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AN

ABSTRACT

Concern about diminishing petroleum resources initiated studies into
the use of renewable resources ‘for the generation of fermentable sug-
ars. Cellulose, the most abundant natural organic chemical in the
world, can be hydrolyzed to glucose, a feedstock for quuia fuels and
_.chemicals currently derived from petroleum. .

.The enzymatic hydrolysis of cellulose is impeded because of inhib-
ition of the cellulase complex by glucose and the resulting accumulation
of cellobiose. Fructose, fwowever, has been found to have little or no
inhibitory effect on A-glucosidase, ith-e-termin.al e'nzyrne in the cellulase
complex responsible for the conversion of cellobiose to glucose. The
—eonversion of gluc'c'ase to fructose using glucose isomerase during cellu-
lose hydrolysis could therefore r'educe inhibition by glucaose and, in
turn, the ihhibitory effect of cellobiose re‘su!ting in -increased celluloly-
sis and a fermentable product.

The optimum temperature, and pH, for cellulose hydrolysis are
50°C, and'pH 4.8, respectively. For simultaneous cellulose hydrolysis
and glucose isomerization, it is therefore desirable to have a glucose

isomerase active for the same conditions. A review of different possible.

sources of glucose isomerase resulted in the choice of Lactobacillus bre-

vis NCDO 474 for the production of glucose isomerase for this work.
There is a limited amount of literature available concerning the produc-

tion of glucose isomerase ex Lactobacillus brevis. Because the sources

_ii_
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consulted provide no clear indication with regards to the temperature

and compositior? of growth media for fermentation of Lactobacillus bre-
{

vis, it was necessary to determine these as part of this work.

Glucose isomerase ex Lactobacillus brevis was found to have good

enzyme activity in the pH range of 5.5 to 7.0 wit'h the optimal pH being
6.5. The value of the Michaelis constant was found to be 0.87 M, indi-
N .
cating a high concentration of substrate required for isomerization.
Purification of glucose isomerase to increase the enzyme potency
(activity/volume) was beyond the scope of this work. Therefore, "only
prelimiﬁary experiments to determine the effect of the addition of glu-
cose isomerase during cellulose hydrolysis ceuld be carried out. Pro-
duction of_redbucing sugars during hydrolysis at pH 6.0 was shown to

increase by 31% with the addition of glucose isomerase after a prehydro-

lysis step of 24 hours,
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Chapter |

INTRODUCTION

A
4
4

%

Concern about diminishing petroleum resources initiated studies into
the use of renewable resources for the generation of fermentable sug-
ars. Cellulosic materials are available in large quantities which through

hy‘drc‘vlysis and fermentation can vield fuels c;md chemicals currentiy
derived from petroleum.

Acid hydrolysis of cellulose involves the use of concentrated sul-
phuric acid at low temperatures or diluted acid at high temperatures
with the‘latter being the pre.feri;ed method. While a?id hydrolysis is fast
and simple, and insensitive to the substrate, there are major drawbacks
to this method of cellulose degfadation. These include: corrogion of
reactors, the high cost of acid recovery, the deactivation of lignin, an.d
more importfxntly . the degradation of sugars to furfural, hydroxyme-
thyl furfural, and humic substances'. |

Cellulose is found in plant biomass in a matrix of hemiceliulose and
lignin and, as such, is highly resistant fo enzymatic degradation. Pre-
treatment of the substrate is therefore required to disrupt this matrlix.
Steam explosion, as a pretreatment, separates, without degrading, these
'- three components and therefore al.lows for complete utilization of the lig-
nocellulosic substrate (Saddler and Brownell, 1982b). The enzymatic
hydrolysis of cellulose has the adve;ﬁtage that it occurs under mild

operating conditions with no degradation of sugars.
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The fna-jor setback to the commergial use of cellulase enzymes for
cellulose hydrolysis ‘is that of poor efficienéy due to the increased
resistance of the cellulosic residue, enzyme inactivation, and end-
product inhibition. Much research has been done in the area of subs-
trate pretreatment, optimiiation of the hydrolysis proces;s, and isolation
of microorganisms capable of producing higher levels of the enzymes
(Bisaria and Ghose, 1981; Ladisch et al, 1983). Recently focus has
turned towards the reduction of end-product inhibition by the removal
or conversion of glucose. In the .conversion of glucose, research has
been directed towards the concurrent production of ethanol in the
hydrolysis vessel. This requires that the operating temperature of the
simultaneous saccharification and fermentation be reduced from 50 °C to
35 - 40 °C thereby reducing the rates of Asacchar‘ificat.ion. This, coupled
with inhibition by ethano! of the cellulase fcomplex{ does not appear to
be the most beneficial solution towards the economic viability of .the .
enzymatic hydrolysis of cellulose. |
Woodward and Arnold (1981) ‘found that A -glucosidase, the terminal
enzyme in the cellulase complex responsible for the con\_.fersion of cellob-
iose to glucose, has a high specificity for the intact D-glucose with [it-
tle or no inhibitory effect demonstrated'by ‘D-fructose. This work led to
the suggestion‘ by these researchers and by Leyva (1984) that glucose
isomerase be used to convert glucose to fructose durfng the enzymatig
hydrolysis of cellulose. ‘ )

The owverall process for the conversion of_wplant biomass to ethanol

envisioned by the author is presented in Figure 1. This process

includes pretreatment of the substrate, enzymatic hydrolysis of cellulose
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with simultaneous conversion of glucose to fructose, and fermentation of
these sugaré to ethanol. The work of Ley\)a {1984) concentrated on the

production of cellulase from Trichoderma reesei QM9414 and on cellulose

“hydrolysis while this work focusses on the production of glucose isom-

.erase from Lactobacillus brevis and the combined cellulose hydrolysis

and glucose isomerization.
Glucose isomerase (EC 5.3.1.5) is produced by a large number of

bacteria as an intracellular enzyme with temperature and pH optima .gen-

o

érally gr‘éater than 65 °C and pH 7.0 (Antrim et al, 1979). The higher

temperature optimum of these enzymes is useful for the production of
high fructose corn syrup; however, for simultaneous cellulose hydroly-
sis and glucose; isomerization, it is desirable to operate close to the cel-
lulolysis optima of 50 °C and pH 4.8. A review of reported data for the
properties of glucose isomerase from different sources resulted in the

choice of Lactobacillus brevis NCDO 474 for the production of glucose

isomerase for this work.
There is a limited amount of literature available concerning the pro-

duction of glucose isomerase ex Lactobacillus brevis. The sources con-

sulted, however, provided no clear indication as to a suitable tempera-
ture and composition of growth media for fermentation of Lactobacilius

brevis. Investigations were therefore considered necessary to determine

these conditions.

Glucose isomerase is produced as an intracellular enzyme. Although

it was considered beyond the scope of this work to purify the glucose

—

isomerase, the enzyme extraction step of reported purification proce-

dures (Kent and Emery, 1973; Yamanaka, 1963b)} was investigated in
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this work. The suggestion of inhibition of glucose and xylose isomerases
by Tris buffer (Antrim et*al, 1979; Chen, 1980b; Slein, 1955), the lyz-
ing agerlxt‘ used in these purificaﬁion/f[;rocedures, prompted studies on
the effect of different lyzing agents on the extraction and activity of

glucose isomerase ex Lactobacillus brevis.

The optimum pH for activity of glucose isomerase ex Lactobaciflus
brevis has beer.1 reported to be\i_n_‘the range of pH 6.0 to pH 7.0
(Chen, 1980a), while that of cellulose hydrolysis was f?::un'd .to be pH
4.8 for cellulase from Trichoderma reesei {(Mandels, 1982). ' In this

. o
work, the effect of pH on enzyme activity was investigated. Other

properties of glucose isomerase were also studied to determine the com-

patability of the two enzyme systems.



Chapter Il

LITERATURE SURVEY
2.1 Cellulose Hydrolysis

"« The most abundant natural organic chemical in the world is cellu-
lose, a linear polymer of glucose ‘units bonded by A-1,4-glucosidic link-
ages with a degree of polymerization of 1,000 to 10,000. Strong intermo-
Iecﬁiar bonding is a characteristic of cellulose which results in the_‘
formation of fibrils of paréllel polymer chains held firmly together by
hydrogen bonding. Within these fibrils are areas of complete order, or
crystalline regions, and amorphous regions where there is less order.
Groups of these fibrils form fibres and a structure not readily accessi-
ble to breakdown. The structure of cellulose is illustrated in Figure 2.

The enzymatic hydrolysis of cellulose is catalyzed by an enzyme
"complex” called cellulase. There are three major components of this

complex: endo-glucanase, exo-glucanase, and f3-glucosidase.
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The structure of cellulose. . Cellulose is a linear polymer
of glucose units (A).Bundles of parallel fibrils are held
together by hydrogen bonding (B).Each fibril s a group
of parallel polymer chains with amorphous and crystalline
regions (C). '



2.1.1 Endo-glucanase

It is thought that, under the action of endo-glucanase, cellulose is
subjected to a !'random" hydrolysis’of the internal A-1,4-glucosidic
bonds to procfuce low molecular weight oligo‘gaccharides, cellobiose, and
some glucose.

Selby and Maitland (1967) found two enzymes in the endo-glucanase

component in Trichoderma viride - a high molecular weight (HMW) and a
low molecular weig‘ht (LMW) B3-1,4-glucan glucanohydrolase. Mandels
(1982) sugéests that th:are are three to five of these enzymes which
differ in physic;I properties and may also differ slightly in the mode of
action.  The molecular weights fc;r these components have been reported
by a number of researchers: Gong et al (1979) found that for Tricho-
derma reesei the LMW component had a molecular weight of 18,000 while
that of the HMW component was 52,000; Mandels (1982) reported a range
of 11,000 to 65,000 for the molecular weights of the components while
Gritzali and Brown (1979) suggest that the range is 37,000 to 52,000. It

ha_sﬁaeen suggested that the LMW endo-glucanase is more active towards

]
crystalline cellulose because it is a smaller molecuie (Gong and Tsao,

1879).

2.1.2  Exo-glucanase
p
The mode of action of the exo-glucanase or f3-1,4-glucan cellobiohy-
~drolase is an end-wise cleavage, by hydrolysis of the A-1,4-glucosidic
bond, of cellobiose from the non-reducing end of a cellulose polymer.
Another, product of this cleavag? is glucose, in the case of odd-

numbered oligésaccharides.

-
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Exo-glucanase is the major cellulase component produced by Tricho-

- -

derma reesei with reported molecular weights varying to some degree:

72,000 (Gong et al, 1979); 42,000 {Berghem et al, 1975); 50,000 -
60,000 (Mandei,‘s, 1982); and 53,000 (Gritzali and Brown, 1979).

2.1.3  B-Glucosidase '

The final step in the enzymatic hydrolysis of cellulé&e is the hydro-
lysis of the A-glucosidic linkage of a cellobiose moiecule by
B -glucosidase to give two molecules of A-D-glucose. Ninety percent of

‘the glucose preduced in cellulose degradation is the result of action by

A-glucosidase.

As will be explained in the text to follow, though f3-glucosidase
does not degrade cellulose, it is important to take {his enzyme into
considgration when discussing cellulases because it _removeé the inhibito-
ry cellobiose. Unfort.qnately, this‘enzyme is produced only in small
amounts in Trichoderma sp. Gong and Tsao (1979) report that only 0.2%
of the total extracellular protein of T. Esﬁ, one of the best sources
for extracellular celluldse, is A-glucosidase.

Mandels (1982) reports a molecular weight of 34,000 for
/3-glucosidase of T. reesei while Gong et al (1979) report 76,000 for

the same enzyme.

2.1.4 Mode of action - e

Selby and Maitland (1967) isclated the three components of cellulase

from a culture of Trichoderma reesei and found that on its own exo-
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glucanase did not degrade cellulose but hydrolysis did occur in the
presence of endo-glucanase.

