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Recovery of the Cellulase Enzyme System of
Trichoderma viride by Acetone Precipitation

Richard T. Ige and Charles R. Wilke

Lawrence Berkeley Laboratory
University of California
Berkeley, California 94720

June 1974

ABSTRACT

The recovery of cellulase from T. viride by acetone precipitation
was studied to provide basic background information for possible re-

covery of cellulase in processes for enzymatic hydrolysis of cellulosic

wastes. Effects of acetone concentration, temperature, and total soluble

protein on the recovery of cellulase and the time required for the preci-
pitate to reach requilibriu_rn were examined. Stability and filtration
characferistics of the cellulase precipitate were also studied.

The results showed that more than 859% of the original enzyme
activity can be recovered at temperatures as high as 35°C. Most of the
cellulase activity is recovered with acetone concentration of 2.0 v/v or
greater. Inactivation of the enzyme during precipitation with acetone
exhibited first-order kinetics. Solubility of the cellulase protein was
independeﬁt of temperature and coﬁld be &escribed by the salting-out
equation.. Filtration studies indicated fhaf the enzyme precipitate has
a very large specific resistance. Addition of filter aid greatly improved

the filtration rates.
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INTRODUCTION

Celiulose is the most abundant forfn of carbohydrate in tl'/le world,
comprising mores than 50% of all carbohydrates. Unlike most resources,
the cellulose reserve is being replenished through photosynthesis, at
a net rate of between 7.5 and 10X 1010 tons of CeIlﬁiOse yearly (5,60,75).
Large qu.antities of the cellulose are potentially available in the form
of solid wastes.

In Am‘e‘rica, cellulosic wastes originate primarily from domestic
and agricultural sources. More than 250 million tons of domestic wastes
are produced each year. Of this, 40 to 60% is cellulosic in nature
(1,60). The major portion of the cellulose is in the form of paper,
while leaves, grass, and wood also contribute to the total.

The U. S. Department of Agriculture estimates that over 200
million tons of crop residue are produced each year (76). Additionally,
25 millién tons of debr.is from lumbering operations are left in the forests
each yéar._ Cellulose is the major component of these wastes. Cellulosic’
wastes also occur from the food processing and paper industries.

Cellulose is a potential source of food. Unfo#'tunately, few animals

can digest it in its natural form and it must first be converted to a more

~useful form. Cellulose can be converted directly to protein for animal

consumption by growing microorganisms such as Cellulomonas on it,
Alternatively, it can be degraded enzymatically by cellulase to glucose
which can be consumed directly or can be converted to proteins in the
form of yeasts.

Cellﬁlose can also be converted into a more cqnvenient form of

energy. The first step into the conversion is the hydrolysis of cellulose
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to glucdse. The glucose can then be converted into a variety of energy
cvompou'nds; ethanol and methane being the most prominent. |

As can be seen, the conversion of cellulose to glucose offers the

most versatility in the production of a food or energy source. Rosenbluth

and Wilke (63,) deifeloped a process for hydrdlyzing cellulose to glucose

using the cellulase ‘enzyvme from Trichoderma yiridle. In their e‘conomic.
evaluation'they found 58% of the plant cost was associated with the enzyme
p.ro_ducti'on stage. It was concluded that a major improvement could be
made by either. increasing thé enzyme activity or by recove‘ring the
enzyme. Mandels and her co-workers (49) have produced a mutant

strain of T. viridé capable of producing three times the enzyme concen-
tration of the organism used by Rosenbluth and Wil_ke.- Ghose and

Kostick (29) developed an enzyme recovery schérﬁe using ultrafiltration
membré.nes.' However, the recovery of enzyme activity in this process
was low. Only 46.7% of the filter paper activity was recovered.

It can be seen that improvements in the cellulose hydrolyéis proceés
can Be made by improving the efficiency of the enzyrhe recovery stage.
For this reas;on, the precipi.tation of cellulase enzyme from T. viride
was investigated. The effect of temperature and pfotein concenti‘ation
on the recoveries of Ci, C . and fiiter paper activities, and protein was
examined. The stability éf the dried cellulase precipitate during long
t.e.rm storagve was also examined. Finally, the filtration characteristics
were studied to determine the values of parameters needed to design

large scale equipment.
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BACKGROUND .

The techniques for the concentration and purification of enzymes
are numerous. Blatt (6) has categorized these techniques in tvhe following
classification:

1) Precipitative methods

a) salt and/or solvent concentration ‘
b) isoelectric precipitation
c) concentration by ultrafiltration
2) Solvent removali
- a) flash and vacuum evaporation
b) lyophilization
c) freeze—t_:haw procedures
3) ~‘Partition systems
a) gel exclusion (Sephadex, Biogel, Lyphogel, etc.)
b) adsorption chromatography
>c) membrane moderated procedures
(1) pervaporation
(2) dialysis (against solutes of high molecular weight)
(3) electrodialysis
(4) centrifugally accelerated ultfafiltfation
(5) pressure ultrafiltration.

Althop.gh these mei:hods are available for laboratory scale pro-
cedures, -not all of these techniqﬁes are aépliéable to large scale uses.
The techniqueé that are used in industrial scale processes are salt and

solvent precipitation, gel exclusion, and ultrafiltration.
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EnzYme .Recover}vr by Salting-oﬁt and Ultrafiltration
| Concentration of enzymes by precipitation wi_th inorganic salts was
studied in 1889 By vafn“ieister'-(38). In these experiments, Hofmeister
_crystallized ovalbumin ‘With ammonium sulfate. Since t.hat time Salting-
out of enzyme has become one of the most important techniques for'pi'o—
tein purificétion. The literature references té this technique have been
too voh;.minous to review. It was noted by Dunnill & Lilly (20), that in ‘
the Journal of Biological Chemistry during 1968 alone the.re. were 50 -
articles us.ing salting-out as an isolation technique. There have be“en
significant developments in the understanding of this technique and -
applications to large scale ﬁse that bear review, | |
It was Cohn (12) that first suggested thatrthe solubility of protein
could be répresented by the linear relationship
logS:ﬁ-Kcs : (1)
whefe S is 'the protein solubility; g is the concentration of the salt
and B and K are constants for the particular profein-salt system. The
various parametefs affecting the salting-out charaéteristiés of proteins
have been examined by Cohn and Edsall {(13), Green and Hughes (32),
Czok and Blicher (17); and Foster, Dunnill and Lilly (26). The theo-
retical aspects of the precipitation of proteins in.concentrated salt
solutions ha_\.re been examined by Dixon and Webb (18)‘.
In 1958, Baumgarten et al. (4) reported the large scale purification
of bovine pancreatic deoxyribonuclease which involved precipitation
with ammonium sulfate at 2 - 5°C. 50 - 106 hoﬁrs were required for the
precipitation steps and the recovery of enzyme activity was 41%. Since

1967, Leuz.i'nger and Baker (45), Dunnill et al. (19), Fisher et al. (25)
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and Street et al. (69) have used precipitation with ammonium sulfate
in the .1arge scale purification of enzymes. Nyiri (56) recovered
pectinases from fa f.ermen'tation broth by salting-out. He also examined
the problems associated with scaling-up from a pilot plant to a full scale
plant. |

Thes.e-.studies on the large scale recovery of enzymes by salting-
out were done in batch processes. The major problem in operating a
continuq_us saltprecipitationprocess was the long contact time needed
for complete precipitation. In 1972 Gray, Dunnill, and Lilly (31) iso-
lated B-galactosidase using ammonium sulfate precipitation in a con-
tinuous process. They found that the enzyme recovéry from the continuous
process was greatef than when the precipitate was allowed to equilibrate
in a batch process.

Ammonium sulfate precipitation has been used to recover the

cellulase enzyme systems of Myrothecium verrucaria (43,79,80),

Stachybotrys atra (72), Polyporus palustris (37), and Thermomonospora

curvata (70). From non-microbial sources, cellulase from green malt

extracts (22), silverfish (Ctenoloprisma lineata) (44) and a marine

wood-boring mollusc, (Terédo) (33) have been recovered by salting-out.
Jermyn (40) recovered extracellular B-glucosidase from S. atra by
salting-out with lead acetate.

Toyama (74) reported on the large scale production of cellulase by
the koji process. The cellulase is produced by growing cultures of

Trichoderma koniﬁgi_i on wheat bran (koji.) The cellulase is then ex-

tracted with water and precipitated with ammonium sulfate. The

precipitate was allowed to equilibrate overnight before separation.
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Ultrafiltration technology has existed for the past 40 years. Until
reéentlﬁr,“u‘ltrafiltration membranes were composed of cellophane and
Weré é-h"a'racterized _by high pressure drops aﬁd lbw filtration rates .'

In 1965, ‘Blatt et al. (7) reported the use of a new polyelectrolyte mem-
brane that completely changed the ifnportance of ultrafiltration as é
purification technique. Blatt, working with hurn_an serum and blood
ffactions_; found at least a 20 fold increase in f_il"cration fates over the
cellophaﬁé membranes. Recovery of protein activity was about 90%; '
Wang, Sonoyama, and Mateles (78) examined the effect of pressure,
temperature, and salts on the filtration rates. The recovery of enzyme
activity ranged from 50 to 91%.

Other researchers (8,9,77) have examined the purification of mix-
tures of enzymes. It was noted that there was a greater retention of
.low molecular v;/eight' proteins that are not normélly retained. Still
others (10, 35)_ ha\}e evaluated the different ultrafiltration membranes
and systems.

Ultrafiltration was first applied to the recovery of the cellulase of

Trichoderina_, viride by Ghose and Kostick (29) in 1970. They achieved
filtration rates from 7.1 to 14.2 gals/ft2 day with membranes whose
molecular weight cut off ranged from 10,000 to 36,000, respectively.

In a 5-fold concentration of the enzymes.; the maximum recoveries of
enzyme activity were 46.7% é.nd 56.7% for the filter paper and C;{ activ-
ities res'pvectively. The pressure in the ultrafiltration system was
maintained at 42-44 psig. Mitra and Wilke (51) also éoncentrated'the'

cellulase of T, viride by ultrafiltration. Using an operating pressure

e S el :g:'— it O
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of 20 psi'g,. they examined the reéovery of enzyme activity over a range
of concentrations‘from 2-fold to 10-fold. The recovery of C, activity
varied from 62.5‘{70 at a 2 fold éoncentration to 31.4% at a 10 fold con-
centration. At the same time, f:he recovery of Cx .aétivity varied from

62.3070 to 15.6‘70.

Enzyme Recovery by Solvent Precipitation

Ofganic; solvents were first used to precipitate proteins by
Mellanb).r (50) and Hardy and Gardiner (36) in 1908. In these early
studies, the treatment with o.rganic solvents was dpne at room tempera-
ture and resulted in denaturation of the proteins. As a result, organic
solvent_s. were not as extensiw;ely used as inorganic salts, which provided
a milder treatment, in precipitating enzymes.

