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FOREWORD

The growing concern about where energy rich chemicals for the
future will come from has stimulated a resurgence of interest in the
potentialities of microbial fermentations to assist in meeting anti-
cipated demands for fuels and chemicals. While much attention has
been given recently to the early deployment of alcohol production
plants and similar currently available technologies, the potential
future developments have received much less attention. One of the
intentions of the present symposium was to look ahead and try to
perceive some of the prospects for future fermentation technology.
In order to accomplish this, a symposium program of sizable diversity
was developed with workers giving a representative cross section of
their particular specialty as an indicator of the status of basic
information in their area. In addition, an attempt was made to
elicit from the various participants the types of fundamental infor-
mation which should be generated in the coming years to enable new
fermentation technology to proceed expeditiously. 1In organizing
the symposium particular effort was made to involve workers from the
academic, industrial and governmental scientific communities.

While the role of microbial conversion in the use of biomass
is considered crucial, it must never be forgotten that such conver-
sions are a segment of an integrated system. The front end of this
system consists of the primary processes of solar conversion by
green plants to produce biomass which is the substrate for the
fermentation processes. On the other end of the system are, of
course, the engineering processes and economic factors so crucial
for the commercialization of these conversions. Neither end of the
system can be neglected; however, this symposium, in order to be
reasonable in scope in the time available, was restricted to dis-
cussions dealing only with the basic microbiological aspects of
these proposed technologies.

It is interesting to contrast this present symposium with an
an earlier one held at the Brookhaven National Laboratory in 1952
entitled "Major Metabolic Fuels". At that time the tools of radio-
isotope tracers and of enzymatic assays were just beginning to be

vii



viii FOREWORD

applied widely to chart the pathways of metabolism in microorganisms
and other biological systems. Our ideas about the general metabolic
pathways were elaborated in a relatively few years with these power-
ful tools. It was not long afterwards that biological research
emphases changed to studies on genetic regulation and molecular
biology. The current symposium reflects many of the spectacular
advances in our understanding of the genetics of microrganisms in
recent years and brings to bear these techniques in understanding
fermentations in much the same manner that the earlier Brookhaven
symposium highlighted isotope and enzyme methodology. What is most
significant is the opportunity now available for integrating these
approaches both for gaining a better understanding of fermentatioms
and for subsequently applying this knowledge.

The proceedings of the symposium contained herein attest to
the wide range of the meeting. Some of the participants commented
that one omission of the symposium was a strong effort to synthesize
the broad materials of the meeting. The recent reawakening of
interest in fermentation research should, in fact, remedy this
situation in the coming years. The reason this has not occurred
up to now is that this area has suffered neglect for a significant
period. The rapid emergence of research activity in the genetics,
biochemistry, and physiology of fermentations in the past few years
has simply not given time for synthesis and integration. The organ-—
ization of this symposium is hopefully a start in this direction.

O0f special note was the general tone of the symposium which
was one of optimism and enthusiasm not only about the intriguing
scientific problems themselves, but also the emerging application
of the new microbiology of producing usable energy for the future.
This in no way should be construed as indicating that the research
will be easy; rather, it will require a sizable commitment of
resources and time. As a matter of fact, the symposium pointed up
instances of virtually complete blanks in our understanding of whole
basic areas such as in methanogenesis or the genetics of anaerobic
microorganisms, attesting to the enormity of the tasks ahead. The
symposium clearly emphasized the richness of the scientific oppor-
tunities for future research contributions.

Lastly, it must be said that this symposium would not have
succeeded as it did without the efforts of a number of exceedingly
important people. These included the speakers, the chairpersons,
the panelists, the many participants, and most especially, Ms. Helen
Kondratuk of the Biology Department of Brookhaven National Laboratory
and Ms. Claire Wilson of Associated Universities, Inc. To all
these persons the organizers offer their sincere gratitude for their
undaunting and efficient efforts to make the meeting work, which
it did very well indeed.

The Editors
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WELCOMING REMARKS

Alexander Hollaender
Associated Universities, Inc.
Council for Research Planning
in Biological Sciences
Washington, D. C. 20036

Welcome to the symposium to discuss the Trends in the Biology
of Fermentations for Fuels and Chemicals. Fermentation by micro-
organisms is probably one of the oldest biological fields developed
since the earliest years of civilization. It made very significant
progress beginning about 140 years ago and predictable means of its
application have especially advanced during the last fifty years.

The important discoveries in the genetics of microorganisms and
the recent evolution of genetic engineering have compelled us to
consider the present status of fermentation processes with a broad
new application potential. It is hoped that the discussions follow-
ing each presentation at this symposium will bring out additional
scientific approaches.

Fermentation is interesting not only from a basic point of
view, but its diverse and immediate application has served to bring
together both academic investigators and industrial scientists. As
a source of energy beginning with sunlight and the green plant, new
products are created without straining our traditional energy re-
sources.

With the cooperation of the speakers and discussants, the pro-
ceedings of this symposium will be published in early 1981, thus
combining the results of our most contemporary research efforts in
an important new volume.



BASIC BIOLOGY OF MICROBIAL FERMENTATION

Willis A. Wood

Department of Biochemistry
Michigan State University
East Lansing, Michigan 48824

The great majority of what we know about microbial fermenta-
tions was discovered before 1950 (See review by Wood (1)). Since then
microbial and biochemical science has passed on to questions of
structure and function of macromolecules, organelles and cells thought
to be more intriguing or deserving of attention. Now for economic
and strategic reasons, attention is once again focused on microbial
fermentations for their potential to produce useful and energy-
containing products from starch, waste materials or currently unus-
able biomass. Further, strategists in this area have a kind of tacit
belief that, somewhere in the tremendous explosion of biological and
chemical knowledge since 1950, there are missing pieces of informa-
tion and techniques, that when capitalized upon, will propel micro-
bial fermentations from their current state of near oblivion back to
center stage, being caught up in a new wave of bioinnovation. In such
a scenario the task will be to couple the new knowledge with the old
science and technology of fermentation. In such a new endeavor those
with the old knowledge need to know what opportunities the new know-
ledge makes possible, and the practitioners of new science need to
know a fair amount about the old science rather than attempting to
"reinvent the wheel'". Lying somewhere in between is the microbial
physiologist or biochemist who might be able to weave a better
pattern by taking information and tricks from both the old and new.

It is clear, however, that for all the information now avail-
able, there are still large areas where specific data are needed.
Most of these areas of physiological and biochemical investigation
were abandoned long ago, not because they were unimportant, but
rather because fashion changes, and fashion in science exists just
as it does in automobiles and apparel. Thus, before any new fermen-
tations can be developed that will constitute a significant advance

3



4 W. A. WOOD

we will need to have a rather comprehensive understanding of the
various enzyme-catalyzed reactions and of the cellular environment
in which these must function. The same is also true for the trans-
port processes that feed and relieve the enzymatic processes.

Biomass fermentation to produce liquid fuels basically amounts
to the conversion of reduced photosynthesis products to equally or
more reduced, and hence energy-containing solvents and perhaps acids
and gasses. The only reduced starting materials available to us in
significant amounts are: (a) carbohydrate homopolymers such as
starch and cellulose; (b) heteropolymers such as the hemicelluloses
(xylans and L-arabans) and lignin and; (c) the disaccharides, sucrose
and lactose. Hence certain classical and familiar fermentations of
carbohydrates offer attractive options as starting points for innova-
tions in the area of biomass fermentation.

In adapting carbohydrate fermentations to biomass utilization
major problem areas are apparent. By far the most difficult task
is the liberation of monosaccharides or disaccharides from the highly
insoluble and resistant polymers, cellulose, and hemicellulose. The
second problem area is the development of an optimal process in terms
of rate, yield and type of product(s). In seeking to solve these
problems it will be well to remember that intact cells have a dif-
ferent agenda than making end products on an industrial scale.
Rather their agenda is to make ATP and intermediates for cell growth,
maintainance, and reproduction. Hence any manipulation of the system
for industrial purposes must successfully interface with these bio-
logical "facts of life'". The fermentation products we desire are in
fact only discarded waste products from a biological viewpoint.

Fermentation Systems

The degradation of hexoses and pentoses follows three major
metabolic pathways. Figure 1 shows the well known fructose bisphos-
phate pathway which is the backbone system for conversion of many
monosaccharides and polyols to pyruvate. Subsequent variations in
the way pyruvate is metabolized produces several fermentation
patterns including ethanolic, lactic, solvent- and butanediol-
producing fermentations as will be described subsequently. Figure
2 outlines the hexose monophosphate pathway in three versions. In
one of these involving transaldolase and transketolase, hexonic
and ketohexonic acids and pentoses are converted to fructose-6-
phosphate and glyceraldeyhyde-3-phosphate, and these follow the
fructose bisphosphate route (Figure 1) to pyruvate. In the second
variant of this system, the heterolactic fermentation, Figures 2
and 3, xylulose-5-phosphate is cleaved by phosphoketolase to
glyceraldehyde-3-phosphate and acetyl phosphate, and these subse-
quently yield lactate and acetate. A third metabolic system known
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Figure 1. Fructose bisphosphate pathway for conversion of glucose
to lactate as ethanol and CO; (1). Reproduced by permission of
Academic Press, Inc.

as the Entner-Doudoroff pathway, Figure 4, is a hexosemonophosphate
pathway variant in which 6-phosphogluconate is dehydrated to 2-keto-
3-deoxy-6-phosphogluconate which is then cleaved to glyceraldehyde-
3-phosphate and pyruvate. This route is followed in the conversion
of glucose to ethanol plus a small amount of lactate in Pseudomonas
lindneri and a few other organisms. This pathway also functions in
the utilization of gluconate, 2-ketogluconate and uronic acids.
From these illustrations in which the products can be the same or
similar, comes the conclusion that for an unknown organism it is
risky or impossible to assume that a particular pathway is respons-
ible for the fermentation. Further, if one keeps in mind all of
these possibilities, a greater number of options become available
for manipulation to achieve a desired goal.
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L
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Figure 2. Hexose monopathways for fermentation of glucose (1).
Reproduced by permission of Academic Press, Inc.

Entrance and Exit Points for Metabolic Pathways

A large number of monosaccharides and related compounds are
also utilized via the main metabolic systems. They enter the main
stream by one or a combination of: oxidation, phosphorylation,
isomerization, epimerization of a monosaccharide or related struc-
ture and phosphorolysis of glycosidic bonds. For instance, mannose
and mannitol enter the main pathway via fructose and fructose-6-
phosphate (arrow, Figure 1); the aldopentoses enter via isomerization,
phosphorylation, 3-epimerization and 4-epimerization to produce
D-xylulose-5-P (2) (Figure 5). Similarly, several of the fermenta-
tion products arise by isomerization, hydrolysis of phosphate esters
and reduction of intermediates. These include mannitol (arrow 1,
Figure 1), D-arabitol (Figure 6) and glycerol (arrow 2, Figure 1
and 6).

The main point of diversity, a virtual hub of traffic leading
to a variety of fermentation products, comes from options in pyru-
vate metabolism (Figure 7). These may be categorized as reductions,
carboxylations, phosphoroclastic reactions and those derived from
acetaldehyde or hydroxyethylthiamin diphosphate. The lactic,
ethanol, butanediol, acetone-butyl, acetic-butyric, propionic and
other fermentations derive from combinations of these reactions.
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HEXOSE MONOPHOSPHATE PATHWAY
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Figure 3. Heterolactic fermentation involving phosphoketolase (1).
Reproduced by permission of Academic Press, Inc.

Factors Effecting Competition at a Branch Point

The foregoing discussion indicates that a number of alternative
reactions exist for processing many of the intermediates of meta-
bolism. It is the expression of these alternatives at branches in
the pathways that creates both diversity in fermentation products
and the opportunity for manipulation to advantage. Such branch
points in metabolism exist because more than one enzyme or enzyme
system competes for a common intermediate. A fundamental under-
standing of the factors involved in the competition at a branch
point has the potential for rational management of existing or
"natural" fermentations and for constructing some efficient organ-
isms in which a favorable branch in metabolism is greatly enhanced.

One can predict many of the factors that must be considered
in determining the outcome of competition between two enzymes at
a branch point just from a general knowledge of enzyme function and
regulation. In addition there may be others that are currently
unrecognized.

In the simplest case where two enzymes compete for a metabolic
intermediate, the velocity observed in each branch is determined
by the concentration of the enzyme, its specific catalytic rate,
the Km for the intermediate which is the substrate, and the
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BACTERIAL ETHANOLIC FERMENTATION

Pseudomonas lindneri
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l -2 x2}1——J

2CO, + 2 ETHANOL + (LACTATE)

Figure 4. Entner-Douaoroff hexose monophosphate pathway (1).
Reproduced by permission of Academic Press, Inc.

concentration of the substrate (1). In addition, the pH of the
medium and the pH profile of the competing enzymes plays a major
role because of its effect on both the K values and the catalytic
mechanisms in each branch. Further, allBsteric regulation of
velocity of one or both of the competing enzymes in the simplest
case is dictated by the dissociation constant(s) for the effector,
the steady state concentration of the effector and the regulatory
constants for the enzymes involved. These constitute an overlay
of parameters which may greatly modify the importance of primary
factors in complex ways. Any analysis of these effects requires
considerable additional information as to the nature of the allo-
steric effect both qualitatively and quantitatively. For one
kinetic analysis, see reference 3.

Thus, competition at a branch point usually determines the
product mix. However, in more extreme cases a new product appears,
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Figure 5. Aldopentose and pentitol metabolism (2). Reproduced by
permission of Academic Press, Inc.

or a typical product disappears. Additionally an entirely different
metabolic pathway carries out a different fermentation in each
branch.

Effect of Genetic Makeup

Of course, the greatest variations in fermentation mechanism
and type is conferred by the presence of structural genes coding
for particular enzymes. This is exemplified by contrasting the
homoethanolic fermentations by Saccharomyces cerevisieae and
Pseudomonas lindneri. The yeast does not contain 6-phosphogluconate
dehydrase and 2-keto-3-deoxy-6-phosphogluconate aldolase of the
Entner-Doudoroff pathway (Figure 4) or lactic dehydrogenase. P.
lindneri does not contain fructose bisphosphate aldolase, but does
have the dehydrase and aldolase of the Entner-Doudoroff pathway as
well as lactate dehydrogenase which gives rise to the small amount
of lactate found. Similarly, Leuconostoc mesenteroides, which
converts glucose to lactate, ethanol and CO, in 1:1:1 stoichiometry,
does not contain fructose bisphosphate aldolase or triose phosphate
isomerase and has instead a unique cleaving enzyme, phosphoketolase
(Figures 2,3). Other lactics use the fructose bisphosphate route

(Figure 1) to the same products in varying ratio and do not have
the gene for phosphoketolase.
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Figure 6. Ethanol and polyol production in fermentation (1).
Reproduced by permission of Academic Press, Inc.

FACTORS EFFECTING PRODUCT MIX

Carbon Chain Length

Linear Cy to Cy structures are fermented by a variety of organ-
isms. This leads to entry of the substrate into various metabolic
pathways at new points or to drastic alteration of the pathways and
products compared to those involved with glucose fermentations. While
Cg substrates are usually converted to hexose phosphate intermediates
which can enter any of the pathways, C7, Cg, and C, substrates only
enter the hexose monophosphate pathway (Figure 2). Thus, while
glucose fermentation by some lactobacilli may yield 2 moles of lac-
tate and by others one mole each of lactate, ethanol and CO,, the
fermentation of pentoses yields of necessity, by direct cleavage,
one mole each of lactate and acetate or, via transaldolase and
transketolase followed by the fructose biosphosphate pathway, 1.67
moles of lactate.

Oxidation State of the Substrate

Comparison of the fermentation of 2-ketogluconate, containing
four fewer hydrogen atoms with that of glucose illustrates the role
of a. cosubstrate acting as a reductant in dictating the outcome of
competition at a branch point. Table I shows the distribution of
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TABLE 1

Comparison of Products Formed by Leuconostoc mesenteroides from
Glucose and 2-Ketogluconate

mmoles/100 mmoles of hexose fermented

Product glucose 2-ketogluconate
99

lactic acid 102

ethanol 112 trace

acetic acid - 101

carbon dioxide 96 98

% carbon recovered 104 99

0/R Balance 0.86 0.98

products for glucose and 2-ketogluconate for Leuconostoc mesente-
roides. When glucose is utilized, NADH is generated in two steps

as is typical of the hexosemonophosphate pathway in Leuconostoe
(Figure 3). The available NADH reduces acetyl phosphate to ethanol.
In contrast, with 2-ketogluconate no NADH is generated because
glucose-6-phosphate is not an intermediate. The NADH required for
reduction of 2-keto-6-phosphogluconate is generated in the oxidation
of 6-phosphogluconate oxidation to ribulose-5-phosphate. Under these
conditions there is no NADH remaining for reduction of acetyl
phosphate to ethanol, hence acetate is formed by default.