Research conducted by Wood (1972, Wood and McCrae, 1979) sup-
ported Selby and Maitland. While exo-glucanase did not act on hiéhly—
ordered cellulose or carboxymethyl éellulose (the substrate used to
determine endo-glucanase activity), it was able to degrade cellulose thét
had been swollen by phosphdric acid. Comparison of the effect of gluca-
nohydrolases on the degree of polymerization of the same substrate
indicated t‘haf the mode of action of these two enzyme components was
very different. Over a period of time the degree of jpolymerization of
the cellulosic substrate decreased only slightly when exo-glucanase act-
ed alone while the degree of polymerizatiéh dropped dréstically under
the action of endo-g'lucanase alone. The findings of Pettersson et al
(1872) also supported this research. ‘ .

‘One of the main reasons that the mode of action of cellulase is so
difficult to determine is the fact that there is a high degree of interac-
tion between the components of the enzyme complex. The fact that each
component working indi\I/iduaI[y or in pairs is not as effective as the
recombination of afl three enzymes suggests a synergistic mechanism.

The most important of these interactions is that between the endo- and

¥

P

exo-glucanases.

Wood (1972) found that when the endo- and exo-glucanases were
recombined, 83% of ‘the activity towards cellulose was t_'restored. The
addition of B-glucosidase however was necessary to fully recover the

original activity.
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Other researchers (Berghem et al, 1975; Gong and Tsao, 1979;
Nisizawa et al, 1972) have aiso found that ‘the addition of endo-
glucanase enhanced the activity of exo-glucanase. | A realistic explana-
tion, and one that enjoys considerable support, for this is that by the
hydrolyzing effect of endo-glucanase on internal bond# of the polymer,
new chain ends are created which are susceptible to attack by exo-
glucanases. This theory was first proposed by E:'iksson (1969) and
summarized by Bisaria and Ghose (1981):
1. Regions of low crystallinity in the cellulose fibre are attacked by

endo-glucanases and free chain ends are created.

2. Exo-glucanases start the degradation from the chain ends by

hydrolytically removing cellobiose.

3. Cellobiose is.hydrolyzed to glucose through the ‘action  of

i

fA-glucosidase.
Cleavage of cellobiose units from the new chain ends then allows for

enhanced access to internal B-1,4-linkages for the endo-glucanases.

This synergism is best described by Figure 3.
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13
2.1.5 Inhibition

The reduction in reaction rates noticed during the enzymatic hydro-
lysis of cellulose can be attributed to a number of factors including
enzy‘me.age, changes in \the structural properties of cellulose, changes
in temperature and pH, the denaturing effect of shear, and inhibition
by the intermediates .and products of hydrolysis. Of particular interest
in this ‘research is the effect of end-product inhibition by the products
"cellobiose and’ glucose. The capability of these molecules to stop action
of the enzymes is part of the feedback control mechanism found in nor-
mal cells ‘to ensure efficient use of material and energy resourcw
order to mqke t.he enzy[nl:atic hydrolysis of cellulose more economically
viable, the degree of cellulose degradation reached before the enzyme is
"turned off” or slowed down must be im.:re'ased. This may be done in a
variety of ways including genetic manipulation (implying modification of
the genes preducing cellulase) and removal of the inhibitory products.

The inhibition of the cellulase complex by cellobiose and glucose is
complicated and magnified by the muitiplicity of enzymes and the syner-
gistic interactions between enzymes. ‘

The importance of B-glucosidase in the cellulase complex becomes
evident in the consideration of inhibition. B-Glucosidase acts by hydro-
lyzing cellobiose into gllrzcose-. Cellobiose has been foqnd to be a strong
competitive (Berghem et al, 1975; Halliwell and Griffin, 1973; Hsu et al,
1980) inhibitor of cellobiohydrolase (Berghem et al, 1975; Gong et al,
1979; Gong and Tsao, 1979; Halliwell and Griffin, 1973; Mandels, 1982:

Sternberg, 1976). Endo-glucanase also suffers from inhibition by cellob-
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iose (Mandels, 1982; Sternberg, 1976). Thus, by conversion of cellob-
tose to glucose, inhibition by cellobiose is reduced. However, gluco:‘;e is
an inhibitor of A-glucosidase (Fan and Lee, 1983; Gong et al, TSJF?Q.;
Gritzali and Brown, 1979; Mandels, 198‘2; Woodward and Arnold, 1981):
The mode c;f inhibitio;\ is not agreed upon with some researchers
‘reporting comp;etitiva inhibition (Fan and Lee, 1983; Woodwérd and
Arnold, 1981) and others proposing a noncompetitive mode (Gong et al,
1972; Ladisch et al, 1980). This inhibition results in an accumulation
of cellobiose and hence greater inhibition of the endo- and exo-
glucanases.

Glucose also competitively inhibits the endo- and exo-glucanases
(Gong and Tsao, 1979; Hsu et al, 1980; Ladisch et al, 1980) but to a
less‘er‘ extent than cellobiose (Gong and Tsao, 1979; Hsu et al, 1980).
Seiftjay and Maitland (1967) found that the addition of glucose before
incubf;tion inhibited degradation of cellulose. Other polyhydrides includ-
ing. sc;rjt;to_j', glycerol, xylose, fructose, galactose, and mannose were
also &estééj for inhibitory effects but none was as great as that dis-
played by glycose. Due to the presence of 8-glucosidase, the inhibitory
effect of cellobiose as compared to glucose was not studied.

Woodward and Arnold (1981) also studied the extent of inhibition by

isomers and derivatives of glucose towards A-glucosidase. They found

that D-glucose produced greater inhibition than did L-glucose,
glucose-6-phosphate, glucose-1-phosphate, and fructose indicating the
high specificity of A-glucosidase for the intact D-glucose molecule.

From the findings discussed above it is therefore logical to conclude

that the concurrent removal of glucose either directly or by conversion
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would greatly decrease inhibition as even the effect of cellobiose would

be lessened because of the increased activity of B8-glucosidase. =

w

2.1.6  Reduction of inhibition
3 X

Mandels (1982) suggests that the effect of product il\*ahibition ‘can be
reduced by the removal of glucose fror-n the hydrolysate using meMbra‘ne
reactors or by converting the glucose to ethan.ol during the hydroiysis.'
To the same end, Woodward and Arnold (1981) suggeslt the conversion

of glucose to fructose during cellulose hydrolysis.

~2.1.6.1 Glucose to_ethanol

" =»The reason that so much attention Aﬁas been focussed on the- degra-
dation of cel[ullose is its potential as a raw material ‘for the production
of chemicals and liquid fueis. For most of thes.e products the glucose
produced therefore is ultimately to be fermented to ethanol which in
turn is a feedstock for liquid fuels and chemica;ls currently derived
from petroleum (Ladisch et al, 1983). Thus a logical solution to product
inhibition is the direct conversion of glucose to ethanol during hygroly-

sis.
o L

Simultaneous saccharification and fermentation (3SF) takes place in
one vessel with the yeast or bacteria .b_eing added éither at the same
time as. the cellulase or after a prehycﬂirolysis for 20 to 24 hours. The
advantage of SSF is tha;c there is a reduced reactor volume and report-

edly higher saccharification rates {Ghosh et al, 1882).
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One of the most important considerations that must be made is the
optimum temperature for SSF. Most yeasts have a temperature optimum
of 30 - 35 °C for ethanol producfion (Iémert and Katzen, 1981) at which

the rate of hydrolysis would be gFeatly reduced. Zymomonas mobilis has

- maximum ethanol production at 30 °C. At 37 °C ethanol production is

not significantly reduced while production is reduced by 30% at 40 °c
and 60% at 45 °C (Viikari et al, 1981). All growth of this bacterium
§_topped above 37 °C. These fermentative yeast and bacteria utilize
xylose and cellobiose aerobically but could not produce ethanol with

either of the sugars (Meyers, 1978).

Ghosh et al (1982) combined ceII,uIaSe_ from Trichoderma reesej

QM9414 with Saccharomyces cerevisiae and found an increase in the

effective reducing sugars concentr‘:ﬁ\ti.on of 13 - 30%, depending on the
enzyme concentration. This particular yeast however, has an optimal
temp?arature for ethanol production of 35 °C and the increase in the
reducing sugars concentration with SSF was compared only to hydroly-
sis, the temperature optimum of which is 50 °C, at 35 °C.

Emert and Katzen (:|981) report a 25 - 40% increase in vyield when
c\omparing SSF at 40 °C to saccharification alone followed b‘y subsequent
conversion to ethanol.

The rate-determir;ing step in a simultaneous saccharification and fer-
mentation is the hydrolysis of cellulose. Saddler et al (1982a) allowed
for a prehydrolysis which was carried out at its optimum temperature of
50 °C' for. 24 hours before reducing the temperature to 37 °C and add-
ing the fermenter. They found that the ,higher' glucose concentration

obtained with a prehydr‘dlysis enhanced the fermentation rate.
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Meyers (1978) allowed the hydroiy;is to proceed for 20 hours at

"45°C and then added Candida utilis. Simultaneous saccharification and

fermentation then occurred at 30 °C and pH 4.0, the optimum conditions
for fermentation by this yeast. te found that, in terms of glucose

¥ .
equivalents, there was 22% more accumulation of product in SSF than in

sacchar’il'}fi'cation alone.

Blotkamp et al (1978) found that due to the initial cellulose concen-
tration, the concentration of ethanol never attains an inhibitory leve!
for both the yeast and cellulase. In fact, they report incréases in cel-
lulase activity with -increasing‘ ethanol concentrations up:hrto 1%(w/v) .and
no further changes thereafter. They also claim a larée increase in
fA-glucosidase activity for ethanol concentrations up to 10%(w/v).

These findings however are disputed by many including members of
that research group (Ghosh et al, 1982; Meyers, 1978; Pemberton et al,
1980). Ghosh et al report significant inhibition of cellulase by ethano! at
concentrations as low as 0.75%(w/v) with the saccharification rate

halved,at a concentration of 7.5%. Ethanol manifests itself in a general

.inhibitio'n of cellulase, specifically towards f3-glucosidase (Meyers, 1978;

Pemberton et al, 1980). Meyers aiso found that the inhibitory effect of

ethanol towards cellulase activity increased with the degree of crystal-

linity of cellulose.

2.1.6.2 Glucose to fructose

Woodward and Arnold (1981) reported that f-glucosidase has high
specificity -for the intact D-glucose molecule and that fructose has little

or no inhibitory effect on the enzyme. It is hypothesized that conver-

A
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sion of glucosé to—‘FFuctosé during cellulose Hydrolysis would result in
the enhanc‘ed activity of A-glucosidase and therefore, by ’lt‘he subse-
quent reduction in accumulation of cellobiose, also of the endo- ahd
exo-glucanases. The resu_-lting sugars, glucose and fructose, are both
" fermentable sL.lgar‘s' available for further processing to ethanol or other
bio-products. . |

Except for the suggestions by Woodward and Arnold (1981) and
Leyva (1984) to look into the u;se of glucose isomerase to convert glu-

cose to fructose during cellulose hydrolysis, no other work was found

towards this goal.
2.2 Glucose isomerase

Investidations into the development of an isomerization process whic
con\;erts glucose to fructose to pr‘oducel an alternative sweetener was
inspired by the rising cos"t 9f sucrose. Glucose is only 70% as sweet as
sucrose (Antrim et"al, 1979) while fructose is 1.7 times as sweet (Chen,
1980a).

éeveral alkaline isomerization processes were developed but never
commercialized, duewhe .for*mation of degradation products in SYyrups
of greater than 40% fructose. These broducts reduced sweetness and
devejoped cglour-s and off—flavours}_:\that could not be easily removed.