In 1_936; Ferry, Cohn, and Newman (23) precipitated egg albumin
in a 25% ethanol solution at -5°C and found little denaturation. This
observation was extendéd by Cohn and his co-workers (11, 15‘, 24) to
other proteins. In 1946, Cohn, Strong, Hughesb,' Mulford, Ashworth,
Melin, a‘n.d Taylor (16) extensively studied the method of protein frac-
tionation \.avi't‘h organic solvents. The effects of sé.lts, protein, pH, and
temperatu.re on protein precipitation were examined and methods for |
the fractionation of human serum and plasma proteins were developed.
In these methods ethanol was precooled and added very slowly to the
precipitationv vessel. The temperature in the vessel ranged from -5 to
0°C and the mixture was constantly stirred to pre\}ent isolated build-up
of ethanol. Subsequently, Cohn et al. (14) improved the methods for
plasma fractionation with ethanol precipitation, and these methods are

still being used today in fractionating blood plasma.
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~ Askonas (3) applied the procedures developed by Cohn et al. (16)

to the separation of enzYmes from aqueous rabbit muscle extracts,

using ethanol, methanol, n-propanol and acetone as precipitating agents.

Askonas observed that acetone appeared superi_ovr to the other solvents
for enzyme separation. It was believed to be dﬁe to acetone's lower
vdielectricconstant at low temperatures. Enzyme recoveries wefe re-
ported at near 100%.

The celiulése system from a number of organisms has been re-

covered by. precipitation with organic solvents. Ethanol has been used

in the purification of the cellulase from Myrotheciumverrucia (64, 79, 80), .

T. koningii (74), and S. atra (72) and the intracellular B-glucosidase from

S. atra (81). Acetone was used to recover the cellulase from wood-

rotting fungus, Polyporus tulipiferae (52,54), and Poria vaillantii (68).

S-tutzenbergfer (70) attempted unsuccessfully to recover the cellulase from

T. curvéf:a. by alcohol and acetone precipitation.

Mandels, Kostick, and Parizek (47) used acetbné precipitation as
part of t_heir analytical procedures while working on the cellulase of
T. viride. Acetone was used to separate the protein from glucose solu-
tions. The conditions during solvent precipitation were n‘ot reported but
they reported 100%. prétein recovery.

Characteristics of the Cellulase System of Trichoderma viride

In 1950, observing that not all rnici'oorganis'ms having cellulolytic
ability could hydrolyze native cellulose, Reese, Siu and Levinson (61)
first postulated the existence of the C1- C, complex for the cellulase

system. The C1 component is believed to be essential in the breakdown
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of the crystalline structure of native cellulose. The C}'{ component is
believed to breakdown the amorphous and solu‘bvle'f‘(.)rms of cellulose.
The cellulases frém a number of microorganisr.ns‘ have been examined,
and the cellulase from T. viride was found to have.the /mo‘st active and
stable C1 'cor'nponent (48). Mutation experiments on T. viride have pro-
duced mutant strains having higher levels of cellﬁlase activity (49,65).

The properties of the T. viride cellulase have been studied by a
nufnber of ihvestigators and the results have been quite varied. The
total nuﬁlbef of components in this system has been reported to vafy
from 2 to 7 (46,55,57, 58,66,57,73). Furthermor.e, the number of sub-
units having. C1 activity and the number of components having C, activity
ranged from 1 to 7. The molecular weights of the components reported
in the literature have also varied considerably. The molecular weight
of the C.1 component ranged from‘48,000 to 61,0QO, and the molecular
weight of the -Cx component ranged from 12,600 to 76,600. |

The roles of the 'C1 and Cx components in the hydrolysis of cellulose
have not been fully defined. Many workers have reported a synergistic
relationship between the C, and Cx components (39,46,51,66,67). These
researchers have reported that the C1 component alone was not able to
deg‘rad‘e cotton and only when it was combined with the Cx component

did it possess the ability to do so. Other reéearchers (55,57, 58) have

‘reported that the i§olatéd C1 components also possessed Cx activity

and were able to degrade cotton independent of other components. The

mode of action of l;he cellulases has been summarized by Nisizawa (53).

- He concluded that the order of attack on cellulose is first by Cx which

produces cellulose fragments of lower degree of polymerization followed
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by the C1 component which attacks fhe cellulose fragments.
THEORY

Salting-out

The theoretical interpretation of the solubilitf of zwitterions in salt
solutions has been developed by Kirkwood (41). He assumed that the
solvent is idealized as a structureless dielectric ¢ontinuum and the
deviation of the solution from ideal behavior is due to electrostatic
intermolecular forces alone. The logarithm of the activity coefficient

of a dipolar ion, i, may be written as

log v; = C; Kpy; +k§1 KpiCe» (2)
{

N 1 v A

KRrix® 1000 =T ] f Vixexpl- Wy M) /kT] dvah, (3)
0 Jw
where v = total number of ionic species
IC_J._ = concentration of the jth component |
Vik = electrostatic work required to bring the ith and kth

molecules together from infinite separation to a given
configuration in a pure solvent

' Wik()\)= the ave‘rage work required to bring-the ith and kth mole-
cules together from infinite separation to a given con-
figuration in the actual solution

A = fraction of the full value of all charges on molecule i.

It is assumed that the forces due to the interaction of 2 dipolar
jons are sr’na{_ll. Thus the first term in equation (2) can be dropped.

It is evident that in the limit as concentration of all species approach
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zZero,

LTS ERS A (4)

k"

Now equations (2) and (3) can be written as

v . (
-— ] .
g v; = 2 Krix & | (5)
0 .
N ;
! = e—— - -
KRix = 1000 j [1-exp(-V;) /kT)]dv (6)
w
— -
KRrix ~ c,»C 21,1’.“.“.tc 0 BRik’ (7)
. v

At ordinary temperatures with solvents having relatively high di-
electric c_gjnstaint, the exponential expression inside the integral of

equation (6) can be expanded and keeping only the first two terms yield

! o0
K o= N V;k _ 4 '__Vikz‘ dv (8)
Rik = 1000 KT 2\*T ] '
w

The dipolar ion is characterized as being in a éavity, @5 of lower
dielectric constant, Di’ than the solvent in general. The electrostatic
work, Vik

infinite separation to a point r) from the dipolar ion is given by

vrequired to bring a kth ion having a charge of z € from

A %Li € (r,) +,zke¢(rkﬂ , | (9)
where _Lli(rz) is the electrostatic potential in the interior of the éavity
at the location of charge € and \IJ(rk) is the elecfrostatic pot‘ential at
T outside of the cavity. Laplace's equation, VZL_P = 0, holds for both

potentials, inside and outside of the cavity, and at the surface of the
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cavity the following boundary conditions exist e
Y=y - (10)
Dn:vy =Dn.vy | | (11)

where n is a.unit vector normal to .the surface.

Nothing thus far hés been said about the structure of the dipo.lax;.
ion. A model must be a.ssumed in order to evaluate fhe electrostatic
work force. Consider a spherical dipolar ion with a radius b, and whose
dipolar mor.nent,k uw, is located at the ..c:enter. The cévit& of lower di-
electrivc constant, wo, is also a sphere of radius_ b. -T‘he electrostatic

work term has thus become
2 2.3

00

v - 3Zk€p, cos@ N z) € b D—Di N | ' (n+1) <E> 2n _(12)
ik (2D+Di)rz 2r4 | D i (n+2)D+.,(n4‘—1)Di T !
o : " n=0 R

where r is the distance between the centers of the ion and dipolai' ion
and 6 is the .angle between the vectors , r and 4, the dipole moment.
The ratio of dielectric constant Di/Dvis small and caﬁ be neglected.
Substituting equations (12) into equation (8) and integrating, the result

K . 21Ne® 302 blap)] )
R, = 2303DKT |ZaDWT Py

is

where a is the radius of the ion, assumed to be the same for all ions
in the solution and p is the ratio of the radii, b/a.” The term a(p) is

defined as

1 3 3 5 2 ’
a(p) = —3 [(p ~-2)log(1+p)-(p "+2)log(1-p)-2p ] . (14)
The activity coefficient of the dipolar ion is given by the equation
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log v, = - KRiI‘/Z . (15) |
2 2 3 :
_ 2wNe 3 b a(p)| I” :
log(S/80) = Z2303D%T [ZaDkT " T |7 o a8
1 2 | o
r/2-= 5= CLz - | (17)

where the activity coefficient, Y;» is equal to the ratio of solubilities

S and SO,' of the dipolar ion in the presence and absence of the salt. The

first term in equation (16) represents the salting-in effect and the second

term the salting-out effects.
Now consider an ellipsoidal dipolar ion, Withvc_hargesv +€ and -€
located at the foci. The logarithm of the solubility becomes

4
_ 2rNe ‘g(\g)R r/2. . | (18)

log s/s0 = >
2303(D«T)

Due to the c'omplexity of the electrostatic work térrr;, only the salting-in
term was derived. It would be reasonable to suppose that by analogy, the
salting-out term would also be proportional to the ionic strength and in-
versely. proportional to the dielectric constant. |

From the two cases presented abbve, it can be seen that the logarithm
of the solubility of a dipolar ion would be proportional to the ionic strength
and inversely proportional to the dielectric constant. It is extremely
difficult to extend the theoretical treatmeht from the solubility of a single
vdipolar ion to the solubilify of a protein, which consists of a large number
of dipolar ions. Héwever, the general relationship of the solubility with
the ionic strength is consistent with the empirical equation first proposed

by Cohn(12), and his equation can now be written to include the effect of
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organic solvents as
| | K T /2 |
logS=[3-—S]’)—. o (19)

Filtration
F_igure.1 shows schematically the cross se_ction of a filter cake and
filter medium. Consider a thin layér of cake, dL., _.and the mass in it.
Assuming that this layer consists of small solid spheres, the fluid
velocity»would bé sufficient.ly slow to ensure laminar flow. The pressure
' drop across this layer can be described by the Kozeny-Carmen equation

2 2
dp kuu(1-€) (ip/vp)

L= 3 , (20)
g €

where p = pressure,

p = viscosity,
-u = linear velocity of the filtrate, base'dvon the filter area,
spv= surface area of single particle,
Vp - volume of single particle,
€ = porosity of the cake,

'k = constant,

g. = conversion factor.

The mass in the layer is related to the thickness of the layer by

dm = (1-€)ppAdL _ . ’ (21)

where »p b is the density of the particles in the cake and A is filter area.

The specific cake resistance, a, ‘can now be defined as
k(s_/v_)° (1-€) o
PP : . (22)
Pp

o =

€

[ —
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Medium

Pa

Filtrate

€

e Direction of
flow of slurry

\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\

Upstream face of cake

< lf > ‘-dl_A/ff_

XBL743-2566

Fig. 1. Section through filter medium and cake, including
' the pressure gradient.



16-
Subs'tit_uti:n'g equations (21) and (22) into equation (20) one gets

- oz“'u ,
dp Agc dm. o (23)

Now the pressure loss is associated with the drag forces on the particles
in the bed and i_s equal to P,-P» where P, is the upstream pressure and
p is _the.pr_essure' at the thin layer of cake. The r_eéult is
: D = - - = u @ ' ' S
dp d(p_-P) .-“—-—’A g, dm . | - (29)
The specifit cake resistance is a function of (pa'-p). Assuming that this

function is known, equation (24) can then be integrated

(pa-p) m_
d(p_-p)
a _ _uu . )
> A g, dm . (25)
0 0

The specific cake resistance, a, is now an average value for the cake and

'mc is the to‘tal mass of the cake.