In another scenario, organisms with ferredoxin and hydro-
genase produce hydrogen gas during fermentation. The consequence
is that the remainder of the products are more oxidized that would
otherwise be the case. Fermentation of more oxidized substrates
diminshes hydrogen production and conditions which inhibit or re-
press hydrogenase result in more reduced products. In this connec-
tion, while hydrogen gas can be used as fuel, a more desirable
strategy may be either to add hydrogen gas to a fermentation to
produce more reduced products, i.e., solvents, or to coculture
organisms so that the hydrogen produced by one would be consumed
as substrate by a second organism to achieve more reduced products.

pH of Fermentation

It has long been known that altering the pH of a fermentation,
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changes the distribution of products. This results from differing

pH optima of enzymes competing at a branch point. While not easily
manipulated or providing many options, pH is a factor to be remembered
in optimizing the process.

Factors Effecting Fermentation Rate

While a fermentation can be looked upon as a linear multistep
process, this is not strictly true because of the looped nature of
steps involved in ATP formation and utilization and in pyridine
nucleotide reduction and reoxidation. The oxidation-reduction steps
are self balancing in that oxidation and reduction pyridine nucleo-
tide are linked. 1In contrast, more ATP is generated in all fermenta-
tion pathways than is used in forming phosphorylated intermediates.
Nevertheless, analysis of fermentation rates is facilitated by
determining the rate-limiting step or steps. Possible bottle necks
include: (a) influx of metabolites; (b) one or more enzymatic
steps in the pathway; and (c) efflux of products. Also involved are
removal of heat and products and the concentration of effectors
which alter enzyme-catalyzed reaction rates, usually at the rate
limiting steps.

While increased temperature offers promise of increasing the
rate at the rate limiting steps, elevated temperature is often used
in industrial bioprocessing for other reasons. On the other hand,
elevated temperature also increases the rates of competing side
reactions and may result in loss of membrane integrity, or decreased
half 1ife of enzymes.

Currently, optimization of a fermentation process is approached
emperically rather than analytically. This is due to the complex
nature of the total system and the lack of specific data on each
step. With sufficient information, computer modeling of the process
should offer a rational analytical approach to optimization and
point out the rate limiting step(s). However, unknown conditions
in 8itu and unknown factors effecting the rate of catalysis might
well deteriorate the value of such computer-generated models. Model-
ing has been attempted for animal systems with limited success
primarily due to unavailability of kinetic parameters and steady
state concentrations of intermediates in the pathway. If research
could eliminate such uncertainties in modeling fermentations, genetic
manipulation could be used to increase the amount of a rate-limiting
catalyst, or substitute a catalyst with a more favorable K , pH
optimum, specificity, or insensitivity to a regulator. As these
rate limiters are removed, transport processes and regeneration of
ADP for use as a phosphoryl acceptor will become rate limiting. The
means to increase these rates is far from obvious and needs more
research.
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Figure 7. Fermentation products formation from pyruvate (1).
Reproduced by permission of Academic Press, Inc.

Finally, the total fermentation process will become diffusion
limited. It appears that most enzymes in a fermentation pathway are
present as independent, '"free-swimming'" molecules in the cytoplasm.
If this proves to be true, the rate of an individual first order
reaction is proportional to the concentration of enzyme and the free
concentration of the intermediate in the cytoplasm, which serves as
substrate. However this may not be the case. Pontremoli and
Horecker (4) showed that the overall reaction rate for transaldolase
and transketolase of liver extracts acting together to convert
fructose-6-phosphate to sedoheptulose-7-phosphate (Figure 2) was
much higher than is possible from the amount of each enzyme and the
known steady state concentrations of the substrate and intermediates.
This observation implies that a complex is formed between trans-—
aldolase and transketolase such that the intermediates produced by
transketolase and needed by transaldolase, never equilibrated with
the solvent. Hence the local concentration of the intermediates
was higher than measured and thus the overall rate was higher. There
is evidence of this kind for sequential enzymes attached to solid
support. Hence it appears that while diffusion-limited rates in
solution can only be improved by higher temperature and lower visco-
sity of the medium, entrapment or packaging of fermentation pathway
enzymes into high proximity, nonequilibrating systems may further
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improve fermentation rates. This line of thinking suggests that
cell-free fermentation may have some advantages worthy of further
consideration. First, cell-free systems would be free of the need
for entrance and exit transport systems. Second, immobilization,
in addition to its usual advantages might raise the rate of the
diffusion-controlled rate limiting process. The covalent attachment
of sequential enzymes, the second to the first which is attached to
the support and so on, can form oriented shells of pathway enzymes
about the solid support. The success of this approach depends on
maintaining NAD, ADP, and ATP at relatively high concentrations.
Reports from the laboratory of Klaus Mossbach indicates how this
might be accomplished. They have formed an active immobilized NAD-
alcohol dehydrogenase compound which efficiently couples to other
soluble enzymes (5,6). This approach is being studied, hence its
potential has not yet been exploited.

Development of New Fermentations

The transfer of amylase into brewer's yeast is now being
investigated and it is likely that an additional transfer of
dextrinases will make possible the complete fermentation of starch
by yeast. 1In practice this has the potential of dispensing with
malt or malting in beer making. A similar transfer of cellulase, or
hemicellulases into yeast, or bacteria, which carry out useful
fermentations, would seem to offer similar advantages and enormous
potential. The insoluble crystalline structure of cellulose in
woody plants would still cause the availability of glucosyl units to
be rate limiting for the total process as it is for all cellulytic
organisms in nature. Any improvement would require a combined
chemical, biochemical and microbial assault on the cellulose struc-
ture.

There is little experience to draw upon for the transfer of
a structural gene into a fermenting organism of interest. However,
for an exoenzyme such as cellulose, it may be predicted that its
secreting mechanism, whatever it consists of, may also have to be
transferred into the receptor organism.

Construction of new organisms or new fermentations will not
be as simple as the transfer of the structural genes needed to
create the desired catalysts. As has already been learned for the
transfer of the NIF genes for nitrogen fixation, integration of new
reactions into an existing metabolic pattern implies that the new
genes will be sufficiently transcribed and that the transferred
enzymes or systems function well in the new environment. The
following questions illustrate additional concerns. Can the level
of coreactants and cofactors be maintained to furnish both the new
and the old reactions with active catalysts and with the needed
concentrations of cosubstrates, i.e., NADH? Are the pH optima of
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the new enzymes near the pH of their environment? Do the steady
state levels of intermediates interface well with the K values for
the new catalysts? Are the binding constants for allosteric
effectors and the steady state levels of these ligands such that the
new catalysts are active? In principle, replicon function could be
used to provide sufficient gene replication and sufficient trans-
cription of structural genes to overcome some, perhaps considerable,
mismatch of properties. It is known, for instance, that replica-
tion of the structural gene for ribitol dehydrogenase in Klebsiella
pneumoniae and its transcription yields sufficient ribitol dehydro-
genase, for the organism can grow on unnatural substrates such as
xylitol and L-arabitol (2,7). Ribitol dehydrogenase which provides
the first reaction, has only one thousandth the ribitol dehydrogenase
activity on L-arabitol and xylitol. However, the tolerance of
mismatch of properties, is clearly unknown territory and only time
and experimentation will tell how easy or difficult the task will be.

Desirable New Organisms

It is entertaining to enter the fantasy world and conjure
up ideal organisms and fermentations. While in the realm of make
believe such an indulgence can yield fictional organisms which might
serve as goals for future research. My rather superficial attempt
produced the following:

Ethanol-Tolerant, Thermophilic, Cellulytic Yeast

Clearly ethanol tolerance and thermophily are very complex
properties. Product inhibition, the effect of ethanol on pathway
enzymes and integrity of the cell membranes are possible causes.
Perhaps one could develop the desired properties in a thermophilic
yeast, by transferring in, and replicating the gene for cellulase.
One approach to ethanol sensitivity might involve ethanol removal
by continuous dialysis culture or by another continuous process
involving immobilization of the yeast and separation perhaps by
magnetic means (8).

Cellulytic, Heterotrophic, Thermophilic Methanogen

Consolidation of the functions of a mixed culture for methane
production from carbohydrate into one organism has obvious advan-
tages of culture stability in large scale fermentations. While not
directly of high potential for liquid fuel production, the low cost
of methane recovery, the potential for production of large amounts
from sewage and waste and its high energy content indicate that
methane should receive major attention. However desirable methane



16 W. A.WOOD

may be, with known methanogens if one wishes to tramnsfer in celluly-
tic capability, it will also be necessary to make the organism heter-
otrophic, that is, transfer in a portion or all of a system for
conversion of glucose to any of the following: Hp,, COp, formate, pro-
pionate, acetate, buyrate, valerate, caproate and ethanol. Alterna-
tively, the methane generating system would have to be transferred
into a cellulytic, glucose-fermenting organism. Given the poorly
understood and fastidious nature of methanogens this would involve a
prodigious effort at best.

Cellulytic, Thermophilic, Homobutanol Producer

Table II shows that Clostridium butylicum and Clostridium
acetobutylicum ferment glucose to butyric and acetic acids, iso-
propanol or acetone, ethanol, butanol and large amounts of carbon
dioxide and hydrogen. Figure 7 shows how these products arise. My
calculations indicate that it is theoretically possible for these
organisms to be homobutanol producers for the non-gaseous product.

CgHy20g —— CyHy90 + 2C0, + Hy0

glucose butanol

In order to accomplish this, it would be necessary to eliminate the
function of several enzymes to reduce the number of products. Among
these are thiolase, CoA transferase, acetoacetate decarboxylase and
CoA-linked aldehyde dehydrogenase. This fermentation would still
not be ideal because 33% of the carbon is lost as COs.

TABLE II

Fermentation Balances for the Acetone-Butanol Process

mmoles/100 mmoles of glucose fermented

Product Clostridium Clostridium
butylicum acetobutylicum

butyric acid 4.3 17.2
acetic acid 14.2 17.2
carbon dioxide 221 203.5
hydrogen 135 77.6
ethanol 7.2 -
butanol 56 58.6
acetone 22.4 -—
acetoin 6.4 -
isopropanol -_— 12.1

% carbon recovered 99.6 96.2

0/R Balance 1.01 1.06
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While use of recombinant DNA procedures to produce new organ-—
isms seems obvious, there is every likelihood that new and very
useful organisms can be found in nature, using an emperical screen
approach which has been so effective in producing antibiotics and
other biologicals.

If my attempt to dream up new organisms leaves you nervous or
at least skeptical, then I have accomplished my purpose. Today we
are nowhere near being able to accomplish any but the simplest of
the above conversions. However, I am impressed by what can be done
by genetic manipulation and what we can learn by investigation of
relevant microbial physiology and biochemistry. The program of this
meeting supports a reason for optimism. It is evident that we have
the tools to begin such projects. This symposium is designed to
give impetus to such an effort. And I venture to predict as ex-
perimentation proceeds with the goal of producing ultimately
practical results, that many exciting new fundamental discoveries
will also be made along the way.
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CELLULASES OF FUNGI
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One of nature's most important biological processes 1is the
degradation of lignocellulosic materials into carbon dioxide, water
and humic substances. The strong wood-degrading capability of
fungi depends, in part, upon the organization of their hyphae, which
gives the organisms a penetrating capacity. Different types of
fungi give rise to different types of wood rot. One normally dis-
tinguishes between soft-rot, brown-rot and white-rot fungi. The
blue staining fungi are also associated with wood damage. They do
not, however, cause wood degradation. The morphological pattern
of the attack on wood by these fungi varies. Thus, the soft-rot
fungi grow in the secondary wall of the wood fiber and form
cylindrical cavities with conical ends. This type of attack causes
a softening of the wood surface layer which has given the name to
this group of fungi.

Brown-rot and white-rot fungi normally grow in the cell lumen.
Their hyphae penetrate from one cell to another through openings
occurring in normal wood anatomy or by producing bore holes in the
cell walls.

Not only the morphology of wood attack by the three types of
rot fungi differs but also there are differences in their attack on
different wood components. Thus, soft- and brown-rot fungi mainly
attack the carbohydrate components, while the white-rot fungi can
also degrade the lignin. In the context of biotechnical processes,
a degradation of all the wood components may be of interest, thus
the white-rot fungi are more suitable than other types of rot
fungi.

19
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To better understand how the wood components are degraded by
white-rot fungi on the molecular level it is important to investigate
the morphology of their attack on wood. Such studies have been
undertaken both on the micromorphological level and on the ultra-
structural level using scanning electron microscopy (SEM) and trans-
mission electron microscopy (TEM).

Before these studies were undertaken, it was important to
determine the optimal growth conditions for the fungi in wood (1).
Rypaték and Navratilovd (2) had reported earlier that the white-rot
fungus Trametes versicolor colonizes wood very densely. In one cubic
cm of wood up to 1300 m of fungal hyphae can be produced. This must
mean that the diffusion distances of the enzymes degrading the wood
polymers are very short. We have demonstrated that the white-rot
fungus Sporotrichum pulverulentum grows 1 mm per hour on a malt agar
plate surface and 0.5 mm per hour in either birch- or spruce-wood
(1). Thus, it seems likely that the rate limiting steps in fungal
degradation of wood are the enzymic reactions for degradation of the
polymeric wood components rather than the speed of growth of the
fungal hyphae. That polymer degrading enzymes diffuse from the cell
wall of white-rot fungi to attack both wood polysaccharides and the
lign’n is apparent from the SEM and TEM pictures presented by
Eriksson et al. (3) and Ruel et al.(4). It can be seen in Figure 1
that the thin surface layer, most likely of hemicellulosic nature,
has been eroded at a distance of 3-4 ym from the fungal wall. This
shows that enzymes attacking wood components diffuse from the fungal
cell wall out into the surrounding medium.

It is apparent from the TEM studies by Ruel et al. (4) that
lignin also can be morphologically changed at a distance from the
fungal cell wall (Figure 2). The fungus is the white-rot fungus
S. pulverulentum. The enzymes attack the lignin causing a change
in pattern from a layering in the wood to aggregates in the form
of granula. As far as is known this is the first case where lignin
modifying enzymes have been visibly shown to diffuse from fungal
cell walls. That the lignin barriers in the wood fiber wall are
destroyed is important, since this allows the polysaccharide de-
grading enzymes such as cellulases and hemicellulases to diffuse
more freely in the wood.

Mutants of microorganisms have been widely used for metabolic
studies. However, to my knowledge fungal mutants have never been
utilized in morphological studies of wood degradation. We therefore
undertook a study with both SEM- and TEM-techniques to determine the
difference in the attack on wood by the wild-type and a cellulase-
less mutant, Cel 44, of the white-rot fungus S. pulverulentum (3,4).
The most striking differences obtained were the following: while the
wild-type can grow through the fiber cell walls, mainly the Sj,-
layer, the mutant cannot. The capacity of the wild-type fungus to
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Figure 1. A substance, most likely of hemicellulosic nature, has
disappeared up to a distance of 3 to 4 um from the cell wall of the
white-rot fungus Phlebia radiata due to the action of diffusing,
extracellular enzymes. From Eriksson et al.(3).

bore holes in the fiber cell walls must be related to the ability of
the wild-type fungus to attack cellulose. It is clear from (4) that
the mutant has mainly attacked the boundary layer between S; and Ss.
In the transition layers the cellulose microfibrills change direc-
tion. This seems to make these boundary layers more susceptible to
attack by the mutant. However, the transition layers are easier to
degrade for both wild-type and cellulase-less mutant. The transition
layer between S; and S3 is also easily degraded while the S3- layer
itself is surprisingly resistant to attack by S. pulverulentum. Our
studies (4) have clearly demonstrated that the most resistant parts
to microbial attack are the S3-layer and the middle lamella.

ENZYME MECHANISMS INVOLVED IN FUNGAL CELLULOSE DEGRADATION.
S. PULVERULENTUM AND T. REESET

The enzyme mechanisms involved in cellulose degradation have
been particularly well studied in two fungi, namely the white-rot
fungus S. pulverulentum (5) and the mould Trichoderma reesei (6)
(the fungus T. viride QM 6a and strains derived from it are now
referred to as T. reeset).

At the end of the sixties and the beginning of the seventies
it was generally accepted that the hydrolytic attack on cellulose
was carried out by three different types of enzymes, namely endo- and
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Figure 2. Lignin lamellae are changed in pattern from a layering
in the wood to aggregates in the form of granula. The changes are
seen to take place at a distance from the cell wall of the white-
rot fungus Sporotrichum pulverulentum. From Ruel et al, (4).

exo-1, 4—B-glucanases and by 1,4-B-glucosidases. Since then no
really striking changes in our conception of enzymic cellulose
hydrolysis has taken place. For the fungi S. pulverulentum and

T. reesei the pattern of attack on cellulose may be summarized as
follows: The fungus S. pulverulentum in hydrolyzing cellulose
produces: a) five different endo-1,4-B-glucanases which attack at
random the 1,4-B-linkages along the cellulose chain; b) one exo-1, _
4-B-glucanase which splits off cellobiose or glucose units from the
non-reducing end of the cellulose; c) two 1l,4-B-glucosidases which
hydrolyse cellobiose and water-soluble cellodextrins to glucose

and cellobionic acid to glucose and gluconolactone (5)

It has been generally accepted that essentially the same
picture is also true for cellulose hydrolysis by T. reesei (7).
However, a few differences have been recognized including the number
of the various hydrolytic enzymes and the degree to which the B-
glucosidase activity is bound to the fungal cell wall. The action
of the exo-glucanase in S. pulverulentum differs from the action of
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the corresponding enzymes in 7. reesei in that the exo-glucanase
from S. pulverulentum splits off both glucose and cellobiose, while
the exo-glucanases from T. reesei only split off cellobiose (5,6).