Glucose isomerase, on the other hand, acts as a highly specific
catalyst for glucose isomerization without producing degradatior-i prod-
ucts. Glucose isomerase (EC 5.3.1.5) is now one of the most widely-

used enzymes in industry. It is used after starch hydrolysis for the
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‘ rconversion of glucose to fructose to produce high fructose corn g'yrup
-(HFCS]‘. The isomerization reaction is depicted in Figure 4.
This enzyme is also capable of catalyzing the isomerization of xylose
to xylulose. In fact, becauge the value of the Michaelis constant for the
giucose subs'trate, ran.ging from 0.086 to 0.920 M, is much higher than
for xylose, ranging from 0.005 to 0.093 M (Ct;en, 1980b), the ability of
this enzyme to isomerize glucose was shadowed by its capability to cata-

¥

lyze the xylose isomerization.

S

4
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2.2.1 Microorganisms .

-

Glucose isomerase is produced by a lartj number of bacteria as an’

intracellular enzyme. Table 1 lists some glcose isomerase- producing

microorganisms. Most isomerases have optimal operating conditions of
greater than 65 °C and greater than 7.0 for temperature and pH,
respectively (Antrim et al ,1979).The optimal operating conditions of the
isomerases of these microorganisms are also gi-ven in Table 1.

In the production of high fructose corn syrup, the glucose isomer-
ase must be able to withstand high temperatures so as to reduce the
cost of cooling the sugar solution before isomerization. The most com-

monly used microorganisms are Streptomyces sp., Actinoplanes missour-

iensis, and Bacillus coagulans which produce enzymes with both high

optimal temperature and pH values. However, the combination of opera-
tion at high temperatures and higher values of pH results in the pro-
duction of D-psicose, a non-metabolizable sugar, making a low pH opti-

mum more desirable.

Lactobacillus brevis has the highest yield of glucose isomerase of

the heterclactic bacteria (Yam.anaka, 1963a). The _Iow pH optimum of
glucose isomerase from this microorganism makes it commercially inter-
esting; however, because of its lower temperature optimum, it has not
been used in the production of HFCS (Chen, 1980a).

In choosing a microorganism for the production of glucose isomerase
to be used in conjunction with cellulése it was important to consider the
optimum operating c_onditions for hydrolysis. The optimal temperature.

and pH for cellulose degradation with Trichoderma reesei cellulase are




Table 1: Properties of glucose
microorganisms

(Chen, 1980a)
!

o

MICROORGANISM

22

isomerase produced from different

O

TEMPERATURE  pH
OPTIMUM (°C) OPTIMUM

Actinop]anés missouriensis NRRL B-3342 90 7.0

Aerobacter cloacae

Bacillus coagulans HN-68

B. stearothermophilus

Escherichia intermedia

Lactobacillus brevis

~Streptomyces sp. S41-10

Streptomyces sp.

. halbus YT-5

IU’)

lm

albus NRRL B-5778

|2

bikiniensis

flavogriseus

|0 |

flavovirens

olivochromogenes ATCC-21114

[ 1

phaeochromogenes SK

IU’)

. phaeochromogenes NRRL B-3559

S0 7.6
7;ﬂ 7.0
80 7.5-8.0
50 7.0 '
pH stability: 7-9
a0 ‘6.0~?.0
L 8.5

80 7.0-8.0
80 . 8.0-8.5
70-80 . -
80 8.0-9.0

Ny 70 7.5
85 8.5
80 8.0-9.0
90 9.3-9.5
80 8.0
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50 °C and 4.8 respectively (Mandels, 1982). A survey of the properties

LS
of glucose isomerase from different microorganisms listed by Chen

(1980a) led to the choice of Lactobacillus bre\fis NCDO 474 for the pro-

duction of glucose isomerase. Taxonomic propet%\of Lactobacillus bre-

vis are listed in Appendix A.

\ -

2.2.2 Enzyme specificity

D-Glucose exists in two anomeric forms, ®&-D-glucopyranose and
ﬁ-D—g[ucopyranose, and there are four anomers of D-frﬁctose: A-D-
fructopyranose, A-D-fructopyranose, ©oL-D-fructofuranose, and /A3-D-
fructofurancse, Glucose isoﬂmerase i's specific for the ol-pyranose forms
of t‘hese sugars while cellulose hydrolysis yields A-D-glucose. McKay
and Tavlarides (1979) suggest that at best the AB-anomer is a weak
substrate .and/or inhibitor.

okGlucose has a specific rotation of +110° while _that of the
/.’)-an'omer is *19°9. In solution, both sugars will mutarctate to an equi-
librium rotatien of *52°. Hudson and Dale (1917) report that the
temperature-dependent rate of mutarotation is the same for the 0 and
B-anomers. At 40 °C, the rate becomes difficult to measure on account °
of the rabidity. This suggests that at 50 °C, glucose isomerase shouid
be able to convert the glucose produced during cellulose hydrolysis.

In general, glucosé isomerases require a divalent cation such as
Co*t, Mn?t, Mg?, or Cr?* for catalytic activity. Séme isomerases such

as those from Aerobacter aerogenes, A. cloacae, Escherichia intermedia,

and Pseudomonas hydrophilia require As’". Although Co®™ substitutes

partially, glucose isomerase ex Lactobacillus brevis requires Mn* for

activity (Chen, 1980b)~7

2
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The fact that the metal is required for enzyme activation suggests
the formation of an enzyme—ﬁetal—substrate bridge complex. Schray and
;Mildvan (1972) found that the sugar substrates and inhibitors of
D-xylose isomerase form weak complexes with manganese(ll). It is-
therefore logical to assume that the cation acts by forming a corﬁplex
with the enzyme.

Young et al (1975) used proton resonance to investigate the effect-
of the enzyme-metal bridge complex. While metal-free D-xylose isomerase
had no effect on the ot or ﬂ-anon:ters, the Mn*-xylose isomerase com-
plex broadened the o&&~C1 resonance and had virtually no effect on the

ﬁ-CT proton resonance, confirming the anomeric specificity of - the

enzyme.

- 2.2.3 XYIose "isomerization

Due to the presence of hemiceliulose in cellulosic substrates, to the
extent of 25 - 35% (Wang et al, 1980), hydrolysates contain xylose, the
major five-carbon sugar produced during the hydrolysis of this fr-ac;—
tion. Even in Solka Floc, a source of purifiedﬁcellulose frequently used
as a reference substrate, there is some hemi‘ce!\[ulose present indicated
" by the significant xylose content of the -hydrblysate. Leyva (1984),
using Solka Floc SW-40, found 20 - 25% of the total sugars in the
hydrolysate (xylose, -g!ucose, andu:.‘,ellobiose) to be Ixylose.

The desire to maximize the use of the cellulosiic substrate theref;nre
demands that xylose be converted to ethanol. This aldopentose however,

is not fermentable by most yeast and bacteria (Gong et al, 1981). _S__fﬁ-

zosaccharomyces pombe cannot ferment xylose but is one of the better

L&
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fermenters of its isomer xylulose (Wang e_t'_z_a_[, 1980). Wang et al suggest
that the inclusion of glucose isomerase to convert D-xylose to
" D-xylulose will increase the production of ethanol to more efficiently
make use of the total cellulosic substrate. Among the glucose isomerases

tested by Wang is that of Lactobacillus brevis grown on a xylose medi-

um, the microorganism used in this research.

2.3 Immobilization

Industrial use of enzymes has not been fully exploited due to the
fact that enzymes do not have great stability at operational conditions
and that they are difficuit to separate from the product because of
their solubility in water. Immobilization of cells or enzymes facilitates
"product r‘ecovery by making jchem water-insoluble, Recovery of the bio-
catalysts also means that they can be reused and that continuous pro-
duction is possible. The effect of immobilization on enzyme stability will

be discussed.

2.3.1 Techniques

There are a number .of immobilization techniques in use today. One
of the simplest of these is heat fixation which denatures the I|ytic
_enzymes to stop cell autolysis; thus, the enzymes of interest become
cell-bound.

Chemical methods include adsorption of enzymes on solid supports,
covalent bonding of the enzyme to a solid support, and cross-linking by

«multifunctional reagents.
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Adsorption occurs due to ionicforces Eetwéén the enzyme and a
support such as activated carbon, alumina, silica gel, and substituted
cellulose. This method is simple and requires no chemical [nodificatioﬁ
but small ch’aﬁges. in temperature,‘bH, and ionic strength can cause
desorption of the enzyme. | |

Coyalent bonding occurs between the armino or carboxyl.groups of
the en\g@)&\e and a sup;port (such as porous glass and ceramics, stainless
steel, sand, charcoal, cellulose, synthetic polymers, and meta!licb
oxides) which has been activated. A multifunctional reagent such as
glutaraldehdye, dimethyl suberimidate, and aliphatic diamines can bind
enzymes and react with themselves to form polymers. |t may be desira-
_ hble to have the enzyme on the outer surface of an insoluble support by
.first adsorbing the enzymes and then cross-linking _the enzymes.
Enzymes are strongly bound by these methods and dre less likely to be
washed out or desorbed. Inactivation may occur by chemical modifica-
tion of the enzyme's active site.
| When molecules are linked tf; a support, some conformational changes
which affect enzyme stability will occur. In fact, a prepa:;ation of immo-
bilized enzymes can be quite heterogeneous in conformation thereby
affecting experimental results. This effect, however, may be resolved
by immobilizing an enzyme in such a way so that it wm not interact
with the support either by adsorption or chemically - i.e. by physical .
methods (Martinek and Mozhaev, 1985). -

Physical methods include entrapment of enzymes in hollow or spun

fibres and within an insoluble gel matrix or a microcapsule. An emulsion

of an aqueous enzyme solutién and a fibre-forming polymer is spun into
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1

a hal;dening or coagulation bath forming fibre-entrapped enzymes. The
polymerization of a solution of enzymes and monomers vyields an immobi-
I.ized enzyme within a gel matrix while interfacial polymerization in an
organic phase containing enzymes produces microencapsulated enzymes.
No chemical modification is involved and enzymes are better protected
from microbial attack a;l;i denaturation. However, diffusion of substrate
and products becomes important and some steps during polymerization
could result in enzyme dea’céivation.

Schematic diagrams of these immobilization techniques are presented
in Figure 3. These methods are also compared for cost and activity in
Table 2.

These immobilization techniques can be applied to either free
enzymes or whole cells containing enzymes. While cost is reduced in the
immobilization of whole cells because it does not require isolation or
‘purification of the enzymes, the immobilized cell is not as stable as
immobilized enzymes due to cell lysis. The best method for whole cell
immobilization is gel entrapment because the lyzed enzyme remains with-

in the matrix.
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Figure 5: A summary of techniques of enzyme immobilization by a)

chemical methods and b) physical methods. (Bailey and
Ollis, 1977)
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Table 2: Expected properties of immobilized glucose isomerase pre-
pared by various procedures |,

¥ (Antrim et al, 1979)

L

MMOBILIZATION EXPRESSED POTENCY** CARRIER REUSABILITY

PROCEDURE . ACTIVITY? COST OF CARRIER
immobilized in " high average  low . no
bacterial celis '

)
Adsorption on high to low high average ' yes
insoluble carrier to hig
Entrapped in low average fo high | no
ingoluble matrix low
Covalently bound low low high no
to ingoluble
carrier

* Activity observed x 100
Activity bound

*® Activity or Activity
weoight volume




2.3.2 Stabilization

Increased stability of the biocatalyst due to immobilization may occur
depending on the. technique used and the success of that. techniqug.
For example, entrapment of enzymes provides n{en;hanical resistance,

Inactivation of enzymes occurs when enzymes are heated or exposed
to denaturing agents. The mechanism of this .inactivation ié still not ful-
'y understood though the general: consensus is that there are t»\vo steps
involved. The first step is a reversible thermal denaturation (partial
unfolding), followed by an\.\irreversible (conformational or chemical) )
reaction (Zale and Klibanov, 1983).