The pressure drop through the filter medium can be defined by

analogy By the equation

(Py-P) AP ’
R~ "R. &g (27)
m m c
Thus the total pressure drop through the filter is
o pu am o
-Ap = - (Ap_ +Ap, ) = 2 (—— +R)- . (28)

The linear velocity, u, is given by the equation

u = d—‘fé'?l— S | (29)

.
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/

~ where V is the volume of filtrate collected in time, t. Substituting

equation (29) into equation (28) and rearranging the terms, one gets

-1 dV _ ('AP) gC
A dt . om \
p.( N +Rm>

The total mass of the cake, m_, is equal to V.c, where c is the

(30)

concentration of particles per unit volume of filtrate. Substituting for

m_ in equafion (30), the final result is

= — = T - (31)
(S em

In the éase where the filter is operated at a constant Ap, equation

av ('Ap) gé
dt

>l

(31) can be integrated as follows:

t %
' aVce
/ dt = A_(:%Ang / (T + Rm> dav, . (32)
0 0 N
M a/cV2 : ' 7
' ACape, [ za ¢ Rmvjl : (33)

Now a word must be said about the dependence of @ on Ap. If ais
independent of Ap, the cake is said to be incompressible; if o \}aries
gfea-tly with pressure, t hen the cake is compressible. The depehdence
of @ on Ap i.s usually determined by experimental observations. T.he
data can bé_ fitted to a number of empirical equations. Two common

equations are
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@ = a (-ap)® o - (34)
~and o
a= a1+ B(-ap)°l . _' (35)

~EXPERIMENTAL

“Analytical Procedures

A) Enzyme activity -

The cellulase enzyme system consists of two components, C, and
Cx’ need'gd_ in the breakdown of all types of cellulosic material. Mandels
- and Weber (48)_have developed assay methods which measure these com-
ponents individually and also their combined action. These assay pro.-
cedures were followed in analyzihg the experimental.results.
1) ‘Ci-- cotton. This test was used to determine the activity of the
C1 cOmpoﬁent. 50 mg of absorbent cotton was piaced in a test tube. 1.0
ml of 0.05 M sodium citrate buffer pH 4.8 was added followed by 1.0 ml
of enzyme solution. After incubating the sample fo;' 24 hours at 50°C,
the reducing sugar produced was measured By the dinitrosalicylic acid
(DNS) method.

2) Cg- _[3(1-4) Clucanase. The activity of the C.x component was
determined by this test. 0.5 ml of enzyme solution was added to 0.5 ml
of 0.05 M sodium citrate buffer pH 4.8 con_taining 1.0% carboxymethyl-
ce,llﬁlose (CMC) 50T (Hercules Powder Company). The“sample Wés in-
cubated af 50°C for 30 minutes. The amount of redﬁcing sugar produced
was determinéd by the DNS method.

3) Filter Paper (FP). This tes.t detei'rnined the overall cellulase

enzyme éctivity. It measured the combined action of both the C1 and Cx
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components. 50 mg of Whatman No. 1 filter paper (1X6 cm) was placed
in a test tube. 1.0 ml of enzyme solution and 1.0 ml of 0.05 M sodium
citrate buffer pH 4.8 was then added. The sample was incubated for 1
hour at 50°C. ’The reducing sugar was then measured by the DNS method.
One unit of activity in each case corresponded to 1 mg of reducing

sugar produced by the undiluted enzyme solution.

B) Protein assay

—

Protein was measured by the modified Biuret method of Koch and
Putnam (42). Although not as sensitive as the conventional Lowry
method;b the modified Biuret method was more accurate and precise.
100 ml of Biuret reagent was prepared by mixing 46 ml pf 10 N NaOH,

49 ml of 5.2 gm/1 CuSO - 5H,0 solution, and 5 ml of NH,OH (28-30% NH,).

2
The reagent had a shelf life of 2-3 weeks. 1.0 ml of sample was mixed
with 4.0 ml of reagent. After standing at room temperature for 0.5 hour,
the reacfion mixture was transferred to a 1X1 cm glass cuvet and the
absorbance at 330 nm was measured against a reagent blank. The ab-
sorbance readings were converted to protein concentration by the standard
curve shown.in Fig. 2. The standard curve was based on bovine serum
albumin (Mann Research Laboratories). It was assumed that the enzyme
samples had the same light-scattering correction factor as a bovine
serum albgmin solution. The reagent blank was prépared by mixing

4.0 ml of reagent with 1.0 ml of distilled water.

C) Reducing sugar assay

The reducing sugar was measured by the dinitrosalicylic acid (DNS)
method (71). 1.0 ml of sample was added to 3.0 ml of DNS reagent. The

reaction mixture was placed in a boi'li'ng water bath for exactly 5 minutes,
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follo\-veid by a cold water bath fox; 5 rnin.utes.‘ Thé ﬁﬁxture was then
dilutéd té 25 mlwithdistilled water. 3.0 ml of the diluted mixture was
.‘placed in a 1 X 1 cm cuvet and the absorba_ncé at 600 nm was measured
against a distilled Water blank. The reducing suvgavrv concentration was
obtained from thel standard curvé in Fig. 3. Glucose was used as the

reducing sugar in preparing the standard curve.

Experimental Apparatus and Methods

A) Enzyme precipjtation‘

Enzyme preéipitation experiments were conducted in an oven
(Braun-Knecht-Heinmann Co.), which was used to ;’haintain a constant
temperature thi'oughout each run. A centrifuge (Interna’tional Equipment
Co. Mo_&el CL) was placed insidé the oven and was used to separate the.
precipitate from the supernatant. The enzyme samples and organic
solvents were dispensed into 50 ml glass stoppered flaéks.

B) Filtration

The_. filtrati'oh experiments were conducted under vacuum. A single
stage vacuum pump (W. M. Welch Manufacturing Co.) with a
Westinghouse Thermoguard AC motor was used to generate the vacuum.
Constant p_i'essure was maintained by a cartesian manostat (Emil Greiner
Co.). A Millipore Filter holder was used; it had a filtration area of

9.6 cmz. Whatman No. 42 filter paper with a diameter of 5.0 cm was

used as _fhé filter medium. Unprinted Wall Street Journal paper, ball-
miiled to less than 200 mesh, was used as filter aid.

C) Production of cellulase enzyme

A slant culture of Trichoderma viride QM 9414 was obtained from

the U. S. Army Natick Laboratories. The culture was transferred
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Fig. 2. Standard curve for the protein asséy by the modi-
fied Biuret method with bovine serum albumin as
standard.
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once to potato dextrose agar slants. The cellulase enzyme solution was
produced by growing the fungus in batch culture. .

The mediﬁm used in growir}g the fungus was developed by Mandels
and Weber (42). The composition of the medium is shown in Table I.
The only modification of the medium was that 0.5% Solka Floc SW40
(Brown Co.) was used instead of 1%. 9 1 of medium Qas dispensed in a
14 1 New Brunswick glass fermentor. The fermentor was then sterilized
for 20 minutes at 121°C and 15 psig. After cooling, the fermentor was
inoculate?i with 200 ml of a 5 day old shake flask culture of T. viride,
grown on celluloée.

The fermentor was stirred with a 4 bladed turbine impeller (4-5/8
inch dianieter) at an agitation rate of 150 r.p.m. The fermentor was
aerated at 5, rate of 0.25 volumes of air per voiume of fermentation
liqui-d,pe'r_minute (v.v.m.). The temperature and pH were controlled
at 30°C and 5.0, respectively. Antifoam (AF60, Generai Electric Co.)
was added as needed.

After 4.5 days, the fermentation was stopped and the culture was
harvested. The T. viride myceiium.and the ﬁnconsumed cellulose were
separated from the cellulase enzyme solution by centrifugation followed
by filtraf;i'_én, " The filtrate was buffered at pH 5.0‘ with 0.050 M sodium
citrate. Contamination of the enzyme solution was prevented by adding
0.01% Merthiolate (Eli Lillly Co.) and the solut‘ioh was stored at 2-4°C.
Th¢ initial enzyme activity was about 3.1 Filter Paper units and a

slight decrease in activity was noted during the long storage.
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Table I. Medium Composition for the Production of Cellulase
' by Trichoderma viride in Submerged Culture

Constituent _ Concentration (g /1)
KH2P04 | . 2.0
(NH4) 2SO4 ' 1.4
(NH,),CO _ | | ‘ 03
MgSQ4. 7H,2,O v | : | o 0.3
CaCl2 | 0.3
Proteose Peptone (Difco) » 0.5
Solka Floc SW 40 (Brown Co., Berlin, N.H.) 5.0
Trace Minerals: | (mg /1)
FeSO4- 7‘H:20 o 5.0
: MnSO4-HZO. , 1.56

ZnSO4- 7H20 1.4

CoCl, ' - _ 2.0
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Experimental Procedures

A) Temperature effects on acetone precipitation -

In this set of experiments, .the effect of temperature on nthe re-
covery of enzyme activity (Ci’ Cx, and FP) and protein was examined.
The temperature was varied from 30°C to 50°C in 5°C intervals. The
cellulase -enzyme solution was first removed from the refrigerator and
allowed to warm to room temperature. 10 ml sémples were then dis-
pensed into SO ml glass stoppered erlenmeyer flasks. A given amount
of acetone:‘was also dispensed at room temperature into separate
stopperea erlenmeyer flasks. The quantity of acetone used to precipitate
the enzyme varied from 10 ml to 35 ml in graduations of 5 ml.

The flasks of acetone and enzyme solutions were then placed into
the oven which was set at the given operating temperature and allowed
to reach thermal equilibrium. The acetone was then mixed with the
cellulase solution, and the mixture was allowed to sit for 10 minutes
to allow the precipitate to equilibrate. The mixturé was then transferred
to capped 50 ml polypropylene centrifuge tubes.

The precipitates were separated by centrifugation for 5 minutes at
800 rpm, at the given temperature of the experiment. The supernatént
was decanted off, and the precipitate was redissolved in 0.05 M sodium
citrate buffered at pH‘ 4.8 to a final volume of 10 ml, the orig‘inal volume
of the cellulase solution. The C1, Cx é.nd filter paper activities of the
recovered enzyme were measured. In each experifnental run, the
enzyme activities of the original enzyme solution were measured to
compensate for any loss of enzyme activity during storage. The protein

concentration of the redissolved cellulase enzyme solution was also mea-

sured.
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B) Protein effects of acetone precipitation

In this set of experiments, thg protein concentration of the cellulase
solutions was varied to determine its effect on acetone precipitation.
The total protein and cellulase protein concentrations of the fermenta-
tion broths were varied. The total protein of the enzyme solution was
increased by adaition of bovine serum albuniin (BSA). The -prot.ein con-
centration was increaéed by Sb ahd 100% of the profein concentration
of the fefmentatioh broth in these experiments.