Amorphous cellulose is degraded by both endo- and exoglucanases
separately (5,6). To degrade crystalline cellulose, however, a co-
operative action between these two types of enzymes seems necessary,
since crystalline cellulose is not attacked by either of these
enzymes alone. It is of particular interest in this context that
the exo-1,4-B-glucanase produced by one fungus can act synergisti-
cally with the endo-1,4-B-glucanase synthezised by another in
degrading highly crystalline cellulose. However, it has recently
been shown by Wood (8) that the extent of co-operative action shown
by mixtures of these enzymes can vary considerably. Thus, the endo-
and exo-glucanases from the fungi Trichoderma koningi, Fusarium
solani and Penicillium funiculosum can be interchanged and give rise
to an extensive solubilization of highly ordered cellulose. In
contrast, when the exoglucanases of these fungi are mixed with endo-
glucanases of the fungi Myrothecium verrucaria, Stachybotrys atra,
Memnoniell echimata or Gliocladium roseum only a small potentiation
in activity is obtained. There is a striking difference in the
cellulase systems of these two groups of fungi, in that exo-1,4-B-
glucanases have not been isolated from cultures of the last four,
while such enzymes have been isolated from the first group of fungi.
Where the exoglucanase has been isolated a synergistic action
between mixtures of endo- and exo-glucanases was observable.

The conclusion drawn by Wood (8) is that "cross—synergism" is
best between endo- and exo-glucanase components of fungi that freely
release exoglucanases into the culture medium. The question of
why all endoglucanases are not completely compatible in their acti-
vity is also discussed by Wood (8). He discusses several possi-
bilities but suggests that the problem of an exoglucanase attack
can be a stereochemical one. Wood suggests that the configuration
of the non-reducing end of the chain may not fit with the enzyme
since the reducing end can have two different configurations,
Figure 3. If the endoglucanase cleaves the cellulose chain in one
way, it may be that the resulting configuration of the non-reducing
end does not fit the active site of an exoglucanase from another
fungal origin.

In a recent paper by Gritzali and Brown (9) a much simpler
enzymic pattern, particularly of the number of endo-glucanases
obtained from the fungus T. reesei QMI414, has been suggested,
compared with that previously found (7). Using a different cultiva-
tion technique, only one endoglucanase and two exoglucanases were
obtained (9). Instead of cellulose, glucose was used as carbon
source for the fungus. After washing, the glucose grown cells were
transferred to a buffer where the hydrolytic cellulose degrading
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Figure 3. (a) Cleavage of a cellulose chain by endo-1,4-B-glucanases
can give rise to two sterically different end groups. (b) Non-reduc-
ing end group type I. (c) Non-reducing end group type II. It is
suggested by Wood (8) that if end group type I is attacked by an
exo-1,4-B-glucanase, end group type II may not be

enzymes were induced by the addition of sophorose. Polyacrylamide
gel electrophoresis of the concentrated culture solution revealed

a fewer number of cellulases in the sophorose induced cultures than
in cultures grown on cellulose. One possible reason for the apparent
multiplicity of cellulases in the cellulose culture can be protein
modification by proteases. Indeed, Nakayama et al. (10) reported
that partial proteolysis of an endo-glucanase from T. viride yielded-
enzymes with changed substrate specificity and protein structure.

In S. pulverulentum the five endo-glucanases are very similar in
molecular weight, amino acid composition, etc. However, they differ
somewhat in function (11).

Recent investigations of culture solutions after growth of
S. pulverulentum on cellulose have demonstrated the existence of
two different proteases, one of carboxy-peptidase and the other of
chymotrypsin type. These enzymes seem to influence the release
of endo 1,4-B-glucanases from the fungal cell wall and also appear
to modify the fungal cell wall (12). Whether or not these enzymes
are responsible for the multiplicity of endo-glucanases in S.
pulverulentum is not known. However, the recent findings of
Gritzali and Brown (9) concerning the very simple enzyme picture
in T. reesei QM9414 when the cellulases are induced by sophorose
in a short term culture point to this possibility. An investigation
of the effect of similar cultivation conditions on the endo-gluca-
nase pattern in S. pulverulentum will be undertaken.

In S. pulverulentum an oxidative enzyme of importance for
cellulose degradation has been discovered in addition to the hydro-
lytic enzymes described above (13). The enzyme has been purified
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and characterized and found to be a cellobiose oxidase, which
oxidizes cellobiose and higher cellodextrins to their corresponding
onic acids using molecular oxygen. The enzyme is a hemoprotein and
also contains a FAD group. It is not yet known whether this enzyme
also oxidizes the reducing end group formed in cellulose, when 1,4-
B-glucosidic bonds are split through the action of endo-glucanases.
It was recently reported by Vaheri (14) that cultures of T. reeseti
grown on cellulose also contained gluconolactone, cellobionolactone
and cellobionic acid. These findings indicate that T. reesei also
produces an oxidative enzyme involved in cellulose degradation.
However, further confirmation of these observations is mnecessary.

Cellobiose is one of the principal products of the combined
action of endo- and exo-glucanases and as this product accumulates,
the enzyme action is inhibited. It was reported by Wood and McCrae
(15) that cellobiose at a concentration of only 0.0l1% is enough to
cause 797 inhibition of the co-operative attack on cotton cellulose
by the endo- and exo-glucanases from T. koningi. Glucose is also a
potent inhibitor of these enzymes but the inhibition caused by
glucose at the same concentration is only 457 (15). Thus, the rate
of hydrolysis of cellulose is carefully regulated by the products
of the reaction.

By the production of the enzyme cellobiose oxidase S. pulveru-
lentum seems to have an important mechanism to prevent enzyme
inhibition by cellobiose. The importance of cellobiose oxidase in
S. pulverulentum is reflected by a considerable increase in the
solubilization of cotton fiber under aerobic conditions, under which
this enzyme is active, compared to the situation under a nitrogen
atmosphere, where cellobiose oxidase is inactive. The same condi-
tions applied to T. komingi shows only a slightly enhanced degra-
dative action in an oxygen atmosphere compared to a nitrogen
atmosphere (15).

The importance of cellobiose as an inhibitor of cellulose
degradation is probably demonstrated by the fact that the fungus
S. pulverulentum has several different pathways to metabolize
cellobiose. The most important degradation is through the two
B-glucosidases (16) but in addition breakdown occurs through the
action of the most abundant of the endo-1,4-B-glucanases produced
by S. pulverulentum (11). Three of the five endo-glucanases in
S. pulverulentum also have a synthetic activity and produce cello-
triose with cellobiose as substrate (11). Another pathway for
cellobiose conversion is through the already described enzyme
cellobiose oxidase and still another is through the enzyme cello-
biose:quinone oxidoreductase (17-19). This enzyme is of importance
for the degradation of both cellulose and lignin. Although the
enzyme seems to be involved in both lignin and cellulose degrada-
tion, the highest enzyme production was reached when cellulose
powder was used as a carbon source. In S. pulverulentum development
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Figure 4. Reaction mechanism of the enzyme cellobiose:quinone
oxidoreductase of importance for the degradation of both cellulose
and lignin. From Westermark and Eriksson (18).

of cellobiose:quinone oxidoreductase activity and cellulolytic
activity occur simultaneously. The oxidoreductase is relatively
specific for its disaccharide substrate, while the specificity for
its quinone substrates is much less. The enzyme is able to reduce
both ortho- and para-quinones. A reaction scheme for the enzyme is
presented in Figure 4 and a total reaction scheme for cellulase
degradation in S. pulverulentum is given in Figure 5. However, the
cellobionic acid formed by S. pulverulentum through the enzymes
cellobiose oxidase and cellobiose:quinone oxidoreductase is sub-
sequently cleaved by the 1,4-B-glucosidase enzymes into glucose and
gluconolactone (5). Gluconolactone is a very powerful inhibitor

of the B-glucosidases as evidenced by recent studies in our labora-
tory (16). The extracellular 1,4-B-glucosidase activity in S.
pulverulentum can be split into two main peaks. The Kj-values for
gluconolactone inhibition of the two B-glucosidases are 3.5 x 1077
and 15 x 1077M, respectively. The corresponding Kij-value for the
T. reesel QM9414 1,4-B-glucosidase was found to be 3.2 x 10~°M. The
Ki-value for inhibition of the same enzyme with glucose is 1 x 1073
M (9).

Regulation of endo-1,4-B-glucanase production in the white-rot
fungus S. pulverulentum has recently been investigated using a newly
developed sensitive method (20). The method is based upon the
viscosity lowering effect of endo-1,4-g-glucanases in solutions of
carboxymethyl cellulose (CMC). The effect of inducers and repres-
sors can be determined with the method as well as whether the enzymes
are localized on cell wall surfaces or actively released into the
surrounding medium. The results show that cellobiose causes induc-
tion of endo-1,4-B-glucanases at concentrations as low as 1 mg/l.
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Figure 5. Enzyme mechanisms for cellulose degradation and their
extra-cellular regulation in Sporotrichum pulverulentum. From
Eriksson (5). The following enzymes are involved in the reactions:
1. endo-1,4~-B-glucanases; 2. exo-l,4-B-glucanase; 3. B-glucosidases;
4. glucose oxidase; 5. cellobiose oxidase; 6. cellobiose—quinone:
oxidoreductase; 7. catalase. Enzymes involved in lignin degradation
A. laccase; B. peroxidase. *Products regulating enzyme activity,
gluconolactone inhibits (3) cellobiose increases transglycosylations.
+Products regulating enzyme synthesis glucose, gluconic acid -
catabolite repression; phenols - repression of glucanases.

It was also shown that glucose causes catabolite repression of
enzyme formation at concentrations as low as 50 mg/l. Mixtures of
inducer and repressor give rise to a delayed enzyme production
compared with solutions of inducer only.

Studies of the mould T. reesei QMb6a using the same technique
show that cellobiose under our conditions was not an inducer of
endo-1,4-B-glucanases. However, sophorose causes induction of
endo-1,4-B-glucanases at a concentration of 1 mg/l. This has
recently been confirmed in studies by Stermberg and Mandels (21).

The comparison between the regulation of endo-1,4-f-glucanase
production in the two fungi also demonstrates several other impor-
tant differences. For example, a solution of CMC alone induces
enzyme formation in S. pulverulentum but not in the T. reeset
strain. Under our experimental conditions no endo-1,4-B-glucanases
were actively excreted into the solution by 7. reesei.This had
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previously been reported also by Berg and Pettersson (22), although
they used cellulose as a carbon source. The enzymes were bound to
the cell wall. However, S. pulverulentum released the enzymes into
the medium although they first appeared bound to the cell wall.
However, it was recently shown (9,21) that sophorose gives rise to
active excretion of endo-1,4-B-glucanases into the culture solution
of T. reesei QM9414. The differences in the results of these studies
must be due either to the differences in the fungal strains or in
cultivation conditions [the same strain was used in the studies
reported in (20) and in (22)].

The production of cellulases in fungi can also be hampered by
factors other than catabolite repression. Thus, it was demonstrated
by Varadi (23) that a wide variety of phenols repress the production
of both cellulases and xylanases in the fungi Schizophyllum commune
and Chaetomium globosum. At concentrations of less than 1 mdM,
vanillic acid, vanillyl alcohol and vanillin considerably repressed
the production of these enzymes. Studies in our laboratory (24)
have furthermore demonstrated that in a phenol oxidase-less mutant
(Phe 3) of S. pulverulentum the production of endo-1,4-B-glucanases
was drastically repressed in the presence of kraft lignin and
phenol at a concentration of 10~3 M. However, both the wild-type
(WT) and a phenol oxidase-positive revertant (Rev 9) of the same
fungus produced the endo-glucanases without significant repression
by phenols. Furthermore, if a highly purified laccase preparation
was added to the growth medium of Phe 3 in the presence of phenols,
the endo-1,4-B-glucanase production reached normal levels. These
results indicate that kraft lignin and phenols decrease endo-1,4-
B-glucanase synthesis in Phe 3 due to the absence of phenol-oxidiz-
ing enzymes. Phenol oxidases may thus function in regulating the
production of cellulases by oxidizing lignin-related phenols which
act as repressors of enzyme production when S. pulverulentum is
growing on wood.

CELLULOSE DEGRADATION BY BROWN-ROT FUNGI

Brown-rot fungi, which extensively degrade cellulose, seem
to utilize entirely different mechanisms than those described
above for the white-rot fungus S. pulverulentum and the mould T.
reesei. Brown-rot fungi produce endo-1,4-B-glucanase activity
but lack the exo-1l,4-B-glucanase activity (25). Crystalline
cellulose is thus not degraded by a synergistic action between
endo- and exo-glucanases. Still, brown-rot fungi depolymerize
cellulose rapidly during early stages of wood decay contrary to
white-rot fungi which depolymerize cellulose in wood more slowly.

Koenigs (26) offers the explanation that the initial attack
on crystalline cellulose by brown-rot fungi is via an HZOZ/Fe++
system. He founds that brown-rot fungi are strong producers of
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H,0,- much more so than white-rot fungi (27). Koenigs also found
(26) that the effect of H,0,/Fe™ on cellulose is similar to that
caused by brown-rot fungi. This kind of mechanism would be oxida-
tive. It has been reported by several authors that brown-rot

fungi do oxidize cellulose (26). It is an attractive hypothesis
that the initial attack on the cellulose takes place via a chemical
agent of low-molecular weight origin that can easily diffuse through
the wood fiber walls rather than an enzyme with limited diffusibi-
lity. In the case of white-rot fungi it seems to be necessary at
least to morphologically modify the lignin barriers in wood to
allow diffusion of enzymes attacking the polysaccharides (4). A
brown-rot attack on wood is characterized by a gradual thinning of
the fiber cell walls as the polysaccharides are digested leaving

a framework of lignified tissue (28). It was demonstrated in a
scanning electron microscope study by Blanchette et al. (29) that
typical brown-rot decay of wood was evident in tracheids occupied
by hyphae as well as in tracheids distal to the fungus. Decay
caused by white-rot fungi characteristically takes the form of
erosion troughs closely associated with the hyphae (3,29).

It was found by Highley (30) that the brown-rot fungus
Poria placenta was unable to utilize cellulose unless placed in
contact with wood. Nilsson (31) found no morphological change
on cotton fibers placed between brown-rot inoculated wood pieces
but reported that after this exposure no tensile strength was
left in the cotton fibers, indicating attack by the brown-rot
fungus. These studies suggest that when cultured on wood, fungi
produce a factor able to diffuse into the pure cellulose and
depolymerize it. In a more recent study, Highley (32) found that
when other carbohydrate supplements such as cellobiose, glucose
and mannan are added to cellulose this results in the depolymeriza-
tion of cellulose by P. placenta. However, although xylan in
wood is utilized by this fungus (33) and although xylanases are
produced in cultures (34), cellulose was not utilized by P.
placenta in the presence of xylan (32). Taking all this informa-
tion into account it seems possible that a hexose such as glucose
or mannose must be present to induce glucose oxidase. When a
hexose is oxidized by this enzyme, H,0, is formed as a byproduct.
This Hy0p in combination with Fe™™ may well start the initial
attack on crystalline cellulose, which can then be degraded to
glucose and water-soluble cellodextrins by endo-1,4-B-glucanases -
the only type of cellulases produced by brown-rot fungi. If this
hypothesis holds true, the reason why the brown-rot fungus can
start its attack on crystalline cellulose with not only glucose as
"starter" but also with cellobiose and mannan must be that B-gluco-
sidase- and endo-1,4-R-mannanase enzymes respectively convert these
compounds into their hexose monomers which function as substrates
for Hy0, producing oxidases.
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HOW IS CELLULOSE BEST SACCHARIFIED TO GLUCOSE BY ENZYMES?

