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Foreword

Look reviews the theory and applications of enzymatic hydrolysis of
wenulosic biomass, a renewable raw material for chemicals and energy. The
subje~t has been of great interest during recent energy crises: but it may possibly
be of greater interest as genetic engmeermg techniques are applied to the conver-
sion of cellulose to sugars.

In either case, this excellent and thorough study fills a gap in the available
literature on the subject. Phe state of the art and potential industrial processes
are detailed. A section is also -included on high productivity fermentation sys-
tems for the production of ethanol.

The information in the book is from Enzymatic Hydrolysis of Cellulose: Theory
and Applications (LBL Report 13669), prepared by C.R. Wilke, B. Maiorella,
A. Sciamanna, K. Tangnu, D. Wiley, and H. Wong of Lawrence Berkeley Labora-
tory and the Umversltv of California Department of Chemical Engineering, for
the U.S. Department of Energy, June 1980.

The table of contents is organized in such a way as to serve as a subject index
and provides easy access to the information contained in the book.

Advanced composition and production methods devel-

. oped by Noyes Data are employed to bring this durably

- bound book to you in a minimum of tlme.'Specml tect“
mqulels are used to cloie the gap between 'manuscnpt
and ~completed book. In order to keep the price of the
book to a reasonable level, it has been partially repro-
duced by photo-offset dll’GCllY from the original report
and the cost saving passed on to the reader, Due to this
method of publishing, certain portions of the book may
be less legible than desired.



Notice

Tm; hqok was amppred as an account of work spon-
sored by& an agency ‘of the United States Govemmcnt.
Neither the United States Government nor any agency
thereof, nor any of their employees, nor the University
of California, nor Lawrpnce Berkeley Laboratory, nor
the Publisher, makes any warranty, express or implied,
or assumes any Iegnl liability or. responsibility for the
accuracy, completeness, or usefulness of any informa-
tion, apparatus, product, or process disclosed, or repre:
sents that its use would not infringe privately owned
rights, Reference herein. to any specific commercial
product, process, or service by trade name, trademark,
mmufgcturec, or otherwise, does not necessarily consti-
tute or imply its eﬂdmment recommendation, or
favoring by the United States Government, the Univer-
sity of California, Lawrence: Berkeley Laboratory, or
the qujasher The views and opinions of authors ex-
pressed herein do not necessarily state or reflect those of
the United States Government, the University of Cali-
fornia, Lawrence Berkeley Laboratory, or the Publisher.
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Introduction

As a renewable raw material source for chemicals and &ﬁergy, biomass has
much promise. Grains and sugar, for example, can readily e :;mveriod to ;
ethanol for use as a chemical intemdintd oi' motor fuel. But lmgir range
world needs will impose a limitation on the use of such crops for purposes
other than food. :

The cellulosic portion of biomass, however, represents an immense source
of sugars which awaits only the development of the‘ technology necessary for its
economical utilization. Typidally about 40% of the content of plant tissue is
comprised of cellulose, a polymer of hexose sugars, and about 20% consists of
hemicellulose, largely a polymer of pentose sugars. The monomer sugars can be
produced by hydrolysis of the cellulosic fractions employing as catalysts
either acids or enzymes. In light of an annual world production of biomass on
thé order of wll metric tons, the tremendous potential for a sugar based chemical
and energy industry is apparent.

. Enzymatic hydrolysis of cellulose is attractive because of its specific:ltf{
and absence of the competitive degradation which normally accompanies acid
hydrolysis. There has been a growing emphasis in research on engymtic hydrolysis
in recent years, stemming importantly from the pioneering work of Reese and
Mandels at the U.S. Army Natick Laboratories. Over the last decade research in
this field has been stimulated in the U.S. by major support from the National
Science foundation, the Department of Energy and its predecessor organizations,
and most recently by the Solar Energy Research Institute. Research and
development is actively underway in many other countries as well.

A large amount of research has been published on the theory of enzymatic

hydrolysis and the various microbial, and other, sources of the enzymes. The



2 Enzymatic Hydrolysis of Cellulose

bresmt report endeavors to supplement this information by emphasizin; insofar
as possible the status of the technology and of potential industrial processes
for production of sugars &&fzﬁliﬁmi_:g’zﬁbsfmtial research effort on
cellulose con_versicm has been underway in the authors' laboratories at the
University of California at Berkeley over the past ten years. This report is
based in part upon this background of experience, and experimental data from
relatively.recmt studies are presented in certain sections to make the
information as timely and useful as possible.