The effect of cellulase concentration was also examined. In order

to concentrate the cellulase, a quantity of cellulase enzyme solution was

treated with acetone at a concentration of 3 volumes of acetone per
volume of enzyme solution. The precipitate was then recovered by
centrifug-atién. The precipitate was dissolved in 0.05 M sodium citrate
buffered at pH 4.8 and brought to a final volume ‘Jequal to half of the
original volume. These operations were all conducted at room tempera-
ture. |

The acetone precipitation procedure was exéctly the same aé the
procedure in the previously mentioned temperature experiments.
Again, the v’recoveries of enzyme activity (Ci’ Cx, and FP) and protein
were recofdéd.

C) Stability of cellulase during storage

The stability of the dried cellulase enzyme was examined. The
same precipitation procedure as in the temperature experiments was
followed. 10 ml portions of fermentétion broth containing cellulase

enzyme were treated with acetone (3.0 v/v). The resuiting mixture
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was centrifuged and the supernatant was discar.ded. The pfecipitated
enzyme remaining in the centrifuge tubes was dried and stored at room
temperature in a dessicator. During the ensuing weeks, the enzyme was
dissolved in 10 ml of 0.05 M sodium citrate buffered at pH 4.8. The

C Cx’ and FP activities were then measured.

1 ’
One 10 ml portion of precipitated enzyme was not stored but was
immediately dissolved in buffer. The enzyme activities were measured

and ser-véd as the standard in determining the stability of the cellulase

enzyme.

D) Eaquilibrium of the cellulase precipitate

In this set of experiments, the time requiredvfor the cellulase. pre-
cipitate to equilibrate was examined. 10 ml of cellulase enzyme was
mixed with 30 ml of acetone. The resulting mixture was allowed to
stand frorh 1 to 20 minutes. The precipitate was then separated by
centrifugation at_iOOO rpm for 5 minutes. The supernatant was dis-
carded and the precipitgt‘e was rédissolved in 0.05 M sodium citrate
buffer pH 4.8 to a final volume of 10 ml. The filter paper activity was
then measured. The experiments were conducted at room temperature.
E) Filtration |

The filtration characteristics of the precipitated cellulase enzyme
were studied under two conditions, in the presence and in the absence
of filter aid. Because of the tendency of the solids to settle during
filtration, the normal filtration procedure based on a continuous build-up
of filter cake was not followed. Instead the procedure was based on

filtration through a filter cake of constant thickness.
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Thvévce'llulase en;zyme was precipitated-at room temperature with
3.0 v/v a;efone. The cake thickness was varied by varying the amount
of cellulase solution to be filtered. In the experiments using filter aid,
ball milled paper was added in a weight ratio of 9:‘1 (paper fo‘ precipitated
enzyme)'. The volurﬁes of cellulase enzyme tré’ated with acetone were
25 ml, 40 ml, 50 ml, 60 ml, and 75 ml in the experiments without filter
aid, and 25 ml, 50 ml, 75 ml, and 100 ml in thve‘ expefiments using
filter aid. |

The slurry was placed in the funnel and the s_loiids were allowed to
settle. After the solids had settled, a constant pressure was applied.
The volume of filtrate passing through the filter Was recorded as a
function of time. The same pressure differentié.l was used for each set
of cake t‘h.icknesses. Then the pressure differential was changed and the
experiments were repeated. Three different pressure drops were used
(10, 17, and 24 in. Hg).

RESULTS

Effect of acetone concentration on enzyme recovery

The recovery of Ci,-’ Cx and FP activities at'vvar'ious acetone con-
centrations avnd at different temperatures are shown:in Figs. 4,5, and 6
respectively. The results at 50°C had a greater uncertainty, because .
the actual temperature was only within £1°C of the desired operating
temperature. The recoveries are based on the percentage of original
activity recovered. Each of these figures indicate that little enzyme -
activity is recovered at acetone concentrations of 1.0 v/v or less.

With acetone concentrations greater than 1.0 v/v, the recovery of

enzyme activity increases rapidly and then levels off at acetone



100
2
80
>
S
'~ 60
(& ]
O
8) :
40
°
N
S 20
>
o.
Q
(¢})
© 0
Fig. 4.

-29-

i I |
N
L 1 |
@) 1.0 2.0 3.0 4.0

Acetone concentration (v/v)

XBL743-2565

"Effect of acetone concentration on the recovery of
C, activity. The initial activity and the tempera-
ture were 6.25 units at 30°C(e), 6.43 units at
35°C(€®), 7.69 units at 40°C(A), and 6.12 units at
50°C(e¥).
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Effect of acetone concentration on the recovery of
C, activity. The initial activity and the tempera-
ture were 2.36 units at 30°C(e), 2.20 units at
3_5°C(.), 1.92 units at 40°C(A), and 1.85 units at
50°C(m).
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Fig. 6. Effect of acetone concentration on the recovery of

FP activity. The initial activity and the tempera-
ture were 3.25 units at 30°C(e), 3.08 units at
35°C(4Qy), 3.38 units at 40°C(A), and 2.85 units at
50°C(m). ’
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concentrations of 3.5 v/v. The initial slopes of the curves for é?-Ch of
the en,zyr.ne. ac:ti'vit'ies decreases with incfeasing temperature.

It can be seen f.rom Figs. 4 and 6 that the recovery characteristics
of the Ci-.and vFP éctivities are. very sirniiar. 4 At: 30°C, the recovery'of
both’acbt:‘i_vities re’éches 90% of the final rec_:overy"at 2.0 v/v‘ acetone and
greafer fhah 98% af 3.0 v/v acetone. The repove'ry of CX activilty on the
other hand 'exhibit different characteristics. At 30°C, 99% of the final
recovefy of" Cx é._ctivity is achieved with an ace.tone concehtration of only
1.5 v/v.

In Figs. 7, 8, and 9, the unrecovered fractions of C,» Cys and EP
activities .a.re plotted on semi-logarithmic scale against the dielectric
c':onstantAof the solution. The dielectric'constani: fpr a given acetone-
waier solution was obtained from the data gathefed by Akerlof (2) given
in the Appendix. Because denatﬁration of the enzyme occurs with in-

creasing Itemperature, the recovery of C Cx’ and FP activities has

1 1
been normalized by assuming that, at a given temperature, the maximum

reéovery of activity was assumed to be 100% recovery. The method of

least-squares was used to obtain the best straight line for a set of data .-

points. The results are summarized in Tables II, IiI and IV,

It can be seen from Figs. 7, 8, and 9 and Tables II, III and IV that
the constants Ks and B, vary with temperature for each of the enzyme
activities. The constants were plotted against temperature on a semi-

logarithmic séale and are shown in Figs. 10, 11, and 12. The resulting
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Table II. Summary of the Salting-out Constants for the C
Activity at Different Temperatures

Temperature (°C) v B ' ‘ 1 Ks

300 477 | | 235.6
35.0 3.65 177.28
40.0 ' 2.36 ' 114.24
45.0 2.06 89.95
50.0 1.58 ’ 69.93
Table III. Summary of the Salting-out Constants for the C

Activity at Different Temperatures
Temperature (°C) B s
- 30.0 5.0 271.42

35.0 4.6 243.601
40.0 4.31 213.913
50.0 3.48 159.913

Table IV. Summary of the Salting-out Constants for the FP
Activity at Different Temperatures

Temperature (°C) g _Ks
30.0 3.55 181.505
35.0 3.68 180.02
40.0 2.21 108.55
50.0 1.16 55.228
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stréight liﬁes indicate an exponential relationship of the constants with
temperatﬁre. The results are summarized in T>able V.

The amount of protein pr'ecipitéted as a function of acetone concen- -
tration isishown in Fig. 13. The data from the different operating terﬁ-
peratuz;.e"s are shown in the figure. The general shépe of the curve is
similar to Ithe recovery of C1 and FP activitieé-. The solubility of the
protein is plotted against the dielectric constant of the solution in
Fig. 14. It can be seen that the data can be approximated by a single
straight 'liné on the semi-ldgarithmic graph. |

Effect of temperature on enzyme recovery

The effect of temperature on the recovery of 'C-i’ Cx’ and FP

activities at an acetone concentration of 3.0 v/v is shown in Figs. 15

and 16. The loss of enzyme activity is due to denaturation of the enzyme.

Denaturation is a first-order. process with respect to the activity of the
enzyme. The rate constants for denaturation for each of the enzyme
activities are plotted against temperature and are shown in Figs. 17,
18, and 19. The activation eﬁergy and constant,:k, for Ci' Cx’ and‘
vFP vactivi.ties are listed in Table VI. The effect of temperature on Ks
é,nd B fof eac._h enzyme activity was shown in the previous section.
From Figs. 13 and 14, it can be seen that t_empera_,ture. haé little effect
on profein recovery.,

Protein effects on acetone precipitation

Theveffec.t of total protein on the recovery (_)f C"i, _ Cx’ and FP

activities is shown in Figs. 20, 21, and 22. The addition of protein

does not grevatly affect the recovery of Cx activity. On the other hand,



-4 -

- Table V. Summary of the Effect of Temperature on the
' Constants of the Salting-out Equation for the

C,, C_, and FP Activities '
1 X ‘
Enzyme Abctivity | B | Ks
Intercept Slope Intercept Slope
C1 . -7.146 +2369.59 -6.36 +2646.86
c_ -1.844 + 772.5 -1.31 +1137.93

FP - 7.9 +2584.2 o -6.8 +2767.67
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Effect of acetone concentration on the recovery of

protein. Included are the data from 30°C(e),
35°C(Q),v40°C(A), 45°C(v), and 50°C(®). The

soluble protein concentration was 1.2 mg/ml.
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activities at an acetone concentration of 3.0 v /v,
The initial activities were 6.25 C,4 units and 2.36
C, units at 30°C, 6.43 C, units and 2.20 C, units
at 35°C, 7.69 C, units and 1.92 C, units at 40°C,
and 6.12 C, units and 1.85 C, units at 50°C.



Recovery of filter paper activity (%)

-45-

Fig.

16.