For enzymic saccharification of cellulose to glucose mainly
the T. reesei endo- and exo-glucanase enzyme system has hitherto
been considered. The reason for this is that the enzyme mechanisms
of cellulose saccharification utilized by this fungus are fairly
well known but also that T. reesei produces the enzymes in higher
amounts than other, so far studied, organisms. The enzyme production
can also be increased by mutations in accordance with well known and
tried techniques (35). In spite of this we know that the costs for
the enzymic hydrolysis of cellulose to glucose are high, actually so
high that it can be questioned if, or at least when, it will be
economically feasible. It seems, at this point, necessary to con-
sider if there are other possibilities for enzyme production and
enzymic saccharification than through the T. reeseil enzyme symstem.
I would therefore suggest that the brown-rot fashion of decreasing
cellulose crystallinity and DP is investigated in more detail to
allow an evaluation if the system employed by these organisms can
be technically and economically feasible. There are, of course,
other, mechanical and chemical, means to destroy crystallinity. The
final saccharification of the amorphous cellulose can then be
carried out by only an endo-glucanase in combination with a heat-
stable, matrix-bound B-glucosidase to convert water-soluble cello-
dextrins to glucose. If Zm vitro saccharification of cellulose with
fungal cellulases in the long run can compete with the similtaneous
saccharification and ethanol production obtained when utilizing
anaerobic bacteria is, of course, an entirely different story.
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DISCUSSION

LADISCH: In electron micrographs of the wall were dark lines
which were microfibrils, these in turn were surrounded by

lignin and hemicellulose especially in certain types of wood.
Do your microorganisms attack this particular lignin as well?
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ERIKSSON: Yes, they do and thereby cause a swelling of the
secondary wall., However, the cellulaseless mutants cannot
degrade wood in a direction across the cellulose microfibrils.

BANDURSKI: When the strain of fungus which lacks the cellulase
alters the physical state of lignin, does it incorporate either
deuterium or oxygen from heavy water? I'm curious whether the
phyenyl propanoid matrix is somehow altered.

ERIKSSON: We have not investigated that. What we see is
probably a change in the morphology caused by depolymerization
or polymerization caused by phenol oxidase. I dare not say
that what we have encountered by this granular formation is
actually lignin degradation. It may well be that lignin de-
gradation cannot take place other than in a direct physical
contact between the lignin and the fungal cell wall, whereas
obviously changes in the morphology of the lignin can take
place at a distance from the fungal wall.

BROWN: Cellobiose is an inducer with a Sporotrichum pulveru-
lentum and sophorose is not an inducer, is that correct?

ERIKSSON: Sophorose is an inducer also in S. pulverulentum.
However, the induction time is longer for sophorose than for
cellobiose.

BROWN: Do you recall whether or not the endoglucanase cleaves
sophorose since it apparently does cleave cellobiose which is
a bit unusual?

ERIKSSON: We have not studied that.

REILLY: T was very interested by your statement that the
lignolytic enzyme system may be diffusing like the other
enzyme system. Is that correct? You said that this was the
first time that it has been shown that the lignin digesting
enzyme should be diffusing?

ERIKSSON: T did not say lignin digesting enzyme. I said
that enzymes that change the lignin morphology in wood seem
to diffuse and that I interpreted these enzymes to be phenol
oxidases.

REILLY: OK, but you are not talking about depolymerization
of lignin then?

ERIKSSON: What changes the morphology of the lignin in wood
may be depolymerization but it may also be polymerization.
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INTRODUCTION

A growing trend in the development of viable processes for the
conversion of renewable cellulosic biomass to glucose is the use of
microbial cellulases as biological catalysts. Unfortunately, the
cost of the cellulase enzymes has been prohibitive for large scale
industrial application in saccharification of cellulose. The high
cost of cellulase is due largely to the low yield and to the low
specific activity of enzymes from the available microbial strains.
Improvement of the cellulolytic microbial strains can be considerably
enhanced through selective screening programs. However, the ratio-
nale for selection and the chance of isolation of more useful strains
are hampered by our lack of understanding of mechanisms controlling
the synthesis and secretion of cellulase. Successful genetic cloning
and expression of the cellulase genes from Trichoderma or any other
cellulolytic microorganism is similarly dependent upon a sound basic
knowledge of the control mechanisms. Trichoderma genetics is an
unexplored abyss. Although Trichoderma is reported to have a sexual
stage, in the Hypocrea (1,2) mating types are generally unavailable.
Thus, traditional methods of delineating genetic linkages are
elusive. We have therefore initiated studies to unravel the complex-
ities of synthesis and secretion of cellulase by the cellulolytic
fungus Trichoderma reesei through comparison of the wildtype strain
QM6a with several high yielding mutant strains. Elucidation of
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Figure 1. Model of control protein synthesis in eukaryotic cells
proposed by Davidson and Britten (5).

physiologic differences between the strains may shed light on the
regulatory controls governing cellulase biosynthesis. The data will
be interpreted in the light of current theories regarding the
mechanisms controlling the synthesis and secretion of proteins in
eukaryotic and prokaryotic organisms.

MODELS FOR CONTROL OF EUKARYOTIC AND PROKARYOTIC PROTEIN SYNTHESIS

A brief review of current genetic models controlling eukaryo-
tic and prokaryotic protein synthesis is given below. It is
intended to familiarize the reader with concepts of control mechan-
isms and provide a basis for interpretation of observations on the
synthesis of fungal cellulases. Reviews of current concepts in
gene expression have been compiled by Lewis (3) and (4).

Generalized Model for Control of Eukaryotic Protein Synthesis

A current model advanced by Davidson and Britten (5) for the
control of synthesis of proteins in eukaryotic organisms is out-
lined in Figure 1. A structural gene, analogous to that in the
bacterial system, codes for the functional protein. The control
function resides in a series of sites each comprised of a sensor
and an integrator sub-site. Inducers or other regulatory molecules
interact with the sensor site to cause stimulation of the integrator
gene which presumably translates an activator RNA. This activator
RNA finds its corresponding receptor site(s) which is located
adjacent to the structural gene(s) and thus initiates messenger RNA
synthesis. Many aspects of this model are analogous to the proposed
mechanism of negative control in prokaryotes. A major distinction
is the role of an RNA molecule as the activator rather than a pro-
tein. As the genetic functions of eukaryotes are clearly organized
in a discrete nuclear region, while the majority of protein synthe-
sis occurs on the endoplasmic reticulum, it is difficult to envision
a telegraphic protein synthesized in the cytoplasm traveling freely
between the nucleus and the cytoplasm to perform a regulatory
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function. However, nuclear proteins could function in this capacity.
To account for the co-ordinate control of the number of unrelated
genes by a single environmental stimulus, Britten and Davidson pro-
posed that integrator and receptor sites are redundant and multiple
copies of any one integrator or receptor sequence may be found in

a genome and can be simultaneously activated. Thus the structural
genes for a group of enzymes such as comprise fungal cellulase,
which are required to interact synergistically, may be located in
widely separated sites on the genome but could be coordinately
controlled if each possessed a copy of the same receptor sequence.

Control of Catabolite Repressible Enzymes in Prokaryotes

Since fungi represent a separate kingdom of relatively un-
differentiated eukaryotic cells (6), the machinery for control of
protein synthesis may not be as highly evolved as that proposed for
differentiating animal cells (Davidson-Britten model). However, a
clear distinction is the presence of the nuclear membrane, present
in fungi and absent in bacteriaj and this barrier must be penetrated
to effect expression of a given gene. Bacteria exhibit both positive
and negative control of protein synthesis. In general, genes which
are closely related in a metabolic pathway are located adjacent to
each other and are under a common regulatory gene. An example of
negative control in prokaryotes is the lactose operon in E. coli,
and of positive control, the arabinose operon. Since the cellulase
genes of cellulolytic fungi have not been mapped, it is not known
if they are located in adjacent genes or even if they are on the
same chromosome.

Regulation of catabolite repressible enzymes in bacteria is
through an additional control involving the levels of cyclic adenine
monophosphate (cAMP) in the cell. The cAMP binds with a CAP protein
(cyclic AMP binding protein or catabolite-gene activator protein).
In the absence of cAMP the CAP protein is inactive. In the presence
of cAMP, a CAP-.cAMP complex is formed which interacts with the
catabolite sensitive operon and RNA polymerase to initiate trans-—
cription. The levels of cAMP in the cell are mediated by adenyl-
cyclase and phosphodiesterase. When the metabolic activity of the
cell is high, as would be the case during growth on readily metabo-
lizable substrates, levels of cAMP are low, and synthesis of cata-
bolite repressible enzymes is halted. However, when the available
energy in the cell is depleted, cAMP levels become elevated in the
cell. Expression of catabolite repressible enzymes in bacteria is
a consequence of both the metabolic activity of the cell as well
as the genetic regulatory mechanisms.

Secretion of Extracellular Proteins

Control of cellulase production in fungi goes beyond trans-
cription and translation of the structural genes. The vast majority
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of fungal cellulases (endoglucanases and exoglucanases) are reported
to be extracellular proteins. Thus overproduction of cellulases will
be a result of both hypersynthetic capacity as well as a superior
ability to transport the proteins to the external environment.

Little is known about the mechanism of secretion of proteins
in filamentous fungi. Our basic knowledge has been derived from
studies with bacteria and specialized animal cells. Exportable
proteins are synthesized on membrane bound ribosomes in the rough
endoplasmic reticulum. They are recognized as exportable by a
specific sequence (signal sequence) present in the mRNA. A series
of elaborate processing steps have been proposed as the secretory
pathway of proteins in specialized animal cells (for detailed review
see references 7,8 and in bacteria (9). These steps include glyco-
sylation, packaging into secretory vesicles, movement to the site
of exportation and discharge to the environment. Since fungi are
eukaryotic cells, the tendency has been to suggest that their
secretory mechanisms are comparable to mammalian cells. However,
it should be noted that the basic subcellular structures required
for processing extracellular mammalian proteins (e.g. Golgi appara-
tus) are frequently absent in fungi (10,11). Since extracellular
enzymes and metabolites produced by fungi are of great industrial
interest, there is a basic need to identify the subcellular struc-
tures and the sequence of processing events involved in their
synthesis and transportation to the external environment.

Current Knowledge of the Control of Cellulase Synthesis in Fungi

Cellulase synthesis in Trichoderma is inducible and can be
effected by cellulose, lactose, cellobiose and sophorose (12-14).
Presumably, the natural inducer of cellulase is cellulose. However,
it is not known how an insoluble macromolecule unable to obtain
entry into the cell can effect regulation of gene expression. It
has been proposed that physical contract between the cell and the
insoluble inducer (cellulose) must occur for induction to take
place (15,16). This suggests that there may be some recognition
site on the cell surface which triggers activation of the cellulase
synthetic machinery. An alternative suggestion alluded to by many
workers in the field but unsubstantiated by experimentation, is
that Trichoderma synthesizes basal levels of cellulase constitu-
tively. It is the activity of this enzyme on the cellulose which
produces the true inducer of cellulase in Trichoderma. Sophorose,
(glycosyl B-(1-+2)-glucose) is by far the most potent soluble inducer
of cellulase in Trichoderma (12,17,18). Sophorose as well as other
disaccharides of glucose can be, formed from cellobiose by trans-
glycosylation reactions (13,14,19,20). Trichoderma has been shown
to have low levels of constitutive B-glucosidases which are bound
to the cell even during growth on non—-inducing substrates glycerol
(21) and glucose (see below). These constitutive B-glucosidases



REGULATORY CONTROLS AND OVERPRODUCTION OF CELLULASES 37

could be the key enzymes in the formation of the natural inducer

from the enviromment or a yet unidentified enzyme could be involved.
It should be noted that although sophorose is an excellent cellulase
inducer in Trichoderma (12,17,18,22,23) and in bacteria (24,25) other
cellulolytic fungi such as Phanerochaete do not respond to sophorose
(26). 1In addition, other glucosyl disaccharides are not efficient
inducers (17).

The cellulases of Trichoderma have long been known to be
subject to repression by glucose or other readily metabolizable
substrates (17,27,29). Growth of Trichoderma QM9414, a mutant
derived from Trichoderma QM6a (30), in the presence of 5% glycerol
(repressor) and 1% cellulose (inducer) yielded no measurable extra-
cellular cellulase activity (31). A similar effect of catabolite
repression has been shown with other cellulolytic fungi (26) and
with bacteria (25). The precise mechanism of catabolite repression
in fungi is not known. Nisizawa (29) has suggested that catabolite
repression in Trichoderma occurs at the translational level rather
than the transcriptional level based on studies employing actino-
mycin D and puromycin. However, the precise molecular biology of
catabolite repression in fungi is not known.

Comparative physiological studies of highly cellulolytic
mutant strains of 7. reesei and the wild type QM6a were performed
in order to give greater insight into mechanisms controlling induc-
tion, synthesis and secretion of cellulase. These studies include
the role of cAMP, the location of the enzyme in relation to the
inducing substrate, the effect of catabolite repressors on extra-
cellular enzyme production and ultrastructural observations.

RESULTS

Effect of Sophorose on Induction of Cellulase and Intracellular
Cyclic AMP Levels in Trichoderma

In an effort to elucidate the mechansism of catabolite re-
pression of cellulases in Trichoderma, intracellular cAMP levels
were determined during growth of T. reesei QMb6a on cellobiose (1%)
(Figure 2). Relatively high levels of intracellular cAMP were
present in the germinating spores and these levels decreased during
the rapid phase of growth. There was no apparent correlation
evident between the cAMP level of the mycelium and the specific
activity of the cellobiase (intracellular plus mycelial bound
activity).

Since sophorose is reported to be the most potent soluble
inducer of cellulase (endoglucanases and cellobiohydrolase) the
effect of sophorose on intracellular cAMP levels was examined
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Figure 2. Mycelial cAMP levels of T. reesei QM6a during growth
on cellobiose (1%) and Vogels medium (31). Symbols: (0——0),
reducing sugar in extracellular culture fluid; (e————e), dry
weight; (A——A), mycelial B-glucosidase/mg protein; (A———a),
mycelial cAMP.

(Figure 3). Young mycelia grown on glucose were washed, resuspended
in the induction medium (22) containing sophorose and the synthesis
of endoglucanase in relation to intracellular cAMP levels was
observed. During the period of endoglucanase induction following
exposure to sophorose, no dramatic differences in intracellular

cAMP levels of the induced and control cultures were observed. Thus,
in Trichoderma, the synthesis of onme catabolite repressible enzyme,
endoglucanase, appears to be unrelated to intracellular cAMP levels.
The results are consistent with the observations of Nisizawa and
co-workers (29) that catabolite repression of inductive cellulase
formation in Trichoderma occurs primarily at the translation level.
This data does not, however, rule out the possibility that another,
as yet unidentified compound, may interact with the sensor gene

and thus establish control at the transcriptional level.

Cellulase Biosynthesis in the Wild Type Strain 7. reesei QMba

Detailed studies on cellulase biosynthesis (location and yield)
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Figure 3. Mycelial cAMP levels of T. reesei QM6a in relation to
extracellular endoglucanase production. Spores were germinated on
the medium of Borgia and Sypherd (32) containing glucose (0.3%.
Mycelial mats were washed and resuspended in the above medium
containing sophorose (1 mM). Symbols: (o 0), sophorose in the
medium; (4 A), cAMP control (-sophorose); (a A), cAMP induced
(+ sophorose); (O 0 ), endoglucanase induced; (m m),
endoglucanase control.

have focussed on comparison of the wild T. reesei strain QMbéa with
hypercellulolytic mutant strains QM9123 and QM9414 (21,33). We have
selected additional high yielding strains, RUT-NG14 and RUT-C30, each
exhibiting an identifying characteristic with respect to the pattern
of cellulase synthesis (Figure 4). Their biosynthesis of cellulase
is now compared to the wild type strain QM6a. The location and
distribution of the endoglucanase, cellobiase, filter paper degrad-
ing activity and aryl-f-glucosidase activity of the wild type QM6a
during growth on cellulose (Figure 5) indicate that the endoglucanase
and FPase are principally extracellular throughout the fermentation
while the cellobiase and aryl-B-glucosidase appear to be equally
distributed between particle-bound enzyme and free extracellular
enzyme. There are small but detectable levels of "intracellular"
endoglucanase and cellobiase activity. Whether these are true
intracellular or nascent enzymes, or periplasmically located forms
which have been solubilized during breakage of the mycelium is not
known. The location and yield of endoglucanase and cellobiase
during growth on glucose, a soluble '"noninducing" substrate, yields
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TRICHODERMA REESEI WILD TYPE, REPRESSIBLE,
QM6A YIELD CELLULASE, 5 FPU/ML (31)
U.V. (2 STEPS)
RUT-NG14 HIGH YIELDING MUTANT,
NTG 15 FPU/ML (31), REPRESSIBLE
RUT-C30 HIGH YIELDING MUTANT 14 FPU/ML (31),

RESISTANT TO CATABOLITE REPRESSION

Figure 4. Genealogy of 7. reesei mutants. Symbols: (U.V.), ultra-
violet light; (NTG), nitrosoguanidine; and (FPU/ML), filter paper
units per ml. assayed according to ref. 31.

a strikingly different pattern. Barely detectable levels of endo-
glucanase activity are evident extracellularly, intracellularly or
cell bound during growth on glucose (less than 0.02 units). (Data
not shown). However, substantial amounts of cellobiase activity
are found in the particulate fraction during growth on glucose
(Figure 6A) which is equivalent to the amount of bound activity

of the cellulose grown culture (Figure 5B). little if any cello-
biase activity is found in the supernatant broth under these
conditions.

