are summed up in the denominator of the
rate éxpression of E..

Some phenomena can be explained by the above equation, if it is indeed repre-
sentative of the mechanism of the enzymatic hydrolysis of CMC. Highly-substituted
methylcellulose has been found to be an inhibifor of the cellulase enzyme system. In

"adding methylcellulose to a reaction mixture, one is in fact dumping an important
quantity of #-1,4 bonds whjch are not cleavable. These are mostly Bss, Fsr, Bsnr,
Bres 2nd Bpses type bonds which are. direct inhibitors of the endoglucanase.

With the new assumptions concerning inhibition by the ab‘o've' species, the over-

all hydrolysis model is rewritten as on page 94.
3.7.6 Models 7-10: Cellobiose Hydrolysis by E,

Models 7-10 are fitted to the 28 run locations which have no CMC as substrate.
E. and E; are again assumed to be’ in;:apable of cleaving cellobiose. Thus models
7-10 look at the kinetics of cellobiose hydrolysis by cellobiase.

The four models in question look at four different mechanisms for the mode of
action of E,. Model 7 is a first order kinetic model. Model 8 is Michaelis-Menten
type kinetics with no inhibition. Model 9 is Michaelis-Menten type kinetics with
reversible non-competitive inhibition by glucose. Model 10 is Michaelis-Menten type
kinetics with reversible competitive inhibition by glucose. All of the rate equations
describing these mechanisms are developed elsewhere (28] and have been discussed

carlier. The four rate equations are as follows:

dG 2d
Model 7 dt‘ = - dfz =2k - B -Gy (100)

93



Equations of Model 6 and Model 12

¥
dG, _ B. ki,
—c_it_ - ‘ﬁrc + ﬁnrc] [ ﬁ_] )
+ [2G2 + .Bnrc + ﬁnru] IEI ' klE.]
@ - 'ﬂu ) !sre + ﬁnrc '.Brc + ﬂu 'ﬁnre '*‘ﬁrc ) )gnrc] [Ex ' klﬂ.]
dt L ﬁu._+ﬁsrc +ﬁlﬂl’ ﬂu+ﬁnre+ﬁlr ﬁ
+ % - GZ] (B kg, ]
dBu _ [ Bu+Bnre Bu + Bre B ks, |
at Lﬁu+ﬁrc+ﬁ.m+ﬂu+ﬁm+ﬁ.,“] [ﬂ“'[ B }
i LR
dJBrc — [ .Fgu ) (ﬁu + ﬁrc) _ ,6 _ ﬂrc ' (ﬁu + ﬂnre)] l:E:: ) klE,]
dt LBu+ Bire +Boe " Bret Bu+ Bune B
Sl e LR
| dﬁrc- _ .Bu + ner: ] [,B l [E: 'klE,]
Y p
dﬂnre — -ﬁu ' (ﬁu + .Bnrc) _ ﬁ _ ﬂnrc ‘ (.Bu + ﬂrc)] [Ex ‘ klE.]
dt .ﬁu + ﬁrc + ﬂlnr nre ﬁu + Bnre + ﬂ-r ﬂ
- dﬁnrcn . ﬁlnr Ex ) klE.
| a = [Pt Pord [ﬁu+ﬁn+ﬂ.mH g ]
+ [Eﬂﬁic}i:—'ﬁ - ﬂnru] IEI 'klEl]
% — ﬁn— E: . klE.]
Tdt B [ﬂu +‘8"] [ﬁu -+ ﬂnre -+ JBII'] [ 'B
dﬂlnr . ﬁlﬂl‘ E: " klE.]
dt - [ﬁu + ﬁrc + ﬂanr:| [ﬁu + ﬁm'f] [ ﬂ
[t e me
dfs, _ _
T =0 or nBu - .8--(0)
d,ﬁ _ ' Ex - k;E.
E — [ﬁu + JBrc + ﬁnrc] [ ﬁ ]
- [G2 + ﬂnrc + ﬁnrco] [El : klE;]
b B(0)-DP(0)

(8(0) — 8) - DP(0)

+ 8
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dG, _ 24Gy _2-kip, - E G2

del 8 = = . (101
M(_) € dt dt Kpng, + G2 ' (102)
dG, 2dG, 2-kig, - Ey -Gy ‘
Model 9 = — = L 102
ode dt dt (Gg_+ Kng,) (1+ G1/Kig,) (102)
- dGI 2dG2 2'k1E 'El 'G2

Model 10 = — = : 103
ode dt dt Knp, - (1+ G /Kig,) + G2 (103)

3.7.7 Model 11: E; Does Not Cleave fy,.

Model 11 is obtained by making one further assumption about the possible sub-

strates of -endoglucanase. Modify model 6 by assuming that Bs,. is not a substrate
T

of E;. That mechanism may explain the concentration of cellobiose in the reac-

tor. All models fitted thus far have underpredicted the croncentra.tion of cellobiose

produ;ed by the hydrolysis of CMC.

The two enzymes now do not have a common substrate. E, cleaves ﬁu and
Bre. Ei cleaves G2, fnre and fnres. Endoglucanase needs three consecutive units to
cleave a given bond. And it must be positioned properly i.e., to be cleaved by E,, a
bond must lie between two unsubstituted anhydroglucose units and there ﬁust be
a bond on the non-reducing side of the bond being cleaved. Most of the differential
rate equations of model 6 are affected by t.he new assumption. Here are the bond
reactions which are different from model 6 %’nd affect the form of model 11.

1. There is no direct cleavage of S, bonds by E;.

2. By. cannot be transformed into G, by cleavage of an adjacent f,,. by E,.

s U 2 U O O

3. By cannot be transformed into fn,. by cleavage of an adjacent 8, by .

4. Bynr cannot be transformed into fpres by cleavage of an adjacent Bn,e by E;.

~

1
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The step-by-step development of model 11 is not shown here. The new set of
equation can be found on the following page.
Making the assumptioh that fg,. is not a substrate of E; is, in fact, not the

solution to explaining the high concentration of celiobiose in the hydrolysis mixture.

Consequently this mechanism is rejected.\"'
3.7.8 Model 12: Application of Model 6 to Revised Data

Model 12 is, in all ways, similar to model 6. The equations are listed pmusly.

The difference will be in the data set fitted to model 12. It is an adjusted version
of the original data set. The data set adjustement is necessary because the activity

tests do not give unbiased estimates of the concentration of a cellulase enzyme

component in a solutjon.

M
S

3.7.9 Model 132 Introducing E in the Hydrolysis Kinefics

If there is indeed a third enzyme, exoglucanase, in the reactor and it cleaves

/ g
off cellobiose units from the non-reducing end of a polymer, we have to account
for this mathematically. Using our nomenclature, the action of E;, exoglucanase

is described as the transformation of f,,. bonds into G». In order not to increase

the number of parameters in the model, 3 will be assumed to act at a much faster

rate than £, or Ei.

Bnre bonds are transformed into G;. There has to be direct cleavage of a bond

by I, in order to release a cellobiose molecule into solution. Three types of bonds

can be contiguous to Bure:

The extra terms to account for the presence of E; are the rates of direct cleavage
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Equations of Model 11

G, _ E, - klE.
5 = A [——ﬂ |
'FIZGQ + ﬁnre + ﬂnru] [E]. ' klE;] . - (104)
~ E‘i e [ B - .Bre Jeu ' ﬁnrc + .Brc '.ﬂnre:| [Ez : klE,]
dt ﬁu+ﬂrﬂ+ﬂ.ﬂf ﬁu+ﬁnrﬂ+ﬂlr ﬁ
d&/{_ [ .Bu ﬂu +ﬁr¢ . ] [Ez : klE,]
gt Ba 4 Bre T Bome * Bt B Bar | 1Pl B
| }Bu '.Bnrc .
- ,_neu + ,Brc + ﬁanrjl [El l ALEI] (106)
dﬂre — [ ﬁu ‘ (ﬁu + ﬁrc) _ ,B - .Brc ‘ ﬂu ] [E: 'kiE,]
dt But Brre+Bar T BretPutBonrl| B
_ [ ﬁnre ) ﬁre R )
7. +ﬁ,,+ﬂ.m] By - Fae| (107)
dBres _ [ But+Bre E. kg,
dt Bt Pore ﬁ.,] Ber] { 7 ] (108)
dﬁnrc — [ ﬂu 'ﬁu _ ﬁnrc ) (ﬁu + .Brc) [Ez ’ klE;:|
dt :ﬂu + }Brc + ﬂnnr ﬂu + ﬁnrc + .Bar ﬂ )
dﬁnrca - [ﬂ ] [ ﬁ-ﬁr } [Ez . klE.]
dt Y ,Bu + ,Brc + ,Bll'\f ﬁ .
d}sar _ .Blr Ez . klEx )
g = 1Pt P [ﬁu+ﬂm+ﬂ.rH e | )
dﬁanr - _ [ ﬂanr ] {ﬁ I [E: ! klE.]
dt ﬁu +ﬁre+ﬁanr Y JB
ﬁnrc : ﬁcnr
- [ﬁu + Bre + ﬁ.m] 1By k] (112
% =0 or ﬁn = ﬂu(o) (113)
d.ﬁ _ _ EI ) klE.
'&T = lneu + ﬂrcl [ ﬁ ] i
_[GZ +ﬁnr¢ +ﬁ!‘lf’ﬂl]1El 'klEJ_] ’ (114)
_ B(0) - DP(0)
DP = (,‘9(0) --,5) - DP(O) T 7 (115)
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of Bu, Bre and Banr by Ey.

A . Bu
dﬁu - ﬁnfﬁ (ﬁu + ﬁre + ﬁanr)

_ . B,
dm“'ﬁ”‘(m+ﬁu+mm)

ﬁanr
d mr &= “Ppre
-4 g (m+ﬁn+mm>

.
x

There are also transformations taking place when it was [, that was cleaved by I7,.
Then the bond next to 8y on its reducing side will be transformed into either By,

Gz OF Brres from its initial state as a Gy or a By, or a Banr.

_ — . By Bu '
dhnre = ~@fu = Pure [ﬁu T Bre + ﬁ] [ﬁu ¥ Bre + ﬂ,m] (116)

e A B [ B
4G = dﬁrc h ﬁﬂrc [ﬁu 4+ Bre + ﬁanrjl I_ﬁu + Bre + ﬁsnr:l (117)
2R + .
T Bans N M Tnrer
_ - . 6u ﬂanr
ABures = ~luns = Bare [ﬁu Bt mm] [ﬁu Byt ﬁ] (118)
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Chapter 4

EXPERIMENTAL PROCEDURE

4.1 DS and Purity of the CMC

To determine the DS of carboxymethyl cellulose, the uranyl precipitation me-
thod, as described in Hercules bulletin FF-318 [49], was employed. The procedure,
with minor modifications, is repeated here. '

A sample of approximately 0.4 grams of CMC (let' weight=g of sample) was
weighed, moistened with anhydrous methanol and then dissolved in 400 mL of water.
The temperature of the solution was brought up to 70°C. 50.0mL of 2.5% uranyl
nitrate solution were added, holding the pipette tip just above the liquid surface near
the surface of the beaker. The sodjum carboxymethyl cellulose precipitates at the
solution pH of 3.5 to 4.0 as insoluble uranyl carboxymethyl cellulose, UCMC. Care
must be taken when working with the slightly radioactive reagent uranyl nitrate.
The 2.5% standard solution has a radioactivity count of 6 microcurries per litre.
Note here that we used the 2.5% solution whereas Hercules procedures call for a
4.0% standard uranyl nitrate solution. However, in our case, 50.0 mL of standard
solution were added per determination instead of Hercules’ 25.0mL. The extra
uranyl nitrate added helped the extent to which the CMC precipitates. Thils is
above the excess uranyl nitrate in the Hercules procedure,

After precipitation, the UCMC was washed with distilled water and ethanol
to a filtering crucible. The UCMC was dried in an oven at 130°C, cooled in a
desiccator and weighed. The re.:sidue’s weight was recorded as g UCMC. As much of
the UCMC as possible was tra.nsferredl to a porcelain crucible and reweighed. This
was recorded as ‘g of UCMC used’. It was then covered and ignited at 800°C in
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a furnace for 30 minutes till the combustion-reaction to U3Og was comiplete. The
combustion residue was weighed {‘g of U304'). The weight of U303 and the other
measured data permit the calculation of both the purity of the CMC and its degree

of substitution using the following formulae:

_ g of U30g-0.962

UF =
g of UCMCused (119)
162 - UF
DS = 12
135 ~ (192 UF) (120)
CMC 162 + (80- DS) 12
U0y (CMC);| 162 + (192 - DS) =
gUCMC . |-=CMC___

Purity CMC(%) = [UO’(CMC)’] - 100% (122)

, g of sample

4.2 Cellulase Activity

Determination of Cellulase Activity by Filter Paper Activity

The proéedure of Mandels [32] has been modified for use by our biochemical
engineering group at the University of Ottawa. The procedure of Mandels uses
0.5 mL of enzyme mixed with 1 mL of buffer whereas we use 1 mL of each. Also,
the colorimetric determination of reducing sugars is carried out at a wz;velcngth of

600 nm instead of the 550 nm of the Mandels procedure. The details of the procedure

that is used in this research follow:

* Place 1 mL of diluted enzyme sample in a test tube

e Add 1mL of 0.1 M citrate buﬂ'er,-pH 4.8 and vortex

¢ Coil a 1 x 6cm strip of filter paper no.1

¢ Add coiled filter paper and vortex again

. ‘Cover tubes with marbles and incubate at 50°C

o After 1 hour incubation, add 3mL of 3,5-dinitrosalicylic acid reagent
¢ Botil tubes for 10 migutes ‘

e Cool and centrifuge if there are suspended solids in solution
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o Read absorbance at 600nm against a blank

Substrate blanks are inclu.ded for each sample to correct for the presence of reducing
suéars. ‘"They are subjected to all of thd above treatments except'that no filter paper
is added.

The blank standard is prepared with 1 mL distilled water, 1 mL buffer anci 3mL
DNS reagent.

A s;eries of standards containing between 0 and 1g/L of glucose is treated the
same way as the samples but without the inclusion of filter paper.

The filter paper activity is calculated as follows:
FPA = (G; sample — G} blank) - DF - 180/10.8 (123)

The units of FPA are pmol glucose/min/mL of enzyme solution. If the filter paper
activity is a function of the dilution, use an interpolation or a modelling technique

to calculate FPA at a DF that yields 0.667 g/L of glucose.

4.3 Cellobiase Activity

The test of Matteau et al. [20] has been coﬁsiderably modified for our purposes
because a chromatograph was at our disposition. Both the substrate used and the
analysis method for the product concentration have beenl changed. Their test used
salicin as a substrate and a colorimetric method to determine the rate of reaction for
a given quantity of enzyme. The substrate used here is cellobiose. A colorimetric
test responds to both G; and G5 and heﬁce is of little use with the cellobiose
substrate. With a chromatograph (see following section), the extent of reaction is

followed by measuring the uptake of cellobiose and/or the production of glucose.

o Prepare a solution of 10g/L cellobiose in 0.1 M acetate buffer, pH 4.8
o Place 25.0mL of the solution in a 250 mL erlenmeyer

e Heat to 50°Celsius
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Add 25.0mlL of diluted enzyme solution

Incubate for one hour at 50°Celsius and a shaker speed {1=100rpm

Boil for 15 minutes to quench the reaction

Filter sample and run it through the chromatograph to determine the concen-

trations of glucose and cellobiose

NOTE. A cellobiose blank, where 25.0mL of water has been added instead of the

diluted enzyme, is included. The cellobiase activity is calculated as follows:

-

CBA = (G, sample — G; blank)} - DF - 180/5.4 ('124)

Thé units of CBA are pmol glucose/min/mL of enzyme solution. If the cellobiase
activity is a function of the dilution, use an int:e'rpola.tion or a modelling technique

to calculate CBA at a DF that yields 0.667 g/L of glucose.

4.4 Hydrolysis of CMC

A 250 mL erlenmeyer was used as a batch reactor. To'prepare for the hydrolysis
run, the required amounts of CMC powder, citrate or acetate buffer, distilled water
and enzyme were calculated. The total volume of the solution had to be known
to calculate the concentrations. Because CMC is in powder form, its volume in
solution was.calcula.ted from its weight, making use of the CMC bulking value in
solution, 0.0652 gal/lb (=0.544mL/qg) [5].

The magnitude of the CMC bulking value was verified in three experiments, the
details of which are not described here. At room temperature, samples were left
sitting 16 days in a closed graduated cylinder.

Once the component amounts in the hydrolysis reactor were calculated, the
water, buffer and CMC were mixed together at high speed for three minutes in a
Waring blender. Then the solution was heated to 50°C in the shaker. The enzyme
was then added to the erlenmeyer to start the hydrolysis reaction.
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Table 4. Bulking Value of CMC

CMC  Water 0.5M Cit. buf.  Volume(10days)  Bulking Value

(9) (mL) (mL) + (mkE) (ml./g)
513 100.0 20.0 123.0 0.58
3.53 100.0 20.0 | 121.7 0.48
1.91 100.0 20.0 121.1 0.58

. Y

The optimal pH for the hydrolysis reaction was 4.8, However as long as the pH

does not vary by more than 0.03 aWay from its optimal, the enzyme shows \little

sensitivity to the pH.

Table 5. pH of the Buffer Solutions

Buffer Conc. Citrate 5 Acetate
0.5M 4.64 4.62
0.1M - 4,93 ‘ 4.74

Table 5 shows some experimental measurements of the pH of the buffer stock
and of diluted buffer. The pH was assayed to verify that the hydrolysis pH did not
wander far from its optimal—at least initially.

Fach erlenmeyer was one run location except for runs H29081-H29088 from
which samples were withdrawn at irregular intervals. The withdrawn samples were
boiled for 15 minutes immediately after withdrawl to deactivate the enzy‘me‘ Then
cach sample was filtered through a 0.45 micron filter and stored at 5°C. The sample
was removed from cold storage as soon as possible to measure G; and G by high‘

performance liquid chromatography.
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4.5 Concentrations of Glucose and Cellobiose

A Waters Associates liquid chomatograph with attached carbohydrate analysis
column was used to determine the concentrations of glucose and cellobiose in the
reactions mixture. This was the same method as used by Gritzali and Brown [9].
The chromatograph consisted of a Model 6000A solvent delivery system, a Model
U6K injector, a Model 440 absorbance detector and a Model R401 differential re-

fractometer connected to a Hewlett-Packard Model 33808 integrator.Three columns/
.were available: |

1. Waters’ carbohydrate analysis column P/N 84038 S/N, serial no. T20811D 02

2 Waters’ carbohydrate analysis column P/N 84038, serial no. T33181 S24.

3. Brownlee Labs’ HPLC AMINO SPHERI-10 column, serial no.1165, cathlog

no. H2-10A, tested at Brownlee labs Feb. 28, 1984,

The three columns reacted differentlly. Elution times for the glucose, cellobiose
and for the citrate or the acetate buffer were not equal from one column to the

next. Standards of glucose and cellobiose were injected between runs to constantly

-

montitor the column efficiency.

The mobile phase is 80% acetonitrile and 20% water by volume. The Waters .
documentation strongly recommended against the use of citrate as a buffer in the
mobile phase flow, Citrate has a chelating effect on the column packing material.

There was no citrate in our mob_ile phase. Howévef, citrate was used as the
buffer in the reactor until April 12th, 1985. The reaction mixture samples passing
through the chromatograph contained citrate which eluted at 50 minutes. The late
clution increased twofold the time necessary to analyze the samples hence an acetate

‘buffer was used in the hydrolysis runs following April 12th, 1985.

Prior to March 1985, concentra.tigﬁs_-of the substand¢es were calculated by com-

paring peak heights of the said substance to that of known standards. Starting on
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March 14th, 1985, a Hewlett-Packard model 3380S integrator became available to
do peak area measurements in the chromatograph runs. Thus from that date on,
the glucose concentrations were measured by comparing both the peak height and
the peak area for a sample to the peak height and area of the standards injected,
in the chromatégraph. The cellobiose concentr'ation however, could be.calculated
‘accurately’ only when comparing pe_ak.heights of samples and standards. In most
hydrolysis runs, the concentration of cellobiose is so low that the integrator cannot
detect the peaks. For those runs no area measurement is available. But by using a
low attenuation on the recorded value of the peak representing cellobiose, its height

could be measured and compared to the height of the peaks of cellobiose standards.

‘|
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Front
Material Clucose

Cellobiose

Figure 3: Low Attenuation Chromatogram: Run H90910
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5.1 Assay of the CMC Degree of Substitution and Purity

5.1.1 CMC Degree of Substitution

Chapte

rb

L

RESULTS

-

The degree of substitution of the CMC was determined according to the method

of Hercules Inc. [49] described earlier. Table 6 lists the collected data and the

calculation of DS and UF for each sample as per the procedure.

Table 6. Raw Data and General Calculation of the Experimental CMC Ds

Obs Run date CMCtype gCMC gUCMC UCMCused gUsOs  UF DS
1 055EP85 4H 0.47210 0.61343 '0:37706 0.1078 0.27503 5".54208
2 090CTas 4H 0.45400 0.57426 0.26210 0.0686 0.25179 0.47070
3 240CTB85 4H 0.39097 0.51393 0.43900 0.1223 0.26800 " 0.51968
41 03IMARSS 7L 0.52902 0.72588 0.71908 0.25737 0,34432 0.80966
5 25MARSS 7L 0.49889 0.69031 0.69214 0.25679 0.35691 0.86982
6 05SEP85 7L 0.481886 0.65596 0.64722 0.22778 0.33856 0.78358
7 090CT8s 7L 0.47635 0.71085 0.66720 0.22739 0.32786 0.73717
8 24QCT85 7L 0.45886 0.65423 0.57111 0.19744 0.33258 0.75728
9 05SEPS5 9M 0.48570 0.70430 0.69686 0.26938 0.37187 0.94722
10 090CTs5 9M 0.42220 0.65504 0.41654 0.15693 0.36243 0.89758
11 240CTéa5s * oM 0.49408 0.74877 (.40836 0.17635 0.36222 0.89650

Arhe SAS [50] computer software package was useful in obtaining a statistical

treatment of the data. The computer program that compiles the statistics associated

with the determination of the DS is listed here:

Program 1. DS SAS

TITLE 'CALCULATION OF THE DEGREE OF SUBSTITUTIGH OF CARBOXYMETHYL CELLULOSE';
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DATA DS_CALC: _
CMS FILEDEF MYDATA DISK DS DATA;
INFILE MYDATA;
FORMAT RUNDATE DATET.; )
INFUT @ 7 RUNDATE DDHMYY6./+ DATE: 2 DIGITS EACH FOR DA, NO, YR +/
014 CMCTIYPE $ 2. /* CMC TYPE: 4H, 7L OR 9N */
14 CHCDS 1. /+* CMC THEORETICAL DS: 4, T OR 9 %/
015 CMCDP '$ 1. /* CMC THEORETICAL DP: L, M OR H ./
Q17 GCMC 7. /% WEIGHT OF CELLULOSE GUM: GRAMS ./
©25 GUCNC 7. /* WEIGHT OF URANYL CNC: GRAMS =/
033 UCMCUSED 7. /* WEIGHT OF URANYL CNC USED: GRAMS »/

041 GU308 7. /* WEIGHT OF URANIUM OXIDE: GRAMS =/,
UF=GU308#+0.962/UCMCUSED;

DS=162.*UF/(136.-192.*UF);
F PROC SORT DATA=DS_CALC; '
BY CMCDS;
PROC PRINT DATA=DS_CALC;
BY CMcCDS;
PROC MEANS DATA=DS_CALC;
VAR UF DS;
BY CMCDS;
OUTPUT QUT=SUMMARY MEAN=MEANUF MEANDS;
PROC PRINT DATA=SUMMARY;
DATA PUR_CALC;
HMERGE DS_CALC SUMMARY;
BY CMCDS:
KEEP CMCDS GCMC GUCMC DS MEANDS CMC_UCMC CMCPURE RUNDATE;
CMC_UCMC={162.+B0.«MEANDS) / (162, +192 . «MEANDS) ;
~ CHCPURE=GUCMC*CMC_UCMC»*100, /GCMHC;
PROC PRINT DATA=PUR_CALC;
TITLE 'CALCULATION OF THE PURITY OF CARBOXYMETHYL CELLULOSE';
BY CMCDS; :
PROC MEANS DATA=PUR_CALC;
" VAR CHCPURE;
BY *TMCDS;

The output from the DS SAS program is shown in table 7. The two variables
of interest are the uranium fraction, UF, and the DS for each of the three types of
CMC used. The best estimate of UF or DS is the mean value. It is to be used in
subsequent calcuiations involving UF and DS in this work. The other entries in the
tab_le are variables representing the dispersion in the data.

The sample variance calculated for the DS of the three types of CMC can be

.found in table 7. Because the samples are subject to the same procédure, it is now
.possible to test if the three estimates of variance are not so statistically dissimilar

that they can be considered to be equal. If it is plausible that the value of the ratio
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Table 7. Statistical Treatment of the Experimental UF & DS Measurements

n  mean a Min Max Std error of mean  Sum &2 cv.(%)
CMCtype 4H

UF 3 0.26493 0.01192 0.25178 0.27503 0.006883 0.79481 0.00014212 4.500

DS 3 0.51081 0.03650 0.47069 0.54207 0.021076 1.53245 0.00133254 17.146
CMCtype 7L

UF # 0.34004 001128 0.32786 0.35691 0.005045 1.70022 0.00012728 3.318

DS 5 0.79150 0.05159 0.73717 0.88981 0.023075 3.95750 0.00266219 6.519
CMC type 9M

UF 3 0.36550 0.00551 0.36221 0.37187 0.003184 1.09652 0.00003040 1.509

DS 3 091376 0.02897 0.89649 0.94721 0.016730 2.74129 0.00083966 3.171

]

’

CMC will increase the accuracy of a test for the plaugible values of the DS of the
., b‘
CMC.

The ratio SZo?/So? has an F, ,, distribution. A confidence interval for the

ratio 0% /o? is calculated as follows (51):

-~

LYY

52
1 — a=Prob ( to t ) (125)

*? Fovian 05 Fuuieag

where 67 is the sample variance for sample 1. The F-distribution is obtained from
tables at the a.pprop;'ia.te probability level a, and v; is the degrees of freedom ésso-
ciated with sample 1. .Here, o? is the true but unknown value of the varian;:e for the

data considered. The sample variances for the CMC types 7L and 9M are put to

" the test because they have highest and lowest values respectively. The DS data for

the CMC of type 7L also has more degrees of freedom than the other data. In our

case, a 90% confidence interval for the ratio of the true sample variances is given

by:

&2 Ops— &2
T e (126)
Jg - FUT,Vo,afz gps=9 Oy * FVTsUDul_é'/Z a=0.1
Insert the applicable numbers, 17 = 4, 1y =2, a = 0.1
0.0026622 Ops= 00026622 (127)
0.0008397 - 19.20 ~ ops_e  0.0008397 - 0.14409
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0.165 < 225=7 . 290 (128)
Ips=9

Thus the sample variances are not significantly different and they can be pooled to

provide a better estimate of the true variance.

-1 @
~ o 7S] U‘
p &l = Li¥i 60 (129)
Zi ¥
a2 2.0.0013325 + 4 -0.0026622 + 2 - 0.0008397 .
S62 = (130)
i ‘ 24+442

;
The pooled estimate of the variance of the DS is 0.001874. Calculate the 95%

confidence interval for the DS values.

DS itu,cx[Z 613'/\/E | . (131)

Here, v is the degrees of freedom of the pooled variance. At 95% confidence,
tg 0.025 = 2.306. With the 8 degrees of freedom of the pooled variance, the. size
of the confidence intervals is reduced—on average—compared to a procedure where

the sample variances are left unpooled.

DS;q * 2.306 - 1/0.001874/2
DS7p + 2.306 - 1/0.001874 /4
DSgy + 2.306 - 1/0.001874/2

DS4g = 0.511 £ 0.071
which comes out to ¢ DSy = 0.792 £ 0.050

DSom = 0.914 £ 0.071
The DS determined above are the independent variables in the modelling. Al-

though least squares modelling techniques assume that the error associated with
independent’ variables is virtually nil—i.e., the DS is perfectly known—in the hy-
drolysis system for CMC, there is a significant uncertainty concerning the true but

unknown values of DS. Nonetheless, the standard least squares criteria are used to

estimate parameters and their confidence.
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Table 8.

Genera] Calculation of the Experimental CMC Purity

. Mean DS

Obs  Run date gCMC g¢gUCMC DS #ﬂgﬁﬁ")? CMC purity
CMCtype 4H
1 05SEP85 0.47210 0.61343 0.542075 0.510819 0.78002 101.353
090CTB5 0.45400 0.57426  0.470699 0.510819 0.78002 98.664
24QCT85 0.39097 0.51393 0.519683 0.510819 0.78002 102.534
CMC type 7L i
4 03MARS85 0.52902 0.72588 0.809664 0.791502 0.71785 98.471
5 25MARS5  0.49889  0.69031 0.869817  0.791502 0.71765 99.301
G 05SEP85  0.48186  0.65598  0.783575  0.791502 0.717G5 97.695
7 090CTB85 0.47835 0.71085 0.737170  0.791502 0.71765 107.094
8 240CT85 0.45886 . 0.65423 0.757283 0.791502 0.71765 102.321
CMCtype 9M
9 05SEP85  0.48570  0.70430  0.947219 (.913765 0.69671 101.029
10 090CT85 0.42220 0.65504  0.897579 0.913765 0.69671 108.095
11 240CT85 0.49406  0.74877  0.896498 0.913765 0.69671 105.590

Table 9. Statistical Treatment of the Experimental CMC Purity Measurements

n Mean & Minimum Maximum 8Std error of mean  Sum 62 c.v.(%)
) CMCtype 4H v
3 100.850 19832 98.663 102.53 1.1450 < 302.550 %.@3323 1.967
o ) CMEJ type 7L ’ )
5 100.976 3.8435 97.694 107.09 1.7188 504.881 14.7727  3.806
CMCtype SM
3 104,904 3.5825 101.028 108.09 2.0684 314.713 12.8350 3.415

5.1.2 CMC Purity

Tables 8 and 9 show the calculated values of the purity of the CMC and the

statistical treatment of these data respectively.

Notice that the average experimental value of the purity of the CMC is greater

than 100% for all types of CMC. Thus in our calculations, the purity of the CMC

powder that was put into the reactor after drying was always assumed to be 100%.

111



5.2 Assay of the Enzyme Activities

Enzyme activity tests are used to estimate the concentration of various enzymes
in a solution. The procedures specific to the two enzymes of interest to our work
have been described in Chapter 4. Four activities had to be determined, one for each
of the two enzymes, E; and E), in each of the two commercial solutions, Celluclast
and Novozym. It was known a priori that Celluclast contains a large concentration

. of F; and a trace of Ey while Novozym contains a large concentration of F, and
a small concentration of L;. These amounts of enzyme need to be evaluated as

accurately as possible because they have a significant effect on the overall hydrolysis

-model parameter estimates.

From our survey of the literature, it was clear that there is room for improving
the test procedures now in use. We have found that the amount of information
extracted from the activity test data is insufficient Hue to poor reliability. DBy
modifyi;lg the method of data analysis, the procedure of Mandels [32] can yield
‘\‘rhﬁ_d're information on the a.ctlvitx of an enzyme. Plots of the activity—FPA or

CBA—as a function of enzyme dilution (DF), found in appendix 2, show that there

is a trend of the activity with DI, even at a high DF. This .may be specific to the

DNS colorimetric method, as discussed earlier.

Consequently a strict modelling procedure was applied to the test data. The full
details of the modelling procedure can be found in Appendix 2. From Appendix 2
the imporiant information is the four empirical models that describe the behavior
of I'PA and CBA as a function of DF over the data range. Here are the four models

decmed to best represent the activity data; activity units are umoles gluc/min/mL.