, , : | 1.0

H0.8

506

0.4

Jo.2

1 1 1 l 0.0
35 40 45 50 55

Temperature (°C)
- XBL7310 - 432|

Effect of temperature on the recovery of FP activ-
ity and protein at an acetone concentration of

3.0 v/v. The initial FP activity was '3.25 units at
30°C, 3.08 units at 35°C, 3.38 units at 40°C, and
2.85 units at 50°C, and the soluble protein con-
centration was 1.2 mg/ml. -
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Fig. 19. Temperature dependency of the denaturation
rate constant for FP activity during precipita-
tion at an acetone concentration of 3.0 v/v.
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Table VI. The Arrhenius Pre-exponential Factor and the Activation
for the Denaturati on Rate Constant of the Cellulase Enzymes durugg
Precipitation at an Acetone Concentration of 3.0 v/v. v

Enzyme Measurement ko ' . AEa (cal/gm mole)
. 12
C1 2.968X10 23034.24
c, . 6.153 | 6753.8
FP g.5777x10%t 22012.55

Table VII. Effect of Concentration on Cellulase Activity

Item Culture filtrate 2-fold Concentration % Increase

C, Activity 6.37 7.838 ' 23.0"
C, Activity 4.0 3.75 -7.25
FP Activity 2.55 3.675 44.1

Cellulase Protein 0.568 1.136 : 100.0
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the re‘coV'e.rY oi_' C,» and FP aétivifiés appear to.be' slightly affected by
thé addition of .box}ine serum a;lbumin (BSA). The 'ef,fec_t of total protein
'on'pr‘ot‘ei‘n recovéry is Shown in Fig. 23. It can be seen that the amount
—of pr'o,tei“n recovered increased as the concentration of BSA increased.
The vadditior-ialv protein recovered is 'nqt a con'staht but increases .as the
concentration of_’acettv)ne increases. | |
When cellulase enzyme was concentrated 2-fold, the increase in C,
vvand FP activity Was less than 50%. and there was no ,incrmease in Cx activ-
ity. The results are shown in Table VII. The recovery chara'cteristic>s
of this concentrated enzyme are shown in Figs. 24 and 25. It can be
seen that the maximum amount of recovered activity incréases . Théré
is é.lso a 1afge increése in enzyme recovery between 1.0 and 1.5 v /v
acetone. Thé solﬁbility of the 2-fold concentrated enzyme is seen in
Fig. 26. The line on the figure is taken from Fig.v 14 for unconcentrated
cellulase. In comparison with the protein solubility of the unconcentrated
cellulé.se solution at 30°C, the data appear' to be within the confidence
limits of the line.

Stability of cellulase during storage

The cellulase precipitate was stored in a desiccator at room tem-
peréture. ’_I‘he effect of these storage conditions was examined and the
results are shbwn' in Fig. 27. In the analysis of the data, total recovery
of enzyme activity is based on the activity of the once precipitated
enzyme tha_.f: was not dried but redissolved immediately. The C1 and
CX activities appear to be quite stable during stofage, although there
was an iniitialhdecrease in.C1 activity during the first week after pre-
cipitation. -Fc;r FP activity, there maybe a slight_‘d'ecreasvi‘ng trend in

the recovery of activity.
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Fig. 20. Effect of total soluble protein conceﬁtration on the

recovery of C, activity at 30°C. - No additional
protein (e), 0.158 mg /ml BSA added (W), and

1.14 mg/ml BSA added (A). The initial Cy activi-
ties were 6.25 units, 6.24 units, and 6.16 units,
respectively.
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Fig. 21. Effect of total soluble protein concentration on the

recovery of C activity at 30°C. No additional
protein (e), 0.58 mg/ml BSA added (@), and

1.14 mg/ml BSA added (A). The initial Cx activi-
ties were 2.36 units, 1.95 units, and 1.82 units,
respectively. ‘
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Fig. 22. Effect of total soluble protein concentration on the

recovery of FP activity at 30°C. No additional
protein (e), 0.58 mg/ml BSA added (W), and

1.14 mg /ml BSA added (A). The initial FP activ-
ities were 3.25 units, 2.78 units, and 2.84 units,
respectively.
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Fig. 27. Stability of the cellulase enzyme precipitate. The
initial enzyme activities were 7.17 C, units,
1.75 C4 units and 2.62 FP units.
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Equilibrium of the cellulase precipitate

The time required for the cellulase precipitate to equilibrate was
examined and the results are shown in Fig. 28. The centrifug;xtion
time has been included i‘n the tirme the precipitate was allowed to stand.
The precipitate was seen to form immediately with the addition of
acetone. Settling of the precipitate was fairly rapid and after 2 minutes
no further c;learing of the mixture was observed. The pellet formed by
the precipitate which was allowed to set for 2 minutes or more was
more compact than the precipitate that was allowed to sit for only 1
minute.

Filtration -

The results of the filtration experiments are shOWn in Figs. 29,
30, and 31. In Figs. 29 and 30, the reciprocal of the asymptotic volume
throughput fate is plotted against the weight of filter cake, which is ex-
pressed as the volume of fermentation broth. The filter holder used in
these experiments did not have a constant diameter but had a: smaller
diameter at the bottom. Because of this, it was difficult to build up an
even filter cake. As a result, the data on thicker filter cakes have
been stressed in Fig. 29. The cellulase protein concentration in the
enzyme solution was 0.553 mg/ml. In the experiments using filter aid,
4.977 mg /ml of ball milled paper was added as filter aid.v The effect
of pressure on the specific cake resistance with and without filter aid
is shown in Fig. 31. Cake thicknesses, moisture contents, and com-

pressibility coefficients are listed in Table VIII.
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Fig. 28. Effect of contact time on the recovery of FP
activity at room temperature. The initial FP
activity was 2.8 units. '
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Table VIII. Summary of the Characteristics of the Filter Cakes.

Ttem No filter aid With filter aid
Cake density(dry), gm/cm>  0.05272 | 0.2739
Percent moisture ‘ 64.75 : 45.2
s | | 0.71 _ 0.11
a, 8.291X 10° 1.51x 1010

DISCUSSION OF RESULTS

Effect of acetone concentration on enzyme recovery

The _b effect of acetone concentration on the recovery of cellulase
enzyme is sﬁmmarized in Figs. 4,5, and 6 indicating the range in which
the celhil.af.sé system may be recovered. Little énzyme’ is recovered at
an acetone concentration of 1.0 v /v and most of the enzyme is recovéred
at 3.5 v/v. In comparing the results shown in Figs. 4 and 5, it can be
seen that -'rhé_st 6f the CX component is recovered at a lower acetone con-
centration. This implies that the acetone concentration which corre-
sponds to the maximum recovery of C1 aétivity will also yield. the maxi-
mum recovery of Cx activity. | |

In comparing Figs. 4 and 6, it can be seen that the re‘co*veries of C1‘
and FP activities closely appro;cimate each other, 'aqd the results from
other sections also reflect this similarity. These results are expected
since the C1 component is more soluble than the CX component, and it is

required for the breakdown of the crystalline structure of filter paper

and other more crystalline forms of cellulose. The strong dependence
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of the re%:o’ve'ry of the FP activity on the C1 component allows one to
treat tlr‘1e cellulase system as a éingle enzyme. |

Thé resulfs shown in Fig. 6 at the lower temperatures agree quali-
tatively with the data of Mandeisl, Kostick, and Parizek (47). A detailed
comparison of their results with this work could not be made since the
conditiohs during their precipitation were not given. However, they did
report 100% protein recovery with an acetone cohcentration of 3.0 v/v.

From a theoretical standpoint, it is the change in dielectric constant
correspdn_ding to the addition of organic solvent that results in the preci-
pitation of the enzyme. The theory predicts that the solubility of -thé
protein should vary inversely with the dielectric constant. The data
from Grénwall (34) generally agree with the theory. The results from
this work also agree with the thedry. The solubility of cellulase, de-
fined in termvs of the unrecovered fraction of the enzyme activity, can
be characterized by the following equations:

for C1:

o | .
log(1- '/C, ) = 7.445X10"% exp(5456.18/T)-4.365X 10" " exp(6094.62/T) /D
' o (36)

for C :
X

. |
log(1- */C_ ) = 0.01432 exp(1778.75/T) - 0.04898 exp(2620.18/T)/D
(37)

for FP;

log(1-F ¥ /FPo) = 1.259X10™8 exp(5950.34 /T)-1.585X 10"’ exp(6372.795 /T) /D
| (38)

where the fraction recovered has been normalized to account for de-

naturation. The constants in equations (36), (37), and (38) were determined
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from the slopes and intercepts of the lines in Fivg-s. 10, 11, and 12,
respect_i'vely, as computed by a least squares énalysis.
In f‘igs. 32, 33, and 34, the predicted fecov.eries of C,, C_and FP ] ‘
activitives are compared with the experimental data. The normalized
recoveries from equation (36), (37), and (38) are multiplied by the frac- .o
tion of a'c.tivity' that is not denatured by the temperature effects to get :
the actual predicted recovery. The prefiiction of JCX recovery is ex- | |
cellent whéreas the prediction of C'1 and FP .reco.ve'ries is fair. In.
all three cases, the predicted recoveries at 50°C were much higher
than the ekperimental results. This may be due to other factors that
may denature the enzyme. .One possibilify is that the enzyme pre-
cipitate may be more suscéptible to shear forces caused by centrifuga-
tion at th'e. higher temperatures. Also, there wés an uncertainty of
+1°C in the actual temperature.
In éomparing Figs. 7 and 8, it can be seen that it would be possible
to separate the C1~ and Cx components. This effect i§ expected since
salting-out W1th organic solvents or inorganic salté is widely used to
fractionate and purify proteins. This knowledge may be of little vé.lue '
since a numbgr of researchers (46,67) have demonsfrated the .synergism
B between the C1 and CX components. The separation of these components ;
would result in the loss of the ability to degrade cotton and a reduction
in the abili’fy to degrade less crystalline forms of cellulose.
The effect of temperature on the constants, @Iand Ks.\ as seen in
equations (36), (37),. and (38) and Figs. 7,8, and 9, is not an expected
one. The rés_ults from salting-out experiments using inorganic salts

generally indicate that KS is independent of temperature and g varies
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i‘nver‘selyv v?ith temperature. However, these results are baséd on the .
solubility of the protein and not on the recovery of enzyme activity. It
is believed that the exponential relafionship of these constants with the
reciprocal of the terﬁperature is due to the normalization of thé recovery
.fractior.xs_'.f This belief is substantiated by the results shown in Fig. 14.
Figure 14 is a plot of the solubility of the cellulase protein against
the reci'p_rocal.of the dielectric constant of the solution. Included are the
data f:dm several températu'res. The data may be best correlated by a
single lihe Qvith a constant slppe and a single intercept. >Th‘us the solu-

bility of the cellulase protein can be described by the following equation

logS=1.371 - 85.0/D . . (39)

A closer vexamination of the effect of temperature on the slope and intercept
of the cellulase protein solubility was limited by the nature of the fermen-
_tation broth. This' broth contained not only cellulase protein but other
proteins as well. It was not possible to determine the initial concentra-
tions of 1:helC1 and C_ components. |

It is apparent that acetone is acting as a non-specific precipitant.
It is knov.vn.that the éeliulase enzyme system is coinposed qf at least
two and_.pe.rhaps as many as five components. The results mentioned
earlier indicated the recovery of two components. Still, the solubility
curve appeé.rs to be that of a single protein. Roche and Derrien (62),
working with a mixture of enzymes, found each enzyme to precipitate
more or .lesé independently of the other, and two solubility curves were
obtained for a mixture of two proteins. Also, when bovine serum

albumin was added to the cellulase solution, it precipitated out in the
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same range of acetone concentrations (see Fig.'-23). It was not possible
from the data to discern the number of enzymes that comprised the Cx

component.