During growth on cellobiose (17%), a soluble but weak cellulase
inducer (Figure 6B), a pattern similar to the glucose grown cultures
is apparent. Cellobiase activity remains bound to the particulate
fraction with extremely low levels of activity found in the extra-
cellular fluid. Barely detectable levels of endoglucanase activity
are found in any location. It is clear (Figures 5 and 6) that the
basal level of cellobiase activity which is bound to the mycelium
remains relatively constant and independent of the growth substrate.
Whether this bound cellobiase activity is identical to or bio-
chemically distinct from the activity induced and secreted extra-
cellularly during growth on cellulose is currently under investiga-
tion in our laboratory.

Yield and Location of Cellulase Activity in Mutant Strains of 7.
reeset

RUT-NG14 is a high cellulase yielding mutant derived in two
steps from QM6a (Figure 4). The total yield and the distribution
of various cellulolytic activities are shown in comparison to the
wildtype when grown on cellulose (Table I). RUT-NGl4 secretes
substantially higher amounts of extracellular protein (0.843 mg/ml
as compared to 0.548 mg/ml). All of the activities associated with
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Figure 5. Location of the cellulase enzymes of T. reesei strain
QM6a during growth on 1% Avicel PH 101. A. Endoglucanase. B. Cello-
biase. C. Disc activity (34). D. Aryl B-glucosidase. Symbols:

(o 0), extracellular enzyme; (a A), mycelial bound enzyme;
(m ), intracellular enzyme.

saccharification of cellulose are elevated 3-5 fold in this mutant.
In addition to cellulolytic activities, acid phosphatase, trehalase
and laminarinase levels are also increased in this mutant. A second
striking difference is the distribution of the activities among the
subcellular fractions. As much as 807% of the cellobiase activity

is extracellular in RUT-NG14 in comparison to a 50-50 distribution

in the wild type. The percentage extracellular disc activity is

also increased from 80% to 95%. Since there is no apparent shift

in the location of endoglucanase activity, the increase is pre-
sumably due to release of cellobiohydrolase. 1In comparison treha-
lase, a physiologically intracellular/bound enzyme, though increased
in yield, shows no change in the proportion of intra and extracellular
components.

.
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Figure 6. Location of cellobiase activity of T. reesei strain QM6a
(A) Glucose (1%) grown; (B) cellobiose (1%) grown; symbols as in
Figure 5.

Synthesis of the Cellulase Enzymes by RUT-C30 Under Induced and
Repressed Conditions

RUT-C30 is a mutant strain derived directly from RUT-NG1l4
(Figure 4) and selected on the basis of its resistance to catabolite
repression of the cellulase enzymes. The pattern of synthesis of
extracellular cellulases under various conditions of induction and
repression are shown (Figure 7-9). Overall, it is evident that
RUT-C30 secretes into the extracellular fluid, components of the
cellulase system regardless of the solubility of the inducer
(cellulose, lactose, cellobiose 7A, 8A, 9A) and in the presence
of high levels of a catabolite repressor (5% glycerol) (Figures
7B, 8B, 9B). In addition, measurable amounts of endoglucanase
(1 U/ml) are secreted by RUT-C30 during growth on cellobiose (Figure
9). In comparison, QM6a produces an extracellular complex only
when grown on an insoluble inducer cellulose (Figures 5 and 6 and
see above). A further distinction is that cellulases are formed
extracellularly by RUT-C30 following growth on glycerol as the
sole carbon source (Figure 9C). In this instance, although the
absolute levels of the enzymes are reduced in comparison to cellu-
lose or lactose grown cultures, they are clearly present in the
extracellular fluid (Figure 9C). Thus RUT-C30 appears capable of
constitutive cellulase synthesis during growth on glycerol. The
extracellular location of these RUT-C30 enzymes contrasts with the
recent report of Vaheri and co-workers (21) studying 7. reeseti
strain QM9414. They found low levels of filter paper (FP) hydrolyz-
ing activity but no endoglucanase activity in this strain during
growth on glycerol but the FP activity was solely located in the



REGULATORY CONTROLS AND OVERPRODUCTION OF CELLULASES 43

TABLE I

Yield And Distribution Of Enzymes In
T. Reesei Strains QM6A and RUT-NG142.

STRAIN QM6A STRAIN NG-14

TOTAL  %-E % 1 % MB TOTAL % E %1 % MB

U/ML u/ML
ARYL-E.-GLUCOSIDASEb 0.643  65.3 3.9 30.8 1.952 84.0 3.8 12.2
CELLOBIASE 0.707 57.4 4.5 38.1 2.080 80.1 4.0 15.9
ENDO- 8-GLUCANASE® 4,200 96.2 2.0 1.8 22.947  99.3 0.7 0
DISC ACTIVITYd 0.110 80.9 00 19.1 0.588 94.7 1.0 4.3
XYLANASE 8.749 95.4 4.0 0.5 19.402 97.0 2.5 0.5
TREHALASE 0.199 19.6 7.0 73.4 0.467 19.9 7.5 72.6
ACID PHOSPHATASE 0.176 69.3 16.5 14.2 0.415 75.7 17.8 6.5
LAMINARINASE 0.965 75.0 5.0 20.0 1.79 80 5.0 15.0
a-MANNANASE 0.019 0 15.8 84.2 0.016 0 12.5 87.5

MG/ML MG/ML
PROTEIN 0.548 36.5 3.3 60.2 0.843 66.8 2.3 30.8

3AFTER SEVEN DAYS OF GROWTH WITH 1% CCA1 (WHATMAN MICROSCRYSTALLINE CELLULOSE)
E (EXTRACELLULAR); I (INTRACELLULAR); MB (MYCELIAL BOUND) ENZYME ACTIVITIES WERE

DETERMINED.

bENZYME ACTIVITY MEASURED WITH pNITRO PHENYL-g-GLUCOSIDE AS SUBSTRATE
CENZYME ACTIVITY MEASURED WITH CARBOXYMETHYL CELLULOSE (7L) AS SUBSTRATE
dMEASURED ACCORDING TO METHOD DESCRIBED IN REFERENCE 34.

particle bound fraction of the cell. No detectable levels of either
endoglucanase or exoglucanase activity were found free in the medium.

A further illustration of the tendency to resistance to
catabolite repression by RUT-C30 but with respect to glucose is
shown in Table II. When QM6a and RUT-C30 are grown on low levels of
lactose (0.4%) and lactose (0.4%) plus glucose (5%) and the levels
of a variety of catabolite repressible enzymes measured, clear
distinctions can be made between RUT-C30 and QMéa. When QMé6a is
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Figure 7. Extracellular cellulase production by strain RUT-C30.
Panel A: Growth on Avicel PH 105 (1%). Panel B: Growth on Avicel
PH 105(1%) plus glycerol (5%). Symbols: (o0——0), CMCase, endo-
glucanase; (O 0), XYase, xylanase; (a A), CBase, cello-
biase.

grown in the presence of glucose, the levels of all enzymes studied
are repressed except amylase, acid protease and proteolytic activity.
More striking, is the repression of extracellular protein synthesis
in general (0.37 mg/ml versus 0.04 mg/ml). In contrast, RUT-C30
shows equivalent or enhanced levels of all of the enzymes and
substantially increased levels of extracellular protein (0.71 mg/ml
versus 1.08 mg/ml). Thus a mutation in a generalized regulatory
function of either protein synthesis or secretion may be present

in RUT-C30, in addition to changes in catabolite repression.

Ultrastructural Observations of QM6a and RUT-C30

Preliminary electron micrographs of QM6a and RUT-C30 during
growth on cellulose (Figure 10) point out dramatic morphological
differences between the strains. A distinct rough endoplasmic
reticulum is present in both organismsj smooth endoplasmic reticulum
appears lacking. However, the amount of rough endoplasmic reticulum
found in RUT-C30 is markedly increased in comparison to QM6a. Small
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Figure 8. Extracellular cellulase production by strain RUT-C30,
Panel A: Growth on lactose (1%). Panel B: Growth on lactose (1%)
plus glycerol (5%). Symbols as in Figure 7.

vacuoles, perhaps lomasome-~like structures, are seen budding from
the rough endoplasmic reticulum and in close association with the
plasma membrane. It would appear that in RUT-C30 the machinery
for general synthesis and secretion of extracellular proteins has
been enhanced. Neither strain appears to have a recognizable
Golgi apparatus.

Discussion

We are still far from obtaining even a rudimentary under-
standing of the molecular events controlling the expression and
secretion of the cellulase enzymes in Trichoderma. We have pre-
sented here only a few isolated pieces in the complex puzzle.
Cellulases, although catabolite repressible enzymes, do not appear
to be under the same type of cAMP control demonstrated in bacteria.
However, these results are initial and should not be taken as
conclusive. Control may be mediated through subtle changes in
cAMP levels which are undetected due to the cAMP assay method.
Additionally, within the scope of the Britten-Davidson model, the



B.S. MONTENECOURT ET AL.

46
A
3F 1.2 1.2
E E
> | = o i
2f 1 .8}
LY
e |3 :
o ) o
> s o
> I3) (8]
1L af 4
a
A—8 A
‘ 3 6 6
DAYS
C
3| .6 .6
E
A £
2| .4 4 2
= [}
o |3 of e
" Q o
> = [
x |o )
1 .2 .2
7Y
3 6
DAYS

Figure 9. Extracellular cellulase production by strain RUT;CBO°

Panel A: Growth on cellobiose (1%).
Panel C: Growth on glycerol (1%).

(1%) plus glycerol (5%).
Symbols as in Figure 7.

location of the sensor site is within nucleus.
may be occuring within the nucleus and would not
Definitive proof of the role of

in cAMP levels

be reflected in total cell cAMP.

Panel B: Growth on cellobiose

Dramatic changes

cAMP must await demonstration of its envolvement in <7 vitro

experiments.
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TABLE II

Activities of a Number of Enzymes of T. reesei strain, (QM6A) and a
Catabolite Repression Resistant, Hypercellulolytic Strain (RUT-C30).

ENZYME ACTIVITY IN CULTURE FILTRATE

(UNITS/ML)
STRAIN QM6A STRAIN RUT-C30
ACTIVITY TESTED CONTROL®  GLUCOSE®  cONTROL L ug0se’
DISC ACTIVITY 0.1 npP 0.18 0.17
ENDO-B-GLUCANASE 3.8 0.10 12.07  10.36
CELLOBIASE 0.06 ND 0.27 0.19
ARYL 8-GLUCOSIDASE 0.28 ND 0.50 0.76
XYLANASE 1.1 0.08 1.65 1.10
LAMINARINASE 0.50  0.06 0.37 3.76
AMYLASE 0.26  1.56 0.44 2.99
ACID PHOSPHATASE 0.40  0.41 0.32 0.44
PROTEOLYTIC ACTIVITY 0.16  0.08 0.04 0.50
EXTRACELLULAR PROTEIN 0.37 0.0 0.71 1.08

(Ma/ML)

3AFTER GROWTH WITH 0.4% LACTOSE (CONTROL) OR WITH 0.4% LACTOSE PLUS
5% GLUCQOSE, THE CULTURE FILTRATES WERE TESTED FOR THE ENZYME ACTIVITIES

SHOWN.

bND: NONE DETECTABLE

Major physiological differences between the wild type T.
reesei’ QMb6a and the hypercellulolytic mutants RUT-C30 and RUT-NG14
have been demonstrated. The mutant strains (RUT-C30 and RUT-NG14)
show a greater yield as well as enhanced release of extracellular
proteins in general, including enzymes of the cellulase complex
as well as unrelated enzymes (amylase and acid phosphatase). In
addition, RUT-C30 shows dramatic ultrastructural changes which
suggest that the machinery for protein synthesis and/or secretion
have also been enhanced in this mutant. Within the context of
the Davidson-Britten model for control of eukaryotic protein
synthesis, the data suggest that perhaps all extracellular proteins
share a common regulatory mechanism such as redundant receptor
sites. Whatever stimulates transcription appears to be present
in elevated concentrations and effecting a wide range of structural
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(A)

(B)

Figure 10. Ultrastructure of T. reesei QMb6a (A) and RUT-C30 (B).

A. QMb6a: Cross section of 4 day old mycelium after growth on 1%
Avicel PH 105, double aldehyde fixation; 47,500X. B. RUT-C30: Cross
section of 4 day old mycelium after growth on 1% Avicel PH 105,
permanganate fixation; 26,000X.

genes. Resistance to catabolite repression, here measured by the
ability of the mutant strains RUT-C30 to synthesize cellulases
during growth on an inducing substrate (cellulose or lactose) in
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the presence of repressor (glucose or glycerol), appears to be
independent from the control of general protein synthesis. The
intermediate mutant RUT-NG14 shows greater yield and release of
extracellular proteins but is still suceptible to repression by
glucose or glycerol. This would suggest that, as in bacteria,
additional controls function to regulate the synthesis of catabolite
repressible proteins.
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DISCUSSION

MANDELS: First of all we agree enthusiastically that your
NG-14 and C-30 mutants are excellent, useful, and greatly
improved over the wild strain. However, I really can't agree
with you that they are derepressed. The data that you showed
on enzyme production on sugars or on glycerol is really only
1% of what you would get on cellulase. There is perhaps a
constitutive level there; but I would hardly say they were
derepressed. In our hands, we never see any enzyme until
glucose (which we usually add as a repressor) is consumed;
and, if we add glucose to a culture growing on cellulose, that
is producing cellulase, we see an immediate cessation of
cellulase production until the glucose is consumed.

MONTENECOURT: I agree. I think we have to qualify things
when we say repression. We observe a slight repression which
can be relieved by adjusting C/N ratios. But what we were
trying to demonstrate today is, that, if you grow the wild-
type strain and the mutant strain with an inducing substrate
(cellulose or lactose) in the presence of a repressor (glucose
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or glycerol), the response of the two organisms is completely
different. We have been discussing control mechanisms today
and not industrial productivity, although the two have to go
hand in hand. We can increase our industrial productivity, if
we learn more about what is controlling the synthesis and
secretion of these enzymes. What I wanted to demonstrate is
that there appear to be differences in the two strains. Why
there are differences is unclear since the molecular biology
of control of cellulases is unknown.

MANDELS : Secondly, I would like to comment on the difference
involving all of the mutants we've seen at Natick. We feel
that probably the cellulase genes themselves are not effected
at all. There seem to be entirely quantitative differences;
you get more enzyme, maybe more readily released, but the
actual properties and ratios of the components of the enzymes
are not significantly changed in the various mutants compared
to the wild strain.

MONTENECOURT: I agree with you 100%. I think anybody in-
volved in strain development should seriously look into the
specific activity of the enzymes. The specific activity of
all the mutants are identical-about 1 unit/milligram protein.
Amylases, on the other hand, have a specific activity of about
80 u/mg - a 100 fold difference. If we could find out why

we need- so much protein in this system to do so little work,
this would go a long way toward improving the industrial
application of cellulases.

SHOEMAKER: Have you shown that RUT C-30 produces cellulase
on glucose alone, and, if so, what amount of enzyme activity
do you obtain?

MONTENECOURT: We are currently determining the response of
RUT C-30 on glucose.

LEDBETTER: How do the growth rate and the cell yield of the
mutant compare to the wild type?

MONTENECOURT: The cell yield within a given substrate is
approximately the same. Also the intracellular protein
levels and dry weights are about the same so the amount of
extracellular protein being synthesized cannot be ascribed
simply to an increase in growth rate. We do find major
differences and, I think these have been confirmed at Qatick,
in the cell yield at the end of the fermentation. QM62& and
QM9414 are completely autolized and the mycelium have all
lysed at the end of the fermentation. In our hands, we do
have viable RUT C-30 cells at the end of a fermentation.
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They can be subcultured and appear to be a lot healthier than
the other mutants or the wild-type strain .

WOODWARD: Although the RUT C-30 organism is not repressed by
glucose, do you agree that the enzyme itself can still be
inhibited by glucose?

MONTENECOURT: I can only speculate. We have not looked at

end product inhibition of the beta-glucosidase from RUT C-30
using glucose as an inhibitor, primarily because it is very
difficult in the absence of the proper equipment to do such
product inhibition studies using cellobiose as a substrate.
Certainly, when we use high levels of glucose as an end-product
inhibitor and the product is also glucose, we have to be able
to demonstrate high enough activity above the initial inhibitor
glucose concentration to be able to do kinetic analysis. We
have done some preliminary experiments using p-nitrophenyl-
glucoside (PNPG) as a substrate and we all know that results
are not comparable. We cannot use PNPG or any aryl-substrate
and predict that our results will be the same as if we use

the natural substrate cellubiose. If we take the RUT C-30
enzyme and carry out kinetic studies using glucose as an end
product inhibitor and p-nitrophenyl-glucoside as substrate, we
find that this enzyme is more resistant to glucose end-product
inhibition than is RUT NG-14 or QM9414. We have not done the
experiments with the wild-type organism. You, I understand,
find similar results. But we have not done the absolute
kinetics using cellobiose as substrate because of the diffi-
culty of doing the kinetics with high concentrations of
glucose. We hope to be able to do this. We now have an HPLC
system set up which will allow us to look at cellobiose de-
gradation and increases in glucose level. The system is very
sensitive and we should be able to quantitate the kinetics in
this fashion. We also have an active program to isolate
mutants of Trichoderma whose beta-glucanases are specifically
resistant to end-product inhibition by glucose and we have
been quite successful. We've been able to change the Ki for
glucose to values about 4 or 5 times greater in these mutants.
So, I think there's really hope in overcoming this problem.