Celluclast FPA=94.3+0.0048-DF
Novozym FPA=1.8840.0103-DF
Celluclast CBA=5.88
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Novozym CBA=0.836-DF-(1 — ¢~?82¢/DF)

.~ These models now were to estimate the enzyme activity at the standard conditions
for Mandels’s test, i.e., a glucose producltion of 0.667_g/L for a test of duration 1
hour.

To distinguish between the enzyme activities at standard and non-standard
conditions, the nomenclature relative to enzyme activity tests must be modified
somewhat. Let FPA and CBA be the enzyme activities calcula.fed at each Adata
point. The units of FPA and CBA are umoles glucose/min/mL. FPA and CBA

\;:m:p functions of the DF of the starting commercial enzyme solution. Let FPA and
CBA be the particular values of FPA and CBA that produce 0.667 g/L of glucose
under the test condit-ions. Thus FPA and CBA are unique values of the activities
for a particular enzyme solution, not a function of the DF. FPA and CBA become
the estimated values of the concentration of E, and E) respectively in a solution.
The units of FPA and C—é\A, in keeping with current enzyme methods, are 1.U./mL,
where LU. is pmoles glucose/min, but is a unique value for an enzyme solution,

Now proceed to calculate FPA and CBA for Celluclast and Novozym.

5.2.1 Celluclast FPA o -

-

The activity of the endoglucanase in the Celluclast commercial enzyme solution
was tested as per the procedure described earlier. At various dilution factors (DF),
the activity of the enzyme in hydrolyzing a solution, under conditions of the test,
was measured. The raw data are listed in Table 10. The DF and the enzyme volume
are calculated with respect to the undiluted, commercial enzyn’le solution.

The modelling procedure—the details of which can be fa;und in Appendix 2—for
this data set shows that there is a significant relationship between FPA and DF.

The model chosen to describe this relationship is

FPA = 6y + 6, DF .
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- Table 10. Celluclast FPA Data

Obs Run date Enzyme DF Gl FPA
# damoyr mL g/L pmoles/min/mL
1 11SEP84  0.001000 1000 1.381 127.9
2 20JANS5 0.001000 1000 0.918 85.0
3 20JANS5 0.000500 2000 0.703 130.2
4 29JANS85S 0.000200 5000 0.295 136.6
5 +  29JANSS. 0.000100° 10000 0.181 167.6
6 11APRSE5 0.001000 1000 1.147 106.2
7o 11APRS85 0.000500 2000 0.494 91.5
8 11APRS85 0.000250 4000 0.282 104.4
9 11APRS5 0.000125 BOOO 0.134 99.3
10 - 29JUNB8S 0.001000 1000 1.159 107.3
11 29JUNSBS5 0.000500 2000 0.537 99.4
12 20JUNB8b 0.000250 4000 0.323 119.8 \
13 29JUNSS - 0.000125 8000 0.153 113.4
14 230CT85 0.001000 1000 1.094 101.3
15 230CT85 - 0.000500 2000 0.603 111.7 T
16 230CT85 0.000250 4000 0.320 118.5 A
17 230CT85 0.000125 8000 0.206 152.6 :
18 23NOVSE5 0.001000 1000 0.939 86.9
19 23NOV85 0.000500 2000 0.531 ‘' 98.3
20 23NOVS85 0.000250 4000 0.260 96.3
21 23N0OVs8s 0.000125 8000 0.196 145.2
22 25N0V85 0.001000 1000 1.005 . 93.1
23 25NOV85 0.000500 2000 0.504 63.3
24 25NOVB5 0.000250 4000 0.274 101.5
25 © 25NOV85 0.@00125 8000 0.164 121.5

where 0o =94.34+11.2 and #; = 0.0048 - 0.0024

The confidence intervals are listed for a 95% significance level.

To calculate m, i.e., the FPA at a glucose production level of 0.667¢/L, a
further relationship is required. By definition,

FPA = G1-DF/10.8

. FPA = 0.667 - DF/10.8
And using the second algebraic egu/a_tion in the set of two, the model determined

from the Celluclast FPA tests: 4

FPA =94.3 - 0.0048 - DF
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Eliminating FPA by comparing the two equations yields

0.667 - DF/10.8 = 94.30 + 0.0048 - DF

DF = 1656.

Calculating m,

FPA = 94.30 + 0.0048 - 1656,  :n.

i . = 102.2 1.U./mL -
B <
The precision of FPA may be calculated by taking the variance of both sides of the

fitted model for FPA as a function of DF at DF [51] Thus,

Var(FPA) = Var(6) + DF - Var(0;) + 2 - DF - Cov(6o, 0;) (132)

where Var(fp), Var(d;) and Cov(fy,0;) are obtained from the variance-covariance

matrix for the parameters.

Actually, solving equation 132 served as a verification that the SAS PROC REG
line‘a.r ﬁtdng routine made use of conventional methods to calculate the precision
of predicted values. The computer procedure does provide a predicted value of the
dependent variable, with associated precision, for data points input to the prograin
without a responge. In the case of Celluclast @, at a confidence level of 95%,
FPA = 102.248.4 L.U./mL. This value was used as the estimate of the concentration

of E. in Celluclast.
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Table 11. Novozym FPA Data

Obs Rundate Enzyme DF G1 FPA
£ damoyr mL g/L pmoles/min/mL
1 29JUNS5 0.01000 100 0.6048 - 5.60
2 230CT85 0.01000 100 0.2052 1.90
3 230CT85 6.00500 200 0.2322 4.30
4 230CT85 0.00250 400 0.1566 5.80
5 23NOVSE5 0.01000 100 0.2041 1.89
6 23NOV8s5 0.00500 200 0.1771 3.28
7 23N0OV85 0.00250 400 0.1939 7.18
8 25NOV85 0.00500 200 0.1960 3.63
9 25N0OVS85 0.00250 400 0.1310 4.85
10 25NOV85 0.00125 800 0.1391 10.30

5.2.2 Novozym FPA

The data in Table 11 was obtained in FPA tests of Novozym. A strict modelling
procedure was applied to the data to determine if a trend between FPA and DI
was significant. The modelling procedure can be found in Appendix‘Z.

As for the Cellucla{st\FPA test, there is statistical evidence that.the IF'PA of
thé Novozym solution is also a furiction of the enzyme dilution. The model best
describing that functioﬁ and the 95% confidence intervals for the parameters:

FPA =06y + 6, - DF )
90. =1.88+£1.58
#, = 0.0103 £ 0.0044
To calculate the enzyme activity, solve the set of two equations relating FPA and
OF. By definition, at the point at which 0.667 g/L glucose is produced,
FPA = G1-DF/10.8
FPA = 0:667 - DF/10.8
Compare the latter equation with the model, FPA = 1.88 + 0.0103 - DF.
0.667 - D¥/10.8 = 1.88 + 0.0103 - DF
DF = 36.5
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"At that dilution, the predicted value of FPA is FPA.

FPA = 1.88 + 0.0103 - 36.5

=2.26 £ 1.451.U./mL

The 95% confidence interval on m, the predicted FPA, was included in the output

listing. FPA of Novozym is an estimate of the concentration of E; in Novozym.

;I‘o calculate_.m\ it is necessary to extrapolate the model. It is important
to riot.c the severe experimental limitations in estimating FPA of Novozym. The
dilution range of thtyznzyme is limited .at the upper range by the precision of the
spectrophotometer. So little glucose is produced at dilutions greater than 500 that
measured values would have to be considered unreliable. At th& lower DF, the
solution which contains the glucose is too éoncentrated—-ih enzyme. The sample ¢
is not clear-enough to be within the measurement range of the spectrophotometer.

Ilence the modal is extrapolated and the precision of the predicted FPA is low.
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5.2.3 Novozym CBA

The enzyme activity of the cgllobiase was tested as per the method described
in the experimental procedure section of this thesis. As can be seen in Table 12,

the range of DF tested was particularly large. . :

’

Table 12. Novozym CBA Data g

Obs  Run date ~ Run Enzyme DF . Gl CBA
7t damoyr # . nli'L/mL g/L pmolea/min/mL
1 22AUGS85 C22808 0.00400000 . 250 5.35 247.7
2 22AUGS5 C22809 0.00200000 500 5.12 474.1
3 . 22AUGSS5 22810 0.00100000 1000 4.69 808.5
4 22AUGS85 C22811 0.00050000 2000 3.40 1259,
5 '22AUG85 22812 0.00020000 5000 1.70 1574. -
6 22AUGSES C22813.-  0.00010000 10000 0.88 1630.
T 22AU0GS85 C22814 0.00005000 20000 0.61 2259.
8 010CT8s5 C02106 0.00020000- 5000 S 212 _ 1963.
9 ~ 010CT85 Co02107 0.00010000 10000 1.20 2222,
10 0100']585 C02108 0.00005000 20000 0.60 2222.
11 010CT85 Co2109 0.00003333 30000 041 2278.
- 12 01QCT85 co2110 0.00002500 40000 0.33 2444.

A non-linear model was fitted to the data and found to provide a satisfactory fit.

The full details of the model discrimination procedure can be found in Appendix 2.

The non-lincar fnodel is

CBAZGQ'DF-(I—CXP(Tgl/DF)) \
where 8y = 0.836 £ 0.303

_ and 0; = 2826 + 1180

The wnde range of enzyme DF for this particular data set emphasizes the trend.
of CBA being a function of DF. And as for the FPA test, the estimate of the
concentration of £ in Novozym is obtained by comparing two algebraic equations.

The first is the model and the second is the defining relationship between G1, DI
and FPA,

CBA = G1-DF/5.4 where G1=0.667g/L at DF
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Compare the two equations to eliminate CBA.
0.667 - DI /5.4 = 0.8359 - DF : (1 — exp(—2826/DF))

DI = 17680

Calculate CBA at this DF which corresponds to 0.667 ¢/L glucose produced under

the test conditions.
CBA = 0.8359 - DF - (1 — exp(~2827/17680))

= 2184+ 158 L.U./mL

The confidence intervals for both the parameters of the non-linear model and CBA
are tak(;n directly from the output listing of the SAS KLIN procedure. Note tha't
Lhe‘conﬁdcnce intervals for a non;linear model are not calculated with the same
formula as for linear models. The linear models, in this work, describéd IFPA
behavior as a function of DF. A non-liﬁgar model is appropriate for a wide ranging
DF because cryptic substrate .lirnitation and product inhibition, both affecting the

product concentration non-linearly, become important factors.

. -

5.2.4 Celluclast éﬁ?&

Both the cellobiose and glucose concentrations of the test sapiples were measured
with the HPLC. The glucose concentration data listed in Table 13 were calculated by
difference because the cellobiose measurements were considered more reliable thé.n
the glucose measurements. ThlfS the reacted cellobiose at each test condition was
calcuiatcd from the knowledger of the initial cellobiose and the final cellobicse. All of
the reacted cellobiose is transformed to glucose. For the details of the run conditions
in collecting the cellobiase activity data, please consult the Raw Hydrolysis Data
tables, parts 1 and 2 in Appendix 3.

We attempted fitting several models to the data iﬁ Table 13. The objective was
to detect a trend of CBA as a fupction cf the DF in the test. But for Celluclast, at .
the level of DF tested, no trend was found. Four points are considered unreliable
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b Table 13. Celluclast CBA Data

Obs Rundate Run Enzyme DF G1 .CBA
# damoyr # mL/mL g/L  pmoles/min/mL
1 22AUGS5 C22801 0.0100 100 0.38 7.037
2 22AUG85 C22802 0.0050 200 0.08 . 2.963
3 22AUGS85 22803 0.0020 500 0.07 6.482
4 22AUGS5 C22804 0.0010 1000 0.15 27.778
5  22AUGSb C22805 0.0010 1000 0.13 24.074
6 22AUGS5 22806 0.0005 2000 0.06 22.222
7 22AUG8S C22807 0.0002 5000 0.00 0.000
8 010CTs85 (CO02101  0.1000 10 2.15 3.982
9 010CT85 .° C02102 0.0500 - 20 1.19 4.407
10 010CTS85 C02103 0.0200 50 0.53 4.907
11 010CT85 C02104 0.0100 100 0.51 9.444
12 010CT85 C02105 0.0050 + 200 0.21 7.778

because of a high dilution factor.__lThe high DT leads to a released glucose concen-
tration_which is below the limit of detection of the chromatograph. The four points
in questions are observations 4, 5,6 and 7 in Table 13.

After eliminating the four -data points for those runs where the enzyme was
diluted 1000 times or more, the average CBA was calculated. This average becomes

the estimate of the concentration of F, in Celluclast. y

CBA = 5.88 + 1.821.U./mL

The model discrimindtion procedure is carried out in full detail in Appendix 2.
The confidence interval for CBA is at a level of 95% for the predicted value of

the mean. The theoretical DF which corresponds to the production of 0.667¢/L

glucose in the CBA test can be calculated from
DF = CBA - 5.4/G1
= 5.88-5.4/G1

DF = 47.6
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5.2.5 Summary

Using a strict modelling procedure, the details of which are found in Appendix
2, the estimated concentrations of the two enzymes of interest, F; and E; in the

two commercial solutions have been calculated.
v

E7 in Celliclast= Celluclast FPA =102.248.4 LU./mL
E; in Novozym = Novozym FPA =2.2611.45 I.U./mL
Ey in Celluclast=Celluclast CBA =5.88+1.82.U./mL

Ey in Novozym = Novozym CBA =2184+158 LU./mL
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5.3 The Hydrolysis Data Used for Modelling

The data used in our modelling studies of the hydrolysis of CMC are listed in

table 14. In total, 189 runs were used.

In the table, the reaction time, ¢, the initial concentration of the glucose, the

cellobiose, the cellobiase, the endoglucanase and the 3-1,4 bond concentration con-

tributed by the CMC are listed, as well as the concentration of the response vari-

ables.
Table 14. Hydrolysis Data Used for Modelling

Run ¢ G1(0}) G2(0) £, E; DS DPcmc femce G £
# hours 107%™ 1077M LU./L 1U./L 107 107IM t0TM
HO507TA  90.0 0.0 0.0 0.6184-10*! 0.1076-10*% 0.792 400 15.58 1.272 0.196
HO507B 90,0 00 0.0 0.1156-10%* 0.1088.10*> 0792 400 1558 1756 0.0
HO507C  $0.0 0.0 0.0 0.6184-10%° 0.1076-10t? 0792 400 1558 0.694 0.173
H29081 2.9 0.0 0.0 0.1130-10* 0.1412-10*® 0.792 400 7.09 0.772 0.0
1129081 53 0.0 0.0 0.1130:10%* 0.1412.10%3 0792 400 7.09 0.867 0.044
20081 12.8 0.0 0.0 0.1130-10** 0.1412-107* 0792 400 7.09 0.822 00
H29081 276 0.0- 0.0 0.1130-10%% 0.1412-10%% 0792 400 7.09 0.933 0.079
H29081 51.7 0.0 0.0 0.1130-10*4  0.1412-107% Q.792 400 7.09 0911 0.020
H20081 141.3 0.0 0.0 0.1130:10%% 0.1412.10t® 0792 400 7.09 1.556 0.029
H29082 2.0 00 0.0 0.8048-10%} 0.1400.10%° 0792 400 7.09 0.8606 0.149
H29082 4.1 0.0 00 080481071 0.1400-10*% 0.792 400 7.09 0.556 0.199
H29082 128 00 00 0.8048-10"! 0.1400-10t% 0792 400 7.09 0.639 0.111
H20082 276 00 0.0 0.8048-10%% 0.1400-107° 0792 400 7.09 0750 0.079
H29082 517 0.0 0.0 0.8048-10%7! 0.1400-10t® 0792 400 7.00 0.817 0.061
H29082 141.3 0.0 0.0 0.8048-107! 0.1400-10"° 0.792 400 7.09 1.08% 0.
H29083 2.0 00 00 0.4024:10*! 0.7000-10*2 0,792 400 7.09 0.422 0.173
H29083 41 00 00 0.4024-10%!  0.,7000-10%2 0.792 400  7.09 0.467, 0.222
H29083 128 00 0.0 0.4024-10%! 0.7000-10%2 0792 400 7.09 0.507 (.044
H29083 276 0.0 0.0 0.4024-10%! 0.7000-10%*% 0.792 400 7.09 0.756 0.096
H20083 517 00 0.0 0.4024-10%! 0,7000.10*% 0.792 400 7.09 0.661 00
H20083 141.3 0.0 0.0 0.4024-10%! 0.7000-10*3 0792 400 7.09 0.767 0.0
H29084 2.0 00 0.0 0.1122-10*% 0.1402-10*° 0.792 400 5.33 0.55 0.0
H29084 4.1 00 00 0.1122.10*4¥0.1402-1073. 0.792 400 5.33 0628 0.0
H20084 12.8 0.0 0.0 0.1122-10%4 '0.1402-10%° 0792 400 5.33 ~0.772  0.135
H20084 276 00 0.0 0.1122-10%% 0.1402-1073 0.792 400 533 0.667 0.0
H29084 517 0.0 0.0 0.1122-10%* 0.1402-10%* 0.792 40  5.33 0.756 0.061
29084 141.3 00 0.0 0.1122-10%% 0.1402-10%° 0.792 400 5.33 0.856 0.061
120085 20 00 00 0.7993-10%! 0.1390-10"3 0792 400, 5.33 0372 0.129
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Table 14. (continued)

Run t G1(0) G2(0) E, E, D5 -DPemc fome G G
# hours  107?M 1077M LU./L 1LU./L 107°M 107M 1073M
H29085 41 00 00 0.7993-10%! 0.1390-10%3 0.792 400 5.33 0.45  0.073
129085 53 0.0 00 0.7993-10t! 0.1390.10*° 0.792 400 5.33 0.411 O.111
H29085 128 00 0.0 0.7993-101! 0.1390-10%° 0.792 400 5.33 0.594 0,225
H29085 517 0.0 0.0 0.7993-10+! 0.pw-10+3 0,792 400 5.33 0683 0.0
H29085 141.3 0.0 0.0 0.7993.10%1 0.1390.10™% 0792 400 5.33 0.778 0.061
H29086 53 00 00 0,7993-10%! 0.1390-10*% 0.792 400 5.33 0.389 0.082
H29086 128 0.0 00 0.7993-10*! 0.1390-10*> 0792 400 5.33 0433 0.178
H20086 276 0.0 0.0 0.7993-10%! 0.13%0-10%% 0.792 400 5.33 0.622 0.0
H29086 517 0.0 00 0.7993-10t! 0.1360-10t® 0792 400 5.33 0.583 0.0
H29086 141.3 0.0 0.0 0.7993-10t! 0.1390.10%% - 0.792 400 5.33 0.856 0.029
H29087 2.0 00 00 0.1599-10%% 0.2781-10%> 0792 400 5.33 0.372 0.123
H29087 41 00 00 0.1599-10%% 0.2781-10%® 0,792 400 5.33 0.483 0.173
H29087 53 00 0.0 0.1599-10+2 0.2781-10* 0792 400 5.33 0517 0.091 -
1129087 12.8 00 00 0.1599-10%? 0.2781-10%° 0792 400 5.33 0617 0.0
H20087 276 0.0 00 0.1599.10%2 0.2781.10¥> 0792 400 5.33 0.667 0.038
H20087 517 00 0.0 0.1589-10*7 0.2781-10* 0,792 400 5.33 0.7 0.0
H29087 141.3 00 0.0 0.1599-10*2 0,2781-10*> 0,792 400 5.33 1.033 0.029
H20088 41 00 0.0 0.1114-10%* 0.1153-10%! 0792 400 5.33 0.128 0.0
H29088 51.7 0.0 0.0 0.1114-10%% 0.1153-10%! 0.792 400 5.33 0.356 0.044
H25088 1413 00 0.0 0.1114-10%* 0.1153-10%! 0.792 400 533 0444 0.0
H21001 659 00 00 0.1781-1075 0.1843-10*27 0.792 400 1057 1.811 0.0
H21091 870 00 0.0 0.1781-10%% 0,1843-1072 0.792 400 10.57 175 00
H21091 118.4 0.0 0.0 0.1781-10*% 0.1843-1072 " 0.792 400 10.57 1.73%3 0.0
H14031 02 00 00 0.1530-1071 0.2661-1072 0.792 400 89 0.211 0.0
H14032 “10 00 00 0.1530-10t% 0.2661-10%2 0792 400 8.9  0.347 0.088
114033 6.3 0.0 0.0 0.1530-10*Y 0.2661.10%% 0.792 400 8.9 0.453 0.001
H14034 255 0.0 00 0.1530-10%! 0.2661-10%2 0.792. 400 89 0903 0.018
H14035 1025 0.0 00 0.1530-10*! 0.2661-10** 0,792 400 8.9 0.817 0.0
H14036 02 00 00 0.1224.10%2 0,2129-10%* 0792 400 8.9 0528 0.073
H14037 1.0 00 00 0.1224-10%7 0,2129-10*"> 0792 . 400 8.9 095  0.137
H14038 6.3 0.0 0.0 0.1224-10%7 0.2129-107% 0792 400 8.9 0.811 0.029
H14039 255 0.0 0.0 0.1224-10%% 0.2129-10"%  0.792 400 89 0.978 0.035
H21031 025 00 00 0.1901-10%t* 0.3307-10t2 (0.792 400 21.27 0.261 0.158
21032 115 00 0.0 0.1901-10%%  0.3307-10%2  0.792 400 21.36 0.556 0.085
H21033 816 0.0 0.0 0.1901-10%% 0.3307-10%2 0.792 400 21.13 1.447 0.079
H21034 121.0 00 0.0 0.1901-10t% 0.3307-10t2 0.792 400 21.31 1.5 0.012
H21035 025 00 Q0 0.7067-10t® 0.7313-10*° 0.792 400 21.36 0.161 0.085
H21036 11,5 0.0 00 0.7067-10%% 0.7313-10%° 0.792 400 21.22 0.269 0.0
H21037 816 00 00 0.7067-10*% 0.7313-10*° 0792 400 21.31 0.828 NR
H21038 121.0 0.0 0.0 0.7067-10%% 0.7313-10%° 0792 400 21.22 0.853 0.0
H12041 0.8 00 0.0 0.1237-10%7 0.2152.10*% 0.792 400 22.43 0.678 0.269
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Table 14. (continued)

124

Run t G (0) G4(0) E, E, DS DPome fome G, Gq
# hours 10-7M 10-%M 1.U./L LU./L 10°7M  107'M 107M
H12042 38 00 00 0.1237-1072  0.2152-10"3  0.792 400 22.43 2.407 0.254
H12043 165 0.0 00 0.1237-10%% 0.2152-10t% 0.792 400 22.43 2.256 0.187
Hi2044 393 00 0.0 0.1237-10%% 0.2152-10t% 0.792 400 22.43 2.552 0.099
H12045 54.0 0.0 0.0 0.1237-10%3 0.2152.10%3  0.792 400 22.43 2.78 0.053
H12046 0.8 0.594,0.0 0.1230-10%3 0.2140-10%* 0792 400 22.43 1.381 0.281
H12047 3.8 0.594 0.0 0.1230-10%7 0.2140-10%* (0.792 400 22.43 2.239 0.209
H12048 16.5 0.594 0.0 0.1237.1012 0.2152.10*3 0.792 400 22.43 2.807 0.001
H12049 39.3 0589 0.0 0.1237-101% 0.2152.10%° 0.792 400 22.43 3.041 0.064
H13041 54.0 0.589 0.0 0.1237-1072 0,2152-10%% 0.792 400 22.43 3.656 0.041
H13042 0.8 0.0 0313 0.1237-1072 0.2152-10*> 0792 400 2243 0.786 0.38
H13043 3.8 0.0 0.319 0.1237-10*2 0.2152-10%* 0.792 400 22.43 2.094 0.313
H13044 165 0.0 0316 0.1237-10%2 0.2152-107 0992 400 22.43 2.856 0.082
H13045 39.3 0.0 0335 0.1237-1072 0.2152-.101% 0,792 400 22.43 3.528 0.076
H13046 54.0 0.0 033 0.1237-101%2 0.2152-10"> 0.792 400 22.43 3.363 0.07
H13047 0.8 00 00 0.2474-10%2 0.4303-1013  0.792 400 22.43 1072 0.275
H13048 165 0.0° 0.0 0.2474-10%2 0.4303-107 0.792 400 22.43 2.359 0.137
1113049 54.0 0.0 0.0 0.2474-10%2 0.4303-107% 0.792 400 22.43 3.056 0.0
C13041 3.8 0.0 0.30t 0.1175-10*7 0.2044.10%% 0.0 0 00 0204 0.19
C13042 39.3 0.0 0275 0.1175-10%% 0.2044-10% 0.0 0 00 0.0653 0.044
-1109501 1.0 0.0 0.0 0.2463-10%2 "0.4285-10*> 0.792 400 15.49 0.744 0.187
H09502 39 0.0 0.0 0.2463-107% 0.4285.10%% 0.792 400 15.49 1.644 0.345
HO9503  12.0 00 00 0.2463-10%% 0.4285-10%% 0,792 400 15.49 1.626 - 0.146
H09504 27.7 0.0 00 0.2463-10*% 0.4285-10"3 0.792 400 15.49 2.148 0.354
H0o9505 1200 00 0.0 0.2463.1072 0.4285-10*%  0.792 400 15.49 2304 0.19
H09506 1.0 00 00 0:1232-10%2 (0.2143-10%° 0.792 ' 400 15.49 0.786 0.222
H09507 3.9 00 0.0 012321072 0.2143-107% 0792 400 1549 1719 0.287
Hoes08 12,0 00, 00 0.1232.10%? 0.2143-10%* 0792 400 15.49 1611 0.275
Hoes509  27.7 Of/ 0.0  0,1232:1072 0.2143-10*® 0.792 400 15.49 1.939 0.16]
HO9510 120.0 O 0.0 0.1232-10%3 0.2143-10*3 0.792 400 15.49 2.42  0.19
1109511 1.0 00 0.0 0.4579-107% 0.4738-107! 0.792 400 1549 0.394 0.026
H09512 3.9 00 00 0.4579-10t4 0.4738.107!  0.792 400 1549 1019 0.0
Ho9513 120 0.0 0.0 0.4579-107* 0.4738.107* 0.792 400 1549 1.106 0.015
Ho9514 277 0.0 00 0.4579-10%% 0.4738.107* 0.792 400 1549 1.072 NR
HOo9515 120.0 0.0 0.0 0.4579-1074 0.4738.10%! 0,792 400 1549 1.561 Q.0
Ho1701 1.0 0.0 0.0 0.1223-10%2 0.2127.10%3  0.792 400 15.49 0.7864 0.178
Ho1702 40 .00 00 0.1223-10*% 0.2127-1073 0.792 400 1549 1.297 0.143
Ho1703 179 0.0 0.0 0.1223-10*% 0.2127-10%3 0.792 400 15.49 1528 0.078
HO1704  43.5 0.0 0.0 0.1223-10%2 o0.2127-107*  0.792 400 1549 1.856 0.167
Ho1705 117.3 0.0 0.0 0.1223-10%7 0.2127-10% 0792 400 1649 2.225 0.184
HO1706 1.0 00 0.0 0.1223-107! 0.2127.10%% 0792 400 1549 0.0 0.164
H01707 40 0.0 00 0.1223-10*! 0.2127-107? 0.792 400 15.49 0.497 0.225



Table 14. (continued)

Ga

Run t G;(O) GQ(O) E, o DS DPcumc foMmc G,

# hours  1077M 1077M LU./L LU./L 107°M 1077M  1077M
Hoi708 17.9 00 0.0 0.1223.10*! 0.2127-10*2 0.792 400 15.49 1033 0.213
HO1709 435 0.0 ° 0.0 0.1223-107! 0.2127.10%%  0.792 400 15.49 1.203 0.108
HO1710 1173 0.0 0.0 0.1223-107% 0.2127-107% 0792 400 1549 1.374 0.076
HO1711 1.0 00 00 0.1223.107° 0.2127-10%% 0792 400 15.49 0.078 0.015
HO1712 40 0.0 00 0.1223-101% 0.2127.10%! 0792 400 15.49 0.044 00
HO1713 179 0.0 0.0 0.1223-10*° 0.2127-10%!- 0.792 400 15.49 0.161 0.178
HO1714 435 0.0 0.0 0.1223-107% 0.2127-10%% 0792 . 400 15.49 0.259 0.269
HO1715° 117.3 0.0 0.0 0.1223-10% 0.2127-10%! 0.792 400 15.49 0.283 _0.287
HO1716 17.9 0.0 0.0 - 0.1223.10~! 0.2127-10%° 0792 400 15.49 0.003 0.0
H01717 435 00 0.0 0.1223-107! 0.2127-10*® 0,792 400 15.49 0.017 0.006
HO1718 1173 00 00 0.1223-107' 0.2127-10%° 0,792 400 1549 0.044 0.0
H20701 1.0 00 00 0.1223-101% 0.2127-107%  0.792 400 23.26 0.824 0.392
H20702 40 0.0 0.0 0.1223-10%2 0.2127-10%3  0.792 400 2326 1.656 0.24
H20703 40 00 00 0.1223-10%2 0.2127.10%%  0.792 400 23.26 1.7 0.535
H20704 16.0 00 0.0 0.1223-10%2 0.2127.10%° 0,792 400 23.26 2.225 0.398
H20705 45.0 0.0 0.0 0.1223-10%2 0.2127-10%3 0792 400 23.26 2.806 0.535
H20706 1240 0.0 ° 0.0 0.1223.10%2% 0.2127-10%3 0792 400 23.26 3.947 NR
H20707 1.0 00 0.0 0.1221-107!  0.2123-10%2  0.792 400 23.26 0.26  0.275
H20708 40 00 0.0 0.1221-10%! 0.2123-10*? 0.792 400 23.26 0.572 0.351
H20709 160 0.0 0.0 0.1221-10*! 0.2123-10%% 0.792 400 23.26 1.061 0.316
H20710 1680 0.0 00 0.1221-10%! 0.2123-10t% 0792 400 23.26 1.393 0.392
H20711 450 00 00 0.1221-10%! 0.2123-10%%? 0.792 400 23.26 1.681 0.327
H20712 1240 00 00 0.1221-10%! 0.2123-10%2 0,792 400 23.26 2.169 0.234
H20713 1.0 00 0.0 0.1221-10%° 0.2123.10%1 0.792 400 23.26 0.011 0.029
H20714 40 00 00 0.1221.10%7° 0.2123-10Y* 0792 400 23.26 0.0 0.0
H20715  186.0 0.0 0.0 0.1221-10%% 0.2123-10t* 0792 400 23.26 0.039 0.269
H20716 450 0.0 0.0 0.1221-10*% 0.2123-10%! 0.792 400 23.26 0.094 0.272
H20717 124.0 0.0 0.0 0.1221.10%% 0.2123-10t! 0792 400 23.26 0.217 0.371
C22800 1.0 0.0 1.462 0.0000:10%° 0.0000-10*%° 0.0 0 0.0 0.039 1.424°
C22801 1.0 00 1.462 0.2937-10%? 0.5110-107% 0.0 0 00 0239 1.292
22802 1.0 0.0 1.462 0.1469-10%7% 0.2555-1073 0.0 0 00 0.147 1424
22803 1.0 00 1.462 0.5875-10%' 0.1022.10%% 0.0 0 0.0 0.128 1418
C22804 1.0 0.0 _ 1462 0.2037-107' 0,5110-102 0.0 ¢ 00 0.108 1.368
C22805 1.0 0.0 1.462 0.2937-10%! 0.5110-1073 0.0 0 0.0 0.269 1.456
C22806 1.0 00 1.462 0.1469-10%T! 0.2555-10t7 0.0 0 0.0 0083 1409
22807 1.0 0.0 1.462 0.5875-101° 0.1022-10%*? 0.0 0 0.0 0035 1518
C22808 1.0 00 1.462 0.4368-10%* 0.4520-10%! 0.0 0 0.0 3033 00
22809 1.0 0.0 1.462 0.2184-10%% 0.2260-107! 0.0 0 0.0 2844 0.038
C22810 1.0 0.0 1.462 0.1092-101* 0.1130-20t! 0.0 0 0.0 . 2786 0.181
C22811 1.0 0.0 1462 0.5460-10%% 0.5650-10*° 0.0 0 0.0 1.842 0471
C22812 1.0 0.0 1.462 0.2184.10%3 0.0 0 0.0 0967 0953