Zale and Klibanov (1983) found that more stability against reversible
denaturation'.‘will give -an enzyme greater; stability. against irreversible
denaturation. I.";‘o‘long as it is not éxpésed to very high temperatures.
Bonding of the enzyme offers a .é:onstraint against partial unfolding in
the molecule (Klibanov, 1983). This is illustrated in Figure 6.

One of the most interesting properties of immobilized enzymes is that
of the formation of a micro-environment. Immobilization of enzymes with
charged carriers can resul't in a shift in pH at the carrier surface. For
example, the use of a polycationic carrier causes a ‘Iocal repulsion of
hydrogen ions at the support surface resulting in a higher pH at the

.surface than in the bulk solution. Thus there is. a shift in the optimum
operational pH allowing the i{nmobilized enzyme to function in more acid-
ic solutions. The opposite occurs when an enzyme is immobilized in a
negati'vely charged §u'pport. Sﬁifts in pH-activity optima -¢.;3n be of 1 -

2.5 pH units. This electrostatic effect can also affect the value of”the



Figure

N

UNFOLDING

Schematic representation of the therma! unfolding of ‘an
enzyme. (A®B). For the enzyme attached by many .links:
to a solid support (C), the unfolding becomes greatly
hindered. The filled region depicts the enzyme's active
centre. (Klibanov, 1983)

<
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Michaelis constant with sthanges of more than an ;Bfr'él*e"r- of magnitede—_——

being reported (Bernath et al, 1977; Martinek and Mozhaey? 1985).

2.3.3  Glucose isomerase ' : - 4

The use of immobilized glucose isomerase for the pi;oduction of HFCS
is the most important commercial application of immobilized enzyme tech-
nology.

Glucose isomerase is an ideal enzyme fc;r immobilization for a variety
of reasons including:
1. Glucose isomerase is an intracellular enzyme.
2, On a weight ba_sis, the amount of enzyme produced is considera-

bly smaller than the amount of bacterial c;'ells. Recovery of

enzyme for-f‘&s_g would be of value economically.

)

3. The enzyme is stable at relatively high temperatures.
4. The substrate and product are small molecules i.e. no diffusional
problems, T

Thus this enzyme has frequently been used in general immobilization
studies,

The simultaneous use of glucose is-om‘érase duringz-‘.:‘cellulose hydroly-
sis .would be enhanced by the formation of a micro-environment at the
surface of a polycationic carrier. A possible shift in th.e pH optimum of
the glucose isomerase towards the optimal operating pH of cellulose
hydrolysis and a decrease in the value of the Michaelis constant for the

-

. Gp s o . .
convers{ipn of glucose to fructose would result in a more efficient cellu- *
. ' - . .$
lose hydrolysis. .
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Chapter Il
Y
METHODOLOGY
3.1 Glucose isomerase K\Q/
3.1.1 Chemicals’ . 7

-~

Lactobacilli MRS broth, Bacto-agar, proteose peptone, bacto yeast
extract, lactalbumin hydrolysate, and dehydrated tomato juice broth

were Difco Laboratories products:

3.1.2 . Microorganism .

wa

N 3 C
The microorganism used in this study for the production of glucose

isomerase was Lactobaci&lus brevis NCDO 474 obtained from the American

Type Culture Collection (ATCC 8287). The bacterial cultures were main-
tained on aga.r slants- made with Lactopacilli MRS broth (ATCC Medium
416). These slants, were kept at room temperature and renewed biweek-
ly. ' . ' o
3.1.3 Inoculum . c .

’The med.ium for the preparatior; of .'the inoculum was."pr"epar'ed,
bas?éd on -that of Kent ag'fl Emery (1973), with 1.0% protéose peptone,

1.0% I_acta]burpif\ hydrolysate, and 1.6% dehydrated tomato juice broth.

\r_\ \_/

4

- 33 -



8
’ 34

The pH was adjusted to 5.5 with 4N HCI and sterilized” for 20 minutes
at 121 °C and 15 psi. A spore suspension was made by suspending the
spores from one of the slants in 3 ml of the same medium. After adding

the spore suspension to the inoculum, it was .inoculated at 30 °C or 37

)

°C for 24 hours.

3.1.4 Fermentation

Lactobacillus brevis has not been exploited commercially for the pro-
duction of glucose isomerase due to the enzyme's relatively low optimum
temperature. Consequently, fhere s a shortage of research papers on
this particular microorgénism-. The most prominent of the few research-
ers is Yamanaka (1961, 1963a, 1963b, 1968) who found maximum glucose
isomerase activity after 16 hours of incubation statically at 37°C. Kent
and Emery (1973), who based theirl wolrk on Yamanaka, incubated the
batteria‘:t'SO °C with miid agitation to obtain maximum glucose isomer-
ase activity at 21 hours. -

Yamanaka (1963a) reported a much more gradual increase and then
decrease in activity around 16 hours of incubation while Kent and
Emery reported a very distinct maximum in activity at 21 hours. Also,.
- Yamanaka's activity maximum correspondeci_§'»t'o an optical density m;xi—_
mum while that of Kent and Emery was fo.ug}d to occur early in tHe
retardation phase of cell grox;fth.

These two research groups also differed_With the fermentation media
used. The same components were used but in different concentrations.
The composition of Yamanaka's medium (Yamanaka,T?SBa) and the modi-

. fied Yamanaka's medium (Kent and Emery, 1973) is detailed in Table 3.

This disparity in the available literature therefore necessitated
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—- Table 3: Comparison of the two growth media for Lactobacillus brevis

YAMANAKA'S ' MODIFIED YAMANAKA'S
MEDIUM MEDIUM
{Yamanaka, 1963q) (Kent and Emery, 1IS73)
(‘Vo I'/V) ) (0/° w/y )
BASAL SOLUTION _
-0 Proteose peptone 5-0
O - Yeast extract 30
1-0 Sodium acetate crystal e
0-03 MnSO4-H20 0:-03
0-01 MgS04-7TH20 0-0l
0012 "CoS04 7H20 0- 012
3
SUGAR SOLuTION/
-0 Xylose 2-0
Ol Glucose 0-5
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investigations into the composition of the growth medium and the incu-

bation temperature for fermentation of Lactobacillus brevis to produce

glucose isomerase. 2

The basal and sugar solutions wert prepared on the basis of total
volume of the media. The solutions were autoclaved separately and
m‘ixed before inoculation with 5% inoculum. Incubation of the medium
took pl'ace in a 37 °C water bath or in shaké-flasks at 30 °C. When
the cells were harvested they were first cooled in an ice-water bath to
stop growth rapidly and then centrifuged at 4000 rpm for 10 minutes.

The effects of incubation témperature, the duration of incubation,
and the composition of the growth medium on the growth of Lactobacil®

.
lus brevis and on the production and activity of glucose isomerase were

investigated.

-]

3.1.5 Enzyme extraction

Glucose isomerase is produced as an intracellular enzyme in Lactoba-

, b
cillus brevis. )

Yamanaka (1961) and Kent and Emery (1973) prepared cell-free
enzyme extracts using tris(hydroxymethyl)aminomethane (Tris) buffer
(pH 7.0).. Yamanaka used 0.05M Tris buffer at 6°C whife Kent and

Emery .used heat autolysis for enzyme extraction with 0.02M Tris buffer

at 40 °C. However, Tris buffer has been documented as an inhibitor of

glucose isomerase from Streptomyces flavovirens and S. phaeochromo-

genes (Chen, 1980b) and of xylose Yisomerase from Bacillus coagulans

R

(Antrim et al, 1979).
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Slein (1955) we'xs investigating the effect of bH on xylose isomerase
from Pasteurella pestis when he discovered th_at‘ Tris buffer strongly
inhibited the enzyme. Slein lproposes a non-competitive mode of inhib-
itilon. Antrim et al (1979) suggest avoiding the use of this buffer for
glucose isomerase.

Chen (1980a) suggested that glucose isomerase can be -easily
extracted by cell autolysis with cat.i.onic detergents vyielding the same
amount of glucose isomz:erase as mechanical disruption but with a higher
specific activity.: | |

The method of heat autolysis used by Kent and Emery (1973) was
used for enzyme extraction. Centrifuged and washed cells from 100 ml
of medium were resuspended in 2.4 ml of 0.05M Tris buffer, 0.05M
phosphate buffer, or 0.1% (w/v)-cetylpyridinium chloride in 0.05M
phosphate buffer, Cell lysis. occurred with incubation at 40 °C, 100 .
rem for 16 hoursii__fp_l&lowed by centrifugation at 4000 rpm. Aside from
that of.centrifugation, all sﬁeeds refer to the rotational speed of the
temperéture:;ontrolled‘ shaker used ip this research. The cell debris
was discarded and the supernatant we;s the enzyme solution used in the
enzyme activity assays and in investigations into the properties of glu-
cose isomerase.

The different lyzing agents used in the enzyme extraction step were
comparéd for their effects on protein reléase and enzyme activity.

Yamanaka (1963b) and Kent and Emery (1973) purified the extracted’
enzyme using very involved techniques. The purification technique used
by Yamanaka is outlined in Appendix B. Purification, however, was
beyond the scope of this work and all expgr’iments were carried out

with the.crude extracts.
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3.1.6 Properties of glucose isomerase

The dependence of glucose iso_[Jnerase a;:tivity on pH and substrate
was determined using the same composition as indicated in the enzyme
activity assay ofHTTable,zi. Values of pH between 5.0 and 7.0 were
obtained using mixtures of phosphate ana cifrate buffers. Solutions of
0.5, 1.0, and 2.0M glucose were used in the studies of the effect. of
substrate concentration on enzyme activity. To determine the necessity
for enzyrr{e extraction, the effects of pH and substrate concentration
were also studied for cellular enzyfnes resuspended in the appropriate
buffer volumes. . In the Literature Survey, cell-bound enzymes are
described as one of the simplest immobilization techniques. The "ceilular
enzymes" used in J'this research were simply the harvested bacterial
cells . They were used t;‘\illustrate the effect of enzyme immobilization.

The stability of. the enzyme was measured by incubating the enzyme
solution with the metallic ion solution and buffer at 50.°C, 150 rpm for
0, 1, and 24 hours. After incubation, glucose-was added and the isom-
erization r-eactionL was allowed to proceed for 1 hour,

The concentration of fructose at equilibrium isomerization was allso
determined. Samples were taken at various times in"a 48 hour period to

determine the time required to reach equilibrium isomerization.

v

3.1.7  Analytical procedures
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3.1.7.1 Cell growth

-
-y

The extent of cell growth was monitored by measuring the opticaAl

density and the total dry weight. Optical densities of culture samples,

diluted tenfold,”were measured by the absorbance at 530 nm on a Turn-

-er Spectrophotometer, Model 380. The total dry weight of the bacteria

was deter@ined from a 30 ml sample which was centrifuged at 4,000 rpm
for 15 minutes. The cells were resuspended in distilled water and
recentrifuged. The cells were then dried at 8.0‘-1?(3 to constant weight (4

-

hours). -

.3.1.7.2 Protein content

r .

The protein content of the crude extracts. was determined using the

-

Biuret metﬁod {see Appendix C),. 1t shouid be noted that this method

measures the concentration of all proteins in solution not just the con-

centration of glucose isomerase. p)

't

3.1.7.3  Activity -

The activity of glucose isomerase was determined using the enzyme'

"

activity assay described by Kent and Emery (1973) »and Yamanaka
(1963a). This method is outlined in Table 4* Fructose was analyzed by
the cysteine-carbazole method by Yamanaka (1963, 1968) and Kent and

Emery (1973) and alsé by the resorcinol“method (Kent and Emery,

.1973) . Th‘i?se colorimetric analyses report that the effect of *glucose,

when in. concentrations about equal to the concentration of fructose
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present, is negligible. However, with the high concentration. of glucose
used inl the enzyme activity assay (2M), this effect becomes quite ‘:.;ub—
stantial and therefore is no longer an accurate measure of the fructose
present {Yaphe and Arsenault, 1965). Therefore, the concentration of

fructose produced in the enzyme activity assay was detgfmined by

*
means of High Performance Liquid Chromatography. One unit of activity- -

-was defined as that which produces one micromole of fructose from glu-

cose in 30 minutes at 50°C and pH 7.0.