TSUCHIYA: I'm interested in your work and I have some ques-
tions. The first concerns your mutant which shows some
resistance to repression by glucose and glycerol. At what
concentration do they act as repressors?

MONTENECOURT: In the last slide which showed the effects of
glucose and lactose, we were using a soluble inducer. In that
case, the medium contained 57 glucose which was still detec-
table at the end of the fermentation. In the case of glycerol,
we were using 5% glycerol plus 1% soluble inducer.
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Q.

TSUCHIYA: Was washed mycelia used to study the effect of the
repressors on the production of cellulase?

MONTENECOURT: We have not done those experiments. We have
simply grown the organisms in the presence of both a repressor
and an inducer and looked at the synthesis and release of the
enzymes. Experiments showing the effect of exogenous re-
pressor on actively synthesizing cells will be useful.

TSUCHIYA: I think if you use the washed mycelia to study the
effect of repressors, it is more reliable. We compared the
mutants and the wild strain and we used washed mycelia to
study this effect. We incubated the mycelia with sophorose
for about three hours during which time cellulase is produced.
We then washed the mycelia and resuspended it in fresh medium.
About 38 minutes after we added a repressor, the synthesis of
cellulase was inhbited. After a longer time, the glucose or
glycerol actually stimulated cellulase production.

MONTENECOURT: 1In our sophorose experiments, the mycelia were
washed. In the catabolite repression &periments, the mycelia
were actually grown with repressors. As I mentioned earlier,
we have been trying to understand the controls. Our approach
now is to compare mutants with wild type. It certainly will
be interesting to look at some of these mutants under your
experimental conditions. I do agree.

BROWN: In line with the last question, I'd like to make a
comment. There seems to be a lot of uncertainty as to the
physiological state of cellulase-producing cells - that is,
whether they're growing or resting cells. It's our experience
that if we do the necessary experiment of growing T. Reesei
QM9414 on sophorose as sole carbon source, they produce
essentially no cellulase. One would expect then, that with

an adequate source of a metabolizable carbohydrate, repression
would dominate.
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INTRODUCTION

The production of fermentable sugar from biomass is the first
step in obtaining liquid fuels and chemicals from renewable resources
by fermentation processes. Biomass materials include corn residue,
small grain residues (straws), sugarcane bagasse, forages and fores-
try residues. It is estimated that these sources alone could yield
up to 40 billion gallons of ethanol/year (1,2).

The primary constituents of biomass are hemicellulose, cellu-
lose, and lignin in a ratio of ca 3:4:3 (3). While the hemicellulose
is readily hydrolyzed to pentoses by weak acid hydrolysis (4,5), the
cellulose is protected by its crystalline structure and lignin seal
(3). These factors impede hydrolysis of cellulose both by acid (4)
and enzyme (6).

The major product from hemicellulose hydrolysis is xylose.
Until recently, this sugar was not easily fermented to ethanol and
hence, was of limited value. However, Gonget al. (7) reported that
glucose (xylose) isomerase could be combined with ordinary brewer's
yeast to ferment xylose to ethanol in high yield.

The major product from cellulose hydrolysis is glucose. A
variety of pretreatments have been proposed to make cellulose more
susceptible to either acid or enzyme hydrolysis. These pretreatments
include mechanical techniques (8,9,19), chemical methods (10-14),
or a combination of the two (15,16). The pretreatment of cellulose
improves the rate and extent of hydrolysis by cellulase enzymes
(10,13,16). However, the activities of commercially available
cellulase enzymes are still several orders of magnitude less than
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commercially available amylases (17) which are widely used to sac-
charify starch. Thus, significant improvements in cellulase activity
are needed. It is in this context that the study of cellulase
kinetics is important.

BACKGROUND

The Trichoderma sp. cellulolytic micro-organisms appear to
produce three primary cellulase components: 1,4-B-D-glucan glucano-
hydrolase (EC 3.2.1.4), 1,4-B-D-glucan cellobiohydrolase (EC 3.2.1.
91) and B-glucosidase (EC 3.2.1.21) (19-23). These components are
sometimes referred to as endoglucanase (CX), exoglucanase (C;) and
cellobiase, respectively. While there is agreement that a multipli-
city of each of these primary components exists (19,24-26), the
source of this multiplicity is a subject of discussion. There is
some evidence that multiplicity may be due to post translational
modification (19,45).

The primary functions of the three enzymes are described as
(24,27,30,32-37):

1) endoglucanase (Cy)-random scission of cellulose chains
yielding glucose, cellobiose, and cellotriose;

2) exoglucanase (Cj)-end-wise attack on the non-reducing end
of cellulose with cellobiose as the primary product; and

3) B-glucosidiase (cellobiase)-hydrolysis of cellobiose to
glucose with high activity.

Figure 1 gives a schematic diagram of these actions. Reese
proposed in 1952 that C; causes a disruption in cellulose hydrogen
bonding and that Cy then hydrolyzes this accessible cellulose (31).
He later modified this scheme to give Cy both disruptive and hydro-
lytic activity (22). While the exact mechanism is still being
discussed, there seems to be agreement that the C; and C, components
exhibit synergism (19,22,26,31,36).

All three components hydrolyze soluble cellodextrins as well
as cellulose. Both endoglucanase and cellobiase hydrolyze cellobiose
to glucose (24,28-30,38,39). However, cellobiase has a much higher
activity with respect to cellobiose than does endoglucanase (39).
Cellobiohydrolase also hydrolyzes soluble cellotriose and cellote-
traose to give cellobiose and glucose, or cellobiose, respectively,
as products (24,40). The soluble products, cellobiose and glucose,
have been reported to be inhibitors of the cellulase complex (41-44)
and of the individual enzyme components endoglucanase (35,39),
cellobiohydrolase (40), and B-glucosidase (26,28-30). Furthermore,
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B-glucosidase is also inhibited by its substrate, cellobiose (28,36,
38). Thus, the kinetics of cellulase enzymes can be complex since
both inhibition and activity with respect to multiple cubstrates must
be considered.

METHODS

There are several ways in which cellulase kinetics can be
studied. A cell-free cellulase enzyme preparation can be combined
with cellulose and the disappearance of substrate and/or appearance
of sugars can be measured. Alternatively, the endoglucanase, exo-
glucanase and B-glucosidase components of the cellulase system can
be separated and purified and their individual activities quantitated
with respect to defined substrates. This approach is perhaps more
definitive in obtaining an idea of the mode of action and mechanisms
of cellulase enzymes.

Experimental

The separation of cellulase enzymes into pure components is the
subject of much literature (for example, references 19,20,21,24,30,
32-35,37-40). Characterization of the kinetics of these enzymes
components requires: 1) cellulose of a known degree of polymeriza-
tion having a well defined crystalline or amorphous character; and/or
2) pure component cellodextrins (water soluble oligomers of cellulose,
cellohexaose through cellobiose). While cellobiose is commercially
available, the other cellodextrins are not, and hence, must be made
and separated on a preparative scale in the laboratory (40,46,47).

The hydrolysis of celluloses and cellodextrins by pure component

cellulases may yield a multiplicity of products (19,24). In this case,
it is desirable to be able to separate and quantitate these products.
Rapid liquid chromatography (LC) instruments, which have become
available to many laboratories within the last seven years, are able
to separate soluble sugars without prior derivatization. Two LC
techniques have been used in studying hydrolysis catalyzed by
cellulases: reverse phase chromatography (RPC) with acetonitrile:
water as eluent (24,48,49) and chromatography over ion exchange resin
using water as the eluent (50,51,52). The latter method stemmed
from earlier work with aqueous LC (53,54,55) and is the method of
choice in our laboratory for reasons discussed elsewhere (39,52).
When glucose is the only product (such as in cellobiose hydrolysis)
or when a hydrolysis reaction gives a predictable ratio of glucose
to higher molecular weight product, the use of an automated glucose
analyzer is convenient (28). In certain instances, only the total
sugars formed need be determined. Colorometric assays such as the
Nelson-Somogyi method (56-59), the phenol sulfuric assay (60), and
the anthrone method (61,62) are then applicable.
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TABLE I
Summary of Optimum Conditions
TEMPERATURE
COMPONENT pH °C REFERENCE
Glucan-glucanohydrolose 4.8 40 39
Cellobiohydrolase 4.8 50 40
B-Glucosidase 4.75 50 28,29

The kinetics of an enzyme are usually measured at optimum pH
and temperature. These are summarized in Table I for cellulase
components from Trichoderma. These values, determined in our labora-
tory, are in general agreement with conditions reported by other
researchers (25,30,32,35,38,63).

Kinetic Studies on Soluble Substrates

Studies on the hydrolysis of soluble substrates have been
carried out with derivatized celluloses such as carboxy-methyl-
cellulose (CMC) and water-soluble cellulose acetate (WSCA) (64);
p-nitrophenyl glucosides (30,36); and oligosaccharides of cellulose
(cellodextrins) having a DP of 6 or less (47). The results from
studies with cellodextrins are perhaps the most interesting since
cellodextrins represent potential intermediate products, and there-
fore, substrates,for the cellulase enzymes. Studies with soluble
cellodextrins are limited to a DP < 6, since at DP > 7, the cello-
dextrins become sparingly soluble in water (see Table II).

Studies with purified cellulase components from Trichoderma
viride carried out with cellodextrins are summarized in Table III.
In all cases the classical Michaelis-Menten type kinetics were used
to model the kinetics. In this type of approach, the kinetics for
the cellodextrins shown followed combinations of the reaction
equations given below:

ki ko
S+ E S —— SE ——— P + E 1)

SE+P —mm8 —» SEP (2)
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TABLE II
Solubility of Cellodextrins *

MOLECULAR WATER SOLUBILITY
COMPOUND WEIGHT mg/m1 mM
Cellobiose 342.3 125 to 147 360 to 429
Cellotriose 504.45 "very soluble" -
Cellotetraose 666.59 78 117
Cellopentaose 828.73 <40 <48
Cellohexaose 990.86 <10 <10.1
Celloheptaose 1152.90 1 0.87

* A detailed listing of other properties is given in Ref. 47
** at 25°C

E+P ———— EP (3)
SE+§ ——————> SES———> SE+ P 4)

where S represents substrate, E represents enzyme, and P represents
product. General forms of initial rate expression and integrated
rate equations for competitive inhibition (corresponding to reaction
Egs. (1) and (3), non-competitive inhibition (Eqs. (1) to (3)), non-
competitive with substrate inhibition (Egqs. (1) to (4)), and no
inhibition (Eq. (1)) are summarized in Table IV (Egqs. A.1-A.3,
B.1-B.3, C.1-C.3, and D.1-D.3).

The general technique used for B-glucosidase and glucanohydro-
lase (28,29,39,65) was to obtain initial rate date, to plot it on
a Lineweaver-Burke plot, and to postulate a model based on the
observed initial rate inhibition patterns. A model consistent with
the initial rate patterns was then developed and kinetic constants
were determined from the initial rate data using these equations.
The constants obtained include: the Michaelis constant, Ky (=(k-1
+ kg)/ki1), which is the concentration of substrate giving half
maximal velocity; and dissociation constants, Ki,l (= k_3/k3),Ki 2
(= k-4/ky), and Ky (= kos/ks5) which give a measure of affinity of
inhibitors (product or substrate) for the enzyme. Complete details
on this type of kinetics are given in the textbooks (67,68).

While correlation of initial rate patterns with initial rate
equations is often used as the criteria for determining a model for



60 M. R. LADISCH ET AL.

TABLE III

Summary of Kinetic Studies with Cellodextrins
For Cellulase Components from Trichoderma viride

SUBSTRATE(S)
COMPONENT STUDIED REFERENCE
B -glucosidase cellobiose 28,29,30,65
(cellobiase) cellotriose
Glucan glucanohydrolase cellobiose 39
(endoglucanse, cellotriose 66
or CX) cellotetraose
Cellobiohydrolase cellobiose
(exoglucanase, cellotriose 40
or C] cellotetraose

enzyme action, a further check on consistency can be provided by
integrating the initial rate expression and comparing the fit to
timecourse data. Thus, the model and the constants determined at
low conversion (ca. 2% to 10%) are extrapolated to higher conver-
sions (up to 90%). If the postulated model accurately reflects
the mode of enzyme action, the integrated rate expression should
follow the trend of timecourse data to high conversions. The
integrated rate expressions can not, however, be used at complete
conversion since the pseudo-steady-state assumption used in
deriving the equations does not hold at complete conversion for
irreversible hydrolysis.

Initial rate kinetics have a disadvantage in that many repli-
cate data points are required and relatively small changes in
substrate or product levels must be measured. While improved
methods of determining initial rates have been proposed (69-71),
accuracy still requires many data points. In some cases an alter-
nate approach using an integrated rate equation may be used.

Foster and Nieman developed a graphical method for determining
kinetic constants based on an integrated rate equation for competi-
tive inhibition (72). This method assumes knowledge of the mechanism
and is based upon Michaelis-Menten kinetics. Hsu, et al. (40),
used this type of approach for hydrolysis of cellotriose and cellote-
traose by cellobiohydrolase, and which is competitively product
inhibited by both glucose and cellobiose.
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Kinetic Studies on Insoluble Substrates

The hydrolysis of cellulose by cellulase is of obvious signi-
ficance. The measurement of the kinetics of cellulose hydrolysis
is complicated by the factor that the reaction is heterogeneous
since a solid substrate is involved. An early attempt to model
cellulose hydrolysis resulted in the "'Shutz Law" (73):

1/2

P = kt (5)

and modification

kt" (6)

P

where P is the fraction of substrate hydrolyzed, t is reaction time,
k is the hydrolysis rate constant, and n an exponent which is
function of the nature of the cellulose and cellulase. These ex-
pressions are not adequate for extended reaction times so other
suggestions have been made.

King proposed (74):

dA 2

- k' (S

o (s,) ™
where A is substrate surface destroyed, So is substrate surface
available, and k' is the rate constant. Equation (7) reflects
King's observation that the rate of the crystalline substrate sur-
face destroyed is a linear function of the surface area available.

The factor of surface area in cellulose hydrolysis was further
developed by Maguire (75), Whitaker (76), Huang (82) and Humphrey
(77). In these cases an adsorption isotherm was combined with a
rate equation to model the system. Maguire (75), using an expres—
sion derived by McLaren and Packer (78) for the action of soluble
enzymes on insoluble substrates, analyzed the kinetics of C; action
on cellulose. The equation used was:

vk (e ®)
E

where v is the rate of hydrolysis, a is the surface area occupied
by enzyme, and Ay is the area occupied by a mole of adsorbed enzyme.
Assuming a mono-layer of enzyme is absorbed at equilibrium, the
Langmuir adsorption isotherm:

a KE 9)

A _1+KLE
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TABLE IV

Summary of Kinetic Equations For Soluble Cellodextrins

TYPE OF REACTION
INHIBITION EQUATI1ONS INITIAL RATE PATTERNS INITIAL RATE EXPRESSION
LA
None (AN VEERTE +sS (A.1)
] m
v
T
Competitive [11.03] ‘\increasing v = ———-—V—S—P———— (B.1)
P Kpll #7—) + 8
1 i,2
v
1/s
Non-Competitive 011,021 v P & P (c.1)
3] \inc;easing Km(I * K1,2)+(1 + Ki,l)(S)
1
v
/s vs + v s?/Kg
Non-Competitive [1],[2] increasing v = P P > (D.1)
with Substrate [31,14] P Koll+ )41 + g—)s+57
Inhibition i,2 i,1 Ks
1
v
/s
+ For cellobiose hydrolysis. S0 = cellobiose; P = glucose; S = S0 - P/2
Substrate and product equations are in molar concentrations.
(+) Expression which gives indicated initial rate pattern.
can be combined with Eq. (4) to give:
k'Ak_E k'E A
1+ E AE + A_/k + A-a
A0+ EE) E* B /k) + (- a)

where E is the concentration of enzyme in solution, Kj is the
equilibrium constant, A is total surface area, E, is total enzyme
concentration, E, is adsorbed enzyme, and E, = E + E;. Using this
approach with purified enzyme, Maquire (75) showed that when the
Cy enzyme concentration is large, the initial rate is proportional
to surface area. At large E,, Eq. (10) reduces to:

v = k'(4) (11)
and hence, predicts this behavior.
Whitaker (76) in a similar approach, used the Freundlich

isotherm:

a - 19}
N kE (12)
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INVERTED INITIAL RATE ExRession ! INTEGRATED RATE EXPRESSION”
I | ep - P A.3
VIV St (A.2) vt=p- 211 250) (A.3)
Kl + ) y 2 25 s
LI Py 2 = (1 - 9 0 .
v v Tsty (8.2) vt=(1 K, 2)P + 2k, (1 + K 2)1n(§0—_—,;7-2') (8.3)
( P
K (1 +K, ) (1 + P/K; 4) 2 2K, 25
1 'm i,2 1 i,1 _ P ‘ _ [ P
Ve v cgt v (C.2) vt _ZM,1+(]- @T?P 2k (1 + KT’2)1n(1 250) (c.3)
1 Km(] *+ K: 2 ] (1 + /K, 1) 0.5t Ks |:1 + Vmax I Ks 1 Km . So( 1
_ 1 P/K, St = o - \ — " - 0.5K, 5K,
V'TTT?R:_ S+—__TJJ‘ v 05K 05K , 0.5K;
VHVUS/K (p2) A (0.3)
1 S KmV ) KmV' 1 . ( max KS So
+ . - - X In T
VUSRS K 0.5K; 2K Vmax stmaxJ LV + (s, - 0.5P
’ max Ks o
K s s
0.5P S '311 o o]
+ &30 )+ (1 ¢ ) tn (=——575)
v 05K " Vi 05K, , 5, - P2
He then obtained the equation:
' n
v = k'AKE (13)

where n = 0.66 for cellulose and n = 0.77 for swollen linters.