0.2260-10%°
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Table 14. (continued)

Run t G1(0) G2(0) E, E, DS DPomc fomc Gy G
# hours 107?M 107%M- LU./L 1.U./L 1077M 107M 1077
C22813 1.0 0.0 1.462 0.1092-10*% 0.1130-10%° 0.0 0 00 0617 1.225
C22814 1.0 00 1.462 05469_@“ 0.5650-10"! 0.0 0 0.0 0.378 1254
1190901 1.0 0.0 0.0 0.8004-10%!  0.1392-10* 0.511 3200 3.65 0.411 0.184
H90902 1.0 00. 0.0  0.8004-10*' 0.1392-10%> 0511 3200 3.65 0.497 0.222
190903 40 00 00 0.7519-10** 0.1400-10*> 0511 3200 3.65 1.081 0091
Ho0904 160 0.0 0.0 0.8004-10*! 0.1392-10v2 0.511 3200 3.65 O0.847 0.199
H90905 120.0 0.0 0.0 0.8004-10"! 0.1392-10%® 0,511 3200 3.65 1.3 0.0
H90906 40 00 00 0.2001-10"* 0.3481-10%? 0511 3200 3.65 0.433 0.211
H90507 160 0.0 0.0 0.2001-10%! 0.3481.10%% 0,511 3200 3.65 0.603  0.178
H90908 45.0 0.0 0.0~ 0.7459.10%° 0.3558-10*2 0511 3200 3.65 1.122 00
H90909 450 00 0.0 0.2001-10*' 0.3481-10%% 0,511 3200 3.65 0.872 0.123
1190910 1200 0.0 0.0 0.2001-10%! 0.3481-10%2 0.511 3200 3.65 1.036 0.088
Ho0911 40 00 0.0 0.1236-10"! 0.2149-10%? 0792 400 15.49 0.606 0,272
190012 160 0.0 0.0 0.1236-107'  0.2149-10%2 0792 400 1549 0.797 0.213
Ho0913 1.0 00 00 0.2471-10"2 0.4299-10%> 0.792 400 15.49 1.119 0.155
190914 45.0 0.0 0.0 0.2471-10%%  0.4299-10%>  0.792 400 -15.49 2.244 0.0
90915 1.0 00 0.0 0.1236-10%7 0.2149-10%% 0.792 400 15.49 0.878 0.088
H90916 4.0 0.0 0.0 0.1236:10%2 0.2149-10*3 0792 400 15.49 1.272 0.225
Ho0917 160 00 0.0 0.1161-10%* 0.21.1-10%3 0792 400 15.49 2.025 0.0
190918 450 00 0.0 0.1236-10%2  0.2149-10%7 0.792 400 15.49 2.031 0.104
H90919 120.0 0.0 0.0 0.1236-107% 0.2149-10%2 0.792 400 15.49 1.531 0.33
H90%20 1200 0.0 0.0 0.2471-1072 0.4299-10%% 0.792 400 15.49 2.883 NR
190621 40 00 00 0.1194-10%2 0.2077.10%* 0.914 1100 -25.92 1.044 0.225
190922 16.0 0.0 0.0 0.1151-10%2 0.2002.10*> 0.914 1100 25.92 1.480 0.272
090923 450 0.0 0.0 0.1304-10%72 0.2269-107> 0914 1100 2592 1.856 0.272
190924  45.0 0.0 0.0 0.3152-10*' 0.5483-10%% 0.914 1100 2592 1.261 0:181
H90925 122.0 0.0 0.0 0.2778.10t2 0.4832-10%® 0.914 1100 2592 2.125 Q.12
C02100 1.0 0.0 1.462  0.0000-10%° 0.0000-10%° 0.0 0 00 0044 1491
C02101 1.0 0.0 1.462 0.2938-10%t3 0.5110:10%* 0.0 0 00 445  0.868
C02102 1.0 0.0 1.462 0.1469.1013 0.2555-10%* 0.0 0 0.0 3.353 1.132
C02103 1.0 0.0 1.462 0.5875.101% 0.1022-10*%* 0.0 0 0.0 1.342 1.316
C02104 1.0 00 1462 0.2938-10*2 0.5110-10*° 0.0 0 00 00625 1322
coztos 1.0 0.0 1.462 0.1469-1077 0.2555-101% 0.0 0 0.0 0.239 1404
C02106 1.0 0.0 1.462 0.2184-10%3 0.2260-10%° 0.0 0 00 1.225 0.836
C02107 1.0 0.0 1462 0.1092:10*° 0.1130.10*° 0.0 0 00 0711 112
C02108 1.0 00 1.462 0.5460-10*? 0.5650-10"' 0.0 0 00 0381 1345
02109 1.0 0.0 1.462 0.3625-1072 0.3752-10"!* 0.0 0 00 0272 1371
C02110 1.0 0.0 1.462 0.2752.10%% (.2848-10-% 0.0 0 0.0 0.228 1442
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5.4 Experimental Evidence Supporting Reese’s Theory

Reese [17] has theorized that endoglucanase splits bonds between two unsubsti-
tuted wiits and that S-glucosidase splits off glucose at the non-reducing end of the
chain. The vaIidity_ of this mechanism can be tested, in part, by comparing theoret-
ical and experimental values of the the ultimate concentration of glucose obtained

in hydrolyzing CMC.

Runs at three DSs were examined. These runs, with a high enzyme concentra-
tion and long reaction time, were chosen since it could be safely assumed that the
reaction had proceeded to completion. The experimental results are summarized

below:

DS = 0.511

Runs H90905 and HS0908.
Initial Sepe = 0.0365 M.

Glucose produced = 0.01300 and 0.01122M respectively for an averaged esti-
mate of 0.01211 M. '

DS =0.792
Runs HO9505, H09510 and HS0920.
Initial Bome = 0.1549 M.

Glucose produced = 0.02304, 0.02420 and 0.02883 M respectively for an average

of 0.02536 M.
DS =0.914
Run H90925.
Initial Bcpmc = 0.2592 M.

Glucose produced = 0.02125 M.

The approach for #DS = 0.511 is now presented.
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Assuming Timell’s distribution Assuming Random distribution,

of the substituents: Sey = éeg = Seg:

co=(1-1-DS)? co=(1-3-DS)3
:(1-—%1(0.511))2 = (1- 1 -£0.511))°

C‘[) = 0.5543 . co = 0.5711

Note that the choice for a distribution of the substituents on the polymer has more

¢
effect on co—the fraction of anhydroglucosidic units which are unsubstituted-—at a

higher DS.

If we assume that only bonds between unsubstituted units are cleaved, then
~

any unsubstituted unit initially between 2 unsubstituted units will, at reaction
completion, have become a glucose molecule,

DP

DP — 1 S

3200
= 0.0365 - ——:
3199

= 0.0365 M

Moles of anhyd. units = Gcme -

The probability that a mid-molecule unit is unsubstituted and surrounded by unsub-
stituted units on both sides is ¢J. The probability that an end unit is unsubstituted
and the unit next to it is unsubstituted is c%.

Thus glucose at completion of reaction for Timell’s distribution is

n DP -2 2
G1(o0) = 1.Jn'1ts- (—[-)-P—-cg + op -cg)

= 0.0365 - —~— - (3.5543" + —— - 0.5543
3200 3200
= 0.00622 M
If we assume the validity of Reese’s mechanism that unsubstituted units at
the non-reducing end of the polymer are cleaved even though the contiguous unit
may be substituted, then the expected glucose concentration will be higher. An
unsubstituted non-reducing end unit will end up as glucose. All other units on the

initial CMC polymer will end up as glucose at ¢t = oo if they are unsubstituted and
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the unit on their non-reducing side is also unsubstituted. The transformation of
those eligible units is a two-step reaction. First the bonds are cleaved randomly
along the polymer chain. Secondiy end bonds are cleaved, throwing glucose into
solution,

él(oo) = units - (D—]PJI:—I -c2 DlP co)

3200 3200
=0.01122M A

Now if we assume that unsubstituted units at both the reducing and non-

3199 1
= 0.0365 (—— 0.5543% + —— . 0. 5543)

reducing ends of the polymer chain are cleaved, more glucose would be expected at

the completion of the reaction.

bEOEE 6 T6E 6

* Ind units of the initial polymer are transformed into glucose if they are unsub-

stituted.
 All other unsubstituted units of the initial polymer are to end up as glucose if

any contiguous unit is unsubstltuted

) 2 DP —2 :
G1{o0) = units - {DP cco+ P (o - {co + (1 — co) - co))]

-

f 2 3198
= 0.0365 | —— - 0.5543 + —— . 0.5543% - 1 —0.5543
{3200 P543 + gpgp 1055437 (14 )]

= 0.01622M
The final case we are considering is when all unsubstituted units on the initial
polymer are assumed to end up as glucose. Then the predicted maximum glucose
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concentration is calculated from ¢y directly.

A

G1(co) = units - ¢
= 0.0365 - 0.5543
= 0.02023

At the three DSs, the same calculations expressing the theoretical G (oo} were

made for this, Timell's distribution, and for a random distribution. The results are

listed in Table 15.

Table 15. Comparison of @1(_00) According to Several Mechanisms

DS =0.511 DS =0.792 DS = 0.914

Initial Bomc 0.0365 0.1549 0.2592
_Experimental G;(oa) 0.01211 0.02536 0.02125
Bonds between unsubstitutéd-units only are cleaved: 7
Timell’s distribution 0.00622 0.00761 0.00688
Sey = Sez = Seg =1/3 0.00680 0.00992 0.00989
Reese’s mechanism: _
=« Timell’s distribution 0.01122 0.02076 0.02260
Se; = Sez = Seg =1/3 0.01120 0.02478 0.02937
All unsubstituted end units end up as glucose: A
Timell’s distribution 0.01622 0.03391 0.03853
Seqy = Sez = Seg =1/3 0.01702 0.03964 0.04886
All unsubstituted units end up as glucose: i
Timell’s distribution ~ ~ 0.02024 0.05665 0.07649
Sey = Sez = Seg = 1/3 0.02085 0.06191 0.08722

Comparing the experimental data to all the other lines of the table shows that

| Reese’s mechanism comes closest to predicting the amount of glucose that can be
obtained from the enzymatic hydrolysis of CMC.

The samples chosen at DS = 0.511 and 0.792 have average measured amounts

of glucose slightly greater tﬁan the maximum theoretically produceable under the

assumption of Reese’s mechanism. This may be explained by two things. The
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variance of the experimental G; is high; these runs are still close enough to be
considered similar to the predicted glucose production from Reese’s mechanism. In
thé second place, the etherification reaction of the cellulose to produce CMC may .
not-have been perfect. In other words the substituent groups may have bunched
up along the polymer chain. This would increase the fraction of unsubstituted
anhydroglucose units1 in the chain. Hence the glucose yield at reaction completion

would be higher. We speculate that this unpredictable distribution is more likely

. for the 7L type CMC because it is a manufacturing grade cellulose gum.

The distribution of the substituents has a minor effect on the expected con-

centration of glucose at reaction completion when compared to the variation with
o I

- assumed mechanism. It is worthy to note that the hydrolysis kinetics will be affected

more by changes in proposed mechanisms than by a substituent group distribution

in error.
5.5 Modelling Procedure /

In this work, 189 observations of the CMC hydrolysis, reaction were obtained-
from experiments described earlier. Then we proposed several different mechanisms
for +he manner of action of the endoglucanase and the cellobiase. Each of the .

.
proposais led to a model consisting of simultaneous non-linear differential equations.

The next step in the modelling of the enzymatic hydrolysis of CMC consisted
of estimating the parameters, i.e., the kinetic constants. This step included the
discrimiration procedure used to decide which mechanism best represents the hy-
drolysis reaction.

Interpret;.\fion of plots of the residuals and estimation of confidence intervals for
the parameters is part of a good approach to modelling. The parameter precision

tells us whether a parameter should be tested further for its influence on the model
or "-whether the variance in the data is too high to extract values for the parameter.
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The residual plots were necessary for several reasons in our case:

1. Variables such as shaker speed, volume of the‘reactor, buffer type, buffer con-
centration etc. .. are assumed to have little effect on the reaction. Plots of the
‘residuals as a function of these variables will confirm (or deny) this.

-2, Model inadequaﬁies may show up in the form of trends .in the residuals. with
respect to the responses or the independent variables. Wrong assumptions con-

cerning the mechanism can be detected and corrected.

3. Data points which appear as outliers can be detected and dealt with appropri-

ately.

5.5.1 The Estimation Problem

To evaluate the proposed mechanisms, the models developed earlier must be
fitted to the 189 data obtz;ined from the hydrolysis experiments. This involves the
estimation of the various kinetic constants in the model, least squares estimation
being employed. The extent of the estimation problem is bexernpliﬁed in considering
the basic Mic}}aelis-Menten mode]. Here the model consists of nine non-linear or-
dinary differential equations containing t:he rate parameters k1 g,, Kmg,, kK1g, and

KmpE,. At each iteration of the non-linear least squares search, this set of equations

must be solved. Theyneed for an accurate, efficient solution algorithm- for these

differential equations is clear.
5.5.2 Solving the Set of Non-Linear Differential Equations

Many methods are available to solve a set of nine simultaneous non-liﬁear or-
dinary differential equations. However the analytical solution is not one of those
methods. The solution to these equqtions has to be generated numerically.

Euler’s method and the fourth-m!der Runge-Kutta method were compared. The
integration step size was reduced until there was no more change in the dependent
variable (Gy). At equal step sizes, the Runge-Kutta solution was more accurate
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than the Euler method’s solution, as expected. However for the same amount of
cpu time, the Buler answer was closer to- the true value. Maximum accuracy with
minimal computing time was the objective in choosing the integration method to
be used. Truncation error wa'.s.of little consequence as the program converts all
data to, and does all calculations with extended precision numbers. In general the
‘Buler method was found to be more computationally efficient and provided accurate
solutions. Consequently it was employed throughout the work.

‘Each proposed mechanism for the kinetics leads to a different model. The
numerical integration is programmed in a different subroutine for each model.
Whether it is desired to simulate the hydrolysis or to obtain the least squares
estimates (LSE) of the parameters, the integration subroutine for a given model is
appended to the main program. For example, the subroutine containing the inte-
gration routine for model 13 has been appended to the source listing of NLINIMSL

FORTRAN in the appendices.
5.5.3 On Estimating the LSE of the Parameters

SAS software was used to generate the LSE of the parameters when the en-
zyme activittes were modelled. Originally, it was intended to use SAS to calculate
least squares estimates of the parameters and related statistical information for the
overall hydrolysis model. However SAS progréxmming consumes comparatively large
~ amounts of computer resources [52]. To run the non-linear parameter estimation
program with SAS would likely have taken several cpu hours.

For this reason, two IMSL routines were integrated with the main program
NLINIMSL FORTRAN. The IMSL routine ZXSSQ locates the minimum SSR using a
finite difference Levenberg-Marquardt algorithm. IMSL routine LINV3P inverts the
JTJ matrix. The covariance matrix of the parameters is esthﬁated from (JTJ)-1,

All-statistical information could thus be calculated.
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5.5.4 Hardware

The University of Ottawa has currently 2 mainframe Amdahl 470/V8 computers
used for batch processing. The second Amdahl can be used to submit queued jobs
written in FORTRAN or WATFIV for execution at a discount raté. Both mainframe
Amdahl V8s have VM/CMS gs their operating system. The execution of NLINIMSL
FORTRAN was conducted at night and on weekends on the VM batch subsystem of
the second Amdahl to minimize computing costs. This was necessary because the

complete execution of NLINIMSL FORTRAN used between 5 and 30 minutes of central

processing unit time.
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5.0 History of Hydrolysis Reaction Modelling

5.6.1 Summary of Fitted Model Forms

The models examined in thgs:xdy are summarized below:

1. Model 1
* Basic Michaelis-Menten kinetics, with no inhibition, has 4 paratneters
2. Model 2
¢ Model 1 with added assumption that E, does not cleave or form a complex
with Go
' « 4 parameters
3. Model 3
¢ Model 2 with added assumption that Kz, =0
¢ 3 parameters -
4. Model 4
¢ A kinetic model modified to accomodate the observations from fitting mod-
els 1-3...
¢ FE; does not cleave or form a complex with G,
e 5. =0 ie., endoglucanase kinetics a:re a zero-order reaction
o Knp, > Gz + Bare + ﬂm,_;, i.e., cellobiase kinetics are first-order
o2 param:aters
5. Model 5
o Model 4 with added assumption that Gy is a reversible inhibitor of E}, no

distinction being made between competitive and non-competitive inhibition

P

¢ 3 parameters
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10.

. Model 6

¢ Model 4 with added assumption that all 8-1,4 glucosidic bonds form a com-
plex with E;. Thus non-substrate § bonds are inhibitors of E;
e 2 parameters
Model 7
e The data is only the 28 runs with no initial CMC
e Tits a first-order kinetic model to the cellobiase activity
e [ is the only enzyme c]eaviﬁg Gy

e 1 parameter

. Model 8

¢ This expands on model 7 to assume Michaelis-Menten kinetics instead of
first-order kinetics for E,
e 2 parameters

Model 9

=,

e Model 8 with added assumption that G is a reversible non-competitive

inhibitor of E;

e 3 parameters

Model 10

e Model 8 with added assumption that G-l is a reversible competitive inhibitor

of El

¢ 3 parameters
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11. Model] 11
e All 189 hydrolysis data points are included
s The CBA of Celluclast has been multiplied fivefold as a correction.

p—

B and f,. are the E, substrates

G'9, Bnre and Bpy.q. are the E) substrates

Non-substrate 5-1,4 bonds are inhibitors of E;
’ ]

Kng, =0 .., endoglucanase kinetics are a zero-order reaction
o Knp, » G+ Bure + Prres 1€, cellobiase kinetics are first-order
s 2 parameters
12. Model 12
e This is model 6 fitted to the corrected—multiplied fivefold—-cellobiase ac-
tivity of Celluclast "
13. Model 13
e Model 12 with 1 addition ...
* K3 in the reactor is assumed to split off G; from the non-reducing end of
the polymer chain
e [E» activity is assumed to be much faster than E; or Ez action so that Gy,.

bonds in the reactor are almost instantaneously transformed into G5

137



5.6.2 Model 1 Fitting

Model 1 is the basic Michaelis-Menten model with no inhibition. As previously

stated, the IMSL:-library routine ZXSSQ was used to obtain the least squares’ es-
o .

timates of the parameter. In this and all modelling, several integration step sizes

were tried to ensure that thefe was no effect of step size on the sum of squared

residuals and/or the least squares values of the parameters. As wéll, geveral initial

estimates of the parameters were tried to ensure that the non-linear routine had

converged to a global, and not a local, minimum.

In carrying out the parameter estimation, severe convergence problems were
encountered. Depending upon the-initial guesses for the parameters the inte.gration
step size and the convergence criterion the estimation routine failed to converge,
converged at physically meaningless values or at different, possib;'}‘{ meaningful val-
ues.

The limiting factor of computer resources was ever present. In most cases,
the estimate of the Hessian of the objective function was not positive definite thus
reliable estimates of the precision of the parameter estimates could not be obtained.

All the evidence lead to the suspicion that insufficient information was available to

_cstimate the parameters. Nevertheless, the results for the best fit were examined

A%

and are summarized below:

MODEL 1
Non-linear routine specifications: At = 100s, TOL = 10718 M
y
Parameter Initial Value Converged Value 95% Confidence
kg, 0.5-1077 0.2276 - 10° +0.2276 - 10~?
KmE, 0.5-1071 0.2785 - 1016 +0.1106 - 1078
kig, 0.5-1077 0.5569 - 102 +0.5798 - 107!
KmE, 0.5-10"! 0.5729 - 1014 +0.5637 - 1077
Sum of squared residuals = 0.003760 M?
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The covariance matrix of the parameters:

+0.13346 - 10793

-0.25299- 107" +0.31490- 10718

+0.38029-107%  —0.31084.10~! +0.86633 - 10~03 .

—0.36967 - 1071 +0.30216 - 10717 —0.84214-10"%° +0.81863 - 1015

1.000
—0.390 1.000
0.011 -0.188 1.000
~\ —0.011 0.188 —1.000 1.000

The correlation matrix of the parameters =

The 189 residuals for these parameter values of model 1 have been plotted as a
function of 15 of the variables of interest in the hydrolysis reaction. Those residual
plots are found in Figure 4. Plots of the residuals as a function of the two buffer
types and buffer concentration indicate that they.do not affect the enzyme activity.
Figure 4(k}, the residuals as a function of the date on which the runs were performed
does not show any trends hence it is probable that the enzymes have not deactivated
significantly in storage at 5°C. Shaker speed and reaction mixture volume are als;o
insignificant variables at the levels tested. The remaining plots are used to detect
model inadequacy yet little is shown unless outliers are examined.

Upon examination of the outliers, it was found useful to plot the residuals of
runs with only cellobiose as the substrate. The trend shown in Figure 5 indicates
model inadequacy. Furthermore the plots of observed versus predicted values of G4
and G, Figures 6 and 7 reveal that the glucose concentrations are comparable but
the predicted cellobiose concentrations are all low. This could indicate that E. is
incapable of cleaving cellobiose. This should logicallly improve the model adequacy

_becausesthe CBA. test results are based on this assumption. We cannot assume in

the CBA test that E; does not cleave G3, then, in the overall hydrolysis model

assume that E; cleaves Gj.
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5.6.3 Model 2 Fitting

There is only one difference between this model 2 and the basic model; E, is

assumed to be incapable of cleaving Gy. This is still Jour-parameter model. A

typical run is presented below:

MODEL 2

Non-linear routine specifications: At = 200s, TOL = 10718 M

Parameter Initial Value Converged Value 95% Confidence
kg, 0.5.1077 0.3716 - 1077 :£0.2140 - 1078
KnE, 0.5.-107' | 0.2587.1074 +0.1221 -1073
ki g, 0.5-1077 0.1134-107° 4+0.4240 - 1078
'Kk, 0.5-10*! 0.6648 - 107! +0.2879 - 1010

Sum of squared residuals = 0.002616 M*®

'1.000

—0.008 1.000

0.031 0.034 1.000
0.046 0.021 0.999 1.000

The assumption that endoglucanase does not cleave cellobiase is retained. It was

The correlation matrix of the parameters =

the one difference in the attempt to improve on the base model. There was indeed
an improvement because the SSR was lower for model 2 than for model 1. This was
due to lc-)wering the deviation from the predicted value for the data points which,
.as residuals of the basic fitted model, were outliers. Consequently that assumption
is left unchanged. ‘ | ! )
What appears to be evident is that K, g might be zero. Thus model 3 is
- ob{ained by dropping K., g, from model 2. The modelling thus far has shown that
with our data, we ca.nnot estimate K,z to be s:gmﬁcantly dxﬁ'erent than zero.
Recall that King, is part of a sum in the denominator of the differential equations
that make up the model: Kpng, + By + fBre + Bnre- The variance of the glucose data
may be so high and K,, g, may be so sméll when compared to the sum of its substrate
in the reactor that we cannot evaluate K,,g, with any precision. Assuming that
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K g, equals zero is equivalent to saying that the endoglucanase enzyme cleaves

bonds with reaction kinetics of order zero with respect to substrate concentration.

5.6.4 Model 3 Fitting

l“
Here are typical results of fitting model 3 to the data:

MODEL 3

Non-linear routine specifications: At = 70s, TOL = 10718 M

Parameter Initial Value Converged Value 95% Confidence
kig, 0.36-1077 0.3724 - 10”7 4+0.3246 - 1078
ki g, 0.65-1077 0.5558 - 1076 4+0.9722 - 1075
Knmg, | 0.42-107! 0.3533 - 100 +0.6363 - 107!

Sum of squared residuals = 0.002632 M?

1.000
The correlation matrix of the parameters = | —0.008 1.000

—0.006 1.000 1.000
The SSR being identical in dropping K,,g_, this change, making the model parsi-
monious, was kept. |

However, results of fitting again reveal over parar"ﬁe'te‘rization. Closer exami-
nation reveals perfect correlation between k'“;1 and and'fi’mgland their ratio is
virtually constant for the various starting points of the non-linear routine applied
topodel 3. The LSE of K, is greéter than the sum of its subai.trates hence the

denominator Kpg, + G2 + Bare + Bnres in model 3 reduces to a constant in the

model.
5.6.5 Model 4 Fitting

Model 4 is a simple two-parameter model. The model can now be fitted where
the endoglucanase reaction is of order zero and the cellobiase reaction follows first-

order kinetics. In this case, mo convergence problems were encountered and the

results are summarized below.
e
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MODEL 4

Non-linear routine specifications: At = 100s, TOL = 1018 M

Parameter Initial Value Converged Value 95% Confidence
kig, 0.36805- 1077 | 0.3704-1077 +0.2105 - 1078
kiE, 0.15000-107° | 0.1507-1075 +0.2473 - 107°

Sum of squared residuals = 0.002615 M?

The covariance matrix of the parameters:

+0.11415 - 10717
—0.18600-1071°  40.15759 - 10713
. . 1.000
The correlation matrix of the parameters = ( 0.139 1.000.)

The S5R remained the same in combining K;p, and K,,g, from model 3. Thus
subsequent models keep this combined form of the E; parameters.

Four different residual plots may be found in Figure 8. Tﬁe residual plots for
runs with no initial CMC can be found in Figure 9. Plots of actual vs predicted for
glucose and cellobiose can be found in figures 10 and 11.

The residuals for runs (;,onsisting of cellobiose hydrolysis have, in all models
presented thus far, including model 4,. shown a pattern. (This is seen in figure 9).
Possible reasons may be that inhibition of either E; or E. is significant. This is
ecxamined in models 5 and 6.

Continued‘ underprediction of the cellobiose concentration as seen in figure 11

will not be explained by inhibition but will eventually be.dealt with in later models.

*
.
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5.6.6 Model 5 Fitting

In model 5, the previous model has been modified to account for iﬁhibitiOJ‘(of E;
by glucose. Because of the model formi, we cannot distinguish between competitive
and n.on-competitive inhibition. The results, summarized ‘below, show that K;g,,

the term accounting for inhibition, is plausibly zero. Thus the data do not support

~ this hypothesis. However, this may be the result of insufficient reproducibility and

location of the experiments rather than an improber hypothesis.

]
— MODEL 5
Non-linear routine speciﬁcations: At = 50s, TOL = 10718 M N
" Parameter Initial Value Converged Value 95% Confidence
ki, 0.37046 - 10~7 | 0.2844.10~7 +0.4583 - 1078
. kg, 0.35066 - 107> | 0.2274-107° +0.8523 - 107
K, 0.50000-10~2 | 0.2491.107! +0.2011 - 107!
Sum of squared residuals = 0.002564 M?

ey
Vo

The covariance matrix of the parameters:

+0.54122 - 10747 o |
—0.25176 - 10~15  4+0.18716 - 10-12 : @
+0.89297 - 10~"  —0.56837-10"%% +0.21835 - 10"
. 7 1.000 -
. The correlation matrix of the parameters = | —0.250
' : : 0.260

1.000
—0:889  1.000

5.6.7 Mode! 6 Fitting
~ Ry

S

O
: ok .
Modcl 4 was modified in another way. The one new assumption"',ﬁi_rigtrls made in

. ‘model 6 is that endoglucanase forms.a complex with all the 8-1,4 glucosidic bonds

in the reaction mixture, i.e., the 8-1,4 bonds that endoglﬁca.nase is not capable of

. ) . 3
cleaving are considered inhiw—ﬁ‘z. Furthermore this inhibition is considergd”

- reversible, The enzyme’s active site, is assuimed to bind with the uncleavable Fond.

. o
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And furthermore the dissociation of this uncleavable bond-E, complex is assumed

“to take place at the same rate as the other (cleavable) bond-E, complexes. This is

purely an intuitive feeling but it means that the model still has only 2 parameters.

MODEL 6

Non-linear routine specifications: At = 50s, TOL = 10718 M . .

Parameter Initial Value Converged Value 95% Confidence .
kg, 0.4-107° . 0.4002-10°° +0.1278 - 10°
kg, 0.2-107° (0.1610-107° +0.2678 - 107°

Sum of squared residuals = 0.002609 M?

The covariance matrix of the parameters:

The correlation matrix of the parameters = (

(+0.42087 -107H

—0.11208 - 1071 4+0.18473-10~13

)

1.000 .
-0.127 1.000

There.is virtually no difference in the diagnostics for models 4 and 6. Both have

the same number of parameters and the same SSR. However, since the literature

reports ‘inhibition of E, by highly substituted methyl cellulose, model 6 is kept as

our preferred form over model 4. There are still some concerns however.

Fifteen different residual plots may be found in Figure 12. The residual plots

for runs with no initial CMC can be found in Figure 13. Plots of actual vs predicted

for glucose and cellobiose can be found in figures 14 and 15.

The residual plots with respect to run date, buffer type, buffer concentration,

shaker speed and reaction mixture volume indicate that none of these variables, in

the ranges examined, influence the kinetics. Those plots will not be shown again

until a definitive model is accepted. The other plots in Figure 12 also show no

trends. However when the data are segregated and residuals for those runs where
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only cellobiose is hydrolyzed are plotted, the same trends as on Figure 9 can be .

seen in Figure 13.

There are two inadequacies revealed by the residual plots thus far: The repre-
sentaiion of the data by the model for runs where the only substrate is cellobiose
is inadequate. There is a bias which can be attributed to the enzyme source. Runs
f[fom the Celluclast solution are, in general, overpredicted. Runs from the Novozym
commercial solution are underpredicted for the glucose concentration. The second
inadequacy concerns the model prediction of the cellobiose f:o_ncentration. There is
an obvious trend seen in Figure 15. We will add_ress"the former problem first, by

modelling for only those runs with no initial CMC to find a fitted model describing

cellobiose hydrelysis kinetics.

e

g.\éimodel 7 Fitting

Model 7 is identical to&m.c;del 6 but the parameter estimates are based on only
those data points where the initial carbox&methyl cellulose concentration is nil.
Since only E) is assumed to cleave cellobiose, this is equivalent to calculating the

LSE of K)p, *ased on the runs with no initial CMC.
-~
: AN

MODEL T—

o
-

L] ._ . {
Non-linear routine specifications: At = 505, TOL = 10718 M

"

[ Parameter Initial Value Converged Value 95% Confidence
kg, ©0.16102-107% | 0.1491.10"% +0.6813 - 10~%
Surn of squared residuals = 0.001189 M?

-
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Segregated list of residuals for runs with
Celluclast only no enzyme Novozym only
0.75678 . 1073 0.39000 - 1073 0.10900 - 1072
0.14909 - 10~ 0.44000 - 1073 —~0.79992 - 1073
~0.18783 - 10~* —0.13153 - 1072
~0.74784 - 1073 : ‘ —0.93518 - 1072
0.37226 - 1072 - —0.10601 - 107!
0.60268 - 1073 . —0.68363 - 102
0.22327 - 1072 —0.36599 - 102
~ 0.60037 - 1073 —0.80208 - 1072
0.29795 - 1073 —0.58963 - 1072
0.21197-1071 * —0.36299 - 1072
0.17524 - 107} —0.24557 - 1072
0.54980 - 102 ‘ —0.17386 - 1072
0.19804 - 1077
0.17216 - 1073

Trends are st:'}.ll seen in Figures 16(a) and (b). Figure 16(a) is of 1"nore concern
to us than Fiéhre 16(b); The two highest residuals of (b) can be attributed to
experimental error. The measured values of G are gre-a.ter than those predicted
assuming ‘all the cellobiose has been hydrolyzed. The two runs are C02101 and
C02102. 52% more glucose than theoretically possible has been recordefl for run

—

C02101. These runs will not be referred to in ‘;silbscquent analyses.