‘b—.
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Table 4: Enzyme activity assay,, |
{Kent and Emery, 1973; Yamanaka, 1963a)

A solution consisting of /

2.4 ml Enzyme solution

0.6 ml 10-2M MnSO,4,10-°M CoSO4 solution |
and 1.0 ml buffer (pH 7.0) (0.05M phosphate or 0.05M Tris buffer)’
was incubated at 50°C, 150 rpm for 10 minutes, ) ’

after which

2.0 ml 2M glucose

-
1

was added and incubated at 50°C, 150 rpm for 60 ;nin.utes.

A 1.0 ml sample of th‘e reaction mixture was pipetted into
~ 7 0.067 ml 10% (w/v) trichloroacetic acid

to coagulate the proteins. The protein wa.s allowed to

settle overnight in)he rgfrigera‘tor. The supernatant

was analyzed for fructose.

The enzyme activity was calculated as follows:

U/ml= Fructose concentration(mg/ml) x DF DF=6. ml_ = 2.5
0.180 mg/umol x 2 2.4 ml

where DF=Dilution Factor.
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. -

.3.1.7.4 HPLC analysis

High Performance lLiquid Chromatography was used to measure the
concentrations qf sugars in solution. This analysis was made with a
Waters Associaies;ALC-ZOO system with a Model 600A Solvent Delivery
System, a Model UG6K Universal Liquid Chroma;ogr'aph Injector, and a
Model R401 Differential Refractometer. A Brownlee Labs HZ:GU Amino
guard column protected the Amino Spheri-10 H2-10A 4.6 mm x 25 cm
column. Sugar peaks a'nd retention times were recorded and peak areas
calculated by a Hewlett-Packard 3380A Integrator. This recorder's capa-
bility of'log attenuation was especially advantageéus with the high glu-
- cose concentration (a 2M glucose solution was used in the enzyme activ-
ity assay) and the lower fructose concentration.

The carrier solvent was a mixture m; acetonitrile and water (80:20)
“filtered through a 0.45 micron Millipore filter. After filtratlfon, .g‘e sol-
vent was put in a sonic bath for 1 hour and then allowed to equilibrate
overnight before use.

éeca._use of the similarity between the molecular structures of glucose
and fructose, their retention times in the column were also similar. It
was therefore necessary to operate the lcolumn at‘a flow rate of 1.0 ml/
min to achieve satisfactory separation of the two sugars.

All samples were filtered prior to injection throuéh Acro LCI13 (Gel-
man Sciences) 0.45 micron filters. Samble vo.lume‘s of 20 microlitres were
injécte_d in the HPLC using a high precision syringe (Hamilton 802).
The HPLC was calibrated by injecting solutions of glucose and fructose

of known concentrations. Included in the standards were mixtures of



3.2.3 Fermentation

4
fructose ahci _‘_qlucbse of approximately the samel,.concentrations of the
samples being analyzed. Samples of the output from the Hewlett-
Packard Integrator for standard solutions of glucose and fructose are

presented in Appendix D.

3.2 Cellulose hydrolysis

'

3.2.1 Microorganism

The microorganism used for cellulase production was Trichoderma

reesei QM9414 (formerly Trichoderma viride), ATCC 26921, kept én

potato dextrose aga'r slants.

3.2.2 [noculum

»

A- spore suspension was prepared using’_"].%: ;g;\;.f/v_) Tween 80 solution
and was .transferred, aseptically, to an inocu.ium containing modified
Mande!l's medium (Ley\'/_a, 1984), trace elements, and 1% lactose asb the
carbon source. The inoculu;'n was incubated at 28 6C with shaking (200

rpm) for 5 days.

A 5 litre stirred-tank fermentor (New Brunswick‘ Scientific Inc.,
Mode!l MF-105) was charged with modified Mandel's medium, trace miner-
als, Tween 80, proteose peptone, and 2.0% Solka Flec SW-40 (Brown

Co., Berlin, N.H.) and sterilized before being inoculated. The composi-

“in

tion of the growth media is listed in Table 5.
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Table 5: Composition of the gerii’i ) medium  for Trichoderma
COMPONENT CONCENTRATION
MINERALS
(NHg4)2 S04 4-12 g/l
KH2PO4 - 4-0 ¢/1
CaClo 0-2 g/l
MgSOg4 0-2 g/l
TRACE ELEMENTS -
FeSO4 7H20 ~ 1000 mg/I
MnS04- H0 | 3-12 mg/l
ZnS04-Ho0 ‘ 2-80 mg/I
CoS04-H20 - 8-60 mg/I
ADDITIVES _

Proteose peptone C-2 %

Tween 80 ’ 02 %

CARBON SOURCE
Cellulose 200 ¢/I
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The temperature was maintainednét 28 °C while the pH was allowed

—

to drop to 3.0 and then contr‘olied..at that point with a pH controller
unit (NBS Model pH 22). The air flow rate was set at 3.0 litres/minute
and mixing was provided by turbine impellers operating at 400 rpm.

-

Dissolved oxygen was monitored using a Dissolved Qxygen electrode
(NBS, 900 series) an—c-irdmaintained above 20% of the saturation concentra-
tion. Foam was controlled automatically with Antifoam B (Dow Chémi-
cals).

The filter paper activity was determined for samples withdrawn

throughout the fermentation and the protein content was measured using

the Biuret method. These assay procedures. are outlined in Appendix C.

3.2.4 Hydrolysis

Hydrolysis was carried out in shake-_flasks with 7% Solka Floc SW-40
and equal parts of buffer and whole broth using a mixing speed of 200
rem and a temperature of 50 °C. The effect of pH on hydrelysis was
studied L;sing citrate-and phosphate bufférs to obtain the desired pH
values of 5.0, 5.5, and 60 Hydrolysis was monitored by measuring the

concentration of reducing sugars using the DNS method (see Appendix

C). _
Glucose isomerase requires a relatively high concentration of glu-
cose; therefore, all subsequent. hydrolyses were carried out using

commercially-prepared cellulase: Novo Enzymes Celluclast 1,5 L prepared

from a strain of Trichoderma reesei and cellobiase, Novozym 188, pro-

duced by a strain of Asgérgillus niger. The suggested enzyme concen-

tration was increased three-fold to produce enough glucose for the glu-

cose isomerization reaction. *
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Hydrr'olysis of cellulose was allowed to proceed for 24 hours before

the addition of crude extracts of glucose isomerase and the “appropriate

amount of M MnSO,4 , 10-* M CoSO, solutior! (according to the pro-
portions in the enzyme activity assay). The hydrolysis .was allowed to
'p'roceed for 3 hours.

" All hydrolysis reactions were stopped by immersion of thé shake-
flasks-in a boiiing-wéter bath for 5 minutes. Remaining cellulose was
filtered from the hydrolysate and saniples were kept for reducing sugar

—

analysis. ) N s

*+a
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Chapter IV

RESULTS AND  DISCUSSION

g

4.1 Glucose isomerase

There were a number of aspects concerning the production of an
active enzyme solution which required attention. The final overall pro-
cedure that was established as a result of these ir'n.vestigations is pre-
sented in Chapter V of this reﬁ:ort. Therefore, unless otherwise stated,

the procedure followed was as according to Figure 19,
4.71.1 Fermentation

4.1.1.1 Cell growth

Growth of Lactobacillus brevis was found to be dependent on incu-

bation temperafure and medium compé#sition. As suggested in the ATCC
catalogue, cell growth was greater at 30°C than at 37 °C. However, the
composition of the growth medium was found to have the greatest effect
on cell growth with the modified Yamanaka's rnedium‘(s.ee Table 3 for
composition of -growth m:edia] enhancing growth at either temperatuere by
approximately 75%. |

The growth phases were also found to be dependent on the medium
composition. T.he' lag bhases lasted for 4 hours ar_ug_ 6 hours for Yamana-

ka's and modified Yamanaka's media respectively. With Yamanaka's medi-
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um the‘exponential cell growth phase lasted for 8 hours with a maximum
cell concentration at 12 hours while with the modified Yamanaka's medi-
um this lphase was 10 hours long with a maximum at 16 hours of fermen-
tatioﬁ. - _

These phases and the effect of témperature and medium cgrﬁposition
on the total dry weight of cells and the optical density are depicted in

Figure 7 and Figure 8. Very good agreement exists between the total

dry weight and opé_ical density measurements (correlation coefficients

were calculated by linear regression and are presented with the raw
data in Tables 9-12 in Appendix F).

The pH of the modified Yamanaka's medium was found to decrease
during the course of fermentation as illustrated in Figure 9. The great-
est decrease in pH occurred aft_er- 6 hours of fermentation corresponding
to a sharp increase in cell growth (Figure 7 and Figure 8), T-he pH
starts to level off after 16 hours of fermentation, again co;'responding
to the levelling off of cell growth.

This decrease in pH can be attributed to the ﬁ'é’t\t;;\t Lactobacillus

4 .,,l
brevis is a heterofermentative bacteria whic con A3 to a mix-

! \1
{
ture of lactic acid, ethanol and carbon CK))(IC’E w(kt’ﬁ

mo[ar ratio of
1:1:1 and xylose to lactic amd and ethanol ‘tbr‘ough\'he hexose mono-
phosphate shunt pathway (Stanier et al, 1970). It is interesting to note
that the change in pH of the fermentation medium during the course of
the fermenta‘.c‘i.on was very similar for growth at 30 °C and 37 °C even
though c;all growth was greater at 30°C.

Ir: Appendix A, it is mentioneld that growth at higher values of pH

could result in an extension of the lag phase or a reduction in the total
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Effect of medium composition and incubation temperature on
the total dry weight of cells
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growth yield. This, however, could not be the cause of either the long-
er lag phafe with the modified Yamanaka's medium or the lower growth
.experienced with Yamanaka's medium because the initial pH ‘values of
the media were essentially equal: pH 6.21 for ‘Yaman;ka's medium and

. J
pH 6.19 for the modified medium.

4.1.1.2 Enzyme production

As with cell growth, the protein content of cell extr.'acts was ‘great.—
est for growth at 30 °C with the modified Yamanaka's medium (see Fig-
“ure 10). The first maxima of protein content occurred 'appr-oximately' 4
hours before the cell concentration maxima. The protein content then
increased with declining growth.

Though.t:be exact concentration of glucose isomerase cannot be
found wi_th'the protein contént assay, the protein content of cell
extracté' is useful for comparing enzyme extraction methods and fqr'

comparing the specific activity of glucose isomerase.

Figure 11 illustrates the depéndence of enzyme activity of glucose
isomerase on the growfch temperature and medium. Once again, the
greatest activity was obtained by incubationltat 30 °C with the modified
Yamanaka's medi'u‘m. However, the‘differ-ence between the maximum
enzyme activity was not as great as ;‘or other measurements made for
the other three sets of operating conditions.

As ;‘areviously mentioned, Yamanaka (1963a) achieved a maximum in
enzyme activity at 16 hours of fermentation while Kent and Emery
(1973) obtained it at 21 hours. The correspor{ding maxima for this work

occurred at 12 and 16 hours respectively. Maximum enzyme activities
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Crude extracts were prepared with phosphate buffer.
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were prepared with phosphate buffer.
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corresponded to the maxima in cell growth regardless of the medium
composition and incubation temperature. These -results are in agreement :
with those of Yamanaka (1963a), \.?ho found maximum enzyme activity

durmg the period.of maximum cell growth, but not wﬂi_!:b_os’lé of Kent
and Emery (1973), “whose findings indicated a maximum early in the
retardation phase of cell growth. Also the more graduyal increase and
decrease in enzyme activity about the maximum is consistent with the
results of Yamanaka but conflicts with those of Kent and Emery.