Because of currmtb ‘interest in production of ethanol .a section is included

which summarizes various methods for high productivity fermentation systems.



I. Theory of Enzymatic Hydrolysis

A. Sources of Cellulases

Microorganisms which can grow on cellulose include true bacteria,
actinomycetes and higher fungi. Those which can utilize native cellulose rather
than only soluble derivatives are termed truly cellulolytic.

Fungi which have been studied for their celllulolytic ability include

Irpex lacteus (1), Pyricularia oryzae (2), Penicillum funiculosum, Fusarium

solani, (3) Chaetomium theﬁ;ophiie, Myrothecium verrucaria, Phanerochaete

chrysosporium (Sporotrichum pulverulentum) (4-6), Trichoderma koningii (7,8),

and T. reesei (T. viride). Much of the recent work published on cellulose
degradation has been based on studies of the high-activity enzymes produced by
the last three organisms.

From the wild type of T. reesei, jsolated by the U.S. Army Natick Research
and mveth Comnd and designated QM-6a mutants have been developed. Of
particular intere;t are the strains QM-9414 (ATCC 26921) and strains produced at
Rutgers: Rut-NG14 and Rut-C-30 (32). The last strain is both hyperproducing and
catabolite repression resistant and hn's high xylanase activity. The geneology of
these strains is shown in Figure 1-1.Additional strains are being investigated

for B-glucosidase resistant to end product inhibition.

%% Cellulolytic Enzymes
e first postulate concemin-g the nature of the mechanism of enzymatic

hydrolysis was advanced by Reese, et al. (9). This was based on the fact that
some organisms could hydrolyze native cellulose, while others degraded only
soluble derivatives. A two-step process was envisioned. A component termed
C1 was thought to initiate hydrolysis by a preliminary activation or dis-
aggregation of the cellulose chains. Subsequently, Cx’ the second component,

was responsible for the depolymerization to soluble cello-oligosaccharides.
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Trichoderma reesei (viride)
QM 6a (wild type)

4

High energy uv
electron |

QM 9123 Rut-M-7

* : lintermediate)

Nitrosoguanidine
QM 9414
RUT-L-5 Rut-NG-14
Hyperproducing

53

Rut-C-30
Hyperproducing
Catabolite repression
Resistant

Geneology of High Yielding Cellulase Mutants

Figure j-1 il



Theory of Enzymatic Hydrolysis 6

v supposodly. truly e.llulolytic m-nnis-s possessed the (:1 enzyu, which
5 .oth-r cenulosc doguding orgmisla luckedq

‘ Later uork Ms shown, in contnst that C.‘1 is a B-1,4- gluc-n cellobio-
hydrolno (10 XI), lad thus acts on the chains formed by C u:t:on, contrary to
prﬂinus conjectm‘e Fnct;omnon resulting in purificagien of these enzynes g
have bm pcrfoﬂod by mumerous 1nvqstigntors (12 -17)., Putlfied co-ponents
: retain both (:1 and C activities, although relltive values of aach uctlvny
differ.

Enzymes designated C, and C  show & large synergistic effect, the exact
nature of which-has not been- &;cor;niﬁ.d; After purification, activity towards
native cellulose is decreased. - Subsequent combination of the purified enzymes ..

" in their original proportions.results-in the recovery of the original high
activity.

€. Composition of the Cellulase System

; The cellulase system has been. shown to exhibit three distinct types of
cellulolytic activity which bear the descriptive vnléeS_; B-1,4-glucan glucano-
Wlno (EC 3.2,1.4) an endo-enzyme; and B-1, A-glucn.n cellobiohydrolase,