. {
5.6.9 Model 8 Fitting /

Model 8 is identical to model 2 except that it was fitted to just the 28 data points
that had an initial concentration of CMC equal to zero. In this case, the objective
was to find out if Michaelis-Menten kinetics with no inhibition could describe the
hydrolysis of cellobiose by cellobiase. This is a two parameter model. E. is assumed
to have no effect on the hydrolysis of G. _ /\

In this case; the estimation routine converged at times to a physically mea-

ningless, negative value for K,p, and at other times to positive parameter values.

. .
' Nonetheless, a bias was still present in the residuals. The attempt at explaining the

bias was taken one step further by introducing inhibition in the cellobiose hydrolysis
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model.

5.6.10 Model 9 Fitting

This model fitted the 28 data points with no initial CMC to a model that
again assumed only cellobiase cleaved cellobiose, Glucose was assumed to be a non-
competitive inhibitor of cellobiase. Again, the results are not reported here but the

trend ip_the segregated residuals was ever present.

5.6.11 Model 10 Fitting

This model fitted the 28 data points with no initial CMC to a model that again
assurmed only cellobiase cleaved cellobiose. This time, glucose was assumed to be a

competitive inhibitor of cellobiase. Typical results are shown below.

MODEL 10

Non-linear routine specifications: At = 50s, TOL = 10718 M

/\_/—
Parameter Initial Value Converged Value 95% Confidence
kg, 0.1-1077 +0.1359 - 1077 +0.7698 - 107°
KonE, 0.3-1072 —0.5901 - 10~1 +0.8136 - 1072
Kig, | 05-107 ~0.3278 - 10*19 +0.0000 - 10*°
L Sum of squared residuals = 0.001070 M?.

The covariance matrix -of the parameters:

+0.14815- 10710
—0.19659- 1079 0.16549.10"*4
+0.00000 - 107°°  0.00000 - 107° 0.00000 - 10°

1.000
The correlation matrix of the parameters = NA 1.000

0.000 0.000 0.000
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Segregated list of residuals for runs with
Celluclast only no enzyme Novozym only
. —-0.24934 - 1072 0.39000 - 10~3 0.10900 - 102
"0.10300 - 1072 “ 0.44000 - 1073 —0.80000 - 10™3
~0.49598 - 10~3 —0.13800 - 102
0.26675 - 10~4 —0.10820- 107!
0.70280 - 10~3 —0.11855 - 1071
0.77146 - 1073 —0.45686 - 1072
0.24015 - 107% —0.15863 - 1072
0.68568 - 1073 —-0.92751 - 10~?
0.33228 - 1073 —0.36286 - 10~%
0.15260 - 107! -0.15563 - 1072
0.19076 - 101 —0.84222 - 1073
0.76456 - 1072 —0.42416 - 1073
0.33630 - 102
—~0.94667 - 1073

The segregated residuals for model 10 are shown in figure 17. This attempt at
explaining the poor prediction of the hydrblysis of cellobiose by cellobiase failed,
just as models 7-9 had failed; A trend was still evident, especially in the case of the

runs where celluclast was the only solution involved.
5.6.12 Correction to the Celluclast CBA

- The analysis to this point has indicated that the estimation of the concentration
of £, in either Celluclast or Novozym may be inaccurate. If the ratio of CBA of
Novozym to Celluclast has been overestimated the trend seen in all models thus
far would be eoxp]ainedl. To correct the situation, the factor by which the cellobiase
activity is off is to be estimated from the 28 data points that have only cellobiose
as a substrate. Furthermore, all of the error is allocated to the Celluclast CBA.
Define the correction factor of CBA as the factor by which the cellobiase activity
of Celluclast must be multiplied to eliminate trends in the residuals.

- Here are some typical results of ﬁ{ting to obtain a correction factor:

CBA CORRECTION

_Non-linear routine specifications: At = 100s, TOL = 10718 M
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Parameter Initial Value Converged Value 95% Confidence

kg, 0.5-1077 0.5914 - 1076 +0.2396 - 1076
CBA Correction | 0.1 5.839 +3.444

Sum of squared residuals = 0.000419 M?

The covariance matrix of the coded parameters:

+0.14347 - 10713
—0.14167 - 1071%  0.29654 - 10712

. . 1.000
The correlation matrix of the parameters = (—0.687 1.000)

Segregated list of residuals for runs with
Celluclast only 1O enzyme Novozym only
—0.52811-10"3 0.39000 - 103 0.10906 - 10~2
0.10475 - 1072 0.44000 - 1072 —0.59870 - 1073
—-0.65914 - 1072 0.12640 - 10~
—0.34217 . 1072 . —0.18493 . 10~*
~0.78133 - 1073 , —0.12581- 1072
0.11197 - 1074 0.87188 - 104
0.16412 - 102 © 0.56637-1073
0.30076 - 1073 0.13219-107%
0.17721 - 1073 0.10272 - 102
0.15882 - 107! 0.59637 - 1073
0.87784 - 1072 0.54608 - 1073
—0.18388 - 1072 0.61479 - 1073
—0.27339-1072
~0.25017 - 1072

Several fits of the data and several proposed mechanisms for E; were tested. Al-
though the specific example shown above found a correction factor of 5.839 to best
fit the data, the average correction factor for all trials was found to be 5.1. This
approach of assuming\a.: wrong CBA for celluclast has eliminated the trend in the
residuals for the cellqbi%uae hydrolysis runs. Consequently, a correction factor of 5

is used in subsequent modelling.
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5.6.13 Model 11 Fitting

Model 11 uses the adjusted (by a factor of 5) CBA of Celluclast. And a new
assumption has been made to account for the relatively high concentra‘tion of G5.
It is assumed that E cleaves only 3, and f,. but forms complexes with all 8 bonds.
Furthermore this is assumed to be a zero-order reaction. The other cleavable bonds,
Gz, Bnre and Bnyes are all cleaved by E; with first-order kinetics. No inhibitors of

cellobiase are assumed to be present in the reaction mixture. The results foliow:

MODEL 11

Non-linear routine specifications: At = 50s, TOL = 10719 M

Parameter Initial Value Converged Value 95% Confidence

kig, 0.2-10°° 0.4301 -107° +0.1487 - 107°
kg, 0.8-107° 0.6537-107° +0.9897 - 1077

Sum of squared residuals = 0.002288 M?

The covariance matrix of the parameters:

+0.56938 - 10714
—0.79447 -107!*  0.25239-10"14

. . 1
t =
The correlation matrix of the parameters ( _0.210 1)

Note the reduction ir the SSR for mode! 11 compared with models 1-6. The reduc-
tion can be attributed to the better fit for the runs with)G; as the only substrate.
However, the trend in the cellobiose prediction has still not been eliminated. Per-
tinent plots for model diagnostic can be fournd in Figures 18, 19 and 20.

5.6.14 Model 12 Fitting

Model 12 is equivalent to .model 6 but with the modified CBA for Celluclast. The
data adjustment does not mean that trends in the cellobiose residuals of model 6
(now model 12) will be eliminated. Model 13, our final model -will attempt to
account for that underprediction of the cellobiose concentration. Results of the
estimation and residual plots follow.
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MODEL 12.

»
| 4

‘Non-linear routine specifications: At =506 s,tTOL: 1071°M

- ‘
Parameter Initial Value " | Converged Value 95% Confidence
kLE, 0.8-107¢" 0.3630-107% - | +0.9856-1077
ki g, 0.8-107¢ 0.5196 - 107 +0.8223- 1077

Sum of squared residuals = 0.001979 M?

Two different starting points—the other being (0.43008-107¢, 0.65368 - 10-%)—gave

exactly the same results as shown here.

The covariance matrix of the parameters:

+0.25029 - 10714
—0.43937-10"1% 0.17421-107M

. . _ 1
The correlation matrix of the parameters = (_0.210 _1>

Agaln, there are no trends in the residuals save for the fact that cellobiose concen-

tration is underpredicted by the model, as can be seen in figure 24.
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5.6.15 Model 13 fitting

Model 13 attempts to account for the high cellobiose concentration by assuming
that all Bpre-bonds are transformed intofg by E, in solution as quickly as they
are produced. Model 12, the best glucgse prediction model thus far, has been

modified accordingly. Consult the Theory section of this thesis for the mathematical

development of this mechanism. The results follow:

-MODEL 13

Non-linear routine specifications: At = 50s, TOL = 1071°M

Parameter Initial Value Converged Value 95% Confidence

kg, 0.35-1078 0.3660 - 10~6 +0.1371 - 107
ki E, 0.60 - 107° 0.6588 - 10° +0.1005 - 107%

Sum of squared residuals = 0.002328 M?

The covariance matrix of the parameters:

+0.48419 - 10714
—~0.84981 - 10715 0.26021-10"1

- . 1 ’
The correlation matrix of the parameters = (_0.239 1)

The full complement of residual plots can be found in Figures 25(a)-(o). No
trends can be seen in the residual plots of Figure 25. Thus it is unlikely that effect
of these variables on the kinetics has been misjudged. The lack of trends in Figures
26(a) and (b) shows that the CBA of celluclast correction accounted for the previous
trends in those residuals. |

Finally, the actual vs predicted plots for glucose and cellobiose, Figures 27 and
28, indicate good correlation between the data and the model, although We latter

plot illustrates the high relative variation in the Gy data.
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Chapter 6

DISCUSSION OF RESULTS

6.1 Model of the CMC Enzymatic Hydrolysis Reaction

The models were presented in chronological order of fitting. Model 1, the two-
e.nzyme Michaelis-Menten model with no inhibition was gradually improved by mak-

ing changes in order to

e reduce the sum of squared residuals,
o climinate trends in the residual plots,
e parsimoniously parameterize the model and

e closely predict the second response variable, Gz. ~

The models that followed model 1 were developed to better represent some phe-
nomena of the actual hydrolysis reaction. By coming closer to representing the
actual mechanism of the enzymatic reaction, the SSR was lowered and trends in

-

the residuals were climinated..

One assumption reduced the SSR from 0.0037 to 0.0026: endoglucanhase doces
not cleave Go. Unfortunately, we do not have complete confidence in accepting this
as a conclusion. The CBA activity test may be forcing us to make that change L(i
the overall model because the results of the CBA test itself are dependent on thé
assumnption that endoglucanase does not cleave Gy. Recall here that the concen-
tration of I is cal(;ulated from the uptake rate of cellobiose in the CBA test. The
result is valid only if there is no influence by E; or E2 on cellobiose hydrolysis ki-
netics. Nonetheless, the assumption was kept because of the significantly improved,
fit. ' Y
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However, this assumption may have led to the trend in the residuals for the
runs where cellobiose was the only substrate. The overall models no. 1-6 had
difficulty in predicting G2 hydrolysis by Celluclast and Novozym solutions. By
multiplying fivefold the cellobiase activity of Celluclast, the trend in .the residuals
was eliminated. This points to the fact that either the CBA test was ﬂot sensitive

enough or at least twd enzymes in the solution may be cleaving G at different rates.

Er_1zyme technology is not advanced enough at this point to be able to calculate
the concentration of a given I:ellulase enzyme in a mixture. Specifically in our case,
use of a substrate specific to cellobiase, if one can be identified, would be :«rery
beneficial to the modelling. This substrate may be p-nitrophenyl-g-D-glucoside.

More research is needed in this area.

- of CO;I;'SC, the calculation of the endoglucanase in the solution also left some
doubt as to the accuracy- of its results. The FPA test is, in rea.lit.y, specific for the
whole enzyme system. A viscometric method, as proposed rby Demeester [31] is
perhaps the most accurate here. The CMCase activity test based on sugar determi-
nation must be rejected. The results of this work have shown that the production
rate of sugars in CMC hydrolysis is a function of the whole enzyme system. Through
sirnulations presented later in the discussion, the high non-linearity of the enzyme
dilution curve can be shown to be the result of the high rate at which endoglucanase
cleaves its substrate bonds. To eliminate the non-linearity of the test, it would be
necessary to both highly dilute the enzyme solution to be assayed and to add some
cellobia.s:e. The added cellobiase would keep the reducing sugar concentration to
a detectable level. The cellobiase added must be in excess of the level at which

_it—-E;—still influences the rate o_f production of reducing sugars i.e., E, must be
the limifing enzyme for the CMCase reducing sugar a.c‘tivity test to provide a good

estimate of E.’s concentration in the solution.

It has been shown by the modelling exercise that the high concentration of
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cellobiose in the reaction mixture may be explained by the presence of an endwise-
acting enzyme removing G; dimers from the, nop-reducing end of the CMC. In
practice, the assumption that E; is re;b%-r'{ﬂs'ibble for this action and that its hydro-
lysis rate is infinitely faster than the hydrolysis rates of F; and E; .do allow us to
predict the concentration of cellobiose in the reaction mixture. However, the kinetic
parameters associated with E2 have not been evaluated.

The concentration of exoglucanase in a solution is more difficult to estimate
than the concentrations of endoglucanase and cellobia.se. Such a method must be
developed in the future to permit the building of an overall hydrolysis model based

on a three-enzyme cellulase system, E.;, F» and E;.

There are some limitations to the information extracted from the modclliﬁg ex-
ercise caused by the variance in the data and the limitations in the experimental run
locations i.e., no design. Some parameters could not be evaluated with sufficiently
high precision and had to be dropped from the model. Or a parameter would be
highly correlated with another, leading us to combine the two. For example, the
Michaelis constant of E; is too small, and the variance in tpe data too high to
" evaluaty KmE,. The Michaelis constant of Ej cannot be evalua‘ted; Ky.g, is highly
correlated with kyg,. The two parameters were combined into one. This results in

the approximation of first-order kinetics for E,.

Furthermore, we could not conclusively show that inhibition plays a major role
in the enzymatiq, degradation of CMC. A dissociation constant for competitive or
non-competitive inhibition of £, by G; could not be calculated-because of@gh
varian;e_ in the data and lack of revealing run locations i.e., high G;(0). |

Inhibitios of E; by all g-1,4 non;substra.te bonds has been incluaed in hydrolysis
models 6, 11, 12 and 13. The difference with G; inhibition is that a new parameter
is not added to the model if the dissociation rate of the enzyme-substrate complex
is assumed equal to the dissociation rate of the enzyme-inhibitor complex. The
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change in this assumed E; inhibition did not imi)rgve or worsen the model. It was
kept because some papers have reported methyl cellulose to be an inhibitor. TI;is
assumption could be easily verified by adding methyl cellulose of DS = 3 to the
reaction mixture.

Because the modelling was presented here- in chfonological order, it should not
come as a surprise that our choice for representing the kinetics of the enzymatic

hydrolysis of carboxymethyl cellulose is model] 13.

Model 13 in fact is the only one that can reasonably predict glucose and cel-
lobiose. This is important since we are trying to determine the kinetics of the overall
enzymatic hydrolysis of cellulose derivatives.

Because of a lack of information in the data, the Michaelis-Menten kinetics which
usually describe enzymatic reactions have had to be approximated—we think—by
zero-order kinetics for the endoglucanase and first-order kinetics for cellobiase. This
is what gives the CMC hydrolysis curve its characteristic shape; The endoglucanase,
and the exoglucanase, as has been approximated, cleave §-1,4 bonds very quickly.
This action accounts for a rapid increase in the concentration of glucose at the
onset of the reaftion. It also provides non-reducing end unsubstituted units as
a substrate to cellobiase. The cellobiase, following first-order kinetics uses the
substrate provided by E; with a rate of production of glucose slowing down as the
reaction wears on and the glucose concentration eventually reaches its maximum.

To account for the significantly high cellopiose concentration in the reactor, the
o -0

1%

I£3 enzyme is assumed to act at an infinitely faster rate than E; or E; transforming
any fBnr. bonds into G2 as the reaction proceeds. This provides further substrate
for the cellobiase in solution.

We could not.find a two-enzyme mechanism to explain the cellobiose concen-
tration. The attempt in model li to exclude f§,,. as a substrate of E, provided
only a marginal improvement in the 'Actﬁal vs Predicted Cellobiose graph. As one
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source of glucose is eliminated, the fitted—to glucose concentration—rate constant

of E; was higher to maintain the good prediction of G;. Cellobiose uptake by F,

was consequently higher nullifying most of the advantage gained by excluding Gp,.

as a substrate of F..
6.2 Simulating the CMC Hydrolysis; Substrate Multiplicity

The progress curve of the CMC hydrolysis reaction for the conditions of runs

T109506-H09510 can be followed for the first 40 hours on Figure 29(a)—(f). The

data for the first 50 hOllI‘S gf hydrolysis can be found in Tables 16 and 17.

Model 13, our best model, was used to simulate the hydrolysis and obtain
concentrations of all the species in the reactor, as we have defined them in the
nomenclature.

The simulation parameters are At = 2seconds and TOL = 1074, The kinetic
constants from modet 13, you will recall, are kg, = 3.66 - 107" moles/1.U./s and

kyp, =6.59-1077L/LU./s. The CMC has a DS of 0.792 and a DP of 400.
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-Table 16. CMC Time Course Hydrolysis, Runs H09506-H09510: Part 1

Time Bu G, Gy B.. 8 DP
hours mM/L mM/L mM/L mM/L mM/L
0.0 206 - 0 0 62.4 155 400
0.5 4.20 3.13 62.4 140 11
1.0 1.19 3.23 2.4 136 8.2
1.5 0.384 3.03 62.4 134 7.4
2.0 0:129 2.82 62.4 133 7.0
2.5 0.044 2.63, 746 624 132 6.7
3.0 0.0149 2.44 8.40 62.4 131 6.5
357 0.00506 2.27 9.26 62.4 130 6.3
4.0 0.00170 2.11 10.1 62.4 130 6.1
4.5 © 0.000571 - 1.96 10.8 62.4 129 6.0
5.0 0.000191 1.82 115 62.4 129 5.9
5.5 0.000083 1.69 12.1 624 128 5.8
6.0 0.000021 1.58 127 624 128 5.7
6.5 0.000007 . 1.46 13.3 62.4 127 ¥'5.6
7.0 0.000002 1.36 13.8 62.4 127 5.5
75 0.000001 1.27 14.3 62.4 126 5.4
8.0 0 1.18 14.7 62.4 126 5.4
8.5 0 1.09 15.1 62.4 126 5.3
9.0 0 1.02 155 62.4 125 5.2
9.5 0 0.945 15.9 62.4 125 5.2
10.0 0 0.878 16.2 62.4 125 5.1
12.5 0 0.610 17.5 62.4 124 5.0
15.0 0 0.423 18.5 62.4 123 4.8
17.5 0 0.294 19.1 62.4 123 4.8
20.0 0 0.204 19.6 62.4 122 4.7
22.5 0 0.142 19.9 62.4 122 4.7
25.0 0 0.0082 20.1 62.4 122 47
27.5 0 0.0682 20.2 62.4 122 4.6
30.0 0 0.0473 20.4 62.4 122 4.6
32.5 0 0.0328 20.4 62.4 122 4.6
35.0 0 0.0228 20.5 62.4 121 4.6
37.5 0 0.0158 20.5 62.4 121 4.6
40.0 0 0.0110 20.5 62.4 121 4.8
42.5 0 0.00762 20.5 62.4 121 4.6
45.0 0 0.00529 20.6 62.4 121 4.8
47.5 0 0.00367 20.6 82.4 121 46
50.0 0 0.00255 20.6 624 121 4.6
oo 0 0 20.7 62.4 121 46
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Table 17. CMC Time Course Hydrolysis, Runs H09506-H09510: Part 2

Time Bre Bres Bure Brres Bar Bane
hours mM/L mM/L mM/L mM,/L mM/L mM/L
0.0 0.0514 0.0896 0.0514 0.0896 35.9 35.9
0.5 1.24 8.18 0.0000163 7.07 27.7 26.1
1.0 0.543 11.2 0.0000002 8.61 24.7 24.1
1.5 0.201 12.3 0 8.69 23.0 23.1
2.0 0.0708 v 127 0 8.31 23.2 22.8
2.5, 0.0244 . 12.8 0 7.81 23.1 22.8
3.0 0.00835 12.9 0 7.28 23.0 22.8

3.5 0.00283 12.9 0 6.78 23.0 22.8 -
4.0 - 0.000955 12.9 6" .31 23.0 22.8
4.5 0.000320 12.9 0 5.86 23.0 22.8
5.0 0.000107 12.9 0 5.45 23.0 22.8
5.5 0.0000356 12.9 0 5.07 23.0 22.8
6.0 0.0000127 12.9 0 4.71 23.0 22.8
6.5 0.0000039 12.9 0 4.38 23.0 22.8
7.0 0.0000013 12.9 0 4.07 - 23.0 22.8
7.5 0.0000004 12.9 0 3.78 23.0 22.8
8.0 # 0.0000001 12.9 0 3.52 23.0 22.8
8.5 0 12.9 0 3.27 23.0 22.8
9.0 0 12.9 0 3.04 23.0 22.8
9.5 0 12.9 0 2.82 23.0 22.8
10.0 0 12.9 0 2.63 23.0 22.8
12.5 0 12.9 0 1.82 23.0 22.8
15.0 0 12.9 0 1.27 23.0 22.8
17.5 0 12.9 0 0.878 . 23.0 22.8
20.0 0 12.9 0 0.009 23.0 22.8
22.5 0 12.9 0 0.423 23.0 22.8
25.0 0 12.9 0 0.294 23.0 22.8
27.5 0 12.9 0 0.204 23.0 22.8
30.0 0 12.9 0 0.141 23.0 22.8
32.5 0 12.9 0 0.0982 23.0 22.8
35.0 0 12.9 0 0.0682 23.0 22.8
37.5 0 12.9 0 0.0473 23.0 22.8
40.0 0 12.9 0 0.0328 23.0 22.8
42.5 0 12.9 0 0.0228 23.0 22.8
45.0 0 12.9 0 0.0158 - 230 22.8
47.5 0 12.9 0 0.0110 23.0 22.8
50.0 0 12.9 0 0.00762 23.0 22.8
‘oo o 13.1 0 0 22.8 22.8
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The initial rate of production of glucose is typical of the CMC progress curve. E,
is mostly responsible for that high initial rate. As the reaction proceeds, substrates
available to E; are depleted quickly and the s]owerl acting E; gives the glucose curve
its characteristic levelling off. It cleaves the remaining non-reducing end bonds if
the end unit is unsubstituted. A close inspection of the data reﬁeals that the rate
of production of glucose is increasing for the first hour of hydrolysis. This trend has
not been noticed by anyone investigating CMC hydrolysis. It is not evident even on
our plot. This trend cannot be seen by someone measuring the reducing power of
a mixture. However, it is predicted by the model. It is logical that progress curve
of glucose should be S-shaped. The depolymerization reaction initially should be
releasing very little sugar. But as the CMC fragments become smaller, the rate at
which glucose is produced increases. More substr-ate is available for the endwise-
acting enzymes. It can be shown that the ratio of the three types of enzymes in

CMC hydrolysis is crucial to the shape of the glucose progress curve. A reaction

mixture with 2 moderate concentration of E; and with little £, will yield a distinct

S-shape.

The cellobicse progress curve shows a maximum concentration approximately
1 hour.into the reaction. The concentration of cellobiose is accounted fc-)r by the
assumption that E2 cleaves off unsubstituted dimers fr%m the non-reducing end of
the CMC ét a (nearly) infinite rate. In reality, the E; cellobiose production rate
depends on its concentration, and on the concentration of f,,.. However, there
is too much variance in our data to be able to estimate the kinetic parameters of
E3. Our measured cellobiose concentration shows that there is a component of the
cellulase enzyme system that is producing more cellobiose than would-be expected

if the hydrolysis reaction were random. The component, we assume, is Es.

The exoglucanase action keeps the concentration of ’ﬁ,m bonds virtually nil

during the reaction. Since we have assumed that E; acts (almost) infinitely quickly,
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a flnre bond in solution is immediately transformed into Gs.

By and By., two more substrates of E, are exhausted rapidly by the endoglu-
canase.

E; acts rapidly at the onset of the reaction to produce chain ends. One of those
i8 Bres. Since E; does not have any effect on B,.,, the concentration of the latter
reaches its steady-state level early in the reaction. On the other hand, Bpye, is
similar to fr., until its production by E, stops and its depletion by E; accelerates.

The maximum in Byres 0(:cur£ after approximately 1:5 hours at the simulated run
conditions.

The concentrations of B,y and Bn, falls rapidly to reach steady sta.té. Thc;
rate of transformation of §,, depends strictly oﬁ the rate at lwhich adjacent bonds,
B, and B, are cleaved. The endoglucanase does most of thé work initially in the
reaction. By the same token, .the rate of transformation of ﬂ,:n, depends on the rate
at which gy and fp,. are é.leaved. But the direct action of E3 on 8,5y, if Bsnr and
Bnre are contiguous, accelerates the transformation rate' of Bane rela.tive to ﬁl”. T

Bonds that link two substituted units 'are unaffected by the enzyme hydrolysis.
The fraction of bonds which undergo cleavage is 22% at the DS of 0.792. 3, is a’
major contributor to that statistic. By comparison, the number average DP plunges
to near its value at reaction completion, 4.6. The model reflects the observation
of a r;‘.pid loss in viscosity when soluble cellulose derivatives are exposed to the
cellulases.

The steady—stlate DP—or average molecule length at reaction completion—is 4.6
at a DS of 0.792. The steady-state bond concentrations, like the DP, are a strong
function of the DS of the ihitia.l CMC. This has been shown when we showed that

* Reese’s proposed mechanism was the most likely to explain which bonds are cleaved

by cellulases.
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6.3 Enzyme Deactivation

We are examining the kinetics of the cellulase enzyme system where the enzymes
are free in solution. Enzyme deactivation in free solution is a potential concern ac-
cording to our literature survey, especially when the reaction time is several days.
However, it has not been taken into account in model-building. In fact no labora-
tory tests were performed to track deactivation of the enzyme at a pH of 4.8 and
temperature 50°Celsius. All users of the model should be aware of possible pitfalls
associated with disregarding deactivation, should it be ifnportlant in this case. How-
ever no indication of any deactivation was revealed in the residual plots. Of little
consolation is the fact that only two out of fifteen hydrolysis models reviewed by

Gilbert and Tsao [3] have included a deactivation parameter.

6.4 Extrapolation to Soluble Cellulose

One of the significant contributions of this work to cellulose hydrolysis is the
possibility of using our CMC hydrolysis model\to extrapolate to, and predict the
hydrolysis rate of soluble cellulose. Now, cellulose is not soluble in practice, however
it may be useful to separate and identify the diffusional resistance of the solid
-cellulose to enzyme attack [39]. The model discrimination procedure has led to
model 13 being chosen as best representing the CMC hydrolysis reaction at all values
of DS. By extrapolating our model to DS = 0, we can calculate the rate of hydrolysis
of soluble cellulose. One assumption will be deleted from the model 13 devélopment;
By will not be included in the cellulase system. In CMC hydrolysis, the assumption
of {almost} infinite cleavage rate by E; influences the cellobiose concentration in
an acceptable, yet limited, way. But because cellulose has no subst.i:uent groups,
an infinitely fast-acting E; would mean instant transformation of the cellulose to
cellobiose. The soluble cellulos:e hydrolysis is simulated by assuming the presence

of E; and E; only.
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The large number of variables that iﬁ_ﬁu'qnce the enzymatic hydrolysis of cel-
lulose and its derivatives prohibits showing the effect of each one here. E;, E.,
G1(0), G2(0), CMCy, DS, DP all have an ‘eﬁ'ect on Gi, Gz, and the 8s. In fig-
ures 30-34 are plots of G; and G as a function of time for polymers of varying
degrees of substitution. Figure 35 is a common graph illustrating the effect of DS
on glucose response whereas Figure 36 is a common graph illustrating the effect of
DS on cellobiose response. Note that the initial ;J.mbunt of Bcmc is constant for all

simulations. The initial concentration of cellobiose in Figure 30 has been calculated

to yield Gi{oo) equal to that for the soluble cellulose polymer. Also note that the

initial-DP of the polymers is set to 1000 in all cases.

The glucose progress curve for soluble cellulose is S-shaped and the cellobiose
progress curve exhibits a maximum. Those results are analogous to experimental
hydrolyses carried out on crystalline cellulose. Note also the S-shaped glucose curves
for the CMCs. They are not as prorniounced. As was mentioned earlier, some com-
binations of enzyme concentrations will yield an S-shaped glucose response curve.

‘We repeat the warning that these hydrolysis curves are simulated and they apply

only under the conditions described on the fraphs.

In figures 37-43—although not obvious on the latter—are plots of G| and G, .
as a function of time for a larger amount, and a different ratio of each of the two
enzymes. In figures 35 and 42, at the onsjof hydrolysis, the glucose concentration is
greater for cellulose hydrolysis than for cellobiose hydrolysis. This is a dirrcct result
of assuming that E. cannot cleave G2 but can cleave f,, and fpr;.. An enzyme
cleaving cellulose bonds randomly would yield equimolal amounts of glucose and
cellobiose. The initial cleavage rate by E; is so high that much of the monomer
and dimer shows up in the solution in the first hours of the reaction. After the
polymer has been solubilized to G} and Gz, only E); becomes important in the

kinetic behavior of the hydrolysis reaction. By that time E, has cleaved many 8,.
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and frre bonds, increasing the glucose concentration in the reactor faster than if
cellobiose had been the only substrate and hence Ey the only important enzyme.

This behavior weakens the assumption that E; is unable to cleave Gy.

T.he simulations also reflect the theory that was applied.in developing a bond
hydrolysis model. The DS affects the glucose response af'reaction completion. For
example, going from a DS.of 0.511 to 0.792, Gl(oo) is 2.3 times higher at the lower
bS. For the same step change in DS, the maximum cellobio.se concentration is 5.6

times higher at the lower DS. DS affects the cellobiose progress curve more than

the glucose progress curve.

6.5 Modelling the Enzymatic Hydrolysis of Insoluble Cellulose

The hydrolysis of the insoluble substrate cellulose needs to be modelled using
our appr;Jach. There will have to be modifications taken into account when devel-
oping the model though. The lack of substituents makes the nomenclature easy. Of
the ten species traced by the CMC model, only five are found in the reactor ziuring
pure cellulose hydrolysis, G1, G2, By, Bre and Bare. Bres, Baress Bars Benr and f,, are
not present in the reactor. However, we suggest that more nomenclature must be
introduced because of the substrate crystallinity. The 8, bonds will be segregated
into an accessible fraction and an inaccessible fraction. No cellulase is capable of
hydrolyzing the inaccessible f,. But the accessi‘ble B¢ is assumed to be hydrolyzed
at the same rate as the f, bonds in CMC. This iﬂs to be consistent with the as-
sumption that E,—or E; or Ez—action cannot distinguish between substfates ie.,
the substrate type is transparent to the enzyme as long as it is a legitimate sub-
strate. Since it has been shown that the crystallinity of the cellulose changes with
hydrolysis and tha_.t total enzymatic hydrolysis of cellulose is pessible, fhere has to
be a mechanism whereby the inaccessible 4, bonds are trar}éforme;:l into accessi-

ble 8, bonds. Such an assumption would be consistent with most of the reported
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observations concerning insoluble cellulose hydrolysis.