It is interesting to compare the .specific enzyme activity, data for
different operating conditions (see Figure 12l). By far, the greatest
specific activity was for fermenta':cion at 37 °C with Yamanaka's medium
with a value of 22.7 U/mg protein at 12 hours, compared with 5.6 U/mg
protein at 16 hours incubation at 30 °C with the modified medium.
Thus, wh-i!le more enzyme was produced by growth of Lactobacillus bre-

vis at 30 °C with the modified Yamanaka's medium, the glucose isomer-

ase produced by the growthlof Lactobacillus brevis at 37 °C with

Yamanaka's medium was. probably of better qu‘alit‘y.

Production of Lactobacillus brevis and glucose isomerase was depen-

den.t_,on__,the' médium composi'tio'n and incubation temperature. Cell
growth, protein content, and enzyme activity were greatest for incuba-
tion at 30 °C with the modified“ Yamanaka's medium. Maximum enzyme
activity occurred at 16 hours of fermentation in contrast with the 21
hours reported by Kent and Emery (1973). A comparison of the enzyme
a_ctivity profile and the cell growth curves indicated that glucose isom-
erase production is growth-associated. This result confirmed that of

Yamanaka (1963a). Specific activity was greatest for incubation at 37 °C

4]
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with Yamanaka's medium; however, ferhentation at 30 °C with the modi;
fied medium seems to be the most economically vi;ble operation.

The composition of the grthh medium was found to have the gr:eat--
est ei‘fglct on cell growth. The ingredients of each of the media were the
same but the concentrations were _different. Using the analysi_s of prot-
eose peptone and yeast—extract (présented in Appendix E), the carbon

to nitrogen ratio for the modified Yamanaka's medium —was caleulated to

b'e'1.1. The C:N ratio for Yamanaka's medium was 2.2; double that of

the modified medium.

4.1.2  Enzyme extraction

Of the numper of mechanicat, physical, and chemical techniques
devek:ped for the extraction of intracellslar enzymes, the mo.s{ commonly
used fethnique for .Iérge-scale disruption of microorganisms is mechani-
cal. Mechanical disruption of cell walls, however, is energy-intensive
and requires high capital ‘investment. Also, lto- prevent. protein denatu-
ration or enzyme i.nactivation due to the high conversion of energy
. input to hea,t, adequate cooling is required. The cl:c_)st of mechanical dis-
r‘ﬁption teclﬁni‘ques, therefore, account for a significant portion of the
totlal' production ct-).st.s‘ (Engler, 1985).

There are a-numbér of non-mechanical methods for cell wall disrup-

-

tion that are,  at p;f'ésent, suitable only for laboratory use. Chemical
treatment and autolysi's, however, are being used industrially to some
degree. These methods are particularly promising as a low cost cel!l dis-

ruption technique.
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The® three lyzing -agents used for hea.t' auto.iy.sis - 0.02 M
_tﬁs(Hydrox*methynanﬂnomethane, 0.05 M phosphate buffer, and 0.1%
(w/v) ce;tylpyridinium chloride in 0.05 M phosphate buffer - varied to
some degree with respect to the protein re[eaéed during the extracjcion
but showed greater variation in their effect on eniyme activity. Data
for extracted protein, enzyme activity, and specific' enzyme acti\;ity‘ for
each lyzing agent is presented in Table 6. The initial enzyme activity
for the Tris buffer and 'cetylpyridinium chloride solution extracts was
" reduced to 24% and 12%, respecﬁvely,-of that obtained with the phos-
phate buffer,

Figure 13 illustrates the effect of the lyzing agents on the amount
of fructose produced when the momeruaﬁén reaction is allowed to con;
tinue. While the enzyme extracted with thé Tris buffer appears to
recover somgwhat from the inhibition exhibited eaﬂffin the isomeriza-
tion, the cetylpyridinium chloride solution-ex-trécted_ enzyme does not-
seem to overcome the inhibition. Thus the inhibition exhibited by‘ Tris
buffer is, to a certain degree, reversible while that shown by cetylpy-
ridinium chloride is irreversiblé. Activity of the glucose isomerase
extracted by Tris buffer was recovered to 77% of that of the phosphate-
extracted enzyme. |

Cellular enzyme was 1;sed to determine the effect of Tris buffer
when used as a buffer in the enzyme activity assay 5o as not to con-
fuse this result with the effect of the enzyme extraction buffer. When
phosphate buffer was used in the enzyme activity assay. the cellular
enzyme demonstrated an activity of 33.0 U/ml. A negligible amount of
}ructose was produced however, when the Tris buffer was used in the

assay.
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Table 6: Comparison of the effect of lyzing agent on extracted pro-
tein and enzyme activity .

Conditions for growth of Lactobaciilus brevis: 30°C, modified Yamana-
ka's medium. :

LYZING AGENT PRQTEIN ENZYME

' EXTRACTED ACTIVITY

(mg/ml) - (U/ml) (U/mg)

0-02M ..
Tris(hydroxymethyl) ‘ _
aminomethane 12-8 272 2l
buffer
.0-Ob M
Phosphate 147 1H2-6 7-7
buffer
O 1% {w/v) ‘
cetylpyridinium 10-8 13-3 -2
chloride
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in further enzyme extractions and enzyme activity assays therefore,
'0.05 M phosphate buffer was used instead of the Tris buffer suggested
by Kent and Emery (1973) and Yamanaka (1961, 1963a).



g/|

FRUCTOSE,

61

Lyzing agent

70 @ OO5 M Phosphate buffer
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Figure 13: Effect of the lyzing agent on the production of fructose

during the extended isomerization. Conditions for growth
of Lactobacillus brevis: 30°9C, modified Yamanaka's medi-
um. ’
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4.1.3 Properties of glucose isomerase

4.1.3.1 Effect of pH on glucose isomerase activity

Figure 14 iliustrates the effect of pH on the glucose isomerizing
activity of both extracted and cellular enzymes. The pH range for
activity for the extracted enzyme was from 5.5 to 7.0 with maximum
activity occurring at pH 6.5. The cellular enzyme however, -had very

little activity from pH 5.0 to 6.5 showing greatest activity at pH 7.0 for

_the range of pH examined. The pH optimum for the cellular enzyme may_

ha_v‘e actually been greater than 7.0 but was outside the range of inter-
est in t‘his~work.

"I_'he broad range of enzyme stability with respect to pH and particu-
larly the high activify found at pH 5.5 was encouraging for glucose

isomerization during celltlose hydrolysis.
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Effect of pH on glucose isomerase activity for extracted
and cellular enzymes. Conditions for growth of Lactoba-
cillus brevis: 30°C, modified Yamanaka's medium. Crude
extracts were prepared with phosphate buffer.
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4.1.3.2 Effect of substrate concentration on glucose isomerase activity

Michaeli's-Menten ki‘n;etics are used in the treatment of enzyme kinet-
ics in this report. The intention is not to make a' rigorous treatment of
the data but rather to obtain an indication of the enzyme properties,

The effect of the glucbse concentration on enzyme activity for
extracted and cellular enzymes was used' for the determination of the
Michaelis constant for each enzyme. The value of this constant was
1.29, and 0.87 M, for the cellular, r;md e'xtr;cted enzy:me, respectively.
The values of the Michaelis constants were determined graphically using
the Lineweaver—aurk plot shown in Figure 15. The relatively high val-
ues of these constants indicate thg{ﬁ high concentration of substrate
required for the isomerization reaction.

This requirement is a drawback in the isomerization of glucose dur-
ing cellulose hydrolysis because a high concentration of glucose is very
inhibitory towards the celiulase complex. As discussed in the Litera-
ture Survey, however, immobilization and the subsequent formation of a
micro-environment could shift the pH optimum closer to pH 5.0 and more
importantly cause a change in the Michaelis constant of more than an
order of magnitude. The effec’; of the formation of a micro-environment
is illustrated in the cellular enzyme activity assays. Although the shift
in the pH optimum and the higher value of the Michaelis constant wifh
the celiular enzyme were not favourable changes for the conversion of
glucose to fructose during cellulose hydrolysis, the resuits do show
that the formation of a micro.-environment can cause changes and that
experimentation is required to find the appropriate carrier for immobili-

zation.
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Figure 15:  Lineweaver-Burk plot for extracted and cellular enzymes.

Conditions for growth of Lactobacillys brevis: 30°C, mod-
ified Yamanaka's medium. Crude extracts were prepared
with phosphate buffer.
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4,1.3.3 Enzyme stability

After incubation of glucose isomeré:se at 50 °C, and with a rotational
speed of 150’ rpm for 24 hours, the enzyme activity was found to be
_ reduced to 55% of the ori_giﬁa[ activity.

Irr‘ew;:rsible thermal denaturation is .considered to follow a first-

order decay law:

de/dt = -k, e (n

L "

In the above equation, "e" is the amount of enzyme and "kg" is the
decay constant. For large concentrations of substrate the rate of reac-

Ed
tion is given by:

v = kge = kye(0)exp(-kgt). (2)
By definition, v=dp/dt and therefore by integration:

p = koe(0)(T - exp(-kyt))/k@ (3)
1]

The above. expression applies for constant temperature, where "k," is
- the rate constant for dissociation of the enzyme-substrate complex into
(1]

product "p" and free enzyme. Using this equation the decay constant

was estimated to be 1.8hr.-! at 50 °C.
4.1.3.4 Equilibrium isomerization
In the isomerization of glucose to fructose using glucose isomerase,

the equilibrium reaction mixture normally contains 55% fructose. For

example, for glucose isomerase ex Actinoplanes missouriensis the con-
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version ratio ranges from 51.0% to 53.6% while for glucose isomerase

from Bacillus coagulans the ratio is 50%. For Streptomyces albus, and

S. cinnari’iidnensis, the conversion ratios of glucose to fructose are 45%,
and 59%, respectively.(Chen, 1980b). Commercial isomerization reaction
mixtures contain 42% fructose for. economic reasons (Bucke, 1983).

The conversion to fructose, as a percentage oflthe initial concAentra-
tion of glucese present, is pre:sented as a function of time in Figure 16,

for glucose isomerase ex Lactobacillus brevis. An equilibrium isomeriza-

tion concentration of 57% fructose was achieved after approximately 45
hours of incubation at 50 °C. This result is comparable to the equilibri-

um concentration found by Kent and Emery (1973).

.y ——— e ————
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Equilibrium isomerization of glucose isomerase at 50 °C.
Conditions for growth of Lactobacillus brevis: 30°C, mod-

ified Yamanaka's medium. Crude extracts were prepared
with phosphate buffer.
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4.2  Cellulose hydrolysis

4.2.1 Fermentation

Eniymé production ‘star‘ted relatively early during the fermeni.:ation
with a maximum iﬁtracellular protein content. at app.roximately. 72 hours
of fermentati.on. Filter paper. activity however, started to increase rap-
"idly only after the maximum intracellular protein was achieved. The
maximum 'filter paper activity was attained at 145 hours of ferment#tion_
with a value of 2.5 1U/ml. Figure 17 %hox;rs the changes in i.ntracellular
protein content‘and enzyme activity with time.

The reason for the increase in cellulase activity after the maximum
intracellular protein content occurred may be attributed to the fact that:
as the fermentation proceeds cell lysis occurs,. releasing the enzymes
‘into the ferrﬁentation broth. This is consistent with the drop in intra-

cellular protein content illustrated in Figure 17.
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4.2.2 Hydrolysis

4.2.2.1 Effect of pH

The production of reducing sugars Ieyelled off at 18 to 24 hours of

hydrolysis by cellulase. The maximum cellulose degradation to reducing .

sugars occurred with hydrolysis at pH 5.0. Hydrolysis at pH 5.5 and

PH 6.0 resulted in decreases in the production of reducing sugars. The

effect of p_H on celiulose hydrelysis is depicted iﬁ Figure 18.