(EC 3.2.1.81), an exo-enzyme; and B-uucosxdase (EC3.2,1.21). These more exact
names for the endo- and exoglucanases should replace the trival names C, and cx'.
_‘;'_he girgt enzyme is 3 randomly-acting endoglucanase, i.__e. it.,va;gls on the
m;qior qf the polymer to generate new chain ends. This activity is assayed
by xeactigity tgqlrds soluble cellulose as shown by increases in reducing
sugars or by decreases in yviscosity.
The second_‘ enzyme acts on the nonreducing ends of the pplyngr chair_l’to
rq_vlvqn_l_rcql_lp.bipsc. This actiyity is determined by incubation with czysta;linq
cellulose. When highly purified, it shows‘mly slight tactivity d;xe to the

synergism of the enzyme system.
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B-glucosidases hydrolyze cellobiose. md lus u.ti.voly shnrt-chni.n cou-'
ougoucchu-ides, and are necessary for re-oval of product which -ouid othmi;o
inhibit the progress of the hydrolysis. Recenmt anestigation hu mucstod thlt
8-¢lucosidua nctivuy as determined by rmtion with p-nitrvpha:yl B-glucosido
must be dist:lnguishod from activity towards ccllobxoso. The -odq of lction of :
the separate activities of the combined system is showm :ln Flguros I-2 and -3,

respectively.

D, Fractionation of Celluluos

Collu.lun have been fru:timuod into thoir gonnttuunt coqonnts by a
variety of biochemical procedures mang ulenfiltntion, gol fuention.
ion-exchange chromatography, adsorption chro—tomm and un-u-cm: t-msiag '
End.oglucmues and exoglucanases have been found to be glucopntnins. Iu:y-s
have been reported for each component.

The cellulase of T. koningii has been fractionated by Wood and McCrae (12,18)
into eight caq)onents including a single exoglucanase, fiv. mdogmcauun and
two B-glucosidases. P chrysospotiu- cellulase has bum fnctionted by Eriksson
and co-workers (406), resulting in the isolation of an oxog!uunua, five endo
glucanases, two B-glucosidases and a cellobiose oxidase.

The separation schemes of Berghem and Pettersson (19-21) and of Shoemaker,
Gum and Brown (22-24) for the fractiomation of cellulase of T E_o_i; are shown
in Figures 1-4 nnd -5, resp?ctivel}. From fxndustrini prt.spmtiéﬂs of C.Glluhs;l.
Berghem and Pettersson have reported isolation of two endoglucanases and a
single axeilucanﬁse and B-glucosidase, while Shocﬁker. et ;l have reported
four endoglucanases, one exoglucanase and one B‘glucosidasa. The l_u‘tc:t rcport :

a separation suitable for a large-scale punficanon procedure.

Physical properties of cellulase constituents yraptted by various

mve:tigators are shown in Table I-1,
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ENDOGLUCANASES : Random action on Cx
PR
amorphous cellulose ~6-6-6-6 - G-6-G-G-G-G
EXOGLUCANASES : Endwise action on
crystnlline and cl
amorphous cellulose G-@‘;g,g_g-g-g-c_g-c
| B-GLUCOSTDASES: Hydrolysis of
cellobiose to : BIG
GG
glucose {4

Figure I-2. Separate Activities of the Cellulase Complex
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INSOLUBLE ENDOGLUCANASES INSOLUBLE AND
CELLULOSE g»—  SOLUBLE (DP<6)
(0P>6) A CELLOOLIGOSACCHARIDES
+
1
|
L
1
H
1
1 &
: :
EFaas it sk s=-c--=|  EXOGLUCANASES
e
(INHIBITION BY Rt et CELLOBIOSE (DP=2)
i :
PRODUCTS OF :
L
HYDROLYSIS) ;
sy s g - 8-GLUCOSIDASES

MODE OF ACTION OF CELLULASE

Figure I-3.

e amesan GLUCOSE (DP=1)
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Cellulase Preparation

Gel-Permeation Chromatography
(Bio-Gel P-10)

l

L e

lowExchanq& Adﬁrbtior‘g
(DEAE-Sephadex) Chrométodréphy
I (Arginine-

= l l Sepharose 6B)

ton-Exchange Isoelectric

(SE-Sephadex) Focusing
Adsorption {soelectric Isoelectric
Chromatography Focusing Focusing
{Avicel)
v R 4

Endoglucanase 11 B-Gluco- Cellobio- Endoglucanase |

sidase hydrolase

Cellulase Fractionation (Berghem; Pettersson)

Figure I-4.