In a review (3], eight factors are reported to influence the suceptibility of cellulose
to enzymatic hydrolysis. The moisture content of the fiber, the diffusivity and size
of t,h.e énzyme molecules, the unit cell-dimension and the nature of substances with
which the cellulose is associated are, in our opinion, not important in modelling G,
hydrolysis. They are physically unchanging fI'OI';l one hydrolysis to another or they
can be a subset of the folltowing four quantities that are more important to chemical
engineers: the crystallinity of the cellulose, the conformation of the anhydroglucose
unit, the degree of polyrmerization and, if applicable, the nature and distribution of

the substituent groups.

Gilbert and Tsao (3] suggest that the following physical events must be taken

into account when modelling cellulose hydrolysis:

» Mass transfer of the enzyme from the bulk solution to the cellulose and diffusion

within pores.
¢ Inzyme adsorption on the cellulose surface.
e The actual kinetics of the hydrolysis reaction.

o The mobility of the cellulase in the adsorbed layer.

'i‘hc observations leading to believe the importance of all th;: physical events can
be explained by a change in nomenclature, similar to what has been done here to
mechanistically describe the overall .reaction in a parsimonious way. It is hOped this
rescarch will provide a mathematically structured way of analyzing the hydrolysis
of both cellulose and its derivatives. Several researchers in the field of hydrolysis
have supported the concept of bonds as the object of attack by gellulases. Here,

we have presented the modelling tool to treat the kinetics of the hydrolysis of 3-1,4

bonds linking anhydroglucose units.

Our data has a high variance yet some important points were shown: the types of
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bonds hydrolyzed has been identified, the relative rate of two enzymes is estimated,
there is likely a third enzyme releasing cellobiose from the non-reducing end. It
is hoped that more accurate data and standardized enzyme activity tests can lead
to the definite model describiﬁg, not the icinetics of cellulose hydrolysis, but the

kinectics of §-1,4 glucosidic bonds’ hydrolyses, regardless of their parent molecule.
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Chapter 7

CONCLUSIONS AND RECOMMENDATIONS

7.1 Co_nclusions

1. A new approach to modelling the kinetics of the enzymatic hydrolysis of soluble
‘cellulose derivatives has been developed. There..are two important aspects in the
approach. The first is the assumption that the enzymes in the cellulase system,
E:, Ey and E), form a complex with selected 3-1,4 glucosidic bonds. Some of
these bonds are the substrate bonds to each of the enzymes. The bonds that the
enzymes are not capable of cleaving are non-substrate bonds. The assumption of
an enzyme-bond complex lets us use Michaelis-Menten kinetics to represent tlhe
reaction kinetics. The second 1mportant aspect of our work is the identification r\

. Qf the nomenclature to develop the mechanistic model. This nomenclature is
particular to the cellulase system acting on derivatives of cellulose. There are
indeed ten distinct species in a CMC hydrolysis reaction mixture: G, G, By,
Bres Brres Bress Bnreas Bar, Banr and By,

The reaction kinetics are complex because there are three enzymes a.cti-ng on
nine potential substrates—G, beihg-a fea.ction product. The mode] development
shows that a sound modelling procedure can reveal the mechanism of enzymatic
hydrolyses. r.
2. After developin;.the theory, it was put to the test by fitting 189 data points
" to several models. The modelling procedure verified some assumptions that
were discussed in the Literature Survey. Mechanistic assumptions were kept if
they improved the basic Michaelis-Menten model. The informati.on regarding

the mechanism is affected in part by the high variance of our data. However,
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modelling leads to the following observations.

Endoglucanase, E,, cleaves /3-1,4 glucosidic bonds between two unsubstituted

anhydroglucose units with the exception of cellobiose. But another conclusion

regarding enzyme activity test results will éxplain why confidence is not high

for this exception. E; also forms a complex with all bonds in the reaction

mixture; Non—substrate bonds of F, are its inhibitors;, including G,. This effect

is included in the ‘G’ term in equation 133. The equation describir}é the rate of

direct action by’ E. on its substra{e bonds, By, Bre and fpye, is:

kig, " Ez-s
B

where 5 is the concentration of all E; substrate (M), E; is the enzyme concen-

Rate of cleavage of bonds by E; = — (133)

tration in the reaction mixture measured with an FPA test, inl units of .U./L
and f is the total concentration of 8-1,4 bonds in the reactor (M). The kinetic
constant, k;g_, was found to be 3.66- 1077 £ 1.37- 1077 moles/1.U./s.

Cellobiase, £y, cleaves bonds at the non-reducing end of the polymer. The size
of the polymer is unimportant as E; cleaves f,,. and By, in CMC as well as
the bond of cellobiose, G3. The last unit in the chain, at the non-reducing end

must however be unsubstituted. With the high variance in our data, we could

* not find inhibition of E} by any species in the reactor. The equation describing

the rate of direct action by F) on its substrate bonds, G2, fnr. and Bpres, is:
Rate of cleavage of bonds by E} = —kg, - E} - s : (134)

where s = G2 + Bnre + Bnres 18 the concentration of all Ey substrate (M) and
E; is the enzyme concentration ;I.U./L) in the reaction mixture, measured
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with a CBA test described in the .Experimenta.l Procedure section. The kinetic -

constant, k; g, , was found to be 6.59-10~7 +1.01 - 10~7 L/1.U./s.
In the reaction mixture, the much higher observed concentration of cellobiose

than predicted by a random attzck on the hydrolyzable bonds was attributed by

default to exoglucanase, Es, since we could not change the assumed mechanism -

of E; and E: to explain it. This time, high variance in the data prohibits us

from estimating the kinetic parameters. Nonetheless, we made the assumption

that E; in the reactor acted at a virtually infinite rate in cleaving the 8y, Bnre
and B,u+ bonds that are sec—ond from the non-reducing end. This eliminated
the trend in the cellobiose residuals. Thus it was likely that the presence of a
third enzyme, Ej, contributed to the high cellobiose concentration. An added
condition for the action of E is that the two consécutive end units must be
unsubstituted. More precision in measuring G, will allow the esltimation of

I'y’s kinetic parameters.

3. Our CBA ‘test, using G as substrate gives an estimate of the amount of cel-

lobiase in a mixture. However the test results are valid if no other enzyme .

in the mixture cleaves the 8-1,4 glucosidic bond of cellobiose. For example,
E; may be a random acting enzyme that cleaves the 3-1,4 glucosidic bond of
cellobiose at the same rate as it cleaves all §-1,4 bonds between unsubstituted
anhydroglucose units in CMC. Perhaps because of the high variance in our data
and perhaps because we are mai-ting the assumption that E; does not cleave G,
in drawing conclusions from the CBA test, the overall hydrolysis results can-
not conclusively prove or disprove that E, binds and cleaves the 8-1,4 bond of
cellobiose. Further research on cellulase enzymes must identify substrate bonds
that are specific to each enzyme in a solution. A substrate can then be used
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to assay the particular enzyme that attacks it. From the Literature Survey, in
retrospect, salicin and p-nitrgphenyl-ﬁ-glucoside may be specific substrates of
.

. There is insufficient informatiogfor the runs where the only substrate is cel-
lobiose. Runs should have been done for ratios of the enzyme components other
than for the injection of pure Celluclast or pure Novozym.

. According to the theory, the specificity of the FPA test is at least as suspect as
the CBA test. From the proposed mode of action of E;, a viscomeliric method
based on hydrolysis of a highly substituted derivative would have been mor‘e
accurate [31|. The release of reducing sugars from the hydrolysis of filter paper
depen-ds on the combined action of three enzymes. H;)wever, as long as the
measured ratio of E; in Celluclast to E; in Novozym is close to the true value,
the model will not show a bias, regardless of the true, individual activities.
Frorﬁ our use of the FPA test, it appears that the DNS reagent ma be in
part reacting with the reducing sugars. Using a strict modelling procedure, we
found evidence of non-linearity in the enzyme dilution series. This violates the
requirement of a linear enzyme dilution series in assaying enzymes. We did not
notice the non-linearity m the CBA test except where it was due to cryptic

. substrate limitation In our wide range of DF.

5. A strict modelling approach to assaying enzyme activity allows the calculation
of confidence intervals for the activity. Non-linearities of engyme dilutions can
be identified under colr}dition“stha.t do not make them obvious under the present
procedure. This strict statistical approach indicates that rﬁore information may
be drawn from an FPA vs DF plot than the presently used Glucose vs Enzyme
plof.

. The mechanism on.' which the overall hydrolysis model is based assumes that

the initial DP of the polymer is high. The probability of a certain type of bond
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bfing adjacent to another of the same or different type is calculated as the
ffaction of that bond to all eligible bonds for the position considered. If the
initial length of a polymer falls below a threshold level, say 8 units, the modél
will fail. For example, slight modifications would have to be made to the model
in order to describe the hydrolysis of cellotetraose becé.use the initial probability

of finding a Bpnr. bond besides a Sy, is nil—all 8, and B,,. bonds are separated
U U Lo U
i

by a B, bond. ' The model would however calculate the probability to be 0.5
since the two types of bonds allowed are in equal concentrations. Cellotriose is
an exception to this model failure at low DP. }

At high DP, the actual DP of the polymer is of no importance. i.e., CMC of
DP 1000 gives virtually the same progress curve as CMC of DP 10000, provided

that one does not specify £, = 0.

7.2 Recommendations

1.

N

With cellulase research having slowed down since the early 80’s, it is hoped
that this work can rekindle interest in the subject. Some recommendations are
possible with respect to future work in this field. One assumption of our model
is that the substrate type is transparent to a given enzyme component i.e.,
the enzyme acts at the same rate on all substrate bonds when it cleaves them.
The data and modelling techniques were applied to only one of several possible
substrates. Other cellulose derivatives such as hydroxyethyl cellulose, cellulose
acetate, methyl cellulose and.soluble short chains of cellulose should be tested to
verify that the model applies universally to all substrates containing #-1,4 bonds.
Of course each of these substrates has a particular distribution of the substituent
group on the cellulose chain. Thg characteristics of this distribution must be
identified (or included as parameters in the nonlinear estimation routine) in
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each case. Cellodextrins do not have substituents.

. Cellulose is a special case of bond hydrolysis since it is insoluble. It has been
shown that the initial rate of G; hydro]ysis is lower than for CMC but that
the steady-state concentration of product is higher [7]. We believe that only a
change in the substrate definition is necessary to model cellulose saccharification
with the bond hydrolysis approach. Some of the (§-1,4 bonds of cellulose are
" available to the enzymes; the bonds that are not immediately available will
eventually undergo a transformation to a Hydrolyza.ble form, not unlike the bond
transformations that we explained in our CMC hydrolysis model development.
So'me attention—this is obvious—of biomass research groups must turn toward
identifying the mechanism by which bonds in cellulose are transformed to a
hydrolyzable form by the cellulases. It may not be diffusion that limits the
extent of cellulose hydrolysis. That is all that will be said here about a future

extension of the bond hydrolysis model to cellulose saccharification.

3. Finally, the present tests to determine the activity of the cellulase components

must be redesigned. First, specific bond substrates of individual enzymes must
be identified. They will be eligible assay substrates of the new activity tests.
In this way, interference by enzymes of no interest will be eliminated. Second,
the test results are strictly valid at infinite dilution. (This is analogous to the
measurem;ent of the intrinsic viscosity of a polymer). Hence a plot of the activity
as a function of the dilution factor must be extrapolated to infinite dilution (of
the enz.yme)‘ The two recommendations put toéether should yield an unbiased,
if not absolute, estimate of the conicentration of an individual enzyme component

in a solution.
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Appendix 1

REAGENT SPECIFICATIONS

Sodium carboxymethyl cellulose, Hercules “cellulose gum”, type 7L, lot 66745,

. Sodium carboxymethyl cellulose, Hercules CMC, type OGM3I1F, lot no. 65662,

date 03-83.

. Sodium carboxymethy] cellulose, Hercules CMC, type 4H1, lot no.61410, date

06-82.

. Dextrose (anhydrous D-Glucose}, Fisher Scientific, lot 733808, specific rotation

+53.0°,

D(-+) cellobiose, No. C-7252, Sigma Chemical Company, lot 43F-0366

D-cellobiose, cat. 1154509, Eastman-Kodak company, lot no. A14A.

. Uranyl nitrate (depleted), (UO2(NOs)2 - 6H20), Fisher Scientific Company,

lot, 742437, Fisher Assay: 98.0%, F.W. 502.13, radioactivity 6 microcuries in

25 grams.

3,5 Dinitrosalicylic acid, Sigma Chemical ‘Company, lot 112F-0031, anhydrous
molecul: & weight 228.1. |
Acetonitrile HPLC grade, Fisher Scientific, F.W. 41.05, lot 851714, Filtered
through a 0.5 micron filter, Fisher assay {as CH3CN) 99.9%

Cellulase, Celluclast™, Novo industries, in concentrated solution form, from
Trichoderma reesei, nominal activity: 2000 CcmeU/g.

Cellobiase, Novozym™, Novo industries, in concentrated solution form, from

Aspergillus niger, nominal activity: 250 CBU/g.
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Appendix 2

MODELLING THE ENZYME ACTIVITIES

2.1 Introduction

The usual assay procélre for the enzymes consists in conducting the standard
test at or near the DF at which 0.667 g/L of glucose is produced [32]. If the amount
of glucose obtained initially in the test is too high, the enzyme solution is diluted
until the amount of glucose is low enough to satisfy the test criterion i.e., a dilution
series of the enzyme should be linear. The details of the assay procedure can be
found in the Experimental Procedure chapter. When the proper .data. have been
collected, interpolate between data points to obtain FPA or CBA at the G1 yield
of 0.667 g/L. The interpolation can be done graphic'ally on a G1 vs enzyme volume
graph. Regression may even be applied if the G1 vs enzyme volume curve is linear.

In t:his work, we apply a strict modelling procedure to the enzyme activity data.
In this way, confidence intervals can be calculated for the predicted enzyme activity.
In fact, the statistical analysis will reveal if there is an insufficient number of test
runs. In this latter case, a thorough analysis of the data could indicate t.he location
of DF in future runs to optimize the modelling procedure. In this work, the data
were collected first and thén analyzed. No attempt was made to find optimal run

’ locations to be eventually followed by more data collection.

In the course of the statistical analysis to be presented in‘this appendix, please

note that the modelling was conducted with the aid of a computer software package,
’ “Statistical Analysis System” [50] henceforth referred to as “SAS”. This software
package consists in part of a linear curve fitting routine, PROC REG and a non-linear
curve fitting routine PROC NLIN. Both routines provide, on output, the statistical

diagnostics related to a least squares’ fitted model.
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2.2 FPA of Celluclast
TN

The data collected for the FPA test of Celluclast are plgtted on Figure 44,
The model shown on the Figure is derived from considering mechanisms of enzyme
kinetics and possible non-linearities of the enzyme dilution series. See the derivation

in Appendix 4. Here are the parameters and their 95% confidence intervals:

~

Gl—0g-Enz—08 -In((1-60,-G1)?) =0  Celluclast

0p = 1071 + 375g/L/mL enzyme

g, = 0.0007 + 0.079g/L

0; = —1.8-10° £ 3.8-10" L /g

Evidently the mode! must be rejected on the basis that thie confidence intervals for
parameters #; and 04 include the value 0. |
The more important fact to notice from Figure 44 is the heteroscedasticity of -
the data. The residual plots of Figure 45 confirm fhe presence of heteroscedastic-
ity; As the quantity of enzyme in the test is ipcreased, the variance associated
with the measure of collected glucose also increages. Heteroscedasticity violates an

lated assumption states that the

ha

assumption of least squéres’ modelling. The vi
variance of the random error associated with the measure of({.he dependent variable
is constant over the whole ,1;egion of the operating variable [51]. °

In the first attempt to get rid of heteroscedasticity, the dependent variable was
transformed. The new dependent variable is FPA. It is calculated from the equation
FPA = G1-DF/10.8. The independent variable is also changed—it is now DF—even
though it has no effect on correcting the heteroscedastic behavior. DF is directly
related to the volume-of enzyme: DF = (enzyme vol. in mL)~?. The transformed
data is shown in Figure 46.,‘ A trend of increasing FPA with DF is apparent.
Modelling fechniques will show this trend to be signiﬁcaﬁt.’ :

The fitted curves FPA =05+ 0; -DF and FPA =8;+ 0, - DF? are shown along
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~ Figure 44: Actual and Predicted Gluc. vs Enz. for Celluclast FPA _
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with the actual data. Both curves are empirical. Here are the diagnostics for these

two models:

FPA =0, + 6, -DF Celluclast

0p = 94.3 +11.2
#, = 0.0048 + 0.0024

The correlation matrix of the parameters:

1 —0.797
—0.797 1

SSR = 6134

FPA = 0y + 6, - DF? Celluclast

fo =101.3 £ 8.4

9, =4.97-1077 £ 2.32-1077.

/‘—‘--.

The correlation matrix of the parameters:

1 -0.617
—-0.617 1
SSR = 5824

The 100(1 — «) per cent confidence interval for 8, is given by the expression

0 £ty )2 v/estimated variance of f;
0; i&a,.os/z - std error of 8;
For example, for the straight line model,
Og = 94.3 £ 2.069-5.411 ¢, = 0.0048 X 2.069 - 0.00115

fp =94.3 £ 11.2 6, = 0.0048 1 0.0024

The choice of a model to describe the data was between the two equations above.
All the statistical information indicates that FPA = 5+ 6, -DF? is the better model.
The confidence in the parameters is higher, the parameters are less correlated and
the SSR is lower. The residual plots for -the two proposea models are found

s ."
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in figures 47 and 48. There is little difference between the two sets of residual '

plots. Despite those statistical indicators that favor the 2 parameter, 2nd degree
polynomial, our choice for the‘model to represent the dai;a was the straight line
model FPA = g + 0; - DF. Justify this choice as follows; as the DF tends to oo, the
FP’A should level out to a constant value. FPA being the ratio of glucose produced
to enzyme in the reactor, this means that the glucose produced as a function of
enzyme concentration exhibits a linear behavior at a very high DF or low enzyme
concentration. The model FPA = g + 6, - DF? is not consistent with the expected
glucose behavior. The higher the DF, the higher the rate of change in FPA becomes
whereas it should level out. ThuIs the model FPA = 0y + #; - DF is chosen. The 95%
c.onﬁdence interval for values predicted by this mode! are shown in Figure 46.
Another model, the 3-parameter, 2nd degree polynomial was also fitted then
[:CjCCth. The fitted curve for a full second degree i)olynomial is shown in Figure
49. The residuals as a function of DF for this 3 parameter model are plotted in".
Figure 50. This model was rejected because of the lack of precision of the parameter

cstimates. Here are the estimates and 95% confidence intervals:.

FPA =y + 0, - DF + 8, - DF? Celluclast

fo = 102.4 % 19.1
'§; = =0.00073 £ 0.011 °

f, =5.7-1077 £ 10.8-107"
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2.3 FPA of Novozym

Since the G1 vs enzyme curve of Celluclast was shown to be heteroscedastic and
since the transformed curve—activity vs DF—seems to contain more information,
it was decided to also model FPA as a function of DF for the for the Novozym filter

L —

paper activity test. The units of FPA are pmoles gluc./min/mL in all modelling

' exercises. The ten data points and three empirical curves proposed to represent

the data are shown in Figure 51.

As before, the full second order polynomial is rejected because of the lack of

confidence in the LSE of the parameters. .

L on

FPA = #ig + 0, - DF + 0, - DF? Novozym

0o = 2.19 £ 2.99
9, = 0.0081 + 0.018

0, =2.6-107%+20.7-107°

The two other models to be fitted to the data are reduced from a full second

-

degree polynomial.

FPA =0y,+8;-DF =~ Novozym
f, = 1.88 + 1.58

), = 0.0103 + 0.0044

Correlation matrix of the paﬂneters:

1 —0.814
—0.814 1

SSR =12.7"

FPA = 0o+ 6, -DF?  Novozym

0 = 3.41 + 1.20 '~

0y =1.15-10"° +0.54 - 10~°

[N
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Correlation matrix of the parameters:

1 —0.573
—0.573 1
: SSR =14.6

The residuals for all three models are shown in figures 52, 53 and 54. Note

L

the residual for the run of June 29, 1985. The reason for plotting the residuals of

the enzyme activity models as a function of run date is to detect downward trends
with time. If the ;nzyme is lofing a significant amount of activity in cold storage,
then thi's Lreﬂd would show up on the residuals vs run date plot. In particular for
this, the FPA test of Novozym, there may be deactivation of the enzyme in storage.
llowever, based on one point, that is not a proper conclusion. There is a lack of
information relative to the deactivation in storage. FPA tests should have been
conducted in tﬁe months of July, August and September 1985. Then deactivation,
tf present would have shown ,up as a trend in several data points. In view of this
lack of information, it is assumed that the enzyme did not deactlvate in storage,

Notw:thstandmg this lack of information on enzyme deactxvatxon a cho:ce must

be made between the two rwal models There is little difference in how both. mode[s

represent the Novozym FPA data set. The_straight line model was chosen because"

of its lower SSR. The same arguments that were put forward in the preceeding

section, where the straight line'was chosen to represent the FPA of Celluciast, also

o

_zlppl-y here. The 95% confidence interval for predicted values of the straight line
A . .

model is shown in Figure 51.

Thus the trend of the FPA increasiﬁg with higher DF was prolven significant for
bolh the Celluc[ast and Novozym enzyme solutions. Next, verlfy if the CBA isa
funulon of the DF m the cellobiase actwlty test.
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2.4 CBA of Novozsrm

The relationship between glucose, dilution factor and CBA is slightly differ-

ent than for FPA. The independent variable, DF = 1/{enzyme vol. in mL), is
]
~unchanged from before. However the independent variable CBA is calculated as

CBA = G1-DF/5.4.
The data collected for the purpose of utesting the cellobiase activity of Novozym
covers a wide range of the DF. Because of this wide range, the first model to be

fitted is a mechanistic model (see Appendix 4).
CBA — 6o — 6, - DF - In{{1 — 1.026 - CBA/DF)?) =0

There is a difficulty in modelling to obtain the LSE of the parameters. There are
two roots to this equation i.e., at each value of the DF, two possible CBAs solve the
- mechanistic implicit equation. The actual collected data and the predicted CBA at
the discrete test points for the above mechanistic model are plotted in Figure 55.
Note that the non-linear SAS routine PROC NLIN was used to find the LSE of the
parameters even though this is a lir_lez;.r,“in the parameters, estimation problem.
The behavior of the predicted CBA for every datum point is inconsi?tent. At
cach point, the non-linear estimation rout-ine picks a root which is notﬁcogsistent
with a particular locus of one set of solutions. We have not found the solution
to this technical problem. Different starting parameter values for the non-linear
program or different starting points for the trial and g,arror routine did not result in
a satisfactory fit. The residuals plotted as a function of the DF in Figure 56 clearly
show a trend‘. For the sake of completencss, here are the particular parameter values

for the plots in ﬁgﬁrcs 55 and 56.

CBA — 6o — 0, - DF - In((1 ~ 1.026 - CBA/DF)?) =0 Celluclast
0o = 1159 + 133
6, = 0.150 + 0.086
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’fﬁe correlation matrix of the parameters:

1 1
11
SSR = 2.13-10°

Two modifications were made to the above implicit mechanistic model: The first
‘CBA’ term was removed and the 1.026’ term was allowed to float as a parameter.
Recall that 1.026 is a theoretical value for 5.4/poo. Since fy and 6; become one pa-
rameter after the elimination of the ‘CBA’ term, the new model is a two-parameter,

non-linear model.

CBA =6y -DF - (1 — e~/PF). =~

There is no theoretical basis for the modifications made to ‘the initial implicit model.
This new model cannot then be considered mechanistic. Y

[t is fortunate that the model represents the data so well; Figure 57 is a plot of
the actual data and“:}:e behavior predicted by the 'model. Also shown are the 95%
confidence/limits for predicted values of the CBA. Figure 58 shows no importani,
trends An the behavior of residuals with the dilution factor, predicted CBA or the

¢ on which the test was performed. Here are the statistical diagnostics for the

model/deemed to well represent the data.

CBAE 0y DF - (1 - e %/PF)  Novozym

. ,_:_GE,: 0.836 £ 0.3(?3

f; = 2826 + 1180

e
Correlation matrix of the parameters:
1 ~0.983
-0.983 wl
SSR = 3.31-10° ° 5
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2.5 CBA of Celluclast

-

The data from tests to determine the CBA activity of Celluclast can be scen -
on Figure 59. As well, the model CBA = 6, - DF - (1 —\e"a’/DF) predicted curve

is shown. The parameter estimates are not significantly different from zero at a

confidence level of 95%. RN
fg = 0.072 £ 0.136

f, =234 + 528
Hence this model whig:ﬁ duccessfully represented Novozym CBA is rejected.
'The next model to be fitted i% the straight line. This linear relationship. between
enzyme activity and en/z/y\rzl‘e/dilution was the cho‘seﬁ model for representing FPA of
both Eom/{nétcial-cm')//me solutions. However, when the Celluclast CBA data are °

ﬁtted“'ti)/the model, the diagnostics show the model to be inadequate. O‘n&%f the

parameter confidence intervals includes 0. )

CBA =83+ 6; -DF  Celluclast _ '

O = 10.1 7.3 5

{ g, = —.00004 + 0.005

After unsuccessful attempts at fitting the whole data set, it was decidgd to
discard 4 data points. For the runs where the t{ilution factor ts 1000 or greater, the
a.mour}t of glucose obtained in this CBA test is so low that it is considered to be
below the spectl;ophotometer’s ability to measure. The highest measured g]ucose
concentration for the four rejected points is 0.15¢/L. In fact at a DF of 5000, no
glucose was méa.sured. This makes the test results erroneous. There is further
justification in dropping the 4 data points at the high DF; The region of intrerestl
to us is near a prodﬁct concentr(ation of .0.667 g/L. That {)ro&u;:t. conceﬁtration, for -
this set of data will occur at a DF less than 500. .

Figure 63 shows the smaller range of data on an expanded scale. As well the

straight line model was refitted to the reduced data set,
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CBA=1#0y+6,-DF Celluclast

8y = 5.48 & 2.80
0, = 0.0026 £ 0.0134

The correlation matrix of the parameters: ' '
£ 2 '
1 —-0.702 '
Lo 1]

SSR = 32.0
?n
This model is rejected because at a 95% confidence level, we cannot be sure that 4

is not 0.

All the models fitted to the Celluclast data have failed to give an adequate

representation of the relationship between CBA and DF. There are no trends in

-

the data that suggest any relationship can be found. Thus the best estimate of the
CBA of Celluclast here will be obtained by tafing an average CBA. The average
CBA for the 8 data points at a low DF is 5.88 umoles gluc/min/mL.

Taking the mean of the CBA data is equivalent to saying that FPA = 8y is the

N

best model in view of the lack of trend. See Figu.e 65 for a comparison of the actual )

data, the mean CBA and the 95% confidence intervals for the predicted value of

the mean CBA.

\ CBA=0, Celluclast

&,
0o = 5.88 + 1.82

iy

33 | SSR = 33.2

Sec Figure 66 for th%rcsidual plots. There are no evident trends of the residuals

with DI“‘, predicted CBA or run date.

N

Y

:
]
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2.6 Summary

In summary, equations have been used to mode] the behavior of the enzyme
activily—FPA and CBA—as a function of the enzyme dilution factor, DF. More
.'mforma.tion is extracted from the activity vs DF plot thaﬁ from the glucose vs
enzyme plot. This G1 vs enz. plot is the plot normally used when calculating the
aclivity of an enzyme mixture. Any procedure should conduct the activity tests
at relatively high dilution factors. If the DF is high enough, then the dependency
of FPA or CBA on DF is not evident on a G1 vs enz. plot. Then the G1 vs
enz. plot becomes a straight line through the origin. The procedure in use in
enzyme activity measurements then consists ‘in'interpolating or using regression to
obtain the activity at standard conditions.

With our procedure, all of the information from activity tests is used. Glucose
measurements that are in the non-linear portion of the Gl-enz. curve are included
in the measurement of FPA or CBA. >

It is necessary to distinguish between FPA and FPA. FPA is the average rate at
wh‘ich glucose is produced for one run during the test. Its units are pgmoles/min/mL.

| AL cach experimental run condition, G1 and enzyme volume are the measured data.("
These data are transformed into FPA, the new dependent variable and DF, the new ‘
incicpendcnt variable using the following formulae:
DF = 1/(enzyme vol. in mL)
FPA = G1-DF/10.8
In the case of cellobiase activity, the following formulae are used:
DF = 1/(enzyme vol. in mL) .
CBA =G1:-DF/54 )
Apply a strict modelling procedure to the plots of activity as a function of DF. The
proposed models to be tested may be empirical, semi-empirical or mechanistic. If
the data was collected at s;lch a high dilution factor that the activity is independent
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of DF then the appropriate model is FPA {or CBA)= #p. The modelling procedure
. would then redilce to the method presently used in cellulase enzyme kinetics.

In our case, four models were needed, one for each of two enzymes E; and
E,, in each of two commercial enzy.rne squtions,_ Celluclast and Novozym. The
concentration of Ey is estimated by FPA. The concentration of E; is estimated by
CBA. Before going on to calculate FPA and C’}Eﬁ'&, the FPA and CBA behaviors as
a function of DF are described by a model.