Huang (82) derived an equation comparable to equation (10)
which included competitive product inhibition. In this case,
cellulase enzyme having high levels of C; and Cy and a low level of
B-glucosidase was postulated to follow the reaction scheme:

ky

E+S —— X

— (14)

(15)

(16)
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The enzyme was assumed to be rapidly adsorbed on cellulose (S) to
form a complex (X1)which yields products (P) in an irreversible
manner. The products, cellobiose and glucose, then reversibly
combine with enzyme to give complex X;. Huang combined the Langmuir
isotherm:

X3 - kLE

— L (17)
X1y 1+ kE

with the pseudo-steady state assumption and a conservation of enzyme
equation:

®, = ® + &) + (%) (18)

to obtain the rate equation:

@ o S ®E kX K (E) (8) (19
dT 28] 1+ KL(E) 1+K3(P)+KL(E)0+KL(S)[XIM"XI]

where K3 is the dissociation constant, kg/k_3.

Actually, the number of sites available to enzyme changes as
hydrolysis proceeds. This is reflected by the '"shrinking site
model" recently suggested by several investigators (79-81) and
described by Humphrey (77). 1In this approach, the disappearance
of cellulose is assumed to follow the steps:

E Eo
(Cl,CX) (B-Glucosidase)
S > Sy - Sy (20)

where S, S,, and S; represent cellulose, cellobiose, and glucose,
respectively. The enzymes E and E; were assumed to be subject to
simple, non-competitive inhibition. Hence, the disappearance of
cellulose was written as:

ds Ki,2

it T Paas ¥ K, s, (21)

where K is the reaction rate constant, Eyzqg is grams enzyme
adsorbed/gram of cellulose, and Ki,2 is a cellobiose inhibition
constant. The enzyme adsorbed, assuming a Langmuir isotherm, is
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K E
Fads =M | TF K E (22)

by equation (9). EyM represents the maximum amount of enzyme which
can be adsorbed on the cellulose surface and is proportional to the
surface area susceptible to hydrolysis:

= 2/3
EM = kS (23)
where k is a proportionality constant. Combination of equations
(21), (22), and (23) gives an expression for the disappearance of
cellulose as:

K E I—K
L i,2
%%— = -kKSS/3 X . (24)
l+KLE E{i’z-!-sz
This model was extended to the microbial hydrolysis of cellulose

by accounting for the generation of the enzymes as the organism
grows and the repression of enzyme production to glucose.

Another type of model has been reported by Okazaki and Moo-
Young (83). This generalized mechanistic model included the action
of three enzyme components, defined to have the activities:

1) E; - forms an enzyme-substrate complex with cellulose
(51) having DP > 3, and then hydrolyzes it randomly to
cellobiose and glucose;

2) E, - forms a complex with the non-reducing end of the
cellulose molecule, and then hydrolyzes it endwise
to produce cellobiose;

and
3) B-glucosidase - hydrolyzes cellobiose to glucose.

These enzymes were assumed to be inhibited by glucose (Ej, E,, and
B-glucosidase), cellobiose (E; and E,), and products from random
cleavage (E;). Simple non-competitive (i.e., inhibition constants
have the same value) and competitive inhibition mechanisms were
considered. The equations obtained (see ref. 83) were solved by
computer with the assumptions that the Michaelis inhibition, and
maximum velocity constants are independent of cellulose chain
length. Calculations with this model showed that apparent synergism
between E; (endoglucanase) and E; (exoglucanase) is affected by
product inhibition, the DP and type of cellulose, the enzyme concen-
tration at a constant Ej/E, ratio, and also by the ratio of Ej/E,.
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In some earlier work, Howell and Stuck (41) examined cellulose
hydrolysis with a less complex model which included non-competitive
product inhibition and ignored the possibility of multiple sub-
strates. Both competitive and non-competitive inhibition were
examined. The non-competitive model gave the best fit to the data
(obtained with unpurified enzyme) with the equation:

S S K

p2
Vt = Kg (1 +=>) n °
Ki

+(1—i—)P+-——— (25)

S -P 2K4

where V is the maximum reaction velocity, So is the initial cellu-
lose substrate expressed as mol of polyanhydrocellobiose, P is
product expressed as cellobiose, Kg and Kj are dissociation con-
stants for enzyme-substrate and enzyme-product complexes, and t is
time. This model gave a good fit of the data up to 657% conversion
and predicted the trend in the timecourse hydrolysis data. An
interesting conclusion made from this study is that excess substrate
(cellulose) causes inhibition of the enzyme. The authors reported
this finding to be consistent with work done earlier by Van Dyke
(81).

RESULTS AND DISCUSSION

Kinetic constants for glucanohydrolase, cellobiohydrolase, and
B-glucosidase determined by Michaelis-Menton kinetics are summarized
in Tables V, VI, and VII respectively. Trends in these constants are
helpful in describing the hydrolytic behavior of these cellulsase
components which were purified at least to the point of being free
of competing activities. The reader is referred to the references
cited for details.

The data for glucanochydrolase (Table V) shows that this
component hydrolyzes cellobiose (G3), cellotriose (G3), and cello-
tetraose (Gy) with a generally increasing maximum velocity. The
Ky's for this enzyme are on the magnitude of order of 1. The
hydrolysis of cellobiose is competitively product inhibited by
glucose. The enzyme is also apparently subject to substrate inhibi-
tion at 10 x K, according to Shoemaker and Brown (24).

The hydrolysis of cellulose by glucanohydrolase has also been
studied. The limited hydrolysis of phosphoric acid swollen cellu-
lose at pH 4.5 and 40°C with endoglucanose gives Gy, Gy, and Gz as
products (24). Cellodextrin production was also observed in our
laboratory for Avicel™ (micro-crystalline cellulose) for glucano-
hydrobose at pH 4.8 and 40°C was shown in Figure 2. The hydrolysis
of cellobiose (39), cellotriose (24,66), cellotetraose (24,66), and
cellopentaose (24) has been reported to result in small quantities
of higher oligosaccharides. This indicates that hydrolysis of
soluble cellodextrins is reversible to a small extent.
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TABLE V

Kinetic Constants For Glucanohydrolase
(Endoglucanase) From Trichoderma

ASSAY CONDITIONS V/Eot K K 5
—_—_— umoles ’
SUBSTRATE Temp °C  pH  minemg protein mM mM
Cellobiose 40 4.8 0.58" 1.6 0.98
40 4.5 0.4987 2 L < F—
3.65" 5P (62.)" -
0.3017>¢ 1.26  —-e-
Cellotriose” 40 4.5 1.222 0.339  ----
24.4° 2.65  -ee-
0.957¢ 0.279  ----
Cellotetraose” 40 4.5 66.7° 133 ----
14.1¢ 2.13 ———-

*% st
Competitive Inhibition constant for product inhibition by glucose

* Data from Ladisch, Gong, and Tsao (39)

* Data from Shoemaker and Brown (24), with values for T. viride
a"Endog]ucanase "
b"Endog1ucanase 1"
c"Endog1ucanase v

+ Estimate

In comparison, cellobiohydrolase catalyzed hydrolysis of G,
G3, and Gy is not reversible (40). As shown in Table VI, cellobio-
hydrolase has no activity with respect to cellobiose. The activity
with respect to Gz and Gy is competitively product inhibited by
cellobiose and glucose (40). The inhibition by cellobiose is much
stronger (K o = 0.2 mM) than for glucose (K ; = 2.1 mM). The
inhibition by glucose of both cellobiohydrolase and glucanohydrolase
is of the same magnitude of order (compare Table V and VI). In
comparison cellobiose inhibition is significantly stronger than
glucose inhibition of gluconohydrolase. The activity of cellobio-
hydrolase seems to be somewhat lower with respect to G3 and Gy
compared to glucanohydrolase. The Ky's of cellobiohydrolase appear
to significantly decrease with increasing molecular weight of the



68 M. R. LADISCH ET AL.

TABLE VI

Kinetic Constants For Cellobiohydrolase
(Exoglucanase) From Trichoderma

V/E *k *hk
ASSAY CONDITIONS tot K Ky Ke
—————— Emo]es
SUBSTRATE Temp °C pH min-mg protein mM mM mM
Cellobiose” 50 4.8 No Activity == = -
Cellotriose’ 50 4.8 0.1 0.2 2.1 0.2
Cellotetraose’ 50 4.8 2.7 0.08 -- 0.4
Fibrous * .
a=-cellulose 25 5.2 0.0071 -- -- 1.13
Bacterial
cellulose 37 4.8 0.0 0.06

? Data from Hsu, Gong, and Tsao (40), T. reesei.
* Data from Maguire (75), T. viride.

* Data from Halliwell and Griffin (35), T. koningi; significant inhibition also

also caused by carboxy-methyl cellulose.

*y-0.118 umole . 60 sec 1 & Llom
o % sec min 1000 ml 10 mg protein

*** Calculated from data of Halliwell and Griffin assuming cellulose DP > 30
(M > 4860).

*%*
Competitive inhibition constant for glucose.

Kk
Competitive inhibition constant for cellobiose.

substrate. Cellobiohydrolase hydrolyzes micro-crystalline celluose
giving cellobiose and glucose as the sole products (see Figure 2).

The hydrolysis of both a-cellulose and bacterial cellulose is
strongly inhibited by the product cellobiose. Thus when cellobiose
is combined with cellobiohydrolase an apparent improvement in
activity is observed (19,85). This synergistic effect can be ex-
plained by the partial relief of cellobiose product inhibition when
cellobiose is hydrolyzed to glucose. While glucose also inhibits
cellobiohydralase, its dissociation constant is 10 times larger
than that for cellobiose (40). Hence, the inhibition effect of
glucose is lower than cellobiose and the net effect is relief of
inhibition.

Another interesting finding reported for cellobiohydrolase is
that it is also strongly inhibited by carboxy-methyl cellulose (35).
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TABLE VII

Kinetic Constants for B-Glucosidase
(Cellobiase) From Trichoderma

V/E * sk *dek
ASSAY CONDITIONS tot K K. 1 K. 2 K
——— umo]es m 1, 1, S
SUBSTRATE Temp °C pH min-mg protein _mM mM mM mM
Cellobiose t 50 4.8 116 2.5 16.4 1.22 3ggéd
Cellobiose® 25 4.94 .- 2.68 ---  M8Bed oo
Cellobiose™ 50 5.0 1.5 aem oo 18Beq
Cellobiose™ a0 5.0 33 1.5 —e= oo BReg
Cellobiose™* Not given. 97 1.8  --- - 31.5
XX Probably similar
Cellotriose to conditions 185 0.22 --- - 26.6
above.
cellotetraose” 40 5.0 (19) (0.35) Cellotetraose

causes strong inhibition

t Data from refs. 28, 29;

1=

. viride.

* Data from Maguire (30); I. viride.

** Data from Sternberg (84); T. viride.

X Data from Berghen and Pettersson (38); J. viride.
*X pata from Brown (36).

* Noncompetitive glucose inhibition constant.

b Competitive glucose inhibition constant.

*k®
Substrate inhibition constant.

This seems to be consistent with the observation of Howell and Stuck
(41) who reported substrate inhibition by cellulose for a crude
cellulase preparation from T. viride. In the context of inhibition
by insoluble substrates, it is interesting to speculate that part

of the C;-Cx synergism may reflect the relief of C; inhibition by
the action of Cy. This would be analogous to the stimulating effect
observed when B-glucosidase is added to a cellulase preparation (85)
to enhance the hydrolysis of cellobiose which inhibits cellobio-
hydrolase.

The properties of B-glucosidase are summarized in Table VII.
This enzyme has a much higher apparent maximum velocity towards
cellobiose than do the other cellulase components with repect to
their substrates. B-Glucosidase is subject to non-competitive pro-
duct inhibition (28,29,65) and substrate inhibition (36,65). The
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Endoglucanase Cellobiohydrdase
G Non-reducing
G | end
' ?
G' ?
G
| -— ? -
G' .G
G‘ :
: ?
G
| — G
G | -
| :
G
|*f\\ G \\
G Soluble | Cellobiose
é Products ? (6—G)
' :
Q- é
G
Cellobiase
GLG 26

Figure 1. Schematic representation of action of cellulase compo-
nents.

competitive part of glucose inhibition (represented by Ki’z) is the
most pronounced inhibition, with uncompetitive product inhibition
(K;,1) being less and substrate inhibition (Kg) being the least.
While B-glucosidase has very high activity with respect to cello-
biose (hence, the term 'cellobiase"), some B-glucosidases have also
been found to exhibit significant activity with respect to cello-
troise (36) and cellotetraose (38). Berghem and Petterson also
reported that cellotetraose strongly inhibits B-glucosidase.

For cellobiase enzymes exhibiting non-competitive product
inhibition, it is relevant to note an interesting artifact reported
by Segal for non-competitive type inhibition (ref. 68, pg. 149).
The undetected contamination of substrate by small amounts of
product can give a Lineweaver—-Burke plot which indicates substrate
inhibition. This arises from the mathematical form of the kinetic
equation for non-competitive inhibition. Hence, when measuring
the kinetics of BR-glucosidase using purchased cellobiose, it is
probably prudent to check for glucose contamination before doing
initial rate assays.

Using that data in Table V to VII, some kinetic characteristic
of the three components can be described.

(1) The apparent maximum velocities for individual cello-
biose hydrolase and glucanohydrolase components are
low while the velocity for B-glucosidase is high.
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(b) Cy Gy
(a) C,
50 mg Avicel G
500 p.L Water 2 Salt
20l
50 p! Buffer c M
X
20l Boil
- —
zgg%ate 10 min i‘r;sgtéate G,
2.25 hr Salt Buffer 2.25 hr
Buffer
(d) ¢ 62
(c) Cx
50 mg Avicel 20 11
500 1
Water Salt Gy C K Salt
Vot Boil
Buffer —_—_— G|
20 utC 10 min incubat
{20ntx % © Butte I 40°C. Buffer
incubate utter 2.25 hr
40°C,

225 hr

Figure 2. Chromatograms showing action of Cj; and Cx components from
T. reeset. Cy= 10 mg protein/ml. Cy = 1.75 mg protein/ml. C;,Cy
purified as indicated in ref. 19,

(2) All three components are product inhibited. The
magnitude of glucose inhibition for all three
components is similar. The cellobiose product
inhibition of cellobiohydrolase is about 5 times
stronger than the glucose product inhibition of
cellobiase. This may explain why cellobiose
product inhibition in culture filtrates seems more
prominent than glucose inhibition.

(3) All three enzyme components show substrate inhibi-
tion. Substrate inhibition with respect to soluble
cellodextrins is weak and occurs at relatively high
substrate concentrations.

(4) Cellobiohydrolase and B-glucosidase do not appear
to catalyze a reversible reaction. Glucanohydro-
lase shows a small extent of reversible hydrolysis.
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Cellotetraose Cellotriose Cellobiose Glucose
G G G G,

Cellopentaose ‘
G5
Cellohexaose
o ,Aigm LN, o

|
!'l’l /
A\ //
G, ,/
G,
i G, G|
———”Cx _-'—’Cl — — ——®Cellobiase
—)*?:t?icgi?im >+G denotes products

G

S

Figure 3. Schematic diagram summarizing possible reaction pathway
for cellulase components acting on soluble substrates. Detailed
explanation of figure is given in text.

Additional studies on hydrolysis of cellodextrins by pure
component endo- and exo-glucanases from 7. viride and other sources
have also been reported. The trends observed and kinetics constants
obtained are similar to those in Table V to VII. These results,
which include the work of Whitaker, Nisizawa and collegues, Li,
Flora, King, and others, are given in a comprehensive review by
Nisizawa (44) on the mode of action of cellulases and hence are not
discussed here.