Effect of temperature on enzyme recovery

Denaturation of an enzyme is the primary reason that solvents are
not widely used as a purifying or fractionating agent. The cellulase
enzyme is also denatured when treated with acetone. Enzyme denatura-
tion ié a first-order rate procesé and the Arrhenips plot of the rate con-
stant for each of the enzyme activities is shown in Figs. 17, 18, and 19.
The pre-exponential factors and the activation energies are listed in
Table VI. The kinetics of denaturation have not been studied under
these conditions.

Several workers have examined the inactivation of the cellulase
enzyme from T. viride. Mandels and Weber (48) studied the stability
of the enzyme up to 50°C and found no inactivation. Ghose and Kostick:
(28) repo.rted a loés of Filter Paper activity at 60°C and hypothesized
that the léss was due to the inactivation of the Cx component. Ghose
(27) exami‘ned the inactivation of the CX component between 40 and 60°C.
However, the data were not sufficient to determine the activation energy
for the denaturation of this component.

Effect of proteins on enzyme recovery

Bovine serum albumin was added to the cellulase solution to de-
termine what effects extraneous protein might have on the recovery of
cellulase. As shown in Figs. 20, 21, and 22, BSA has little effect on
the recovery of C1, Cx and FP activities. This corresponds with the

results of Roche and Derrien (62).
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- The ei"fect éf cellulasé protein on the recovéfy of cellulase Was‘alsé
examined. As shown in Table VII although the precipitate concentration
" was doubléd, the increase in enzyme activity was less than 509%. The
recovery of enzyme 'a;tivity’, however, wés gr‘eva,ter, especially between
1.0 and 2.0 v/v acetone. These results indicate that the sal;uratioﬁ'
limit o‘f.the cellulase enzyme may have been reached.

" The effect of cellu}aseuprotei'n concentration on the solubility is
shown in-'Fig. 26. Within experimehtal uncertainty, fhe solubility of the
protein is.unaffécted by the initial concentra.tion’ of the protein. Only
the acetoné concentfation at ’whi‘ch precipitation begins would be affected
By the initiai 'celluiase protein cohcentration. This experimental un-
certainty.is due, in part, to the fact that in the unconcentrated cellulase
solution; fhe amount of cellulase protein is not éxactly known. This
result is in agreement with the theoretical expectations of salting-out .

as discussed by Dixon and Webb (18).

Stability and equilibrium of the precipitated cellulase

The stability of the cellulase enzyme is shown in Fig. 27. It is

evident that the enzyme was quite stable during the 3 months that this ex-

perimgnf: was conducted. The initial decrease in the activify of the C1
cbmponent in the first week can be éttributed to an error in the standard
since no further decrease in the activity is seen. These results are in
agreement with thé work of Reese and Mandels (59) who have kept fungal
\cellulase.s in powdered form for 8 yéars with no'loés in enzyme activity.
The results of the experiment on the equilibrium time required for
the precipitate to stabillivzve indicate that the time required to complete

the precipitation process is on the order of 2 to 3 minutes or less. The
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laboratory experiments were limited by the mechanical manipulation
required to separate the precipitate rather than by the time required
for thé precipitate to form. |
 Filtration |

The filtration experiments yielded the speéific cake resistance for
the protein precipitate with and without filter aid. The compressibility
factor was also obtained. Centrifugation is normally used in the labora-
tory for the separation of protein precipitates, and the filtration char-
acteristics of. protein precipitates have not been previously reported.
Dunnil'l'a_n'd>Lilly and their co-workers (20, 21) have published a number
of reports on the large scale isolation of enzymes, but in each of these
processes centrifugation was used to separate the precipitate from the
solution.’ ]

Grace ('30) found that the specific cake resistances for a number of
inorganic precipitates ranged from 1010 to 1012 cm/gm. The specific
cake resistance for the protein precipitate is an order of magnitude
higher, meaning that it is much more difficult to filter. He also found
the '.specific cake resistance for:Sorlka Floc (BW-200) to be 2X 108 cm/g'rn.
The specific cake resistance for the protein precipitate with filter aid
is much higher than this value. This corresponds to the observations
of Dunnill and Lilly (21) who 'n'of:ed that even with the addition of filter
aid, filtration of enzyme precipitates was very slow. However, no
values were presented in conjuhction with their observations.

The average filtration rate, which is the total volume of filtrate
divided by the total time required to collect this volume of filtfate per

unit filter area, for the filtration of the cellulase protein only was
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O..99'8 'gél/ffzhr. .Using filter aid, the_‘ average fiit_ration rate was

’”"8:4.23 ga;l/ftzhr. These values were for a final cake thickness of 1/8

E inc’h. an(i a constant operating pressure of 56 psig. : |
CONCLUSIONS

It has been shown that acetone prec1p1tat1on is an effective method

N
of recovering the cellulase of Tr1choderma viride from the fermenta-

tion broth. Careful control of the operating temperature, acetone con-

centration, and contact time during the precipitation process increases

" the recovery of the enzyme activity. The significance of the processing

variables is summa.rized below.

The celhiiase of T. viride is very stable at temperatures as high
as 50°C, This stability is also seen in the treatment with acetone.
'Normally-,v precipitation with organic solvents is done at 0°C or lower.
Ifx the case of T. viride cellulase, however, high recoverieé of enzyme
: acﬁvity are obtained. at room temperature or higher. The enzyme re-
covefy process can be operated at 30°C, the optirﬁum growth tempera-
ture. Thi§ would eliminate any refrigeration fequirerhents that are
associated with conventionai' enzyme precipitation proces ses.

The inéctivation of the enzyme due to the preéipitation with acetone
exhibited first-order kinetics. This is seen in the recovery of Ci’ Cx,
aﬁd FP activities. The ihactiyation rate constants of all three enzyme
activities 'conforrﬁ to Ar‘rheniusllaw.. The C1 and FP activities are
more adversely affected by an increase in the operating temperature.

The recovery of cellulase activify increases with increasing acetone
concentrations. At 30°C, most of the cellulase activity is recovered

with acetone concentrations of 2.0 v/v or greater. Fractionation of the
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C1 and '_Cx'components éccurs with the CxAcompor}e'nt precipitating out
first. The conce‘,ntratiori_of acé'ton'e does not in itself inactivate the
enzyrne,. and no special precautions need be takel;i in recovefing the
entire er;zym‘ez system.

’I‘h‘e solubility of the cellulase protein in équeous acetone solutions '
can be ‘derscribed by the saiting-out equation as a function of the dielectric
constant. The solubility of the protein is independent of temperature
and cellulase protein concenfration and is not affected by other protein
in the solution. The time required for the precipitate to equilibrate
was found to be less than 6 minutes.

The sﬁecific resistance, @, of the cellulase precipitate is very large.
The additi.én df filter aid greatly improvesv the filtration rates, although
the specific resistance remains large.

From the foregoing results it would appear that acetone precipitation
can be the basis for a practical indusfrial process for cellulase recovery

from Trichoderma viride filtrates.
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NOMENCLATURE
Definition

filter area, cm
concentration of solids, gm/cm
concentration of salt, g/f . | ,
concentration of the ithbcomponent, inoles/ﬂ
dielectric constant
conversion factor
constant in Kozeny-Carmen equation
rate constant for inactivation .of enzyme, sec
Arrhenius preexponential factor in Arrhenius' equation
constant in salting-out equation
interaction constant of ion-dipolar ion due to
Coulomb forces
cake thicknesé, cm
mass of cake, gm
Avogardro' s number, molecule-mole
pressure, atm, psi, kg/rn2
resistance of the medium, cm
compressibility factor

surface area of single particle, cm

protein solubility, g/¢
time
velocity, cm/sec

3
volume, cm
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volume of single particle, em’

volume of filtrate, cm3

el_ectro‘s_tatic»wp_fk term, erg

average work term, erg

specific cake resistance, cm/gm
constant in salting-out eqﬁation
ionic strength, moles /1 =

activity coefficient

- proton charge, esu

porosity of cake

Boltzmann' s constant, e'rg/molecule °K
chemicval potential |
viscoéity, poise

number of ionic species

density, gm/cm3

electrostatic potential
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Experiment No.: 1.1-Acetone Concentration and Temperature Analysis

Temperature: 30°C S Special Conditions: None -

pH: 4.8

Volume of Enzyme Solution: 10 ml

Acetone FP Activity C, Activity 'C_ Activity Recovered Protein
Concentr. Absorbance Reducing Absorbance Reducing Ab sorbance Reducing Absorbance Protein

(v/v) (600 nm) Sugar(g/l) (600 nm) Sugar(g/l) (600 nm) Sugar(g/l) (300 nm) (g/1)

1.0 0.01 0.1 0.015 0.15 0.05 0.5 0.03 0.086

' 0. 01 0.1 0.01 0.1 0. 065 0.65 0.035 0.101

0.01 0.1 0.005 0. 05 0.04 0.4 0.035 - 0.101

0.01 0.1 0. 005 0. 05 0. 045 0. 45 0.035 0.101

1.5 0.23 2.3 0. 415 4.16 0.226 2.26 0.135 0.388

0.23 2.3 0. 445 4, 48 0.22 2.2 0.135 0.388

0. 245 2. 45 0.432 4. 32 0.215 2.15 0. 145 0.417

0.245 2.45 0. 468 4.72 0.23 2.3 0. 14 0.403

2.0 0.24 2.4 0. 445 4. 48 0.186 1. 86 0. 155 0. 446

0.222 2.22 0.472 4.78 0.20 2.0 0.155 0. 446

0.252 2.52 0.495 5.02 0.20 2.0 0. 165 0.474

0. 256 2.56 . 0. 448 4.5 0.181 1.81 0.160 0. 46
2.5 0.244 2. 44 0.525  5.34 0.192 1.92 - 0.18 0.52
0.24 2.4 0.505 5.12 0.184 1.84 0.18 0.52

0.292 2.92 0.545 _ 5.56 0.236 2,36 0.185 _— 0.532

0.286 2.86  —ee-- ---- 0. 236 2.36 0. 185 0.532

3.0 0. 246 2. 46 0. 56 5.72 0.18 1.8 0.19 0. 544

0.236 2. 36 0.528 5.38 0.19 1.9 0.195 0. 561

3.5 0.246 2. 46 0. 56 5.72 0. 186 1. 86 0.195 0. 561

0. 246 2. 46 0.535" 5.44 0.184 1.84 0.193 0. 555
Initial 0.338 3.38 0.6 6.18 0.246 2. 46 0. 40 ~1.15
Concentr. 0.358 3.58 0. 645 6. 56 0.2 2.0 0.414 1.19
0.274 2.74 - 0.625 6.32 0.23 2.3 0. 407 1.17
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Experiment No.: 1.2-Acetone Concentration and Temperature Analysis

Temperature: 35°C ‘ _ o S Special Conditions: None
pH: 4.8

Volume of Enzyme Solution: 10 ml

Acetone FP Activity C, Activity C_ Activity "Recovered Protein
Concentr. Absorbance Reducing Absorbance Reducing AbsorBance Reducing Absorbance Protein
(v/v) (600 nm) Sugar(g/l) (600 nm) Sugar(g/l) (600 nm) Sugar(g/l1) (300 nm) (g/1)