Celluclast is a purified cellulase enzyme. Novozym is a purified cellobiase en-
zyme. The filter paper activity of Celluclast is high and the cellobiase activity{
of Novozym is also high. However Celluclast contains a trace of cellobiase and
Novozym contains a trace endoglucanase. The actual trace amounts of enzymes
in the commercial enzyme solutions are important in the overall CMC hydrolysis
modelling. The models show the vast difference in the concentration of either F,
or I4, in the two commercial solutions. Here are the four models deemed to best

represent the activity data:

Celluclast FPA=94.3+0.0048-DF
Novozym FPA=1.884-0.0103-DF
Novozym CBA=0.836-DF-(1 — e~2826/DF)

Celluclast CBA=5.88

FPA and CBA are to be calculated at the conditions where 0.667 g/L of glucose is

produced. ' \
This appendix demonstrates the model discrimination procedure applied to our

four datd sets of enzyme activities. See the Results section of this thesis for the

calculation of F_“l;x—i and (EETA from the FPA and CBA models.
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Appendix 3

Gy RAW DATA
Table 18. Raw Hydrolysis Data: Part 1
‘\ 19

Run Date DS DP b\ﬂer 0  Volume CLCLST  NOVOZM

# damoyr theoretical type M rpm mL uL ul
HO507A  5JUL84 7 L CIT 0.09 100 950  100.0 0.0
H0507B  5JUL84 7 L CIT 0.9 100 95.0 100.0 50.0
HO507C  5JUL84 7 L CIT 0.09 100 95.0 10.0 0.0
129081  29AUGS4 T L CIT 010 200 1460 2000 75.0
H20081 29AUG84 7 L CIT 0.0 100 1460 2000 75.0
H20081 29AUG84 7 L CIT 0.10 100 1460  200.0 75.0
1120081  29AUGS84 7T L CIT 010 100 1460  200.0 75.0
20081 20AUG84 7 L  CIT 0.0 100 1460  200.0 75.0
1120081 290AUG84 7 L  CIT 0.10 100 1460  200.0 75.0
1129082  29AUGS4 T I, CIT 010 200 1460 2000 0.0
120082 29AUGB4 7 L  CIT 0.0 100 1460  200.0 0.0
1129082  20AUGS84 7 L CIT o010 100 1460  200.0 0.0
120082 20AUG84 7 L CIT 0.0 100 1460  200.0 0.0
H20082 29AUCB4 7 L CIT 0.10 100 1460  200.0 0.0
29082 29AUC84 7 L CIT 0.10 100 1460  200.0 0.0
129083  29AUGS84 T L °CIT 0.10 200 1460  100.0 0.0
20083 20AUG84 7 L CIT 0.10 100 146.0 100.0 0.0
H20083 29AUG84 7 L CIT 0.0 100 1460  100.0 0.0
120083 20AUGB4 7 L CIT 0.0 100 1460  100.0 0.0
120083 29AUG84 7 L CIT . 0.10 100 1460 1000 0.0
H20083 29AUG84 7 L CIT 0.0 100 1460  100.0 0.0
H20084 ~ 29AUGB4 7 L CIT 0.10 200 1470 2000 75.0
H20084 20AUG84 7 L CIT 0.10 100 1470  200.0 75.0
120084  20AUG84 7 L CIT o010 100 1470 2000 75.0
H20084 29AUG84 7 L CIT 0.0 100 1470 . 200.0 75.0
{20084 29AUGB4 7 L CIT 0.0 100 1470  200.0 75.0
H2o084 29AUGB4 7 L CIT 0.0 100 1470  200.0 75.0
H20085 20AUG84 7 L CIT 010 200 1470 2000 0.0
H20085 290AUG84 7 L CIT 0.10 100 1470 2000 .00
H20085 20AUG84 7 L CIT 010 100 1470 2000 0.0
H20085 20AUG84 7 L CIT 0.10 100 1470  200.0 0.0
H29085 20AUCGB4 7 L CIT 0.10 100 1470  200.0 0.0
120085 20AUG84 7 L  CIT 0.10 100 147.0 2000 0.0
H2008¢ 20AUC84 7 L  CIT 0.10 100 147.0 2000 0.0
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Table 18. (continued)

Run Date DS DP Buffer Y] Volume CLCLST NOVOIM

# damoyr theoretical type M rpm mL ule ulL
129086 29AUGS4 7 L CIT 0.10 100 147.0 200.0 0.0
H29086 29AUGS4 7 L CIT o0.10 100 147.0 200.0 0.0
129086 29AUGS4 7 L CIT o0.10 100 147.0 200.0 0.0
129086 29AUGS4 7 L CIT 0.10 100 147.0 200.0 0.0
H29087 29AUGS4 7 L CIT 0.10 200 147.0 400.0 0.0
H29087 29AUGSE4 7 L CIT 0.10 100 147.0 400.0 0.0
H29087 29AUGS4 7 L CIT 0.10 100 147.0 400.0 0.0
129087 20AUGS4 7 L CIT 0.10 100 147.0 400.0 0.0
H29087 20AUGS4 7 L CIT 0.10 100 147.0 400.0 0.0
H29087 29AUGS4 7 L CIT 0.10 100 - 147.0 400.0 0.0
H29087 29AUGS4 7 L CIT 0.10 100 147.0 400.0 0.0
129088 29AUGS4 7 L CIT 0.10 100 147.0 0.0 75.0
H29088 29AUGE4 7 L CIT 0.10 100 147.0 0.0 75.0
1129088 29AUGR4 7 L CIT 0.10 160 147.0 0.0 75.0
H21091 21SEP84 7 L CIT 0.0816 200 122.6 0.0 1000.0
H21091 215EP8&4 7 L CIT 0.0818 200 122.6 0.0 1000.0
H21091 215EP8&4 7 L CIT 0.0816 200 122.8 0.0 1000.0 °
H14031 14MARSS 7 L CIT 0.05 120 96.0 25.0 0.0
H14032 14MARS5 7 L CIT 0.05 120 96.0 25.0 0.0
H14033 14MARS5 7 L CIT 0.05 120 96.0 25.0 0.0
H14034 14MARSS 7 L CIT 0.05 120 96.0 25.0 0.0
114035 14MARS5 7 L CIT 0.0 120 96.0 25.0 0.0
114036 14MARBS5 7 L CIT 0.05 120 96.0 200.0 0.0
H14037 14MARSS 7 L CIT 0.05 120 96.0 200.0 0.0
H14038 14MARSS 7 L CIT 0.05 120 96.0 200.0 0.0
1114039 1dMARSS 7 L CIT 0.05 120 96.0 200.0 0.0
H21031 21MARS85 7 L CIT 0.097 100 103.0 33.33 0.0
H21032 21MARSS 7 L CIT o0.097 100 103.0 33.33 0.0
H21033 21MARSS 7 L CIT 0.097 100 103.0 33.33 . 0.0
H21034 21MARBS ) L CIT 0.097 100 103.0 33.33 0.0
H21035 21MARSS ki L CIT 0.097 100 103.0 0.0 33.33
H21030 21MARS8S 7 L CIT 0.097 100 103.0 0.0 33.33
21037 21IMARSS 7 L CIT 0.097 100 103.0 0.0 33.33
H21038 21MARSS T L CIT o0.097 100 103.0 0.0 33.33
H12041 12APR85 7 L CIT 0.0972 105 95.0 200.0 0.0
Hi2042 12APRSS 7 L CIT 0.0972 105 95.0 200.0 0.0
H12043 12APiI8S 7 L CIT 0.0972 105 095.0 200.0 0.0
H12044 12APRS5 7 L CIT 0.0972 105 95.0 200.0 0.0
H12045 12APR85 7. L CIT 0.0972 105 95.0 200.0 0.0
H12046 12APRS5 T L CIT 0.0972 105 95.5 200.0 0.0
H12047 12APRS85 7 L CIT 0.0972 105 95.5 200.0 0.0
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Table 18. (continued)

Buffer

278

Run Date DS DP Q0  Volume CLCLST  NOVOIM
# damoyr theoretical type M rpm mL mnme gl
H12048  12APR85 7 L CIT 0.0972 105 95.0 200.0 0.0
H12049  12APR85 7 L  CIT 00972 105 95.0 200.0 0.0
H13041  12APR85 7 L CIT 00972 105 95.0 200.0 0.0
H13042  12APR85. 7 L CIT 0.0972 105 95.0 200.0 0.0
H13043 12APR85 7 L CIT 00972 105 95.0 200.0 0.0
. H13044  12APR85 7 L CIT 00972 105 95.0 200.0 0.0
H13045 12APR8s 7 L CIT 0.0972 105 95.0 200.0 0.0
113046  12APR85 7 L CIT 0.0972 105 95.0 200.0 0.0
H13047  12APR85 7 L. CIT 00972 105 95.0 400.0 0.0
H13048  12APR85 7 L CIT 00972 105 95.0 400.0 0.0
113049 12APR85 7 L  CIT 00972 105 950 4000 0.0
C13041  12APR85 0 0 CIT o010 105  100.0 200.0 0.0
C13042  12APR85 0 0 CIT o0.10 105  100.0 200.0 0.0
H09501 9MAYS5 7 L ACE 0.0633 100 95.4 400.0 0.0
H09502 OMAY8S 7 L  ACE 0.0633 100 95.4 400.0 0.0
1109503 9MAYS5 7 L ACE 00633 100 95.4 400.0 0.0
H09504 9MAYS5 7 L  ACE 0.0833 100 95.4 400.0 0.0
109505 OMAYS5 7 L  ACE 0.0633 100 95.4 400.0 0.0
H09506 OMAYS5 7 L ACE 0.0633 100 95.4 200.0 0.0
H09507 9MAY85 7 L ACE 00633 100 95.4 200.0 0.0
1109508 OMAYS5 7 L  ACE 0.0633 100 95.4 200.0 0.0
109509 9MAY85 7 L  ACE 0.0633 100 95.4 200.0 0.0
H09510 9MAY85 T L ACE 00633 100 95.4 200.0 0.0
H09511 OMAYS5 7 L  ACE 0.0833 100 95.4 0.0 200.0
109512 9MAYs5 Ty L ACE 0.0633 100 95.4 0.0 200.0
H09513 oMAY8s 7 L ACE 0.0633 100 95.4 0.0 200.0
H09514 9MAY85 7 L  ACE 0.0633 100 95.4 0.0 200.0
H09515 9MAYSS T . ACE 0.0633 100 95.4 0.0 200.0
HO1701  28JUN85 7 L ACE 005 120 96.1 200.0 0.0
Ho1702  28JUN8S5 7 L ACE 0.05 120 96.1 200.0 0.0
HO1703  28JUN8S5 7 L ACE 0.5 120 96.1 200.0 0.0
HO1704  28JUN85 7 L ACE 0.05 120 96.1 200.0 0.0
Ho1705  28JUN85 7 L ACE 005 120 96.1 200.0 0.0
HO1706  28JUN85 7 L ACE 005 120 96.1 20.0 0.0
HO1707  28JUN8S5 7 L ACE 005 120 96.1 20.0 0.0
Hol1708  28JUN85 7 .  ACE 0.5 120 96.1 20.0 0.0
HO1709  28JUN85 7 L ACE 0.05 120 90.1 20.0 0.0
Ho17i0  28JUN85 7 L ACE 0.05 120 96.1 20.0 0.0
HO1711  28JUNB5 7 L ACE 0.5 120 96.1 2.0 0.0
Ho1712  28JUN85 7 L ACE 005 120 96.1 2.0 0.0
HO1713  28JUN85s 7 L ACE 005 120 96.1 2.0 0.0



Table 18. (continued)

-

Run Date DS DP Buffer 0 Volume CLCLST NOVOZM

# damoyr theoretical type M rpm mL nn uL
Ho1714  28JUN8S 7 L  ACE 005 120 96.1 2.0 0.0
HO1715  28JUN85 7 L  ACE 005 120 96.1 2.0 0.0
HO1716  28JUN85 7 L  ACE 005 120 96.1 0.2 0.0
Ho1717  28JUNB5 7 L  ACE 0.5 120 96.1 0.2 0.0
HO1718  28JUN85 7 L  ACE 005 120 96.1 0.2 0.0
H20701  20JUL85 7 L  ACE 005 140 90.0 187.3 0.0
H20702  20JUL85 7 L  ACE 0.5 140 90.0 187.3 0.0
H20703  20JUL85 7 L  ACE 005 140} 90.0 187.3 0.0
[120704  20JUL85 7 L  ACE 005 140 900 187.3 0.0
H20705  20JUL85 7 L  ACE 005 140 90.0 187.3 0.0
120706 20JULS5 7 L  ACE 005 140 90.0 187.3 0.0
H20707  20JUL8S 7 L  ACE 0.5 140 90.0 18.7 0.0
H20708  20JUL8s 7 L ACE 005 14¢ 90.0 18.7 0.0
H20709  20JUL8S 7 L  ACE 005 140 90.0 18.7 0.0
H20710  20JUL8s 7 L  ACE 005 140 90.0 18.7 0.0
H20711  20JUL85 7 L  ACE 005 140 90.0 18.7 0.0
H207i2  20JUL85 7 L  ACE 0.5 140 90.0 18.7 0.0
H20713  20JUL8s 7 L  ACE 0.5 140 90.0 1.87 0.0
H20714  20JUL85 7 L  ACE 0.5 140 90.0 1.87 0.0
H20715  20JUL85 7 L  ACE 005 140 90.0 1.87 0.0
H20716  20JUL85 7 L  ACE 005 140 90.0 1.87 0.0
H20717  20JUL85 7 L  ACE 005 140 90.0 1.87 0.0
C22800  22AUGB5 0 0 ACE 005 0 4.0 0.0 0.0
C22801  22AUG85 © 0  ACE 0.05 0 4.0 20.0 0.0
C22802  22AUGS5 0 0  ACE 0.5 0 4.0 10.0 0.0,
C22803  22AUGS5 0 0  ACE .0.05 0 4.0 4.0 0.0
C22804  22AUGS5 0 0 ACE 005 0 4.0 2.0 0.0
C22805  22AUG8S © 0 ACE 0.5 0 4.0 2.0 0.0
C22806  22AUGS5 0 0  ACE 005 0 4.0 1.0 0.0
C22807  22AUGS5 0 0 ACE 0.05 0 4.0 0.4 0.0
C22808  22AUGS85 0 0  ACE 0.5 0 4.0 0.0 8.0
C22809  22AUG85 © 0 ACE 0.05 0 4.0 0.0 4.0
C22810  22AUGS5 0 0  ACE 0.05 0 4.0 0.0 2.0
C22811  22AUGS5 0 0 ACE 0.05 0 4.0 0.0 1.0
C22812  22AUGB5 0 0 ACE 0.05 0 4.0 0.0 0.4
C22813  22AUGS5 0 0  ACE 0.05 0 4.0 0.0 0.2
C22814  22AUG85 0 0 ACE 0.05 0 4.0 0.0 0.1
Ho0901  28SEP85 4 H  ACE 0.05 120 146.8 200.0 0.0
HO0902  28SEP85 4 H  ACE 0.05 120 146.8 200.0 0.0
Hood03  28SEP85 4 H  ACE 005 120 146.8 200.0 50.0
Hooo04  28SEP85 4 H  ACE 0.05 120 146.8 200.0 0.0
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Table 18. (continued)

Run Date DS DP Buffer 1 Volume CLCLST  NOVOZM
# damoyr theoretical type M rpm mL ne
Ho0905  28SEP85 4 H  ACE 0.05 120 146.8 0.0
Ho0006  28SEP85 4 H  ACE 0.5 120 146.8 0.0
Ho0o07 28SEP85 4 H ° ACE 005 120 1468 0.0
Hooons  28SEP85 4 H  ACE 005 120 146.8 50.0
Hooo0o  28SEP85 4 H  ACE 0.5 120 146.8 0.0
Ho0o10 28SEP85 4 H  ACE 0.05 120 1468 0.0
Hooo1l  28SEP8s 7 L ACE 005 120 95.1 0.0
Ho0912  28SEP85 7 L  ACE 005 120 95.1 0.0
Hooo13® 28SEP85 7 L  ACE 005 120 95.1 0.0
190914  28SEP85 7 L ACE 0.5 120 95.1 0.0
190015  28SEP85 7 L ACE 0.05 120 95.1 0.0
1100016 28SEP85 7 L  ACE 0.05 120 95.1 0.0
Ho0917  28SEP85 7 L  ACE 0.5 120 95.1 50.0
90918  28SEP85 7 L  ACE 0.5 120 95.1 0.0
Hooo19  28SEP85 7 L  ACE 005 120 95.1, 0.0
Ho0920  28SEP85 7 L  ACE 0.5 120 95.1 0.0
Hooo21  28SEP85 9 M ACE 0.05 120 98.4 0.0
Hooo22  28SEP85 9 M ACE 0.05 120 102.1 0.0
Hg0923 28SEP85 9 M ACE 005 120 90.1 0.0
Ho0924  28SEP85 9 M ACE 0.05 120 93.2 0.0
190025 28SEP85 9 M ACE 0.05 =70 84.6 . 0.0
C02100 10CT85 0O 0 ACE 0.05 120 50.0 0.0 0.0
C02101 10CT85 O 0 ACE 0.05 120 500 25000 0.0
C02102 10CT85 0 0 ACE 0.05 120 500  1250.0 0.0
C02103 10CT85 0O 0 ACE 0.5 120 50.0 500.0 0.0
C02104 10CT85 0 0 ACE 0.05 120 50.0 250.0 0.0
C02105 10CT85 © 0 ACE 0.05 120 50.0 125.0 0.0
C02106 10CT85 0O 0 ACE 0.05 120 50.0 0.0 5.0
C02107 10CT85 0 0 ACE 0.05 120 50.0 0.0 2.5
C02108 10CT85 0 0 ACE 0.05 120 50.0 0.0 1.25
C02109 10CT85 © 0 ACE 0.05 120 50.0 0.0 0.83
C02110 10CT85 O 0 ACE 0.05 120 50.0 0.0 0.63

“w
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Table 19. Raw Hydrolysis Data: Part 2

Run t CMCy Gl, G2, (1 via area  G1 via height Cellobiose
# houra g/L g/L g/L g/l wpy g/l wp g/l wn
HO507A 90.0 35.2 0.0 0.0 00 0 229 1 087 1
HO507B 90.0 35.2 0.0 0.0 00 0 316 1 00 1
HO507C 90.0 35.2 0.0 0.0 00 0 125 1 059 1
H29081 2.9 16.02 0.0 0.0 00 © 139 1 0.0 1
H29081 5.3 16.02 0.0 0.0 0.0 0 1.56 1 0.15 1
H20081 12.8 16.02 0.0 0.0 00 O 148 1 0.0 1
H20081 27.6 16.02 0.0 0.0 00 0 1.68 1 027 1
H20081 = SL7 16.02 0.0 0.0 0.0 0o 164 1 0.1 1
1129081 141.3 16.02 0.0 0.0 00 0 2.8 1 0.1 1
129082 2.0 16.02 0.0 0.0 00 O 1.09 1 051 1
H29082 4.1 16.02 0.0 0.0 00 0 1.0 1 068 1
H29082 12.8 16.02 0.0 0.0 00 0 .15 1 038 1
H29082 27.6 16.02 0.0 0.0 0.0 0 136 1 027 1
H29082 51.7 16.02 0.0 0.0 00 0 147 1 0.21 1
- H20082 141.3 16.02 0.0 0.0 00 0O 196 1 0.0 1
H29083 2.0 16.02 0.0 0.0 00 0 076 1 059 1
H20b83 4.1 16.02 0.0 0.0 00 0 084 1 076 1
H29083 12.8 16.02 0.0 0.0 06 0 1.02 1 0.15 1
129083 27.6 16.02- 0.0 0.0 0.0 0 136 1 033 1
H20083 517 16.02 0.0 0.0 00 0 119 1 0.0 1
H29083 141.3 16.02 0.0 0.0 00 O 138 1 0.0 1
H29084 2.0 12.04 0.0 0.0 00 0 099 1 0.0 1
129084 4.1° 12.04 0.0 0.0 00 0 113 1 0.0 1
H29084 12.8 12.04 0.0 0.0 0.0 © 139 1 0.46 1
H29084 27.6 12.04 0.0 0.0 00 0O 1.2 1 0.0 1
120084 51.7 12.04 0.0 0.0 00 O 136 1 L0211
H29084 141.3 12.04 0.0 00 ° .00 O 154 1 021 1
H29085 2.0 12.04 0.0 0.0 0.0 0 087 1 044 1
H29085 4.1 12.04 0.0 0.0 00 0 081 1 025 1
H29085 5.3 12.04 0.0 0.0 0.0 0 074 1 038 1
H29085 12.8 12.04 0.0 0.0 0.0 0 107 1 077 1
120085 51.7 12.04 0.0 0.0 00 0 123 1 0.0 1
H20085 1413 12.04 0.0 0.0 00 © 1.4 1 021 1
H29086 5.3 12.04 0.0 0.0 00 0 07 2 028 2
1129086 12.8 12.04 0.0 00 00 O 078 1 061 1
H29086 27.6 12.04 0.0 0.0 00 0 112 1 0.0 1
29086 51.7 12.04 0.0 0.0 0.0 © 1.05 1 0.0 1
H29086 141.3 12.04 0.0 0.0 0.0 0 1.54 1 0.1 1
H29087 2.0 12.04 0.0 0.0 00 0 067 1 042 1
H29087 4.1 12.04 0.0 0.0 0.0 0 .0.87 1 059 1
H29087 5.3 12.04 0.0 0.0 00 0 093 1 031 1
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Table 19. . (continued) v * |

Run t CMC, Gl G2 ™ Glviaarea Glvia height Cellobiose

# hours g/L ,  g/L /L g/l wny g/l wny g/l wn,
H29087 12.8 1204 0.0 0.0 00 © L1101 00 1
H25087 27.6 . 1204 - 0.0 0.0 00 o 12 1 0.13 1
H25087 51.7 12.04 0.0 0.0 0.0 © 126 1 00 1
H29087 1413 12.04 0.0 0.0 0.0 © 186 1 0.1 1
H29088 4.1 12.04 0.0 0.0 00 0 023 1 00 1
H29088 51.7 12.04 0.0 +« 00 0.0 0 064 1 0.15 1
H29088 141.3 12.04 0.0 0.0 00 @ 08 2 00 2
H21091 65.9 23.88 0.0 0.0 00 0 29 1 00 1
H21091 87.0 23.88 0.0 0.0 00 © 315 1 00 1
H21001 118.4 23.88 0.0 0.0 00 0 302 1 00 1
H14031 0.2 20.11 0.0 0.0 00 0 038 1 00 1
H14032 1.0 20.11 0.0 0.0 0.56 2 060 2 03 2
H14033 6.3 20.11 0.0 0.0 0.62 1 101 1 031 1
H14034 25.5 2011 00°¢ 0.0 208 1 117 1 006 1
H14035 102.5 20.11 0.0 0.0 00 0 147 1 00 1
H14036 0.2 20.11 0.0 0.0 1.3 1 06 1 025 1
H140%7 1.0 20.11 0.0 0.0 00 O 171 1 047" 1
H14038 6.3 20.11 0.0 0.0 00 0 148 1 0.1 1
H14039 25.5 20.11 0.0 00  .185 2 158 1 012 2
H21031 025 48.06 0.0 0.0 00 0 047 1 0.54 1
H21032 115 4827 - 0.0 0.0 078 1 122 1 029 1
H21033 81.6 47.76 0.0 0.0 274 2 247 2 027 1
H21034 121.0 48.16 0.0 0.0 289 2 251 2 004 1
121035 0.25  48.27 0.0 0.0 0.26 1 032 1 029 1
H21036 115 47.96 0.0 0.0 037 1 06 1 00 1
H21037 81.6 48.16 0.0 0.0 155 2 143 2 00 0
H21038 121.0 47.96 0.0 0.0 161 2 146 2 00 1
H12041 0.8 50.68 0.0 0.0 00 0 122 1 092 1
H12042 . 3.8 50.68 0.0 0.0 444 1 00 . 0 0.87 1
H12043 16.5 50.68 0.0 0.0 4086 1 00 0 0.64 1
H12044 39.3 50.68 0.0 0.0 501 2 376 1 034 1
H12045 54.0 50.68 0.0 0.0 520 2 443 1 018 2
H12046 0.8 50.68 .07 0.0 245 1 00 0 096 1
H12047 3.8 '50.68 107 0.0 403 1 00 0 092 1
H12048 16.5 50.68 107 00 541 2 434 1 0.31 1
H12049 39.3 50.68 106 0.0 5.87 2 468 1 0.22 2
H13041 54.0 50.68 1.06 0.0 7.6 2 542 1 0.14 2
H13042 0.8 50.68 0.0 1.07 1.68 1 115 1 123 1
H13043 3.8 50.68 0.0 1.09 377 1 00 0 1.07 1
H13044 16.5 50.68 0.0 1.08 514 2 00 0 0.28 1
H13045 30.3 '50.68 0.0 1.11 6.35 2 00 0 026 2
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Table 19. {continued)

Run t CMC, Gly G2 Glviaarea  G1 via height Cellobiose
## hours g/L g/L 9/L 9/L  wm g/L  wh /L wh
H13046 54.0 50.68 0.0 1.13 8.49 2 518 1 024 1
H13047 0.8 50.68 0.0 00 193 1 00 O 094 1
H13048 16.5 - 50.08 0.0 0.0 446 2 3.82 1 047 2
H13049 54.0 50.08 0.0 0.0 59 2 47 1 00 1
C13041 38 + 00 0.0 1.03 038 2 036 3 065 2
C13042 39.3 0.0 0.0 0.94 133 1 1.02 1 0.15 1
Hog501 1.0 35.0 0.0 0.0 - 134 1 134 1 v 064 1
H09502 3.9 35.0 0.0 0.0 33 . 1 262 1 118 1
H09503 12.0 35.0 0.0 0.0 3.06 2 266 1 05 2
Hoos04 277 . 35.0 0.0 0.0 42 2 32 1 121 2
H09505 120.0 35.0 0.0 0.0 4.02 2 44 1 065 3
~ H09506 1.0 35.0 0.0 0.0 136 1 147 1 C076 1
- H09507 3.9 35.0 0.0 0.0 331 2 266 1 098 2
H09508 12.0 35.0 0.0 0.0 3.21 1 259 1 094 1
H09509 27.7 35.0 0.0 0.0 371 2 305 1 0.55 2
H09510 120.0 35.0 0.0 0.0 447 2 413 1 0.65 2
H09511 1.0 35.0 0.0 0.0 059 1 0.77 2 000 2
H09512 3.9 35.0 0.0 0.0 1.86 2 178 1 0.0 2
HO9513 © +  12.0 35.0 0.0 0.0 204 2 189 1 0.05 2
H09514 27.7 35.0 0.0 0.0 174 1 212 1 00 0
H09515 120.0 35.0 0.0 0.0 3.4 1 248 1 00 1
Ho1701 1.0 35.0 0.0 0.0 152 1 123 1 061 1
HO1702 4.0 35.0 0.0 0.0 251 1 216 1 049 1
H01703 17.9 35.0 0.0 0.0 2.86 1 264 1 0.26 1
Ho1704 43.5 35.0 0.0 0.0 347 1 3.21 1 057 1
HO1705 117.3 35.0 0.0 0.0 3.80 1 412 1 0.56 1
01706 1.0 35.0 0.0 0.0 0.0 3 0.0 3 056 3
Ho1707 4.0 35.0 0.0 0.0 0.80 1 09 1 077 1
Ho1708 17.9 35.0 0.0 0.0 185 1 1.87 1 073 1
HO1700 435 35.0 0.0 0.0 202 2 231 2 037 2
H01710 117.3 35.0 0.0 0.0 237 2 2.68 - 1 0.26 2
HO1711 1.0 35.0 0.0 0.0 0.0 0 014 1 005 1
HO1712 4.0 35.0 0.0 0.0 00 0 0.08 1 00 1
HO1713 17.9 35.0 0.0 0.0 00 0 029 1 0.61 1
HO1714 43.5 35.0 0.0 0.0 04 1 05 2 092 2
 HOI715 117.3 °  35.0 0.0 0.0 059 1 0.47 2 0.98 1
Ho1716 17.9 35.0 0.0 0.0 0.0 1 001 1 0.0 1
Ho1717 13.5 35.0 0.0 0.0 00 © 003 1 0.02 1
HO1718 117.3 35.0 0.0 0.0 0.0 0 0.08 1 00 1
H20701 1.0 52.55 0.0 0.0 - 139 2 167 1 134 2
H20702 4.0 52.55 0.0 %0 2.87 2 32 1 0.82 2
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Table 19. {continued)

Run t CMCy Gl G2 Gl viaarea (1 via height Cellobiose
#t hours g/L - g/L g/L g/l wy g/l wpy /L wh
H20703 4.0 52.55 0.0 0.0 2.96 2 3.16 2 1.83 1
H20704 16.0 52.55 0.0 0.0 3.67 1 _4.34 1 1.36 i
H20705 45.0 52.55 0.0 0.0 4.95 2 515 2 1.83 1
H2G706 124.0 52.55 0.0 0.0 8.07 1 6.14 1 0.0 0
H20707 1.0 52.55 0.0 0.0 0.59 1 0.31 1 0.94 1
H20708 4.0 52.55 0.0 0.0 1.04 1 1.02 1 1.2 1
H20709 16.0 52.55 0.0 0.0 1.92 1 1.9 1 1.08 1
H20710 168.0 52.55 0.0 0.0 2.45 2 2.62 1 1.34 2
H20711 45.0 52.55 0.0 0.0 3.01 1 3.04 1 1.12 1
H20712 124.0 52.55 0.0 0.0 3.91 1 3.9 1 0.8 1
H20713- 1.0 52.55 0.0 0.0 0.01 1 0.03 1 0.1 1
H20714 4.0 52.55 0.0 0.0 0.0 1 0.0 1 0.0 1
H20715 16.0 52.55 0.0 0.0 0.0 0 0.07 1 0.92 1
H20716 45.0 52.55 0.0 0.0 0.0 0. 0.77 1 0.93 1
H20717 124.0 52.55 0.0 0.0 03 1 0.4~ 1 127 2
C22800 1.0 0.0 0.0 5.0 0.0 0 0.07 1 4.87 1
C22801 1.0 0.0 0.0 5.0 0.4 1 0.46 1 4.42 1
C22802 1.0 0.0 0.0 5.0 0.26 1 0.27 1 4.87 1
C22803 1.0 0.0 0.0 5.0 0.0 0 0.23 1 4.85 1
C22804 1.0 0.0 0.0 5.0 0.19 1 0.19 1 4.68 1
C22805 1.0 0.0 0.0 5.0 (.48 1 0.49 1 4.98 1
22806 1.0 0.0 0.0 5.0 0.0 0 0.15 1 4.82 1
C22807 1.0 0.0 0.0 5.0 0.G 0 0.07 1 5.19 1
C22808 1.0 0.0 0.0 5.0 5.40 1 0.0 0 0.0 1
022899 1.0 0.0 0.0 5.0 5.12 1 0.0 0 0.13 1
C22810 1.0 0.0 0.0 5.0 5.01 1 5.02 1 0.62 1
C22811 1.0 0.0 0.0 5.0 3.3 1 3.33 1 1.61 1
k12 1.0 0.0 0.0 5.0 171 1 .77 1 3.26 1
C22813 1.0 0.0 0.0 5.0 1.09 1 1.13 1 4.19 1
C22814 1.0 0.0 0.0 5.0 0.69 1 0.87 1 4.29 1
H90901 1.0 7.4 0.0 0.0 0.7 1 0.78 1 0.63 1
Ho0902 1.0 7.4 0.0 0.0 0.87 1 0.92 1 0.76 1
He0903 4.0 7.4 0.0 0.0 1.9 1 ' 1,99 1 0.31 1
Ho0904 16.0 7.4 0.0 0.0 1.51 1 1.54 1 0.08 1
H90305 120.0 7.4 0.0 0.0 2.32 1 2.36 1 0.0 1
H90906 4.0 7.4 .0 0.0 0.74 1 0.82 1 0.72 1
H90%07 16.0 7.4_ 0.0 0.0 1.04 1 1.13 1 0.61 1
1190908 45.0 74 0.0 0.0 1.95 1 2.09 1 0.0 1
HS0909 45.0 7.4 0.0 0.0 1.53 1 1.61 1 0.42 2
HS0910 120.0 7.4 0.0 0.0 1.86 1 1.87 1 0.3 2
H90911 4.0 35.0 0.0 0.0 1.03 1 1.15 1 0.93 1
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Table 19. {continued)

Run t CMCy Gl G2y G1 via area  G1 via height Cellobioze
# hours g/L g/L g/L g/l wni g/l wn g/l wyy
Ho0912 16.0 35.0 0.0 0.0 1.43 1 144 -1 0.73 1
1Ho0913 1.0 35.0 0.0 0.0 2.02 1 2.01 1 0.53 1
1190914 45.0 35.0 0.0 . 0.0 4.25 1 3.83 1 0.0 1
H90915 1.0 35.0 0.0 * 0.0 1.57 1 1.5% 1 0.3 1
1190916 4.0 35.0 0.0 0.0 2.35 1 2.23 1 0.77 2
Ho0917 16.0 35.0 0.0 0.0 3.66 1 3.63 1 0.0 1
190518 45.0 35.0 0.0 ~0.0 3.78 1 3.53 1 0.56 2
H90919 120.0 35.0 0.0 0.0 2.8 1 2.7T1 1 1.13 1
Haoo20" 120.0 35.0 0.0, . 00 5.19 1 0.0 0 0.0 0
Ho0921 4.0 61.0 0.0 0.0 1.88 1 0.0 0 0.77 1
H90922 16.0 61.0 0.0 0.0 2.85 1 2.51 1 0.93 1
1190923 45.0 61.0 0.0 0.0 3.34 1 0.0 0 0.93 1
100924 45.0 61.0 0.0 0.0 2.35 1 2.19 1 0.62 2
190925 122.0 61.0 0.0 0.0 3.98 1 3.67. 1 0.41 1
C02100 1.0 0.0 0.0 5.0 0.0 0 0.08 1 5.1 1
C02101 1.0 0.0 0.0 5.0 0.0 o ‘8.01 1 2,97 1
co2102 1.0 0.0 0.0 5.0 6.21 1 5.86 1 3.87 1
Co02103 1.0 0.0 0.0 5.0 2.56 2 2.27 2 4.5 1
02104 1.0 0.0 0.0 5.0 1.1 1 1.15 1 4.52 1
C02105 - 1.0 0.0 0.0 5.0 0.4 1 0.46 1 4.8 1
C02106 1.0 0.0 0.0 5.0 2.16 1 2.25 1 2.86 1
coz107 1.0 0.0 0.0 5.0 1.24 1 1.32 i 3.83 1
Co2108 1.0 0.0 0.0 5.0 0.62 1 0.75 1 4.6 1
C02109 1.0 0.0 0.0 5.0 0.44 1 0.54 1 4.9 1
C02110 1.0 0.0 0.0 5.0 0.34 1 0.48 1 4.93 1
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Appendix 4

MINOR DERIVATIONS

4.1 Modelling the Non-Linearities of Enzyme Dilution Series

The normal-pmcedure for estimating the concentration of a given enzyme in a
solution consists iI'.L measuring the quantity of product obtained or the uptake of
substrate as the enzyme of interest catalyzes a reaction on a specific substrate.

