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Reese, E. T. Elution of Cellulase from Cellulose.-

The following compounds at high concentrations are good eluents of the.

cellulase of Trichoderma reesei from crystalline cellulose (Avicel): urea

(6M), guanidine-HC1 (4M), DMSO (3M), DMF (3M), n-propanol (4M). The enzyme is
sufficiently stable in these to permit recovery of activity under fhe elution
conditions {pH 5.0 and 30%}. The onfy‘COmpdunds that elute at low cancéntra-
tjdﬁs ére aika]fne, but these tend to inactivate the enzyme. However, by .
careful adjustment to pH 10.0 with Ca{0H), (0.01'--0.02 N}, Tow éémperatﬁre:

{0%), and short time (10 min.), a recovery of activity of as much as 60 percent

was possible.



- INTRODUCTEOH

The commercial deveiopment'of an enzymatic process for cdﬁverting cellu-
lose to alcohol is impeded primarily by'the cost of the enzyme requiréd{
This is not because of a tack of a good enzyme-producing system. Indeed in

Trichoderma reesei we.haVe one of the most productive of all sources of

microbial enzymes2. The pfob]ém is in the insoTubility of the substrate,

and the fact that the amount of enzyme required to hydrolyze cellulose is

'g?e@%é?'ﬁy'é:?actdr of 10-100, than that needed for a soluble system (e.g.,

stérbh); It is imhératﬁve, then, that-somefhing be done to utilize the

-'éﬁzymé'to the maximim extent. Wilke?** and others have long recognized this

necessity for re-use of the cellulase. "In some commercial processes,

immobilization of the ehzyme has ﬁade this'possib3e. But immobilized enzymes

caﬁ'funciion on1y”when the ﬁubstrate is soluble. Other methods wi11 be
required for the ce]lu1a§e’sy5tem."
Thejprobiem of enzyme recovery is related to the conditions under which

Me hydrdTysﬁs pfoéeés is carried out. Conditions which favor enzyme inactiva-

tion - high temperature, long time, agitation - reduce the possibility of

good recovery. The extent of digestion? - ah'engiﬁeéring decision - and the
eﬁzyne:substréte-ratio determine how much of the enzyme will be free in
sbi&fion, énd'hbw-much'ﬁiif'ekist in the adsorbed state at time of harvest.
Under normaT usé conditions, over §0 percent of the enzyme is init1a11y
adsorbed. Much of this is subsequently released as digestion proceeds;
espeéia11§ under uﬁShakeﬁ.conditiOnss.' The amount released, however, is a
function of the enzyme:substrate ratio. Where this is high - as in Wilke's

experiments®, very appreciable amounts of free enzyme (as mich as 50% of



original) have been found in the digests., It is likely, however, that the
conditions. for commercial exploitation of the cellulose saccharification
process will perﬁit only low enzyme to substrate ratics, and partial hydr61ysis
of substrate. Under such conditions most of the cellulase will remain in

the adsorbed state. {B-Glucosidase, however, will be in solution,) This ~
report deals with thef:?3¥?:;?6f cellulase from the adsorbed state.

Elution of adsorbed protein is a broad problem, of which ce]juiase dgsofh-
tion from ce!Iulqse is a special case. _Hére the adsorbeﬁt is thé sﬂbstrate
of the enzyme, and there is a preferentia} édsorptionVof.ce1Tulase, 1eav1ng
most of the other enzymes in solution, a type of affinityﬁpfqdipg. -A speéi%ic
attraction of a subgfrate occurs in addition to ionic Sondiné; hjdrogen bon#ing,
hydrophobic forces, andrpermeation effects. . ] ' o 7

Attempts to elute cellulase (I. reesei) from cellutose were made by King®
in_ his efforts to concentrate and purify this enzyme. The'cryde séiution w%s
passed through a shallow layer of Avicel (microcrystalline cellulose). " Endo- 7
B1,4 glucanase {Cx), s-g1ucosfdase, and protease passed tﬁrough'with the buffer,
but ;e?lobiohydro?ase (CBH) wés_strong]y adsorbed. The latter coﬁ]d be rgmov%g
by reducing the ionic stfength; i.e., with water. ETuticn ﬁas impraética],‘ =
however, in that large voiumes of water were required. '

One of the general princip]és governing adsorption of proteins on
uncharged but polar solids is that binding is. inversely proportiona]Ito tembéré-
ture. Thus elution should be at the highest temperature consistent with
enzyme stability. .SeveraT investigators"_sé have had some measure of'sugcesé
in eluting cellulase by raising the temperature to 45-500C .(pH 4.8). Another |
generality is that the addition.of & compound capabie of affectiﬁg H-bbnaing_ '
{between protein and adsorbent) may increase the elution. This is the basis

for removing mnative protein from that covalently immobilized on a solid matrix,



by use of 6 M urea®.  Glycerol (10%) has been suggesfed for elution in the
“cellulase-cellulose system (R. Lovrien, personal communication). Fatty acids