The diagram in Figure 3 attempts to summarize the possible
hydrolysis pathways leading to complete conversion that a molecule
of Gg could follow according to the discussion and data presented
thus far. This scheme includes consideration of glucanohydrolase
(Cx) and cellobiohydrolase (C;) having activity with respect to
the same substrate, product inhibition by glucose, substrate and
product inhibition by cellobiose, and the multiplicity of products
possible. Reversible reactions are assumed to be small, and
hence, are not included here although they could affect apparent
rates of hydrolysis at intermediate conversions. Substrate inhibi-
tion by G3 through Gg is not included since these components are not
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TABLE VIII

Pathways Represented in Figure 3#
G6 6~»5-—>4 —»3 2 =]
- 6—>»5 ——»3 —»2 .»]
6—>5 4 — a2 ]
b———>ld >3 -2 5]

bl —»2 ]

6—————— >3 —>2 —»]

54 —3 —»2 —»l

)
f ——— 32 -]
54— 2 1
o2 —»]
G_3 3-—»2—»]
G 2—»1

'N

#Numbers indicate DP of product or substrate.

readily soluble (47) to the extent necessary for strong substrate
inhibition,

This diagram is helpful in discussing the qualitative aspects
of soluble cellodextrin hydrolysis. The curves in the figure repre-
sent potential products (or substrates), as indicated by G, (n =
1 to 6). The circled (®) intersections represent product arising
from a particular path. The information of two different products
is inicated by a circle (§>) for the one product and a (+Gy) for
cellobiose or (+Gj) for glucose, which are the other possible
products. The possible pathways represented if Figure 3 are
summarized in Table VIII. Some of these pathways are duplicated in
Figure 3 for the purposes of clarity. Two further examples comparing
this scheme to literature results are given below.

The action of endoglucanases from T. viride (86) shows Gy:Gy
product ratios (86) of about 1:1 for G3 hydrolysis 2:1 for Gy, 1.5:1
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(with some Gy product) for Gg hydrolysis, and 1.8:1 (with some Gj
and G, product) for Gg hydrolysis. Based on careful biochemical
studies, the authors concluded that their enzyme was not acting
randomly. Figure 3 indicates that if the endoglucanase (Cx) were
strictly random, mole product ratios of about 1:1 for Gg, Gg, and

Gz and 1.5:1 for Gy should be observed. These are not observed, and
hence, the prediction from Figure 3 is consistent with the data. It
should be noted that other researchers have also reported less than
random action for endoglucanase from T. viride (24) and Cellivibrio
gilvus (87).

The activity of cellobiohydrolase (Cj) is defined to be seq-
quential with hydrolysis is progressing from the non-reducing end of
cellulose or cellodextrin. Consequently, there is only one pathway
by which each particular substrate reacts. Substrate G, will give
(n - 1)/2 moles Gy to each mole of Gj if n is odd, and n/2 moles Gy
(with no G ) if n is even. The product distribution is again
consistent with experimental data (40).

The results from kinetic studies using solid substrate are
helpful in explaining some of the observed synergistic effects re-
ported for cellulases. In this context the work of Moo-Young (83)
is interesting. Their mechanistic model describes synergism as
enzyme E; (endoglucanase) randomly attacking cellulose and "opening
up" non-reducing ends in the cellulose structure which can be
attacked by Ep (exoglucanase). Their model predicts that an E;/Ep
ratio of between 0.0l and 0.1 gives the optimum degree of synergism
depending on the molecular weight of the cellulose substrate. In
a careful study of relative quantities of protein in T. reeset,
Gong et. al. (19) found the endo: exo (i.e., Ej/E;) ration to be
0.12. This is within the range predicted. Thus, according to
Okazaki and Moo-Young's model further improvement should be observed
if the amount of E; (cellobiohydrolase) is increased. The effect
should be especially pronounced if higher DP cellulose is being
hydrolyzed.

The interpretation of synergism observed experimentally is
made more difficult by the strong product inhibition of exoglucanase
(Cy) by cellobiose. Thus, while synergistic effects may increase
with Cy concentration, the greater production of cellobiose will also
increase the inhibitory effect on Cj.

Figure 2 shows results from an experiment in which Cj and Cy
were added sequentially with the enzyme being inactivated inbetween
steps without removing the product. When C; was added first the
products were Gy and G;. When Cyx was added first the products were
Gz, Gy, and G; which indicated random action. However, in both cases
the final products are G, and G;. In the case of Cy action this is
expected. However, in the case of Cx (Figure 2(b)) a product
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distribution which includes significant G3 would be expected just as
was observed in Figure 2(c). Considering that less than 10% of the
substrate was hydrolyzed, this result is somewhat surprising and
difficult to explain.

An important aspect of cellulose hydrolysis is the measurement
of what changes occur to the cellulose itself upon enzymatic attack.
Gel permeation chromatography of native cotton, swolien cotton, and
rayon after incubation with an unspecified fungal cellulase showed
an 187% drop in the number average molecular weight (M;) for native
cotton, a 14 fold drop in M_ for swollen cotton and little change
in rayon (88). 1In all cases "significant" solubilization was
obtained. These data indicate that the cellulose surface area is
an important parameter to enhancing the action of cellulases. Further
results on morphological changes of cellulose have been reported by
Tsao and Chang (89). They reported that phosphoric acid treated
cotton linter having an initial DP of 2000 attained a DP of 40 as
hydrolysis with T. viride cellulase proceeded. Untreated linters
incubated with the same enzymes changed from 2000 DP to 150 DP.

Both these results indicate that accessibility of substrate
affects efficiency of enzyme hydrolysis. With this in mind,
Zabriskie et al. (64) tested the hydrolysis of water soluble
cellulose acetate (WSCA) with T. reesei cellulase. The activity
observed for WSCA was almost 20 times higher than that observed with
Solka Floc at the same incubation conditions. This experiment gives
an indication of the maximum rate which could be expected if impedi-
ments to hydrolysis due to cellulose crystalline structure are
removed. Hence, there seems to be an incentive for quantitatively
examining the question of accessibility along with that of synergism.

CONCLUSIONS

The study of cellulase kinetics is helpful together with other
data in developing a better understanding of cellulase action. The
kinetics reported thus far appear to fall into the categories of
Michaelis Menten (MM) type kinetics, non MM kinetics, and a combina-
tion of the two. The analytical solution of rate equations and the
determination of rate constants is complex even when single sub-
strates are considered because of the product and substrate inhibi-
tion characteristics of cellulase enzymes. Despite this, Michaelis
constants have been reported for the cellodextrins for all three
cellulase components. Other kinetic (inhibition) constants are
also slowly being reported in the literature.

The modeling of enzyme hydrolysis of solid substrates is also
being examined. The heterogeneous nature of the reaction system
requires consideration of enzyme adsorption, surface area, and
diffusion phenomena. Much work still remains to be done in this area.
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Future research on cellulase kinetics will have to deal with
the combination of cellulase action on both cellulose and soluble
cellodextrins. Thus GPC will probably become a useful tool in
studying the changes of the solid cellulose substrate upon C; and
Cx action. One of the challenges in this research will be in
obtaining the definitive experimental data which will be needed (1)
to develop models of cellulose hydrolysis, and (2) to determine the
kinetic constants. One of the objectives of this work should be to
develop sufficient understanding of the system to identify the rate
limiting steps. Then simplifying assumptions could be made to reduce
the complexity of the mathematical form of the kinetics. The objec-
tive should then be to obtain equations which are sufficiently
sophisticated to accurately extrapolate trends in cellulose hydroly-
sis from a minimum of data, yet simple enough to be useful.
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DISCUSSION

DETROY: Mike, I wanted to ask if you have done any work with
xylan for a possible binding affinity against your three
enzymes?

LADISCH: ©No, I haven't done any work with xylan.

MANDELS This is more in the nature of a question going on
from where you stopped. It seems to me that in cellulase
kinetics, you're faced with a tremendous dilemma. You have
a laboratory world in which you look at initial rates and
collect kinetic constants and inhibition constants and so
forth but this leaves you to deal with the purest possible
enzyme and the simplest possible substrate - ultimately with
soluble cellodextrins and purified components. Yet, what
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we're headed for is a real world in which we hope to get 50%
or more conversion of a very concentrated cellulose slurry.

It seems to me the kind of kinetics you're talking about down-
plays a factor in which you are obviously tremendously inter-
ested because Purdue is doing so much work on pre-treatment.
Obviously the crystallinity of the substrate is an extremely
important factor in your cellulase kinetics and related to
that is this whole nature of synergism and this dilemma: As

a biochemist you want to work with a purified component and
yet if you use B-glucosidase alone, endo-B-glucanase alone,

or exo-B-glucanase alone, with cellulose you get essentially
no activity and the purer the component the less the activity.
So obviously the synergism is, like crystallinity, a very over-
riding factor. Now, I don't know how we go about looking at
this in a biochemical way but certainly in the real world way,
we have to look at these under real use conditioms. Is it
possible, if in fact Tom Wood is right, that we have to have
the two components there together, that you get a kind of
activation when the two components are individually adsorbed
and should we be looking in this direction too?

LADISCH: Well, I'll answer your second question first. If

I remember your first question, I'll try to answer that too.
Anyhow, yes, adsorption might be the key factor in synergism,
but what we're saying is that when an enzyme adsorbs to some
component in your system and does not produce product, by a
kineticist's definition this is inhibition, and so I guess
again I think the essentially same thing is being said. I
think its a very important factor to consider that you do need
the enzyme components together to have very high activity.

Now I think that ties in very strongly with the cellulase work.
Several years ago we did and we're still doing very strong work
in our lab on the effect of pre-treatment on cellulose hydroly-
sis and with culture filtrates from QM-9414 we found that by
pre-treating cellulose with a solvent known as cadoxen we
could get, for instance with Avicel, which is a microcry-
stalline cellulose having an average DP of about 200, close

to full solubilization in a matter of three hours. Except

for the little bit of inhibition of the cellobiase by the
glucose formed, we could get up to 907 conversion within 10
hours to glucose. This same Avicel incubated under the same
conditions with no pre-treatment gave, I think, 15% conversion
after 24 hours, so indeed by dissolving the cellulose and re-
precipitating it we greatly increase the amorphous character
of the cellulose. At that time I think Dr. Tsao and Dr. Chang
felt it had something to do with the cellulose structure, with
which I agree.

If you look at the material which is pre-treated you will find
that you can take an amount of Avicel which you can place on
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the tip of your fingernail, and put it in a test tube
containing two milliliters of liquid. Finally you end up
with a test tube containing two milliliters of water, in
which this cellulose, upon pretreatment, will form a very
flocculant material which will fill the entire 2 milliliters.
In looking at that I think also what has been done is that
we greatly increase the surface area and that ties in with
synergism because Dane Zabrisky, when he was at Buffalo, (he's
now with Biochem technology), did a very interesting study
with water-soluble cellulose acetate. In this case he pre-
pared a cellulose acetate which was verified to have high
activity with respect to hydrolysis by T. reesei again. He
prepared it in such a way that it dissolved in water. When
he did this and incubated it with the enzyme, he found the
solubilizing activity and reducing sugar activity increased
by a factor of 20. When he did the same thing with solka
floc and used the T. reesei cellulase he found that on a
relative basis his activity was one. I think that sort of
experiment is very interesting to an engineer anyhow because
it indicates the maximum improvement in activity one could
possibly expect if the enzyme, which is a fairly large mole-
cule, had complete access to the cellulose.

This brings to mind Moo Young's work. I think this was the
most advanced model that we found in the literature including
this article and Nisizawa's article which thoroughly reviews
cellulase kinetics prior to 1973. The former model, with a
minimum of data, predicted that the optimum ratio of Cy4 to Cq
should be between 0.1 to 0.0l. It turns out that some people
(Dr. Brown, our group, and others) now have done some very
careful work to provide a mass balance for the cellulase
protein. We find that the ratio of these two enzymes is
between 1:10 and 1:30. Thus, this particular model indicates
that synergism is very important. The synergistic effects
were described mathmatically by assuming there is a changing
surface area and that some of the products which are formed
and which are not soluble are indeed very strong inhibitors
of the complex. So tying these things together I think shows
that synergism exists and perhaps we're all describing the
same thing. Like the analogy of the elephant and a lot of
people who can't see. You know you feel the tusk and you say,
"Well, it's smooth," and you feel its leg and it's kind of
wrinkled, someone else feels the body and says 'Well, it's
really solid." What I think exists in the literature if you
look really close is a lot of things now coming together into
a unified theory. I think this theory is necessary if we are
going to be able to intelligently improve the activities of
cellulases through genetic engineering or other means.
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WOODWARD: Mike, I was wondering if you could comment on
McGuire's data, I think it came out in 1977. He showed activa-
tion of B-gucosidase by glucose. That's rather intriguing, I
was wondering if you could say a few words about that?

LADISCH: He found that at very low glucose concentrations -
I think it was less than 0.1 milligram - you do indeed have
activation of the enzyme. We are aware of this data but we
did not address this because, as engineers, what we are
interested in doing is getting the glucose concentrations as
high as possible in the final liquid solution. That's why we
concentrate on the glucose inhibition itself.

In the paper that goes with this talk you'll find an equation
which I think is about 6 lines long and the only thing that

it describes is inhibition by product and substrate. If we

are to add the activation effect I think the equation would
become too long to be useful and this is the reason we ignored
it. The other point to bring out in the kinetics is that,

due to the fact that you have non-competitive inhibition, if
you ignore these particular activation affects, you can get a
Lineweaver-Burk plot that resembles substrate inhibition. If
there's a small amount of glucose contaminating your substrate
(and indeed we found certain commercial preps did contain
glucose) one does get something that resembles substrate inhi-
bition far below the substrate level that was predicted by our
data and Dr. Brown's data. This particular effect has been
described by Segal in his textbook. So there are several fine
points here that we didn't cover. What I tried to do was sort
out the two fine points from what I thought were the more
important things in our work.

BROWN: The methodology that you and we employ when we look at
these oligosaccharides usually is HPLC and that, alone, often
forces us to use substrate concentration ranges that we might
not wish otherwise to have to use. I wonder if you believe
that it's possible that by using some of these higher concen-
trations we may be forcing the appearance of competitive or
noncompetitive inhibition?

LADISCH: I think that's true and I think, historically, if
you look at it the first thing that was noticed was cellubiose
inhibition. The reason for this is the Kg is about 30 to 40
as opposed to glucose where the K{ is about 1. TIt's omnly
since we've had the sensitive techniques which include an
analytical glucose analyzer made by Beckman and HPLC that
we've been able to get into the lower ranges and it's only
recently that we have been able to detect sugars down in the
hundred ppm level. It's this level that you need to accurately
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model inhibition (if it exists) of higher cellooligosaccharides
in the same quantitative manner that you do for cellobise. So
I think it's a very important consideration.

Q. BROVN: Of course, nature solves these problems by getting rid
of the "end product” because that's the real beginning for
metabolism. In cases where one ferments these products, for
example to ethanol, some of our work has shown that you are
not out of the woods yet because the ethanol at appreciable
concentrations will serve as an acceptor for transglycosyla-
tion both by the endoglucanase and by the B-glucosidase.

A, LADISCH: Another problem I think we will run into later is
the same problem one has with starches. You get non-specific
reversion products which, from our point of view, aren't good
for fermentation. They're not suitable substrates and they
don't yield alcohol. Consequently that may be the problem
we'll talk about two years from now.
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This symposium is good evidence of the current interest in
utilization of renewable resources via fermentation. For substrates,
various forms of plant biomass are available in large quantities or
may be produced on energy farms. Solar energy is fixed by photo-
synthesis of green plants initially as small molecules, but these
are rarely available in high concentrations or large quantities.
Most of the excess over immediate metabolic requirements are rapidly
converted into more complex molecules which are utilized by the
plants as reserve foods or as structural materials. Most of these
are polymers that are awkward to use for chemical or biological
processes because they are chemically and physically complex and
are attacked only by limited groups of specialized organisms that
do not normally produce high levels of fermentations products of
commercial interst. Therefore, we would like to convert these
polymers back to the more usable monomers. An exception to the
above is sucrose, a non-polymeric plant reserve food which is a
simple soluble molecule, readily separated from plant juices in a
high degree of purity. ©Not surprisingly, sucrose molasses is the
basis for many industrial fermentations, notably the production of
ethanol by yeasts. Since there is not enough sucrose available to
support our expanded ambitions, we must resort to the more difficult
polymers and learn to depolymerize them by physical, chemical, or
biological (enzymatic) processes.

The topic for this session is enzymes and it is probable that
in the long run, at least for the carbohydrates, these will be the
catalysts for the most successful processes, although initially
acid processes may be easier. Limitations of the acid process
increase as the substrates become more insoluble, crystalline, and
resistant, and include degradation of the products, interactions of
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acid with impurities in the substrate, and corrosion of equipment,
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