In this ;work, the concentration of endo-glucanase in each of the .Novozym and
Celluclast solutions is calculated as being proportional to the amount of glucose
produced when a piece of filter paper #1 of size 1 x 6cm 13 hydrolyzed. Sfee the
experimental procedure for details. .

Cellobiose is the substrate we ch;Jse to determine the concentration of cellobiase
enzyme in a given solution. The cellobiase activity test with cellobiose as the sub-
strate can be used only when the product——-glucose—concentratioln can be measured
scparately from the cellobiose. The DNS spectrophotometric fn:thod of Matteau
and Saddler [20] uses a salicin solution 2s the substrate because the glucose and cel-

lobiose affect the adsorbance measurements and hence the product concentrations.

The HPLC available to us discerns between the glucose and the cellobiose. That is

-yhy we use cellobiose as a substrate while slightly modifying the salicinase activity

test.

The theoretical problem to be adressed in this section concerns the non-linearity
of the product obtained as a function of the enzyme in the solution. In other words,
a dilution series of the enzyme should yield a linear product concentration. If the
product curve is not linear, the enzyme must be futther diluted until the lincar

region is found. ~
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Mandels et al. [32] have standardized the filter paper activity (FPA) test so that
the enzyme activity is picked off for the run which yields the glucose concentration
of 0.667,g/L. At that glucose yield, for the conditions of [32], the enzyme dilution
curve is-linear.

For an unknown concentration of enzyme in a mixture, it may be necessary
to try many volum‘etric concentrations of the enzyme before the proper amount of
glucose is obtained. The present data analysis procedure in the FPA and CBA

tests makes use of the results iI‘I the linear section (;f the dilution curve. It is to
our advantage to apply a strict modelling procedure. A model can be developed
to represent the data over a wid:ﬁpge of dilutions of the enzyme. There are two
advantages to this approach: 1) all the activ:lty test data influences the estimate
of the concentration of the enzyme of interest and 2) it is possible to calculate the
confidence in the values of the concentrations of cellobiase and endoglucanase in the
Novozym and Celluclast solutions.

The non-linearity of product obtained as a function of enzyme has been dis-

cussed earlier in the Literature Survey. The following are possible causes.

1. Inhibition of enzyme by the product. .

2. Initial enzyme-to-substrate ratio is too high.

%]

. Available substrate is depleted quickly.

4. Deactivation of the enzyme during the test.

The second reason is not plausible in our case; by definition, the test must take place
at high enzyme dilution and a fixed initial substrate concentration. The fourth item
is assumed negligible because the test hydro]ysis lasts one hour. Over that period, at
50°C, the specification sheet accompanying the\Celluclast mentions that the enzyme
| endoglucanase retains 9.2% of its activity. Note also that the fraction of deactivated
enzyme will be the same ﬁt all initial enzyme concentration. It is assumed here,
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without the specification sheet for Novozym, that cellobiase deactivation is alsd

negligible.

A ml\el must be developed that represents enzyme activity data over a wide
range of dilutions, accounting for non-linearities with items 1 and 3.

Huang [16] has developed a kinetic model that considers the adsorption of one
enzyme on the insoluble amorphous cellulose followed by the slow step. This slow
step is the decomposition of the enzyme-substrate complex. Furthermore the model
assumes competitive inhibition by the products. In the case of cellulose hydrolysis

both the reducing sugars are considered inhibitors. Here is Huang’s model, using

the nomenclature in his paper:

t 1+I(1(E)0+K3(5)0{ 1, (8) }+ Xim K — Ky (135)
(

(P) B kEleKl(E)O P) (S)o - P kZleKl(E)O

Let, us transform Huang’s model using our own nomenclature and some simplifica-
tions that apply to enzyme activity tests. Lump the constants into parameters to
be evaluated in the modelling. The only variables of interest in the CBA and FPA
modelling are:

e ¢y the initial enzyme concentration, the independent variahle and

e the product concentration, p. ‘ ‘
The test temperature is constant at 50°C hence the kinetic rate constants do not
vary during the test. The initial substrate concentration and the time of hydrolysis
during the test are unchanging. These data may be lumped with the parameters.
Finally, set (S)o to pes. This is permissible because, like Huang, we set (S) =
(S)o — (P) ignoring any stoichtometry. Hua@g’s equation reduces to:

1+ (00 +-£’1) In (1* i) —0,- L (136)
. € Poo €0

where 0 and #, are positive modelling parameters. #, is also a parameter, but not
“necessarily positive.
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The substrate of the cellobiase activity test is soluble. Huang’s model was devel-
oped for an insoluble substrate onto which the enzyme is adsorbing. We nevertheless
attempt to fit Huang’s model to the range of enzyme concentrations involved. Af-
ter all, Poulsen and Petersen [13] have attempted to fit the progress curves of the
hydrolysis of CMC to Huang's model. That fit appears excellent even though the
CMC is soluble in solution whereas the model assumes adsorption. It may then be
possible to fit Huang’s model to the hydrolysis of cellobiose by cellobiase.

Our own model can be developed in a manner similar to Huang’s. The as-
sumptions would take into account thewfact that the substrate in the CBA test,.
cellobiose, is soluble. If we assume that Michaelis-Menten kinetics hold, and that

there is competitive inhibition by the product and significant depletion of substrate

(28], then
ds dp kegs
CTTE T @ T ST K+ p/K,) (137)
As Iuang [16], set 5, = sg — p and substitute in 137.
dp keo{so — p)
—_— = 138
dt  so—p+ K,(1+p/K,) (138)
dp . ksoep — kegp
- = 139
dt (30+Ka) +(K5/Kp—1)p ( )
K K -
(oo Ko) & (Ho/ Ky = V)p ) _ (140)

kspeq — kegp
Integrate from ¢t =0 to t = ¢

/OP ( (so + Ks) + (K,/K, ~ 1)1’) dp = /Otdt (141)

k80€0 - keop ksoeo e keop

- [ bt [ (1]t ()]

"-]CCO Kp keo kCD keo -0
' (142)
Simplify before evaluating.
K, ’ p=p
—keot = (so+ K,) (In(keg) + In(so — p)] + % 1 [P+ s In{p — s0)] ] . (143).
. ' 4 p=
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—kegt = (so + K,) [In(so — p) — In so] & (% — 1) [p + soIn(p — s0) — so In(—s0)]

(144)
“keot = (s0 + K,)In (1 - 330) + (IIE_: = ) [p + soln (1 - i)} (145)

KB ? Ka
—keot = K, + —=sg - - £ e
€ (50 + K, + Kpso 50) In{1 So) + (Kp 1) p (148)

Let 89 = poo

Poo D K, -
—ktep= K, (1+22)n{1- 2 L 4
€ a( +KP) n( poo)+(Kp 1)p (147)

Reparameterize equation 147 for the purpose of modelling.
p = foeg + 0y In (1 - l) (148)
Poo
Onc more parameter may be added to the model by _lctting Poo float.

The equation derived here and Huang’s model are both useful in enzyme activity |
tests where the DF covers a large Irange and the dilution series of the enzyme is not
linear. Both our equation and Huang’s equation assume that the non-linearity of
the dilution series is due to produc‘t inhibition and cryptic substrate depletion. A

strict modelling approach leads to a more accurate estimation of FPA and CBA.

4.2 Action of an Enzyme on Multiple Substrates

It is/a.pparent that the mode of action of a multi-substrate enzyme on one of
its substrates can be calculated from the knowledge of the concentration of the
individual substrate considered and of the total available substrate to that enzyme.
[n Bailey & Ollis [28], on page 114, the kinetics of a ‘one-enzyme, two-substrate.
reaction’ are examined. The substrates both bind differently to the enzyme hence
the tabulation of two different dissociation constants. Their application of the

Michaelis-Menten enzyme equilibria yields the two simultaneous equations

—d81 k;eosllKl

dt VT Tt s /Ky + e/ K:

(149)
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—dsg . kyepsz/ K !
—_ = yp =
dt 2 1+31/K1 +82/K2

An important assumption of this work is that enzymes of the cellulase system and

(150)

[-glucosidase act at the same rate on the different bond substrates. In equations

149 and 150, this is equivalent to saying that k; = k2 and K| = K3. Simplification

yields
—ds; k-ep- 8
= = 151
dt ' T Kisi+es - (151)
—-d.52 k-eg * 89
= — 2 152
dt vz K451+ 52 ( ? )

Now, consider the more general case of one enzyme acting on multiple sub-
strates. These are the relevant reactions for the n substrates of the one enzyme in

the system.
k k
E+5 = ES -~ P
-1
kp2

k
E+ 8 = ES -2 Py

-2

kn kpn o

The substrate uptake equations are given by:

ds
——j =ki-e-5; —k_y-(es1)
ds
—?:' = k2-8-52 —k_g- (632)
d
——d? =kp-e 8y —k_g - (esy) (153)

where s; is the concentration of substrate ¢ in the reactor, e is the free enzyme
concentration in the reactor and (es;) is the concentration of the enzyme-substrate:
complex. The rate equations describing”the concentration of (es;) are:

d('es])

e —ky e sy +thoi + kp) - (es1)
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d
— (2:2) = —ky-e-s2+ (k_z + kpz) . (882)
d e
) e Pt (ko t ) (e50) (154),.

We now make the quasi-steady-state approximation, d—(‘%l = 0. This assumption

can be proved valid for the case where e/ so is sufficiently small [28]. The equations

relating the concentrations of the enzyme-substrate complex thus become:

(es1) = ki-e-5
! k_1+kp1
" kp-e-3q
£859) = ——
(’a: k* ( 2) k—2+kp2
kn'c‘Sn
M) = = 155
(e3n) = gl (155)

/
Substitute into the substrate uptake equations to eliminate (es;).

dSl kl 1 . kl
—_-— = k . . — k__ - —_— . . — k . - . —_—
di 1*€+81 1 l:k-l n kpl‘ € 'S5} pl "€- 81 k—l n kpl
ng kz ] * kz
—_ = ks-e- —k g —= | .- =kon-€- —_
ar - rrrertr T [k_g Tk ) CTTRT T \:k_z I kpz

ds,, ky kn
O es —kpe | | e sy = kpp € 8n | — | (156
o k,-e-s n ]:k—n+kpn] -8 Kon - €+ 3 [k—n+kpn:\ (158)

Apply the law of conservation of mass to the enzyme.

e =¢e+ (esy) + (esz) + - + (esq)

+ il ] e s+ { k2 } €- 5y + + [ fn } €38
= £ ——— . + — . . . as —— . - n
k_l + kpl ! k—-2 + kp2 z k—n + kpn

Thus e= ——2 —— ' - (157).

a

n
k.. .
1+ Z:I koitkpi
1=
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Substitute equation 157 into 156 to eliminate e.

k
ds o
P TE
1+ Z Yy
4 ) k
dsy =k £—2+Ep]
——ét—- = Kpy * €y §g » —mm————
: 1+ Z P
/// k
d dsn _ k k—n+kpn
_E— pn’EO'Sn‘"""_'_'"_“_'_
1+ E o
k_;+ kg .
Now,let ——— P2 =K, forallt

i

The rate of disappearance of substrate 1 is given by

e, ds; kp,- - eg - 8/ K; : (158)
,.F"' 1. -
B b sy /K
7] J' =1

An important assumption of this work is that the enzymes of the cellulase
system, including (-glucosidase act at the same rate on their own bond substrates.
In equation 158, this is equivalent setting kpy = kpp = +-+ = kpp = k and K| = .
Ky = ... = K, = K. The substrate depletion rate equations for a one-enzyme,

multi-substrate reaction with the substrate type being transparent to the enzyme

are:
~dsy k-ep 8
dt :UI:K+31+32+---+SH
—dsy k-ey- 9y
dt " T KAsitort+on

—dsy k-egsp
» = — 159
dt T K b sy sz oy (159)
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Appendix 5

COMPUTER PROGRAMS

Program 2. FPA SAS

TITLE1'FILTER PAPER ACTIVITY OF CELLUCLAST AND NOVOZYNM';
DATA FPA_CALC; :
CMS FILEDEF MYDATA DISK FPA DATA;
INFILE MYDATA;
FORMAT RUNDATE DDMMYY6.;
INPUT © 7 RUNDATE DDMMYY6./+ DATE: 2 DIGITS EACH FOR DA, MO, YR  */
014 ENZTYPE §$ 6. /* ENZYME BROTH TYPE: NOVOZK OR CLCLST +/
021 DF 5. /+ DILUTION FACTOR FOR THE FPA TEST */

027 FPA 6. /+ FILTER PAPER ACTIVITY FOR GIVEN RUN #/:
GLUC=FPA*10.8/DF;

ENZ=1./DF;

DFSQ=DF+DF ;

PROC SORT DATA=FPA_CALC;

BY ENZTYPE;

PROC PRINT DATA=FPA_CALC:

BY ENZTYPE;

DATA HOVOZM CLCLST ;

SET FPA_CALC;

1F ENZTYPE='NOVOZM' THEN OUTPUT HOVOZIN;

IF ENZTYPE='CLCLST' THEN OUTPUT CLCLST;

RUN ;

TITLEL'FILTER PAPER ACTIVITY OF CELLUCLAST';

TITLE2'MODEL: GLUC2-THETAO®ENZ-THETA1sLOG((1.-THETA2*GLUC)#**2)";
PROC NLIN DATA=CLCLST METHOD~DUD EFORMAT;

PARMS CTEA=106S.0E+0 CTEB=0.00180E-0 CTEC=11359.;

GLUC2=GLUC; )

Do I=1 TO 16 ;
FUNC=GLUC2-CTEA*ENZ-CTEB*LOG((1.-CTEC*GLUC2) #*2) ;
DERIV=1.+CTEC*CTEB#2./(1.-CTEC*GLUC2)} ;
GLUC1~GLUC2-FUNC/DERIV;

EPS=ABS( {(GLUC1-GLUC2) /GLUGL) ;
IF EPS<1.E-12 THEH I=15 ;
GLUC2=GLUCL ;
END ; \
MODEL GLUC=GLUCZ2 ;
QUTPUT OUT=FPARES P=PRED R=RESID ;
PROC PLOT DATA=FFARES;
PLOT GLUG*ENZ='A' PRED#ENZ='P’ / OVERLAY VP0OS~EQ;
PLOT RESID*ENZ / VREF=0 OVERLAY VPOS=G0 ;
PLOT RESID*PRED / VREF=0 OVERLAY VPOS=50 ;
PLOT RESID*RUNDATE / VREF=0 OVERLAY VPOS=EO ;
PROC PRINT DATA=FPARES KOOBS UNIFORM;
RUN;
TITLE2 'HODEL: FPA=THETAO+THETA1*DF';
PROC REG DATA=CLCLST;
HODEL FPA=DF / COVB CORRB CLM CLI P;
QUTPUT OUT=FPARES P=PRED R=RESID L95~L95 U96=US5;
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PROC PLOT DATA=FPARES;
PLOT FPA+DF='A’' PRED*DF='P' U9G#DF='-' LG5+DF=‘-' / OVERLAY VP0S=50Q;
PLOT RESID+DF / VREF=0 OVERLAY VPOS=50 ;
PLOT RESID#PRED / VREF=0 OVERLAY VPOS=50 ;
PLOT RESID*=RUNDATE / VREF=0 UVERLAY VPOS=50 ;
RUN; -
TITLE2'MODEL: FPA=THETAQO+THETAL#DF+THETA2#DF4%2";
PROC REG DATA=CLCLST;
MODEL FPA=DF DFSQ / COVB CORRB CLM CLI P;
OUTPUT OUT=FPARES P=PRED R=RESID L9E=L9E US5=US5;
PROC PLOT DATA=FPARES;
PLOT FPA4DF='A" PRED#DF='P' UB5#DF~’~' LOG&DF='-' / OVERLAY VPOS=50;
PLOT RESID#DF / VREF=0 OVERLAY VP0OS=50 ;
PLOT RESID#PRED / VREF=0 OVERLAY VPOS=50 ;
PLOT RESID*RUNDATE / VREF=0 OVERLAY VPOS=50 ;
RUY ;
TITLE2'MODEL: FPA=THETAOQ+THETA1sDF%s2°*;
PROC REG DATA=CLCLST;
MODEL FPA=DFSQ / COVB CORRB CLM CLI P;
DUTPUT OUT=FPARES P=PRED R=RESID L96~LS5 U95=USS; -
PROC PLOT DATA=FPARES;
PLOT FPA+DF='A‘ PRED4DF='P' UQGE#DF='-' LGG*DF='-' / OVERLAY VP0S=50;
PLOT RESID*DF / VREF=0 OVERLAY VPOS=BEO ;
PLOT RESID*PRED / VREF=0 OVERLAY VP0OS=EO ;
PLOT RESID*RUNDATE / VREF=0 QVERLAY VPOS=50 ;
RUN;
TITLE1'FILTER PAPER ACTIVITY OF HOVDZYM';
TITLE2'MODEL: FPA=THETAO+THETAL1+DF";
PROC REG DATA=NOVOZM;
MODEL FPA=DF / COVB CORRB CLM CLI P;
OUTPUT OUT=FPARES P=PRED R=RESID LOG~LOE US5=USS;
PROC PLOT DATA=FPARES;
PLOT FPAsDF='A" PRED*DF=‘P’ UQG+DF='-* L95*DF='-' / DVERLAY VP0S=50;
PLOT RESID*DF / VREF=0 OVERLAY VPOS=50 ;
PLOT RESID#PRED / VREF=0 DVERLAY VP0S=EQ ;
PLOT RESID*RUNDATE / VREF=~0 QVERLAY VP0S=50 ;
RUN;
TITLE2'MODEL: FPA=THETAO+THETA1#DF+THETA*DFSQ";
PROC REG DATA=HOVODZM;
HODEL FPA=DF DFSQ / COVB CORRB CLM CLI P;
OUTPUT QUT=FPARES P=PRED R=RESID LO6=L95 U95=USS;
PROC PLOT DATA=FPARES;
PLOT FPA+DF='A' PRED#DF='P' UG5+DF="'-' LOG*DF='-' / DVERLAY VF0S=50;
PLOT RESID*DF / VREF=0 DVERLAY VP0S=5O ;
PLOT RESID*PRED / VREF=O OVERLAY VPOS=50 ;
PLOT RESID*RUNDATE / VREF=0 OVERLAY VPOS=50 ;
RUN; .
TITLE2'MODEL: FPA=THETAO+THETA1=DFSQ’;
PROC REG DATA=NOVOZN;
MODEL FPA=DFSQ / COVB CORRB CLM CLI P;
OUTPUT OUT=FPARES P=PRED R=RESID LO5=L95 U95=UY5;
PROC PLOT DATA=FPARES;
PLOT FPA#DF='A’ PRED#DF='P' UOS¢DF="~* L95#DF='-' / OVERLAY VP0S=50;
PLOT RESID*DF / VREF=0 OVERLAY VP0S=50 ; 4
PLOT RESID*PRED / VREF=0 OVERLAY VPOS=50 ;
PLOT RESID*RUNDATE / VREF=0 OVERLAY VPOS=G0 ;
RUN;
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Program 3. CBA SAS

TITLEL'CELLOBIASE ACTIVITY OF NOVOZYM AND CELLUCLAST';
DATA CBA_CALC;
CMS FILEDEF MYDATA DISK CBA DATA;
INFILE MYDATA;
FORMAT RUNDATE DDMMYYG.;
INPUT @ 2 RUNDATE DDMMYY6./+ DATE: 2 DIGITS EACH FOR DA, MO, YR +/
€10 RUN $ 6. /+ RUN HUMBER : ./
020 ENZTYPE $ 6. /* ENZYME BROTH TYPE: NOVOZM OR CLCLST .s/
Q30 DF 8. /* DILUTION FACTIOR FOR THE FPA TEST */

@40 GLUC 8. /* GLUCOSE CONCENTRATION FOR GIVEW RUN =/,
CBA=GLUC*DF/5.4 ;
DFSQ=DF+DF;
DROP GLUC;
PROC SORT DATA=CBA_CALC; .,
BY ENZITYPE; A
PROC PRINT DATA=CBA_CALC;
BY ENITYPE;
DATA NOVOZM CLCLST ;
SET CBA_CALC;
IF ENZTYPE='NOVDZM' THEHN OUTPUT NOVOZM;
IF ENZTYPE~'CLCLST® THEN OUTPUT CLCLST;
RUN;
TITLE1'CELLOBIASE ACTIVITY OF NOVOZYN';
TITLE2 'MODEL CBA-THETAO-THETA1+DF+LY((1-1.026+CBA/DF)**2)=0" ;
PROC HLIN DATA=NOVOZM METHOD=DUD EFORMAT;
PARMS CTEA-970. CTEB=0.0031 ;
CHA2=CBA
DO I=1 TO 16 ;
FUHC=CBA2-CTEA-CTEB*DF+L0G((1.-5.4/5.35+CBA2/DF) #+2)
DERIV=1.+5.4/5.36*CTEB*2./(1.~5.4/6.365%«CBA2/DF)
CBA1=CBA2-FUNC/DERIV ;
EPS=ABS{(CBA1-CBA2) /CBAL) ; -~
IF EPS<1.E-13 THEN I=16 ;
CBA2=CBAL ;
END ;
HODEL CBA=CBAZ ;
OUTPUT OUT=CBARES P=PRED R=RESID;
PROC PLOT DATA=CBARES;
PLOT CBA*DF='A' PRED*DF='P' / VREF=0 OVERLAY VPOS=60;
PLOT RESID*DF / VREF=0 OVERLAY VPOS=50 ;
PLOT RESID*PRED / VREF=0 OVERLAY VPOS~EO ;
PLOT RESID*RUNDATE / VREF=0 OVERLAY VFOS=50 ;
PROC PRINT DATA=CBARES NOOBS UNIFORM;
RUN ;
TITLEZ'MODEL: CBA=THETAODFx(1-EXP (-THETA1/DF))’;
* PROC NLIN DATA=NOVOZM METHOD=MARQUARDT EFORMAT;
PARMS CTEA=.020 CTEB=2000.0 ;
MODEL CBA=CTEA*DF#(1.-EXP(-CTEB/DF));
DER.CTEA=DF» (1.-EXP(-CTEB/DF));
DER . CTEB=CTEA*EXP (~CTEB/DF) ;
OUTPUT OUT=CBARES P=PRED R=RESID U95=U9E LO6=L95 U9EM=UGEHM L9BM=LOEM;
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PROC PLOT DATA=CBARES;
PLOT CBASDF=*A' PRED#DF='P* UQGM#DF='-* LOSMsDF='-' /
VREF=0 OVERLAY VPOS=GO0; :
PLOT REBID#DF / VREF=0 OVERLAY VPOS=E50 ;
PLOT RESID+PRED / VREF=0 OVERLAY VP0S=50 ;
PLOT RESIDsRUNDATE / VREF=0 OVERLAY VP0S=50 ;
PROC PRINT DATA=CBARES HOOBS UNIFORM;
RUN; :
TITLE:*CELLOBIASE ACTIVITY OF CELLUCLAST': |
TITLE2'MODEL: CBA=THETAO*DF=*(i-EXP(-THETA1/DF})"'; Lo
PROC NLIN DATA=CLCLST METHOD=MARQUARDT EFORMAT; ‘\\
PARMS CTEA=,100 CTEB=200.0 ; ‘
MODEL CBA=CTEA*DF*(1.-EXP (-CTEB/DF));
DER.CTEA=DF* (1. -EXP (-CTEB/DF)) ;
DER.CTEE=CTEA*EXP (-CTEB/DF) ;
QUTPUT OQUT=CBARES P=PRED R=RESID U95=U95 L95=L95 UOSM=U95EM L95M=LI5H;
PROC PLOT DATA=CBARES;
PLOT CBA*DF='A' PRED#DF='P' UQGMNsDF='-' LOSM#DF='~' /
VREF=0 OVERLAY VPOS=5O:
PLOT RESID+DF / VREF=0 DVERLAY VPOS=50 :
PLOT RESID*PRED / VREF=0 OVERLAY VP0OS=50 ;
PLOT RESID#RUNDATE / VREF=0 ODVERLAY VPOS=50 :
PROC PRINT DATA=CBARES NQOBS UNIFORM;
RUN; :
TITLE2*'MODEL: CBA=THETAO+THETA1+DF .’. .ALL EXPERIMENTAL DATA';
PROC REG DATA=CLCLST ;
MODEL CBA=DF / COVE CORRB CLM CLI P:
OUTPUT OUT=CBARES P=PRED R=RESID L96=L95 USE=USE;

PROC PLOT DATA=CBARES;

PLOT CBA*DF='A’ PRED«DF='P' / OVERLAY VPOS=50;
PLOT RESID#*DF / VREF=0 OVERLAY VPOS=5E0 ;
PLOT RESID*PRED / VREF=0 OVERLAY VPOS=5O ;
PLOT RESID*RUNDATE / VREF=0 OVERLAY VPOS=50 ;
RUN;
TITLE2'MODEL: CBA=THETAO ...ALL EXPERIMENTAL DATA';
PROC MEANS DATA=CLCLST ;
RUN;
TITLE2' *;
DATA CLCLST2;
SET CLCLST;
IF DF<900.;
RUM; ,
TITLE2'MODEL: CBA=THETAO+THETA1#DF ...SELECTED EXFERIMENTAL DATA';
PROC REG DATA=CLCLSTZ2:
MODEL CBA=DF / COVB CORRB CLM CLI P;
QUTPUT OUT=CBARES P=PRED R=RESID L§5=L95 USE=USE;
PROC PLOT DATA=CBARES;
PLOT CBA#DF='A' PRED#DF='P’ UQG#DF=‘-' L9GE*DF='-' / OVERLAY VP0QS=50;
PLOT RESID+DF / VREF=0 OVERLAY VPUS~50 ;
PLOT RESID*PRED / VREF=0 OVERLAY VPOS=5O :
PLOT RESID*+RUNDATE / VREF=0 OVERLAY VPOS=50 ;
RUN;
TITLE2'MODEL: CBA=THETAO ...SELECTED EXPERIMENTAL DATA';
PROC MEANS DATA=CLCLST2;
RUN:
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THE MAIN PROGRAM NLINIMSL READS IN THE HYDROLYSIS DATA AND CALLS

ON THE 8

Program 4. NLINIMSL FORTRAN

UBROUTIHES TO BEGIN THE PARAMETER OPTINIZATION.

2 FILEDEFS: 1 IS PROCESS DATA, 2 IS THE OUTPUT FILE.

DICTIOHARY OF VARIABLES

BCMC
BHRE

BOND CONTRIBUTION OF CMC INITIAL EXPERIMENTAL
BETA NRE TYPE BONDS (MOLES/L)

BNREO(189) BETA NRE TYPE BOWDS (MOLES/L)

BNRES

BETA NRES TYPE BONDS (MOLES/L)

BNRESO{189) BETA NRES TYPE BONDS (MOLES/L)

BRE

BETA RE TYPE BONDS (MOLES/L)

BRE0{189) BETA RE TYPE BONDS (MOLES/L)

BRES

BETA RES TYPE BONDS (MOLES/L)

BRESIN(189) MAXIMUM NUMBER OF BRES BONDS (MOLES/L)
BRESO(189) BETA RES TYPE BONDS (MOLES/L)

BSHR

BETA SHR TYPE BONDS (MOLES/L)

BSNRO(189) BETA SNR TYFE BOWDS (MOLES/L)

BSR

BETA SR TYPE BONDS (MOLES/L) *

BSRINF(189) MIN NUMBER OF BSR AND BSHR BONDS (MOLES/L)
BSRO(189) BETA SR TYPE BONDS (MOLES/L)
BSS0(189) BETA 85 TYPE BONDB (M)

BU BETA U TYPE BONDS (MOLES/L)

BUO(189) BETA U TYPE BONDS (MOLES/L)

cov(28) THE COVARIANCE MATRIX OF THE PARAMETERS

CORR(28) THE CORRELATION MATRIX OF THE PARAMETERS

DELTA THE 3RD CRITERION OF CONVERGENCE (IGHORED HERE)

DPCMC  DEGREE OF POLYMERIZATION OF INITIAL CMC

Ds DEGREE OF SUBSTITUTION OF THITIAL CMC

DT STEP SIZE IN EULER DIF. EQ. SOLVER (S)

DTO NORMAL STEP SIZE IN EULER DIF. EQ. BOLVER (S)

EPS MINIMUM RELATIVE DIFFERENCE IN -85Q BETWEEN 2 ITERATIODNS
EXK1EX MODEL TERM CONTAINING THE ENDO-GLUCANASE PARAMETERS
E1K1E1 MODEL TERM CONTAINING THE CELLOBIASE PARAMETERS
EX0(189) ENDO-GLUCANASE cONC (I.U./L)

E10{189) CELLOBIASE CONC (I.U./L)

F(189) RESIDUALE' VECTOR

GLUC(189)  GLUCOSE PRODUCED (EXP. VALUE OF RESPONSE VARIABLE)
G1 GLUCOSE CONC (MOLES/L)

G1INF(189) CLUCOSE CONC. IN REACTOR AS TIME GOES TO INFINITY
G10(189) GLUCOSE CONC (MOLES/L)

G2 CELLOBIOSE CONC (MOLES/L)

G20(189) CELLOBIOSE CONC (MOLES/L)

IDPCMC(189) DEGREE OF POLYMERIZATION OF THE CMC (INTEGER)
IER ERROR RETURH FROM IMSL ROUTINES

INFER  INDICATES CRITERION(A} TYPE(S) TO SATISFY CONVERGENCE
I0PT TYPE OF DESCENT (TRY 1)

IXJAC  INPUT ROW DIMENSION OF MATRIX XJAC

KMEX MICHAELIS CONSTANT OF ENDOGLUCAHASE (MOLES/L)

KME1 MICHAELIS CONSTANT OF CELLOBIASE (MOLES/L)

KIEX RATE CONSTANT OF ENDOGLUCANASE (MOLES/{I1.U.+8))

KIG1 DISSOCIATION CONSTANT (M)

K1E1 RATE CONSTANT OF CELLOBIASE (MOLES/{I.U.*B))

M

THE NUMBER OF DATA POINTS
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NLICOO010
HLI00020
HLIQ0O030
NLIOCO040
NLIOO00E0
NLIQOO60
NLIOOOTO
NLIOQO0B8O

HLIO0090

HLIOO100
NLIOO110

HLICO0120 .