The Vinhibitor.y effect of pH for the produ'ctibn of reducing sugars.
i;'lcreased as the hydrolysis proceeded. it is considered that the .effe‘rits
of end-product inhibition and. of increased crystallini‘ty,lof the c\éTI.ulosc
residue are greatest at the higher values of pH. It us of interest that

hydrolysis at pH 6.5 and 7.0 resulted in a very low concentration of

»*

[

reducing sugars after 2 hours of reaction, and that negligible cellulose

degradation occurred\after that. .
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4.2.2.2 Effect of addition of glucose isomerése

As indicated in Table 7, the addition of glucose isomerase after 24
hours of hydrolysis increased the production of reducing sugars at pH
6.0 by 31%. -

However, the reducing sugars concentration did not r'eéch that of
bydrolysis at pH 5.0. Addition of more glucose isomerase solution to
attain greater isomerizing activity with the hydrolysis was not feasible
because of the high increase in volume and therefore a decrease in thg
glucose co.ncentration. It is expected that purification of the glucose

isomerase solution would result in a greater enzyme potency (activity/

volume).
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Table 7: Effect of addition o_f'glucose isomerase to hydrblysis vessel
Hydrolysis: 7% Solka Floc, 200 rpm, 50°C. Conditions for growth of

Lactobacillus brevis: 30°C, modified Yamanaka's medium. Crude extracts
were prepared with phosphate buffer.

REDUCING
SUGARS
(g/1)
pH 5-0 565
pH6:0 348
pH6-0t 457
| Glucose .
isomerase

#



Chapter V

CONCLUSIONS AND RECOMMENDATIONS

The limited amount of Iiterature-availablé-concerning the production

of glucose isomerase ex Lactobacillus brevis and the conflicting informa-

¢

tion ‘from the available sources necessitated the investigations into con-

ditions for growth of Lactobacillus brevis and extraction of the intracel-

iular glucose isomerase.

Growth of Lactobacillus brevis was found to be dependent on incu-

bation temperature and medium‘ cornp?sition with the greatest effect
being the composition of the growth medium. Regardless of the tempera-
ture and medium used for fermentation, the enzvme activity was found
to be growth-associated. The best cell growth and enzyme activity was
attained with ferméntation at 30 °C with the modified Yamanaka's medi-
um,

The tris(hy::iroxymethyl)aminomethane buffer and the cetylpyridinium
chioride solution, as lyzing agents, were found to have inhibitory
effects towards enzyme activity. The cetylpyridinium chloride caused
irreversible inhibition while the inhibition exhibited by the Tpris buffér‘
was found to be reversible with 77% recovery of activity as compared
to the phosphate buffer-extracted glucose isomerase. Even though the
protein content of the enzyme ext.ract sojution was virtuvally the same
for all lyzing agents, the activity of the extracted enzyme was greatest

. |
for the phosphate buf?‘e‘QThe initial enzyme activity for the Tris buff-

- 75 - -
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?J .
er and cetylpyridinium chloride solution extracts was reduced to 24%
and 12%, respectively, of that obtained wifh the phosphate buffer.
Because; of the inhibition by Tris buffer, a change was made to phos-
o ,
phate buffer for the enzyme activity assay.
The final overall procedure that was established as a result of this

investigation is presented in Figure 19.

. Glucose isomerase ex Lactobacillus brevis was found to have good

. enzyme activity in the pH range of 5.5 to 7.0 with the optimal pH being
pH 6.5. The cellular enzyme, however, appeared to have a pH_‘optimum
of greater than 7.0.

The values of the Michaelis constant for extracted and cellular
enzymes were fou-nd to be q.‘8_7 M and 1.29 M, respectively, indicating
the high concentration of substratelrequired for ;some'r-izatio,n.

After 24 hours of incubation at 50 °C, the glucose isomer'as't; was
found to lose 45% of its original activity. The decay constant waé esti-
mated to be 1.8 hr-! at 50 °C for glucose isomerase ex Lactobacillus
brevis. The equilibrium isomerization concentration was found to be 57%
fructose at 50 °C. This equillibrium was achteved after approximately 45
hours of incubation. -

The maximum filter paper activity was attained at 144 hours of fer-

mentation while the maximum intraceliular protein of _Tr'ichoderma reesei
occurred at 72 hours of fermentation.

While'a very low concentration of redu_?:ing sugars was produced by '
hydrolysis at pH values of 6.5 and 7.0, reasonable production occurred
with hydrolysis at pH 5.5 and 6.0 with the maximum concentration

achieved with hydrolysis at pH 5.0 after 24 hours of reaction.
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The addition of glu_cos‘a isomerase after 24 hours of hydrolysis with
a commercial enzyme preparation at pH 6.0 resulted in an increase in
the concentration of reducing sugars by 31% after a subsequent 3 hours
of hydrolysis. It is considered that the r;ate of cellulose deéradation
was constrained by the low potency of the enzyme solution. |
The differences in enzyme ac'tivity as a result of changes in pH and
in the values of the Michaelis constant for cellular and extracted glu-
cose isomerase,‘ dempqstrate the effect of the formation of a micro-
environment that can be achieved with immobiﬁzation. Experimentation
with different immobilization techniques and ca}'riers could result in the
discovery of an immobilized glucos‘e isomerase witH a .pH optimum closer
to that of celiulase. Perhap§ a lower value of the Michaelis constant
could also be obtained, enabling conversion of glucose before a very
high. concenfration occurred with hydrolysis.
| The cellulase enzyme an(;i glucose isomerase systems were found lto'

be very compatible with respect to the conditions of the optimum temp-

erature and pH required for enzyme activity.
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Solka Floc

TDW

L

NOMENCLATURE

Dilution factor

Amount of enzyme

Filter paper activity. A measure of cellulase

activity. Units: 1U/ml R

High fructose corn syrup

Rate constant for dissociation %f the enzyme;

substrate complex to produ.ct and free enzyme.
Decay constanf
Michaelis constant
Optical density
Product of enzyme-catalyzed reaction
Slimultaneous saccharification and fer‘menta-tion |

A source of purified cellulose frequently used as

a reference substrate,
Total dry weight
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U/ml* Units of activity for glucose isomerase. One unit
of activity is defined as that which produces one

micromole fructose from' glucose in 30 minutes.

v Rate of reaction
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Appendix A

TAXONOMIC PROPERTIES OF LACTOBACILLUS BREVIS

References: Buchanan and Gibbons, 1974; Stanier et 3 1970

. Isolated from milk, kefir, cheese, sauerkraut, spoiled tomlato prod-
ucts, sourdough, certain soils, co.w manure, feces:.and the mouth
and intestinal tract of humans and rats.

¢ Gram-positive; non-sporing.

. Rods, generally short and straight, 0.7 - 1.0 x 2.0- 4.0 microns
occurring singly or in short chains.

. Absence of cytochromes - growth has a chalky white appearance.

*  Growth at 15 °C; no growth at 45 °C, optimum about 30°C.

. Aciduric; optimﬁm pH- lqsually .5.5 . 5.8 or less and .generally
growing at 5.0 or less; at neutral or-initial alkaline conditions, lag
phase may be lengthened or total growth yield redulc;ed.

. Complex nutritional requirements; usually cultivated on media con-
taining peptone, yeast extract, or other dige,slts of plant or animal
material.

. Facultative anaerobe; grows readily .on the surface of solid .med'ia

exposed to air, even though they cannot derive energy from respi-

ration.
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Growth yields are the same in air and in anaerobiosis, the fermen-
tation of sﬁgars being the source of energy under both conditions.
Heterofermentative lactic acid bacteria; glucose metabolized through

the hexose monophosphate shunt pathway (Figure 20).
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Appendix B
PURIFICATION (SF GLUCOSE ISOMERASE

Reference: Yamanaka, 1963b r

. Cell-free extracts were prepared by grinding the cells with alumina
and enzymes were‘extracted with Tris buffer. Precipitated alumina
. was removedﬂhdecantation, a MnClz solution was added dropwise
with stirring, pH 6.8 to 7.2. After having been~aliowed to stand
overnight, ‘precipitates were collected by-a bath rotor of a Spinco
centrifuge at 15,000 rpm and discarded.

. Solid ammonium sulfate was added with stirring to achieve 100% sat--
uration, maintaining pH at 6.8 to 7.2 by ammonia solution. :Solution
was allowed to stand two hours, and precipitates were collected by
filtration.

. Proteins were dissolved in Tris buffer; inscluble matters were
removed by centrifugation. Solid ammonium sulfate was added slow-
ly to bring satur‘ation'to 45%,,and precipitated protein was d‘iscard—
ed by centrifugation. -

. Enough salt was added to supernatant fluid to bring the saturation
to 95%. Precipitate was collected by centrifuge, then dissolved in a

buffered solution and dialyzed for 44 hours.
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Solution-of cobalt chloride was added to this fraction at pH 7.0 éna
the enzyme solutim_'\ was immersed imn;ediately in a bath at 80 °C.
When the temperature of solution was raised to 53 °C, the flask
was transferred to a bath at 55 °C and m.aintained for 10 minutes
at 55 °C. The flask was cooled in an ice-bath and the coagulat;ad
proteins were removed by centrifugation.

Protein was further fractionated by adding solid ammonium sulfate
to bring the ns_gturation to 50%, 50 to 85%, and 85 to 95%. Each
fraction was d.issolv'ed and dialyzed. T

DEAE-Sephadex G-50 was suspended in a solution c;f Tris-acetate
buffer, adjusting its pH to 7.0, and wﬁshed three times by the
same buffered solution. Sephadex was poured into a column ‘and'_
then the enzyme (50- 85% fraction) was poured irto this column.
Chromatography wa;s developed by stepwise eiutio\n of Tris buffer,
Fractiens wert-a coliected. Active fractions weére obtained by elution
usiﬁg RCI solution. Appropriate fractions were subseque—ﬁjc_ly com-
bined.

Enzyme was precipitated by adding suitable amounts of ammonium

sulfate, and subsequently dialyzed.
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Appendix C
ANALYTICAL METHODS

Protein content of fermentation broth by Biuret method

Reference:. Herbert et al, 1971

Procedure:

i

—

Pipet two 2 m.I samples of fermenta;ti'on—”b—roth into two centrifuge
tubes.

Add to each tube about 6 ml of distilled water and shake tube gen-
tly.

Centrifuge for 5 minutes at 2000 rpm.

Withdraw 5 to 6 ml of supernatant with aspirator. Shake tube gen-
tly and add equivalent volume of water. Recentrifuée.

Repeat step d) at least once. Make up volume to 2 ml.

Prepare standards (2 ml volumes) at different concentrations

(e.g., 1.0, 2.0, and 4.0 g/l) with bovine albumin in centrifuge

tubes.
ﬁwater in last centrifugé: tube (to be used as blank).

Add 1.0 m! of 3.0 N NaOH solution to each tube, cover and and
place in a boiling water bath for 10 r_nin‘u‘tgs. Cool ijn cold waterl'.

Add 1.0 ml aqueous CuSO4-5H,0 solution (2.‘5% (w/v)) , mix thor-
oughly with vortex mixer. Allow to stand 5 minutes and centrifuge

10 minutes at 2000 rpm.

- 93 -
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Read absorbance of supernatant at 555 nm against a\blank.

Calculation: Determine the concentration of protein in the sample as g/l

using Iinear'regression of the standards. Report the average of the two

readings. Comments:

This proced'ur'e has been developed for measuring the protein con=—
tent of fresh samples of broth.

The absorbance should be read within‘one hou‘r.

To determine the protei\n content of the enzyme extract solution,

follow the brocedupe from step f) ﬁsing 2 ml samples of appropri-

ately diluted enzyme extract solution.

C.2 Filter paper activity

Reference: Mandels et al , 1976

Reagents:

Citrate buffer 0.1 M (see DNS method)
3,|5—Dinitrosalicylic acid reagent (see DNS method)

Standard solution: glucose 1.0 g/! 2

Procedure:

Place 1 ml of diluted sample in test tube (try several dilutions).
Add 1 ml of 0.1 M citrate buffer.