1.0 0.01 0.1 0. 065 0. 65 0.1 1.0 0. 0425 0.122
, 0.01 0.1 0. 015 0.15 0.07 0.7 0.08 - 0.23
1.5 0.182 1.82 0. 395 3.95 0.195 1.95 0.14 - 0.4026
0.182 1.82 0.35 3.5 0.185 1.85 0.14 . 0. 4026
2.0 0.215 2.15 0. 44 4. 44 0.20 2.0 0. 16 0. 46
0.23 2.3 0. 435 4, 35 0.20 2.0 0.16 . 0. 46
2.5 0.255 2.55 0.54 5.5 0.20 2.0 0. 185 0.532
0.27 2.7 0. 56 5.72 0.2 2.0 0. 185 0.532
3.0 0.26 2.6 0. 555 5.66 - 0.205 2.05 0.2 0.575
0.255 2.55 0.525 5.34 0.2 2.0 0.195 0.5608
3.5 0.285 - 2.85 0.655 6.78 0. 18 1.8 0.21 . 0.6039
0.27 2.7 0.645  6.68 0.18 1.8 0. 205 0.5895
Initial 0.31 3.1 0.595 6.1 0.22 2.2 0. 42 1.208
Concentr. 0. 295 2.95 0.59 6. 04 0.22 2.2 0.42 ° - 1.208
0.32 3.2 0. 685 7.14 0.2 2.0 e
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Experiment No.: 1.3-Acetone Concentration and Temperature Analysis

Temperature: 40°C : ‘ Special Conditions: None

pH: 4.8

Volume of Enzyme Solution: 10 ml

Acetone FP Activity C, Activity - C_ Activity Recovered Protein
Concentr. Absorbance Reducing Absorbance Reducing Absorbance Reducing Absorbance Protein
(v/v) . (600 nm) Sugar(g/l) (600 nm) Sugar(g/l) (600 nm) Sugar(g/l) (300 nm) (g/1)

1.0 0.01 0.1 0. 005 0. 05 0. 025 0.25 0. 065 0. 1869

. 0.005 0. 05 0.005 0.05 0.025 0.25 0.075 - 0,2157

1.5 0. 16 1.6 0. 445 4, 48 0. 155 1.55 0. 165 0.4745

0.165 1.65 0.435 4. 38 0. 155 1.55 0. 135 0.388 -

2.0 0.15 1.5 0. 42 4.2 | 0.165 1.65 0.13 - 0.3738
0.145 1. 45 0.395 3.95 © 0.16 1.6 0. 145 0. 417
2.5 0. 19 1.9 0. 445 4. 48 0.175 1.75 0. 185 0.532

' 0.18 1.8 0. 485 4.9 0. 165 1.65 0.1775 0.5104

3.0 0. 185 1.85 0. 565 5.78 0.173 1.73 0.18 0.5176

- 0.22 2.2 0. 535 5. 44 0.17 1.7 0.195 0. 5608

3.5 0.225 2.25 0. 58 5.92 0.17 1.7 0.205 0. 5895

0.21 2.1 0. 58 5.92 0.175 1.75 0.205 -0. 5895
Initial 0.35 3. 0.725 7.64 0.195 1.95 0. 435 1.251
Concentr. 0.325 3.25 0.734 7.75 0.19 1.9 0.425 1.222
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Experiment No.: 1.4-Acetone Concentration and Temperatureb Analysis

Temperature: 45°C ' ‘ | '~ Special Conditions: None
pH: 4.8

Volume of Enzyme Solution: 10 ml .

Acetone FP Activity C, Activity : . C_ Activity - Recovered Protein
Concentr. Absorbance Reducing Absorbance Reducing AbsorBance Reducing Absorbance Protein
(v/v) (600 nm) Sugar(g/l) (600 nm) Sugar(g/l) (600 nm) Sugar(g/l) (300 nm) (g/V)y
1.0 e-a-- ————— 0.0 0.0 0.02 0.2 0.13 0.3738
0. 005 0. 05 0.0 0.0 0.015 . 0..15 0.095 0.2732
1.5 0.03 0.3 0. 085 . 0.85. 0.12 1.2 0.135 - 0.3882
0.02 0.2 0.1 1.0 0.11 1.1 0.125 . 0.3595
2.0 0. 06 0.6 0 15 1.5 . 0.135 1.35 0. 145 0.417 =,
0. 055 0. 55 0. 16 1.6 0. 145 1. 45 0.15 = 0. 431 3
2.5 0. 17 1.7 0. 545 5. 56 0. 165 1.65 0.2 . 0.575 -
4 0.2 2.0 0. 54 5.5 . 0.165 1.65 0.19 0.5464
3.0 0.155 1.55 0.395 3.95 0. 165 1.65 0.18 0. 5176
: 0. 16 1.6 0.515 " 5.2 0.165 1.65 0.18 0. 5176
3.5 0. 155 1. 55 0.475 4.8 0.16 1.6 - 0.195 .0.5608
0. 145 1. 45 0.51 5.2 0.16 1.6 .0.18 0. 5176
Initial 0. 265 2.65 : 0.66 6. 86 0.182 1.82 = 0.43 1.237
Concentr. 0.275 2.75 - 0,65 6.74 0

. 192 1.92 . 0.43 1.237




Experiment No.: 1.5-Acetone Concentration and Temperature Analysis

Temperature: 50°C .' . o . Special Conditions: . None

pH: 4.8

Volume of Enzyme Solution: 10 ml

Acetone FP Activity C, Activity C_ Activity Recovered Protein
Concentr. Absorbance Reducing Absorbance Reducing AbsorBance Reducing Absorbance Protein
(v/v) (600 nm) Sugar(g/l) (600 nm) Sugar(g/l) (600 nm) Sugar(g/l) (300 nm) (g/1)

1.0 0.01 0.1 0.005 0. 05 0. 005 0.05 0. 095 0.2732
0. 005 0.05 0.0 0.0 0. 005 0. 05 0.095 0.2732
1.5 0. 0015 0.15 0.0015 0.15 0. 105 1. 05 0.135 0.3882
0. 035 0.35 0.035 0.35 0.075 0.75 0. 145 0. 417
2.0 0. 005 0. 05 0.095 0.95 0. 125 1.25 0.135 0.3882
0.03 0.3 0.075 0.75 0.135 1.35 0.14 0.4026
2.5 0. 045 0. 45 0.105 1. 05 0.125 1.25 0.175 0.5032
: 0. 045 0. 45 0.14 1.4 0. 125 1.25 0.19 0. 5464
3.0 0. 015 0.15 0.035 0. 35 0. 125 1.25 0.21 0.604
0.015 0.15 0.03 0.3 0. 115 1. 15 0. 195 0. 5608
3.5 0.07 0.7 0. 165 1.65 0.14 1.4 0.2125 0.6111
0. 055 0. 55 0.17 1.7 0.15 1.5 0.215 0.6183
Initial 0. 285 2.85 0.615 6.32 0.18 1.8 0.405 1.165
Concentr. = ----- ---- 0.58 5.92 0.19 1.9 0 1. 193

. 415

-¢g-



Experiment No.: 2.1-Total Protein Analysis :

Temperature: 30°C _ Special Conditions: 0.58 g/1 BSA added to
. : : ' : enzyme solution.

pH: 4.8

Volume of Enzyme Solution: 10 ml

Acetone FP Activity C, Activity Cx Activity Recovered Protein
Concentr. Absorbance Reducing Absorbance Reducing Absorbance Reducing Absorbance Protein

(v/v) (600 nm) Sugar(g/l) (600 nm) Sugar(g/l) (600 nm) Sugar(g/l) (330 nm) (g/1)
1.0 0. 005 0. 05 0.025 0. 25 0. 07 0.7 0. 16 0. 46

1.5 0.175 1.75 0. 45 4, 54 0. 17 1.7 0.27 - 0.776

0. 17 1.7 0. 46 4, 64 0. 165 1.65 0.25 0.719

2.0 0.21 2.1 0.5 5. 06 0.175 1.75 0.315 0. 906

0.21 2.1 0.51 5. 16 0.17 1.7 0.325 .0.935

3.0 0.22 2.2 0. 56 5.7 0.175 1.75 0. 37 1. 06
0.245 2.45 0.58 5.94 ©0.18 1.8 0.38 1.09

Initial 0.275 2,75 0.605 6.2 0.19 1.9 -——- ----
Concentr, 0.28 2 6.28 0.2 2.0 -—-- --—-

.8 0.615
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Experiment No.: 2,2-Total Protein Analysis

Temperature: 30°C

pH: 4.8

Volume of Enzyme Solution: 10 ml
Acetone FP Activity C, Activity
Concentr. Absorbance Reducing Absorbance Reducing
(v/v) (600 nm) Sugar(g/l) (600 nm) Sugar(g/l)
1.0 0.025 0.25 0.075 0.75
0.02 0.2 0.075 0.75
1.5 0. 205 2.05 0.5 5. 06
0.21 2.1 0. 485 4.9
2.0 0.22 2.2 0. 55 5.6
0.22 2.2 0. 545 5. 56
3.0 0. 24 -2.4 0. 585 6.0
0.25 2.5 0.58 5.94
Initial 0.285 2.85 0.605 6.2
‘Concentr. 0.275 2.75 0.6 - 6,14

Special Conditions:

1. 149 g/1 BSA added
to enzyme solution.

Recovered Protein

(g/1) |

[N O = S N

. 021
. 05

. 395
. 337
.38

. 323
. 553
. 524

. 286

C_ Activity

Absorbince Reducing Absorbance Protein

(600 nm) Sugar(g/l) (330 nm)
0.065 0.65 0.355
0.075 0.75 0.365
0. 165 1.65 0. 485
0. 165 1. 65 0. 465
0. 16 1.6 0. 48
0. 165 1.65 0. 46
0. 165 1.65 0.54
0. 16 1.6 0.53
0. 185 1.85 0.795
0,18 1.8

0,775

[SC IR

. 229
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Experiment No.: 2.3-Total Protein Analysis

Temperature: 30°C _ _ ‘ . Special Conditions: Cellulase concentrated
| ' - - 2-fold by precipitation with 3.0 v/v acetone
pH: 4.8 _ _ and redissolving in half the original volume

of citrate buffer. A
Volume of Enzyme Solution: 10 _ml *Indicate 3-fold dilution of sample before

measuring the reducing sugar.