HLIOO0130
NLIOD140
HLIOO160
NLIDO160
NLIOO170
HLIOO180
NLIOO180
HLI00200
NLINO0210
NLI00220
HLI0O0230
HLI00240
NLIOO250
NLIOD260
HLIGO27T0
HLIOOZ80
HLI00290

NLIC0300

HLT00310
NLIO0320
RLI00330
HNLIQO340
HLIQO3BO
HLIQO3IEO
NLIOQ370
HLI00380
HLIO0380
NLIO0400
HLI00410

NLI00420°

HLIOOA30
NLIC0440
HLIO004B60
NLIQ0460
HLIOC4TO
NLIO0480
HLIO0490
NLIQO0BCO
NLIC0B1C
NLI00620
NLIG0B30

HLIO0B40

HLIOQOBSO
NLIO0BE60
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899

HAXFH  MAXIMUM NUMBER OF FUNCTION EVALUATIONS

H THE NUMBER OF PARAMETERS IN THIS MODEL

NOVER(188)  NUMBER OF ITERATIONS WHERE G1(I)>G1INF(I)
NSIG NUMBER OF BIGNIFICANT DIGITS DESIRED IN PARAMETERS
PARN{4) ZX85Q CONVERGEHCE PARAMETERS

TIME(189) TINE OF REACTION EXPERIMENTAL (SECONDS)
TMSAVE STORAGE OF THE ELAPSED SIMULATION TIME IN SIMILAR RUNS (S)
TOL "SMALLEST TOLERABLE CONC. BEFORE ASSUMING O MOLES/L
UNRESR  MODEL TERM "BU+BNRE+BSR"

URESHR MODEL TERM "BU+BRE+BSHR"

WORK WORK VECTOR

NLIOOG70
NLICOBBO
NLICOE90
NLIO0600
NLI0OO0610
NLIO0620
NLIOQ630
NLIO0640
NLIOG6E50
NLIOOE60
HLIQO670

X(u) AN ARRAY OF THE PARAMETERS TO BE UNCHANGED BY THIS ROUTINENLICO680

XJAC QUTPUT MATRIX{M BY N) CONTAINING THE APPROXIMATE JACOBIAN
XJTJI DUTPUT VECTOR CONTAINING XJAC TRANSPOSED-- XJAC
EXTERNAL EULERS _ '
REAL+8 BNREO(189), BNRESO(189), BREO(189), BRESO(189), BSHRO(1B9),
1 BSRO(189), BUO(189), G10(189), G20{(189), GIINF(189), BSS50(189)
REAL*8 EX0(189), E10(18%), GLUC(189), TIME(189), BSRINF(189)
REAL»8 DS, DPCMC, €O, BCMC,” BRESIN(189)

REAL=8 TOL, DTO, K1EX, KMEX, K1E1, KME1l, KIGL

INTEGER I, IDPCMC(189), NOVER(189) ° -

INTEGER M, N, IXJAC, NSIG, MAXFH, IOPT, INFER, IER

IF N=2

REAL«8 PARM(4), X(2), F(189), XJAC(189,2}, XJTJ( 3), WORK(381)
IF H=3 ,

REAL=8 PARM(4), X(3), F(189), XJAC(189,3), XJTJ( 6), WORK(399)
IF Nw=d

REAL*B PARM(4), X(4), F(189), XJAC(1B9,4), XJTI(10), WORK(408)
IF N=§

REAL*B PARM(4), X{B), F(189), XJAC(1B9,5), XJTJ(15), WORK(418)
REAL*8 EPS, DELTA, SS{, COV{(28), CORR(28)

COMMON /Z8Q/ DTO,TOL,TIME,G10,G20,E10,EX0,GLUC,GLINF,BSRINF,BUO,

1 BSSO,BREO,BNREQ,BRESO,BNRESO,BSRO,BSNRO,BRESIN,HOVER

2 /28Q1/ IDPCMC

READ THE PROGRAM PARAMETERS FOR THE ZXSSQ COHVERGENCE ROUTINE.

READ(1,898) M, N, IXJAC, EPS, DELTA, IOPT
FORMAT(38X,I4,1X,12,1X,14,1X,09.2,1X,09.2,1X,I1)

INPUT THE STARTING PARAMETER VALUES.

READ(1,899) K1EX, KMEX, K1E1, KME1, KIG1
FORMAT(6(6X,D12.5,1X))

X(1) = K1EX

X(2) =~ KMEX

X(2) = KiE1

X(3) = KME1

X(3) = KIG1

INPUT INTEGRATION STEP SIZE, TOLERANCE AND MAX NO OF FUNC EVAL.
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NLICO0690
NLICO700
NLIOQ710
NLI0O0720
NLIOO730
NLIQQ740
NLIOQTEO
NLIOQ760
NLIOOTT0
NLIQOT780
NLICO790
NLICO800
NLICOB10
NL100820
NLIC0830
NLICO0B40
NLICOB50
HLIOO86Q
NLIOOBTO
NLI00BBO
NLI00890
NLI00S00
NLIC0910
NLICO920
NLI0Q930
NLTI00S940
NLIQO09E0
NLIOQ960
NLIOQ97¢
NLIO0980
NLI00930
HLI01C00
NLIO1C10
NLIC1020
NLIC1030
HLI01040
NLIO1060
NLIC1060
HLIG1G70



c

READ(1,903) DTO, TOL, NSIG, MAXEN
903 FORMAT(6X,D11.4,7X,D11.4,10X,11,10X,13)

WRITE(2,904) DTO, TOL, NSIG, MAXFN

904 FORMAT(' NONLINEAR LEAST SQUARES PARAMETER ESTIMATOR 2XSSQ',/,
1 ' PTO=’,D11.4,' TOL=',D11.4,' NKSIG="',I1,'
WRITE(2,905)

505 FORMAT(* ', 74('-*))

1

1

WRITE(2,906)
906 FORMAT(

10X, 'KIG1'",10X,'SSQ")

WRITE(2,905)

DO 900 I~=1,189
READ(1,901) TIME(I), G10(I), G20(I),

DS, IDPCMC(I), BCMC, GLUC(I)

TIME(I)=TIME(I)*3600.D0
DPCMC = DFLOAT({IDPCMC(I))
IF(IDPCMC(I).GT.0) THEN

CO = (1.-DS/2.)x»3

GI1INF(I) = G10(I)+2.D0*G20(X)+BCMC*CO=*(CO+1.D0/{DPCHC~1.D0))
BSRINF(I) = BCMC#*(DPCMC-2.D0)/(DPCMC-1.D0)+CO*{1.DO-CO)**2

E10(I1},

NAXFN=',I3)

4X, "K1EX', 10X, KHEX' 10X, 'K1E1’, 10X, "KMEL",

READ IN THE DATA DOING CALCULATIONS AS EACH POINT IS INPUT.

EX0(I),

N

BUO(I) = BCMCe(DPCMC-3.D0)/(DPCNC-1.D0) *C0*+2

BREO(I)} = BCMGe (DPCMC-~1.D0)*CO%*2

BHREO(I) = BREO(I)

BRESO(I) = BCMC/(DPCMC-1. DO)*CO*(l Bo- CO)

BHRESO(I) = BRESO(I)

BSRO(I) = BCMC*CO=(1,D0-CO)+(DPCHC-2. DO)/(DPCHC 1.D0)

BSNRO(I) = BSRO(I)
BRESIN(I) = BRESO(I)+CO*BSRO(I)
BSSO0(I) = BCMC#*(1.D0-C0)=*+*2

ELSE

GIINF(I) = GlO(I)+2.D0*G20(I)
BSRINF(I)=0.DO
BUO(I)=0.DO

BREO(I)~0.DO
BHREO(I)=0.DO
BRESO(I)=0.D0
BHRESQO(I)=0.D0
BSRO(I)=0.DO
BSHRO(X)=0.D0 -
BRESIN(I)=0.DO
BSS0(I)=0.D0O

END IF
NOVER(I) = ©

900 CONTINUE

901 FORMAT(1X,F6.2,1X, F7.5.1X.F7.5.1X.Dll.4,1X,D11.4.1I,F5.3.1*.14,

1 1X,F8.6,1X,F7.5)

CALL ZXSSQ(EULERS,M,H,NSIG,EPS,DELTA, MAXFH IOPT ,PARM X, 88Q,F,XJAG,

1 IXJAC,XJTJ,WORK, INFER, IER)

WRITE THE PARAMETER VALUES AND 88Q AT THE 58Q HINIMUM.

r
WRITE(2,1602) X(1)," sz).

1602 FORMAT('-PRUGRAM HAS CONVERGED...HERE ARE THE PARMS:',

1

85Q

/,'OK1EX- = ' D12.5,' HOLES«I.U.*8/L‘
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NLIO1080
NLI01090
NLI01100
NLI0O1110
NLI01120
NLIO1130
NLI01140
NLIO1160 -
NLIO1160
NLIO1170
NLI01180
NLI01190
NLI01200
NLIO
NL101220
NLI01230
NLI01240
NLI01260
NLY01260
NLI01270
NLI01280
NLI01290
HLI01300
KL101310
NLI01320
NLI01330
NLI01340
NLI01360
NLIO1360
NLIO1370
NLI01380

"NLIO1390

NLIO1400
HLIO1410
NLI01420
HLIO1430
HLIC1440
NLIO1450
HLIOC14680
NLIO1470
HLIO1480
NLIO1490
NLIO1B600
HLIO15610
NLI01620
HLIO01630
HLIO1B40
HLIQ1BBO
HLIO1B60
HLIO1B70
HLIQ1680
NLI01590
NLIQ1600
HLI01810
NLIO1620

HLIO1630 y S

HLIO1640
NLIO1650 +



2 /' KMEX = ' ,D12.5,' MOLES/L' NLIO1660

3 /," KIE1 = ',D12.6,' MOLES+I.U,*S/L' NLIG1670

C 4 /.* KMEL = * D12.5,’' MOLES/L’ HLI01680
c 5 /.' KIG1 = *,D12.5,' MOLES/L’ . NLID1690
6 /.," WITH A SUM OF 5Q. RESID. = ! ,D12.5,' {4OLES/L)**2') NLIO1700

c ‘ NLIO1710
€  WRITE THE (JACOBIAN-TRANSPOSED JACOBIAN) MATRIX NLIO1720
c , . NLIO1730
WRITE(2,1612) ' HLIO1740

1612 FORMAT(® THE JACOBIAN-TRANSPOSED JACOBIAN MATRIX:') NLIO1750

. .D0 1706 I=1,H NLIO1760
YRITE(2,1608) (XJITI(J),I=(I*(I-1)/2+1), (I*(1+I}/2}) HLIQL7TO

1705 CONTINUE NLIO1780
1605 FORMAT (8(1X,D12.5)) NLIO1790
C HLI01800
c CALL THE INSL ROUTINE LINV3P TO INVERSE THE XJTJ MATRIX HLIO1810
c . NLIO1820
CALL LINV3P(XJTJ,1.DO,1,4,IER) NLIO1830

c NLIO1840
c CALCULATE AND WRITE THE COVARIANCE MATRIX OF THE PARAMETERS . HLIO1850
c HLIO1860
DO 1706 I=1,(N*(N+1)/2) : - — NLIO1870

1706 COV(I) =~ XJTJ(I)*55Q/DFLOAT(M-}) ' NLI01880
WRITE(2, 1606) NLI01850

1606 FORMAT (' VARIANCE-COVARIANCE MATRIX OF THE PARAMETERS:') HLIO1900
DD 1707 I=1,N © HLIO1S10

" WRITE(2,1605) (COV(J),J=(T+(I-1)/2+1), (I+(1+1)/2)) NLIO1520

1707 CONTINUE ‘ ‘ NLIO1$30
C HLIO1940
C CALCULATE AND WRITE THE CORRELATION MATRIX OF THE PARAMETERS. HLIO1950
C NLIO1960
WRITE(2,1607) ’ HLIO1970

1607 FORMAT (' CORRELATION MATRIX OF THE PARAMETERS:') NLIO1980
DO 1710 I=1,H HLI01990

DO 1709 J=1,I NLIOZ000
CORR(I*(I-1)/2+J)=COV(I*(I-1)/2+1)/ NLI02010

1 DSQRT(COV(J*(1+J)/2)*COV(I*(1+I}/2)) NL102020

1709  CONTINUE NLI02030
WRITE(2,1805) (CORR(JJ),JJ=(I*(I-1)/2+1),(I*(1+I}/2)) NLIO2040

1805  FORMAT (B(1X,F6.3)) NLIO2050
1710 CONTINUE NLIO2060
C NLIO2070
c CALCULATE THE PARAMETER PRECISION (95Y%, CONFIDENCE INTERVALS) NLIO2080
c NLI0O2090
WRITE(2,1611) NLI02100

1611 FORMAT(® PARANETERS AND THEIR ASSOCIATED 95Y% CONF. INTERVALS:')  HNLIOZ110
DO 1609 I=1,N NLIOZ2120
WRITE(2,1610) I, X(I), DSQRT(COV(I*(1+I)/2))*1.97 . NLI02130

1609 CONTINUE NLIO2140
1610 FORMAT(® THETA',I1,' = ',D12.6," PLUS OR MINUS ',D12.5) NLIOZ2150
STOP NLI02160

END . NLIO2170

Lo NLIO2180

C INSERT THE PROPER EULER SUBROUTINE HERE NLI02190
SUBROUTINE EULERS(X.N,N.F) NLI02200

c NLI02210
¢ SUBROUTINE EULER13: SOLVES FOR THE 13TH MODEL PARM ESTIMATES NLI02220

c SUBROUTINE CALLED BY IMSL'ROUTINE ZXSSQ. NLI02230
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SUBROUTINE ASSUMES
SUBROUTINE -ASSUMES
SUBROUTINE ASSUMES
SUBROUTINE ASSUMES
THE SUBROUTINE FCH

R 5
ONLY Gi CLEAVES CELLOBIOSE.
KNEX IS ZERO. ;
KMEL 1§ INFINITELY LARGER THAN G2+BNRE+BHRES
THAT ALL BETA BONDS FORN A COMPLEX WITH EX
THAT E2 TRANSFORNS BNRE INTO G2 INF. Ebzstv
SOLVES THE DIFFERENTIAL EQUATIONS

WITH AN EULER ONE-STEP METHOD

THEN CALCULATES THE RESIDUALS OF A MODEL

GIVEN THAT THE PARAMETER VECTOR X(2) IS KNOWH.

SSQ IS BASED ON 189 DATA POINTS COLLECTED FOR CMC HYDROLYSIS.

REAL*8 BNRE, BHRES,

BRE, BRES, BSNR, BSR, BU, G1, G2

REAL*8 DENRE, DBHRES, DBRE, DBRES, DESHR, DBSR, DBU, DG1, DG2
REAL+»8 BNREO(1BS), BHRESO(18%), BREO(189), BRESO(189), BSHRO(189),6NL102370
1 BSRO(189), BUO(189), G10(189), G20{189), GLINF(189), BSS0(189)
REAL+8 EX0{189), E10(1B9), GLUC(189), TIME(189), BSRINF(189)
REAL*8 KMEX, KME1l, K1EX, K1E1, BRESIN(189), RESID({189), PRED2(189)NLI02400
REAL+8 URESHR, UHRESR, EXK1EX, E1KiE1

REAL*8 DT, TOL, TMSAVE, DTO, X(2), SSR, F(18B9), DG22
TNTEGER I, ¥, IDPCMC(1B9) , ITERS, NOVER(189), M
COMMON /fZRESID/ PRED2

COMMDN /ZSQ/ DTO,TOL,TIME,G10,G20,E10,EX0,GLUC,GI1INF ,BSRINF ,BUO,

1 BSS0,BREC,BIREO, BRESO,BHRESO,BSRO,BSNRO,BRESIH , HOVER

2 /Z8QI/ IDPCHC

SSR = 0.10
K1EX = X(1)
KMEX = 0.DO
K1E1 = X(2)
KME1 = 0.DO
DO 2000 I=1,189

S

/

TEST FOR E1, -E2 AND EX NIL IN WHICH CASE, G1=G1(0)}

IF(I.EQ.139.0R.I1.EQ.179) THEN

Gl = 0.D0
GOTO 1999
END IF
DT = DTO

TEST FOR A RUN THAT IS IDENTICAL TO PRECEEDING BUT FOR TIME(I)

Y

. 300

NL102240
NLI02250
NLI02260
NLI02270
NLI02280
NL102290
NLI02300
NLI02310
NLI02320
NLI02330
HLI02340
NL102350,
NLI02360

NLIO2380
HLI02390

HLIC2410
NLI02420
NLI02430
HLI02440
NLI02450
HLI02460
HLIO2470
NLIO2480
NLI02490
NLI02600
HLIO2610
HLIO2620
NLIO2530
NLIO2540
NLIO26560
HLIO2B60
HLIO2B70
NLI02580
NLIO2690
NLIO2600
HLIO2610
NLI02620
NLIO2630
HLI102640



Q

NLIO2650

IF(X.GT.1) THEN NLIO2660
IF(TINE(I).GE.TIME(I-1) HLI02670
.AND.G10(I).EQ.G10{I-1) .AND.G20(I).EQ.G20(I-1) NLI02680
LAND.EXO(I).EQ.EX0(I-1) .AND.E10(I}.EQ.E10(I-1) NLI02690
.AND.BUO(I) .EQ.BUQ(I-1).AND.BNRESO(I) .EQ.BNRESO(I-1)) THEN HLIO2700

ITERS=IFIX(SNGL({TIME(I)-TIME(I-1))/DT)) NLIO2710
THSAVE=TINE(I-1)+DT*DFLOAT(ITERS) ' NLI02720
ELSE : NLIO2730
ITERS=IFIX(SKGL(TIME(I)}/DT)) HLIG2740
TMBAVE=DT*DFLOAT {ITERS) » NLI02750
G1=C10(1) " NLIO02760
G2 = G20(I) NLIO2770
BU=BUO(I) B NLIC2780
BRE=BREO(I) NLIO2790
BNRE=BNREO(I) NLIO2800
BRES=BRES0(I) ' NLIO2B1C
BHRES=BNRESO (I} NLI02820
BSR=BSRO(I) NLI02830
BSHR=BSHRG(I) NLI02840
EX=EX0(I) ' NLI02850
Ei=E10(I) ' NLIO2860
END IF i NLIO28T0

ELSE IF(I.EQ.1) THEN NLI02880
ITERS=IFIX(SNGL(TIME(I)/DT)) HLI02890
TMSAVE=DT+DFLOAT (ITERS) NLI02900
G1=G10(I) NLIO2910
G2 = G20(I) NLI02920
BU=RUO(I) : : NLI02930
BRE=BREO(I) NLI02940
BHRE=BNREO(I) KLI02950
BRES=BRESO(I) HLIO2960
BHRES=BNRESO(I) NLI02970
BSR=BSRO(I) : . NLI02680
BSHR=BSHRO(I) . KLI02690
EX=EX0(I) NLIO3000
E1=E10(1) NLI03010

END IFs - NLI03020

DC22=0.D0 : NLI03030

) NLI03040
TEST FOR A BROTH CONTAINING HO CMC HLI03050
NLIO3060

IF(IDPCHC(I) .EQ.0) THEN NLIO3070
IF({ITERS.EQ.0) GOTO 1200 NLIO3080
DO 1000 J=1,ITERS . NLIO3090

E1KLE1=E1sK1E1 NLI03100
DG2 = -G2+E1K1E1 ' NLIO3110
DG1 = -2.D0*DG2 NLI03120
G1=G1+DG1*DT NLI03130

; NLI03140

TEST FOR GLUCOSE CONCENTRATION HAVING REACHED ITS MAXIMUM. NLI03150
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NLIO3160
IF(G1.GE.GLINF(I)) THEN NLIO3170

Gl = GLINF(I) NLIO3180

HOVER({I} = NOVER(I)+1 NLI03190

COTO 1999 NLIO3200

END IF NLIO3210
G2=G2+DG2*DT NLIO3220
IF{G2.LT.TOL) G2=0.DO HLI03230

1000 CONTINUE NLI03240
C NLID3260
c . ADJUST THE FINAL INTERVAL SIZE TO ARRIVE AT THE EXACT TIME. NLIO3260
c . y NLIO3270
1200 DT = TIME(I)-TMSAVE " KLID3280
E1K1E1=E1*K1E1 HLI03280

DG2 = -G2+E1K1EL ' NLIO3300

DG1 = -2.DO*DG2 NLI03310

ELSE NLI0D3320
IF(ITERS.EQ.0) GOTO 1201 NLI03330

DO 1001 J=1,ITERS HLI103340

URESHR = BU+BRE+BSNR NLIO3360

UNRESR = BU+BNRE+BSR NLIO3360
E1K1E1=E1#K1E1 HLIO3370
DBU=-BU+BHRE/URESHR+*E1K1E1 NLI03380

f#  DpE2-(BNRE*BRE/URESHR-G2) «E1K1E1 - NLIO3380
DG1=(2.DO*G2+BNRE+BNRES) *E1iK1E1 HLIO3400
DBRE~-BNRE*BRE/URESHR*ELK1E1 HLI03410
DBRES=0.D0 NLID3420
DBHRE=BNRE#* (BU/URESHR-1.D0)+E1K1E1 NLI03430

DBNRES= (BNRE*BSHR/URESHR-BNRES) *E1K1E1 HLI03440

DBSR=0. D0 NLIO3460
DBSNR=-BSNR*BHRE/URESHR*E1K1E1 NLIO3460

IF (BRE+BHRE+BU.GT.0.D0O) THEN NLI03470
EXK1EX=EX*K1EX/(G2+BNRE+BRE+BU+BRES+BlIRES+BSR+BSHR+BSS0 (1)) HLIO3480
DBU=DBU-BU* ( (BU+BNRE) /URESHR+ (BU+BRE) /UNRESR+1.D0) *EXK1EX  HLIO3490

- DG2=DG2+ ( (BU+BRE+BHRE+BRE) /URESHR+ (BU*BNRE+BRE*BNRE) /UNRESR) NLIO3E0O
1 *EXK1EX NLI03E10
DG1=DG1+(BRE+BHRE) +EXK1EX HLI03520
DBRE=DBRE+ HLIO3530

1 (BU= (BU+BRE) /UNRESR-BRE-BRE#* {BU+BNRE) /URES}R) *EXK1EX HLI03540
DBRES=DBRES+ (BU+BRE) /UNRESR*BSR*EXK1EX NLI03B650
DBHRE=DBNRE+ (BU* {(BU+BHRE) /URESHR-BHRE-BNRE#* (BU+BRE) /UNRESR  NLIC3E60

1 - ) *EXK1EX NLIO3570
DBNRES=DBNRES+ (BU+BNRE) /URESNR*BSHR+EXK1EX NL103580
DBSR=DBSR- (BU+BRE) /UNRESR*BSR*EXK1EX HLIO3690
DASHR=DBSHR- (BU+BHRE) /URESKR*BSHR#EXK1EX HLI03600

END IF KLIO3610
BU=BU+DBU*DT NLIC3620
BRE=BRE+DBRE*DT NLI03630
BRES=DMIN1 (BRES+DBRES*DT BRESIN(I)) HLI03640

i BHRE=BNRE+DBHNRE*DT HLIO3660

N BHRES=BHNRES+DBNRES*DT KLI03660
BSR=DMAX1 (BSR+DBSR*DT,BSRINF(I)) NLIC36TO
BSHR=DMAX1 {BSHR+DESHR«DT ,BSRINF(I)) NLIO3680
IF(BU.LT.TOL) BU=0.DO NLI03690

IF (BRE.LT.TOL) BRE=0.DO HLIO3700
IF(BNRE.LT.TOL.AND.DBNRE.LE.Q.DO) BNRE=0.DO NLIO3T10

IF (BNRES.LT.TOL.AND.DBHRES.LE.CQ.DQ) BNRES=Q.DO NLI03720

¢ NLIO3730

sy
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c HOW ADD TO THE PROGRAN TO ACCOUNT FOR THE PRESENCE OF E2 NLI03740

c : o NLIO3760
IF (BHRE.GT.0.DO) THEN . NLIO3760
URESHR=BU+BRE+BSHR HLIO3T770
DBRE=-BNRE*BRE/URESHR-BHRE*BU/URESNR+BRE/URESNR NLIO3780
DBSHR=~BNRE+BSKR/URESHR-BNRE+BU/URESHR*BSNR/URESHR HLIO3790
DBU=-BNRE+BU/URESNR-BNRE+BU/URESHR*BU/URESHR HLI03800
g DBNRE=-BHRE+BNRE+BU/URESHR*BU/URESNR . HLIO3810
DG22~BHRE+BNRE+BU/URESNR*BRE/URESHNR ' NLI03820
DBHRES=BNRE*BU/URESHR*BSNR/URESHR HLI03830
BRE=BRE+DERE NLI03840
BSNR=BSNR+DBSNR HLI03860
BU=BU+DBU NLIO3860
. BNRES=BNRES+DBNRES Vg NLIO3870
BURE=BNRE+DBHNRE NLIO3880
BSNR=DMAX1 (BSNR+DBSHR+DT,BSRINF(I}) HLI03890
IF (BU.LT.TOL) BU=0.DO HLI03900
IF(BRE.LT.TOL) BRE=0.DO NLI03810
IF (BNRE.LT.TOL) BMRE=0.DO HLI03920
IF (BNRES.LT.TOL) BNRES=0.DO _ NLI03930
ELSE HLID3940
DG22=0.D0 HLIO3950
END IF NLIOBQGQ\
G1=C1+DG1+DT . HLIO3970 \\\\

c ' HLIO3980 ~.
c TEST FOR GLUCOSE CONCENTRATION HAVING REACHED ITS MAXIMUW. NLIO3990
c ) HLI04000
IF(G1.GE.G1INF(I)) THEN ' HLIO4010
Gl = G1INF(I) ' NLI04020
NOVER{I) = NOVER(I)+1 HLI04030
GOTO 1999 _ HLI04040
END IF HLIO4060
G2=G2+DG2*DT+DG22 HLI04060
IF(G2.LT.TOL.AND. (DG2¢DT+DG22) .LE.0.DO) G2=0.DO0 NLIO4070
1001 CONTINUE NLI04080
c : ' HLI04080
c ADJUST THE FINAL INTERVAL SIZE TO ARRIVE AT THE EXACT TIME. KLIO4100

303



¢
1201 DT = TIME(I)-TMSAVE

URESNR = BU+BRE+BSHR
UNRESR = BU+BNRE+BSR
E1K1E1=E1*K1E1
DBU=-BU*BNRE/URESNR*E1K1E1
DG2={(BNRE*BRE/URESHR-G2)*E1K1E1

/4 DG1=(2.DO*G2+BHRE+BNRES) *E1K1E1
DBRE=-BNRE+BRE/URESHR*E1K1E1
DBRES=0.D0
DBNRE=BNRE* (BU/URESNR~1.DO)«E1K1E1
DENRES=(BHRE*BSNR/URESNR~BNRES) *E1K1E1
DESR=0.D0
DBSHR=-BSHR*BNRE/URESNR+E1K1E1
IF (BRE+BHRE+BU.GT.0.D0O) THEH

NLIO4110
NLI04120
NLIC4130
NLI04140
NLIO41B60
NLI&ZIGO
NLIO417C
NLIO4180
NLIO4120
HLI04200
NLI04210
NLI04220
HLI04230 -
NLIO4240
NLIO4250-

EXK1EX=EX*K1EX/ (G2+BNRE+BRE+BU+BRES+BNRES+BSR+BSKR+BSSO(I)) HLIO4260

DBU=DBU-BU= ( (BU+BNRE) /URESNR+ (BU+BRE) /UNRESR+1 .DO) *+EXK1EX

NLI04270

DG2-DG2+((BU*BRE+BNRE‘BRE)/URESNR+(BU*BNRE+BRE*BNR£)/UNRESR)NLIOQ280

1 +EXK1EX
DG1=DG1+(BRE+BNRE) «EXK 1EX
DBRE=DBRE+ )
1 (BUs (BU+BRE) /UNRESR~BRE-BRE* (BU+BNRE) /URESHR) *EXK1EX

DBRES=DBRES+(BU+BRE) /UNRESR*BSR+EXK1EX
DBHRE=DBNRE+ (BU* (BU+BNRE) /URESHNR-BIRE-BIRE#* (BU+BRE) /UNRESR

1 ) *EXK1EX
DBNRES=DBNRES+ (BU+BNRE) /URESHR#HSUR*EXK1EX
DBSR=DBSR- (BU+BRE) /UNRESR*BSR*EXK1EX
DBSHR=DBSHR- (BU+BHRE) /URESHNR+BSHR*EXK1EX -
END IF '

BU=BU+DBUDT

BRE=BRE+DBRE*DT
BRES=DMIN1{BRES+DBRES*DT,BRESIN(I))
BHRE=BHRE+DBNREsDT

BURES=BNRES+DBNRES*DT

BSR=DMAX1 (BSR+DBSR*DT,BSRINF(I))
BSHR=DMAX 1 (BSHR+DBSNR*DT ,BSRINF(I))
IF(BU.LT.TOL) BU=0.DO
IF(BRE.LT.TOL.AND.DBRE.LE.0.DO) BRE=0.DO
IF(BNRE.LT.TOL.AND.DBNRE.LE.0.DO) BHRE=0.DO
IF (BNRES.LT.TOL.AND.DBNRES.LE.0.DO) BNRES=0.D0

NOW ADD TO THE PROGRAM TO ACCOUNT FOR THE PRESENCE OF E2
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NLI04290
HLI04300
NLI04310
NLIO4320
NLI04330
NLI04340
NLI04360
NLI04360
HLIO4370
HLI04380 .
NLI04390
NL104400
HLIO4410
NLI04420
HL104430
NL104440
NLIO4450
NLI04460
NLIO4470
NLI04480
HLI04490
HLIO4500
NLIO4610
NLI04620



C
C
C

IF(BNRE.GT.0.DO) THEN
URESNR=BU+BRE+BSHR

DBRE=-BNRE*BRE/URESNR- BNRE*BU/URESHR*BRE/URESHR

-

DBSNR=-BHRE+BSHR/URESHR-BHRE«BU/URESHR+*BSHR/URESHR

DBU=-BNRE*BU/URESNR-ENRE*BU/URESNR*BU/URESNR

DBNRE=-BNRE+BHRE+BU/URESNR«BU/URESHR
DG22=BNRE+BNRE*BU/URESNR+BRE/URESHR
DBHRES-BNRE‘BU/URESHR*BSNR/URESNR

BRE=BRE+DBRE
BSNR=BSNR+DBSHR
BU=BU+DBU
BNRES=BNRES+DBHRES
BNRE=BNRE+DBNRE

BSNR=DMAX1 (BSHR+DBSNR«DT,BSRINF(I))
IF(BU.LT.TOL) BU=0.D0O

IF (BRE.LT.TOL)} BRE=0.DO
IF (BNRE.LT.TOL) BNRE=0.DO

IF(BNRES.LT.TOL) BHRES=(.DO

ELSE
DG22=0.D0
EHND IF
END IF
G2=G2+DG2*DT+DC22
G1=G1+DG1+DT
IF(GL.CE.GLINF(I)) THEHN
G1=G1INF(I)
HOVER(I)=NOVER(I)+1
END IF

IF{G2.LT.TOL.AND. (DG2#*DT+DG22) .LE.0.DQ) G2=0. DO

1999  F(I)=GLUC(I)-G1

RED2(I)=G2
SR=SSR+F (I)*+2
2000 CONRINUE

PRINT THE PARAMETERS AND THE SSR FOR THIS ENTER OF THE éULERS 5UB

WRITE(2,1603) K1EX,

1603 FORMAT(1X,D13.6,15X,D13.6,

RETURN
EllD

K1E1,
14X
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,15X,D13.6)

.
¢

NLIO4530
HLT04540
HLI04550
NLIO4560
NLIO4570
NLIO4580
NLIO4590
NLI04600
NLI04610
NLI04620
NLI04630
HLI04640
HLIO4650
HLT04660
HLIO4670
HLIO4680
NLI04680
HLI04700
NLI04710
NLI04720
NLI04730
NLIO4T40
NLIO4750
NLIO4760
NLIO4T70
NLIO4T80
NLIOAT90
NLIO4800
NLI04810
NLI04820
NLI04830
NLI04840
HLTI04850
HLI04860
NLIO4870

.NLI04880,

NLI04890
NLI04900
HLI04910
NLI04920
HLI04930