Coil a Tem x Gem strip of filter paper (Whatman No.1).

Vortex, add coiled filter paper and vortex again.

Cover tubes and incubate at 50 °C.

After 60 minutes, add 3 ml of DNS reagent.

Put tubes in 95 °C water bath for 10 minutes.

Coo! and centrifuge (if necessary).
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‘. Read absorbance at 600 nm against a blank.

Notes '

. A substrate ‘Elank is included for: each‘v sample to correct for the
presence of reducing sugars. 1 ml sample * 1 m| buffer * 3 ml DNS
reagent. Do not add filter paper.

. The blank is prepared with 1 ml distilled water *+ 1 ml buffer *+ 3
. . ) \

ml DNS reagent.

« A series of standards are included with each run (e.g. 0.2, 0.4,
0.6, 0.8, and 1.0 g/).

. Substrate blanks, blanks, and standards are treated in the same
way as the samples.

Calculation: From regressioﬁ analysis, determine the concentrations for

+ . I
samples and substrate blanks; and determine activity by:
FPA (IU/ml)=(Csample - Csubs. blank) x DF/10.8

where C is the apparent glucose concentration.
“ .
€ .3 Determination of reducing sugars by DNS method

Reference: Miller, 1959

Reagents:

. Citrate ‘buffer (0.5 M): Di.ssolve 35 g citric acid monohydrate and
98 g sodium citrate dihydrate in distilled water. Complete volume
up to ‘1 Ii‘Fre. Keep refrigerated. T, /

L ’Citrat.e buffer (0.1 M): Dilute 200 ml of the citrate buffer stock

solution (0.5 M) to 1 litre with distilled water. Ksep refrigerated.
(
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. 3,5-Dinitlr'osalicy[ic acid:' Dissolve 64.0 g NaOH in 3 litres of dis-

tilled water. Add 40.0 g of 3,5-dinitrosalicylic acid and 1,200;9 of:

NaK tartrate. Bring the volume to 4 litres with water,f Warm whileg
stirring. Keep refrigerated.

. Glucose standard solution: 1.0 g/l (keep refrAigerated). '

Procedure:
¢ Place 1 ml of appropriately diluted sample in test tube. ‘
. Add 1 ml 0.1 M citrate buffer and mix with vortex mixer.

. Add 3 ml DNS reagent.

» ' Cover tubes and incubate at 95 °C for 10 minutes. .
. Cool and centrifuge if necessary (if solution is cioudy).
. Read absorbance at 600 nm against a blank prepared with 1 ml of

distilled water instead of sample.

Notes: |

. For dark or colored samples include another series of "background”
s.amples replacing DNS reagent with distilled water. The absorbance
of these samples is read against a blank prepared with 4 ml of
water and 1 ml of buffer.

. Include a series of standards with each run {e.g., 0.2, 0.4, 0.6,
0.8, 1.0 mg/ml). ‘

Calculation: . Determine the concentration of glucose ‘as g/l by linear

regression of the standards. For samples requiring ba?fé'ground samples:

Corrected OD = ODsample - ODbackground

—_———

Standard solutions of glucose and fructose of the same concentration—
gave the same absorbance readings when analyzed by the DNS method

for determination of reducing sugars.



‘Standard Absorbance .
Concentration (600 nm)
(g/1) - Glucose Fructose
0.2 - 0.029 0.030
0.4 0.070 0.066
..._,__/"
0.8 0.128 0.131
1.0 0.228 0.211
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Appendix D v

SAMPLE OUTPUTS FROM HPLC ANALYSIS

Sampias of the gutput from the Hewlett-Packard integrator for standard

solutions of fructose and glucose are presented below.
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* Appendix E
COMPOSITION OF PROTEOSE PEPTONE AND YEAST

EXTRACT

Lactobacillus brevis has compilex nutritional requirements and is grown

on media containing peptone and yeast extract. An analysis of the prot-
ecse peptone and yeast extract (product-s of DIFCC Laboratories) used
for the growth media in this ‘investigation was provided by personal
communication with a representative of DIFCO Laboratories and is pre-

sented in Table 8.

- 99 -
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Table 8: Composition of proteose peptone and yeast extract.

Proteose Yeast
Percent .+ Peptone . Extract
Ash . 9.61 10,1
Ether soluble extract 0.32
Total N : 14.357 9.81
Primary proteose N . 0.60
Secondary proteose N .03
Peptone N 9.74
Ammonia N 0.00
Free amino N (Van Slyke)
Amide N _
Mono-amino N
Di-amino N
Arginine
Aspartic acid
Cystine (Sullivan)
Glutamic acid
Glycine
Histidine
Isoleucine

Leutine

Lysiig i
Methionine
Phenylalanine

~ Threonine
Tryptophane
Tyrosine
Yaline

Organic sulfur
Inorganic sulfur
Phosphorus
Ireon

s5io

Pot&ssium
+Sodium
Magnesium
Calcium
Chlorine
Chloride
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PPN

Manganese 5.3 7.8
Lead - 5.00 16.00
Arsenic 0.25 0.11
Copper 31.00 19.00
Zine Lk, 00 88.00



Micrograms per gram

Pyridoxine
Biotin
Thiamine
Nicotinic acid
Ribeflavin

Proteose
Peptone

3.0
0.43

3.0
131.00
11.00

Yeant
gxtract

20.0
1.4
3.2

279.00

19.00
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L " Appendix F

) EXPERIMENTAL DA?"I'A
, /

- 102 -
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Table 9: Data for fermentation at 30 °C with modified Yamanaka's
. medium
t TDOW 0.D. pH | Protein Activity
(h) | (mg/ml)| (530 nm) {mg/ml1){ (U/ml)| (U/mg protein)
0 - - 6.19 - - -
2 | 0.23 |0.085 6.10 - - -
4 0.22 |-:0.094 | - - - -
6 0.21 | 0.116 5.87 - - -
8 - 0.163 5.33 4.29 15.3 3.57
10 2.03 |0.565 | - 12.19 71.5 5.87
12 2.66 | 0.809 4.05 | 19.44 90.3 4.65
0.897
14 3.00 |1.028 - 19.21 - -
16.| 3.03 |1.000 |3.77 | 16.9 94.4 5.58
1.051 ‘
18 - 0.991 3.72 | 15.17 78.5 5.17

The correlation coefficient between data for Total Dry Weight
and Optical Density was calculated to be 0.994 using linear
regression analysis.
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Table 10:  Data for fermentation at 37 °C with modified Yamanaka's

medium
TDW 0.D. pH Protein Activity
{h) (mg/ml) (530nm) (mg/ml) | (U/ml}[(U/mg protein)
0 - - 6.19 - - -
\ :
2 0.26 0.082 - - - -
4 0.28 0.096 1 - - - -
6 0.31  [0.1267 - - - -
8 0.57 0.239 '5.06 5.88 21.5 3.66
' 0.245
10 - 0.436 - 7.92 36.1 4,56
12 2.08 0.696 4,23 17.80 58.3 3.28
. 0.763 .
14 | 2.36 |0.803 ; 17.24 - -
16 2.5 0.815 3.84 12.90 68.1 5.28
0.836 13.26
18 2.49 0.845 3.77 11.83 39.9 -3.37
0.873 38.2

The correlation coefficient between data for Total Dry Weight
and Optical Density was calculated to be 0.997 using llnear
regression analysns

\
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Table 11:

—_—

11: Data for fermentation at 30°C with Yamanaka's medium

t TDW " 0.D. Protein |- Activity

(h) (mg/ml) | (530 nm) “(mg/mi) (U/ml) | (U/mg protein)

4

10 1.50 0.5?"5 ' 7.07 45.8 6.48

12 |1 0.623 6.02 59.0 '3.80

14 1.68 0.591 6.06 50.7 8.37

16 1.46 0.572 6.64 51.4 7.74

The correlation coefficient between data for Total Dry Weight
and Optical Density was calculated to be 0.892 using linear
regression analysis.

A
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Table 12: Data for fermentation at 37°C with Yamanaka's medium
t TDW 0.D. Protein Activity
(h) | (mg/mi)| (530 nm) (mg/ml) (U/ml) | (U/mg protein)
Y

2 0.16 0.034 - -
4 0.06 0.052 - - T
8 0.46 ~| 0.135 - .
8 0.84 0.298 - -
10 1.29 0.536 3.07 31.3 10.20
12 1.43 0.525 . 2.30 2.2 22.70

1.33 0.538
14 1.42 0.522 2.35 -

1.40 0.505
16 1.36 0.503 - 47.2
18 1.22 0.486 4,24 34.0

The correlation coefficient between data for Total Dry Weight

and Optical Density was calculated to be 0.990 using linear

regression analysis.
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Table 13: Effect of lyzing agent used in enzyme extraction

LYZING AGENT
|

Phosphate Tris Cetylpyridinium

Buffer — Buffer Chlioride
t |Activity | Fructose | Activity [Fructose |Activity |Fructose
(h)| (U/ml) (g/1) (U/ml) (g/1) (U/ml) (g/1)
1 112.6 16.2 27.2 3.91 13.3 1.91
3 29.9 13.0

- ' {5 39.6
6 40.5 20.6
20 54.4 - 18.3
25 ' 61.3 53.2 -
26 58.2 _ - 19.4
53 68.9 53.0 33.3
- 59 - - 36.0

L.



Table 14: Effect of pH on glucose isomerase activity

—

.. Cellular Enzyme Extracted Enz_yme

Fructose | Activity Fructose | Activity
pH (g/1} (U/ml) (g/1) (U/ml)
5.0 2.15 14.9 1.35 9.4
5.5 19.22 133.5 |  1.59 1.0 *
6.0 22.3 154.é 1.93 13.4
6.5 23.75 164.9 2.35 1.6.3
7.0 16.22 112.6 4.75 33.0

|
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Table 15: Effect of substrate concentration on glucose isomerase

Cellular Enzyme Extracted Enzyme
Glucose 1/S Fructose /v Fructose 1/v
Solution(M) | (M)-'1 (g/1) - AM/hr)-Y (g/1) (M/hr)-?
q.S . 6.0 1.63 110.4 5.64 - 31.9
1.0 3.0 3.01 59.8 8.94 20.1
2.0 1.5 4.75 37.9 16.22 11.1

Ku=1.28 M Km=0.87 M o
AN T

e
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Table 16: Enzyme Stability

-

Hours of

Incubation before- ‘ Activity

Addition of Glucose ' (U/ml)
0 : 112.6
1 BN 103.4
24 _ 61.4




Table 17: Equilibrium conversion data

Initial Gluc-osé Concentration = 120 g/!

t Fructose produced
(h) IO
1 16.2- 13.5
3 29.9 . 24.9
5 © 39.6 33.0
- 40.5 33.8
20 } 54.4 45.3
.
25— 61.3 7 51.1
~ 3
.26 58.2 -7:8.5 :
53 68.9 57.4

m



Table 18: Cellulase production

and activity during fermentation

t Filter Paper Activity intracellular Protein

(h) (1u/mh) (mg/ml)

0 0.022 . ~ - \
27 - 0.225 2.1

47 0.335 2.68

52 0.541 2.44

100 1.756 -

125 2.1 2.62

144 2.530 2.21 .
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Table 19: Effect of pH on the production of reducing' sugars by cel-
lulase . .

REDUCING SUGARS (g/1)
t(ﬁ)_ pH 50| pHS5.5 ] pHB6.0 pH 6.5 pH 7.0
2 11.08 9.59 8.3 ~ | 7.13  4.39
5 .| 19.90 16.76 15.51 8.99 5.65
8 22.81 19.22 17.7 8.99 5.80
10 26.51 21.59 19.27 19.29 5.76
24 29.90 24,98 24.54 C9.21 6.32