Acetone FP Activity C, Activity C_ Activity Recovered Protein
Concentr. Absorbance Reducing Absoréance Reducing Absorbance Reducing - Absorbance  Protein
(v/v) (600 nm) Sugar(g/l) (600 nm) Sugar(g/l) (600 nm) Sugar(g/l) (330 nm) = (g/l)

1.0 0.0 0.0 0.02 0.2 0. 055 0.55 0.1 .- 0.286

0.0 0.0 0103 0.3 0. 06 0.6 0.09 0. 259

1.5 0.33 3.3 0.23% 6.9 0.19 1.9 0. 325 - 0.935
0.33 3.3 0.21% 6.3 = meeee aaaan 0.32 - 0.92

2.0 0. 315 3.15 0. 245% 7.35 0,185 - 1.85 0.335 0.963

0. 35 3.5 0. 25% 7.5 0.18 1.8 : 0. 335 0.963

3.0 0. 335 3.35 0.245% 7.35 0. 185 1.85 0. 385 1. 107

0. 325 3.25 0.245% 7.35 0.18 1.8 ' 0.375 - 1.078

Initial - 0.375 3.75 0.26% 7.8 0. 19 1.9 0.395 = 1.136

Concentr. 0. 36 3.6 - 0.263% 7,89 0.185 1. 85 0.395 1. 136

Native 0.25 2.5 0.6 6. 14 0.2 2.0 0. 41 1.179

Enzyme 0.26 2.6 0.63 6.5 0.2 2.0 0. 41 1.179

Solution
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Experiment No.: 3.1-Precipitate Stability Analysis

Temperature: Room Temperature o Special Conditions: Enzyme was precipitated
, with 3.0 v/v acetone and stored at room
pH: ---- _ : _ temperature in a desiccator.

Volume of Enzyme Solution: 10 m!l

Time FP Activity C, Activity Cx Activity Recovered Protein
Weeks Absorbance Reducing Absorbance Reducing Absorbance Reducing Absorbance Protein
(600 nm) Sugar(g/l) (600 nm) Sugar{g/l) (600 nm) Sugar(g/l) (330 nm) (g/1)

0 0.27 . 2.7 0.675 7.04 0.175 1.75 - ————
0. 255 2.55 0.7 7.34 0.175 1.75 ———— -—--

1 0.26 2.6 .0.62 6.38 0.175 1.75 = -
0.25 2.5 0.62 6.38 0.175 1.75 -——— -

3 0.255 2.55 0.63 6.5 0.18 1.8 -—-- ----
0. 26 2.6 0.665 6.9 0.18 1.8 -—-- --—-

5 0.24 2.4 0.6 6. 14 0.175 1.75 --=- ----
0.25 2.5 0.63 6.5 0. 185 1.85 - -

7 0.24 2.4 0.64 6.66 0. 18 1.8 ---- -
' 0. 26 2.6 0.61 6.26 0.175 1. 75 -——— -
10 0.24 2.4 0.63 6.5 0. 165 1. 65 ———— -—--
' 0.23 2.3 0.62 6..38 0.147 1.7 - -———-

12 0. 265 2.65 0.605 6.2 0. 185 1.85 ———— -——-
0.24 2.4 0.59 6. 04 0.175 1.75 ———- -———-
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Experiment No.: 4.1-Precipitate Equilibriurh Analysis

"Temperature: Room Temperature , Special Conditions: Enzyme precipitated with .

3.0 v/v acetone. The time of contact was
pH: ---- : » : varied. '

Volume of Enzyme Solution: 410 ml

FP Act1v1ty . cC Act1v1ty : C Act1v1ty _ Recovered Prote1n~

Time Absorbance Reducing Absorbance Reducing Absorbince Reducing Absorbance Protein
" (minutes) {600 nm) Sugar(g/l) (600 nm) Sugar (g/1) (600 nm) Sugar(g/l) {330 nm) (g/1)
1 0.262 2.62 eeeee - ———— ————— —_———— _—————— —————
' 0.25 2.5 = meeme eeeee mmeee eememe memmaa ————
2 0. 255 2.55 —m——— -a- - em- e mmmme emema mmee-
0. 245 2. 45 : ————— —eeme mmean ————-  aemaa- : —————
5 -0, 245 2.45 =0 ee-ae aeae- . mecme meeee 0 aecas D memee
0. 255 2..55 ————— ————- R . e
10 0. 245 2. 45 ————- ————— L T : e ——
20 0.24 2.4 ————— ————— cemma ecem= mamEm eeew-
0.25 . 2.5 ————— ————— ——— ————- S —————
Initial 0.275 2,75 = mmeee eeaaa | ceam- —m——— = e —_————
Concentr. 0. 285 2.85 ————— cmm-- - ———iw R —————
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Experiment No.: 5.1-Filtration Studies

Temperature: Room Temperature
Acetone Concentration: 3.0 v/v

Volume of Enzyme Solution:

40 ml . 50 mi
Time Volume Time Volume
(minutes) - (ml) (minutes) (m1l)

0 0 0 0
0. 34 <25 6.38 25
4. 84 50 18. 67 50
12. 46 75 32.65 75
21.28 100 48. 28 100
32.9 125 65. 84 125
45. 4 150 84. 00 150
102. 35 175
119.99 200

pH: 4.8

Special Conditions: No Filter Aid

Pressure Drop:

70 ml
Time Volume
{minutes) {ml)
0 0
16. 46 25 .
43, 87 50
73. 81 75
104. 00 100
134.7 125
166. 88 150
197. 38 175
226.61 200

10 in. Hg.
75 ml
Time Volume
(minutes) (m1l)
0 0
5.53 <25
22. 89 50
52. 57 75
84.7 100
118. 61 125
154. 56 - 150
190.69 175
222.79 200
252.68 225
280. 83 250

304. 03 275
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Experiment No.: 5, 2-Filtration Studies

Temperature: Room Temperature
Acetone Concentration: 3.0 v/v

Volume of Enzyme Solution:

25 ml 40 ml
Time Volume Time Volume
(minutes) {ml) (minutes) (ml)

0 0 0 0
1.93 25 0.76 <25
5.16 50 2.15 50

9. 01 5 - 75

' 5.99 100

7.69 125

Time
{(minutes)

0

5.
17.
29.
43.
56.
70.
86.

12
67
38
42
92
86

pH: 4.8

Special Conditions: No Filter Aid

Pressure Drop:

-

50 ml
Volume

(ml)

0
<25
50
75
100

425

150
175

273.

17 in. Hg.
75 ml
Time Volume -
(minutes) (m1l)
0 0
20.90 50
47.90 75
78. 42 100
109. 84 125
141. 20 150
174. 38 175.
207.3 200
240. 89 225
93 250
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Experiment No.: 5.3-Filtration Studies

.Temperature: Room Temperature
Acetone Concentration: 3.0 v/v

Volume of Enzyme Solution:

Volume
(ml)

40 ml 50 ml
Time Volume Time
(minutes (ml) (minutes)

0 0 0 0
0.93 25 3.65 <25
1.98 50 10. 12 50
3.27 75 17. 94 75
4, 54 100 26.60 100
5. 85 125 0 —-ea- 125
7.57 150 45, 86 150

55, 33 - 475

65.65 200

pH: 4.8
Spécial Conditions: No Filter Aid

Pressure Drop: 24 in. Hg.

60 ml : 75 ml
Time Volume Time Volume
(minutes) (ml) (minutes) (ml)
0 0 0 0
9. 15 25 4 10.47 . 25
21.71 50 27. 81 50
38. 14 75 48, 88 75
56. 23 100 71. 35 100
75. 44 125 . 95. 11 125
96. 67 150 e 150
----- 175 146. 95 175
139.13 200 173.9 - 200
201.71 225

229.37 250 -

-‘;6_



' Experiment No. :

5. 4-Filtration Studies

Temperature: Room Temperature

“Acetone Concentration: 3.0 v/v

Volume of Enzyme Solution:

, 25 ml 50 ml
Time Volume. - Time . .Volume-

(minutes) (m1l) (minutes) = (ml),
0o 0 0 0 .

0.62 <25 1.73 <50

1. 80 50 3.33 - 75

3,27 .15 5.3 . 100

o 7.33 - 125

9.68: 150

12. 46 175

pH: 4.8
Special Conditions: Ball milled newsprint

added as filter aid in 9:1 ratio.
Pressure Drop: 10 in. Hg.

75 ml .

100 ml
Time Volume ~Time Volume
(minutes) (ml) . (minutes) . (ml)
0 0 0 0
0.43 25 "7.39 50
[Ep—— 50 ' 11. 15 75
3.04 75 - ---- 100
4.6 100 18.94 125
6.4 125 _ ——-- 150
8.53 150 . e 175
10. 8 175 . " 32.25 ' 200 .
13.25 2200 )
15.6 225
18.4 250 .
W7

275

g U SR LA U MO - PO
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Experiment No.: 5.5-Filtration Studies

Temperature: Room Temperature o - ~ pH: 4.8
Acetone Concentration: 3.0 v/v - ' Special Conditions: Ball milled newsprint
added as filter aid in 9:1 ratio.
Volume of Enzyme Solution: Pressure Drop: 17 in. Hg.
25 ml : 50 ml 75 ml 100 ml
Time Volume Time Volume Time Volume Time Volume
(minutes) (m1l) {minutes) (ml) {minutes) (m1l) (minutes) (ml)
0 0 0 0 0 0 0 0
0.37 25 0. 85 25 1.13 25 1.98 . 25
0.76 50 1. 92 50 2, 36 50 4, 07 50
1. 18 75 3.2 75 3.76 75 6.18 75
4,72 100 5.33 100 8. 36 100
-———- 125 7.02 125 10. 56 125
8.17 150 8.72 150 12. 84 150
10. 5 175 15. 16 175
12. 46 200

14,38 225

_gé-



Experiment No.: 5. 6-Filtration Studies
Temperature: Room Temperafure
Acetone Concentration: 3.0 v/v

Volume of Enzyme Solution:

25 ml . 50 ml
Time Volume . Time Volume
(minutes) (ml) (minutes) {(ml)
0 : 0 0 0
0.31 25 0.67 25
0.55 50 1.53 50
0.94 15 2.59 75°
: ' 3.85 -~ 100
5.27 125
. 6.69 150
. 8.44 - 175

Time
(minutes)

. 52
.5
. 68
.0
.33
.76
.35 -
.12
.15
.62 -

pH: 4.8

Special Conditions: Ball milled news-
print added as filter aid in 9:1 ratio.
Pressure Drop: 24 in. Hg.

75 ml ' ' 100 ml
Volume Time Volume
(m1l) (minutes) (ml)
0 0 0
- 50 1.21 25
75 2.26 50
100 3.58 75
125 4,97 - 100
150 6,55 - - 125
175 - 8.28 - 150
200 10. 10" 175
225 - 12.0 - 200
250 - :

275

_v6_
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APPENDIX II

Dielectric Constant of Acetone-Water Mixtures .(2)

Temperature

Aceﬁone

wt % 20°C 25°C 30°C 40°C 50°C
0 80.37 78.54 76.73 73.12 69.85
10 74.84 73.02 71.37 68.07 65.01
20 68.58 66.98 65.34  62.28 59.45
30 62.48 61.04 59.47  56.77 54.17
40 56.00 54.60 - 53.23 50.82 48.52
50 49,52 48.22 46.99 44.81 42.81
60 42.93 41.80 40.75 38.86 37.04
70 36.51 35.70 34.63 33.03 31.44
80 30.33 29.62 28.74 27.50 26.20
90 24.61 23.96 23.38 22.32 21.26
100 19.56 19.10 - 18.67 17.80 16.98
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