may play a role in elution in other systems where -hyﬂrophobic bonding may be
involved. R '
CelTufase of TI. reesei coﬁsists of two typeé of compdnents, an endo-~
B1,4-glucanase (£C3.2.1.4; _Cx)rarrld an exo—giucénase (EC3.2.1.91; CBH: Cl),_
both being requiréd for hydrolysis of crystalline cellulose such as Avicel.
In the experiments reported here, Avicel is used as substrate, and the enzyme
is referred to in a trivial manner as Avicelase. The endo-glucznase (Cx) is
measured using carboxymethyl cellulose as substrate!®s'?,
The Avicel (PH]OZ, a miprocfysta11ine cellulose) used for adsorption
was prepared as a 2.5% suspension in .025 citrate buffer (ph 4.9)}. Three m]
~ of this was centrifuged, and the.wet.precipitate_used as ﬁhe adsorbent. To .
this was added 2 ml of T. reesei celluiase preparation (2 mﬁ/ml in buffer).
--The suspension was well mixed and incubated for one hour at 09 to accomplish
éhe adsorption. About B85 percent of the Avicelase activify was adsorbed
_under these conditions. .
 The enzyme used was a lyophized culture filtrate of T. gggggi €30:
protein content {Lowry'?} 0.84 mg/mg; 0D280 absorption .95/mg/ml; f. p.
cellulase 0.44 /mg; Aviéelase 0.8 U/mg; and CMCase 6.3 U/mg. .
Enzyme was eluted from the enzyme-Avicel precipitate by the addition
of 2 ml eluent, under varying conditions. The 0D280.va1ues (protein) and
the Avicelase activities®s!! of the clear eluates were measured, and from

these the amounts of protein and of enzyme activity recoverad were calculated.
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RESULTS

A. FElution of Enzymes Adsorbed on Avicel'Columns

In " a preliminary test, the T. reesei filtrate was added to an Avice]
column (6% cm dia x 6% cm high) and washed with 0.05 M acetate buffer {pH 4.8;
25%). When this was followed by water, the flow stoppéd; The column was
then extruded and the solids eluted successively with 20 ml portions of water.
Recovery of protein was loﬁ {40%). Two important observations were made: {1}
the first protein coming through the colurn was predominantly Cx, and (2)
stccessive elutions of the extruded solids w1th water first gave clear, protein-
free solutions; then opalescent solutions containing protein which was predom-

ntly cellobiohydrolase (confirming resuits of King). ~The opalescent so]dtions

\ cou1d be clarified by addition of ac1d or salt to give a precipitate containing

W

about 0.75 mg of protein- (CBH) per mg of polysaccharade -This is ten times

the maximum amount of cellulase previously reported bound to celiulose'?, and

~ indeed this bound brotein may account for the “"solubility” (opaiescence) of _

the cellulosic fraction at low ionic strength. : e
A-similar Avicel column was set—up to determine the effect1veness of.

various eluents (Table 1). quw did not stop in this column, probably because:

of the substitution of 10% ethanol {pH 2.5, citrate) for water. .TotaT

recovery of protein was good (88%). Again the first fraction to be eluted

was Cx (high Cx/Avicelase ratio), and the fraction eluted by 10% acidic ethanol

was CBH (low Cx/Avicelase ratis). The protein subsequently eiuted by dilute

alkali contained Cx (amounting to 40% of the total Cx), and, since 100% of

the Cx was recovered, this indicates the resistance of thig Cx to alkaline -

inactivation.. (The time of contact with alkali was kept short by adding: .

citrate to the tubes receiving the eluent.)



The recovery of Avicelase was 70%. Since we know (1) that-1n T. reesei
ca 70% of ‘the protein is CBH'®, and (2) that all of the Cx has been accounted
for, it 4s 1ikely that most of the a1kalifso1uble protein is CBH thﬁh has'
been inactivated by the a]ka]i; - | 7

Néither'ée1ldbio§é'noF methocel had any eTuting_power'(Table .

_Some'dfgeétfon of the ce]lu105e.o¢curred during development of the Avicel
colum. The concentration of sugars was high -in the early eluate’ {3-5 mg/ml),
~ falling off in the ethanol fraction (3‘4'f 1.3), and absent in the alkaline
fractions. glgggggﬁwas'the only sugar detgctab!e in the first (Cx) fraction.
{This suggests the occurrence of . -glucosidase as well as of-Cx). Cellopiose
was the domxnant sugar in the acid ethanol fractaons, glucose was a minor '
component. This is consistent with the 1dent1f1cat10n of th1s fraction as

cellobiohydrolase (CBH). .

B. Urea and Guan1d1ne as Eluents

1. Effects of urea .on enzyme stab111ty and act1v1_1

Evaluation of eluents involves a dvlut1on prior to determ1n1ng the enzyme
. agtivity. One mist determiné whether the diluted e}uent-has.any.effect either
t-un'the Avicelase activity, or on the dinitrosalicylic acid method (DNS) used
to measure the reducing sug§n§ produced so that corrections can be m;de if
necessary. . Urea has no effect on the DNS defermingtipn of teducing sugars
even at 4 N {not shown}; but it does inhibit Avicelase activity (Figure 1)
even at 0.2 M. To correct for this, urea can be added to the confrdl enzyme
solution just prior to use in the assay. (The measure of 0D280 is easty &
correctéd' by.subtracti'ng ‘the absdrbﬁon value of the urea solution ‘used.)
Guanidine reduces the DNS value strongly at 1 molar; and gives 50% inhibition -

of ‘Avicelase activity at 0.1 M (0.6%).



The activity of enzymes in urea is variable. Our data show a loss of

50% activity at the following urea cdncentrationsi

Avicelase (Cx + CBH) T. reesef - = -~ - - - - = = 1.0 M (6%) urea (Figure 1)
g-glucosidase T. viride - - - - - - =~ - - 4.5 M urea (Mot shown) -
g-glucosidase - Aspergillus phqenicis ---40M urea (Not shown)

Other data (Table 2) show that Avicelase is very-g;gélg_at 259 (pH 5.0},
both in buffer and in 6 M urea; and stable at 50 in buffer but not in 6 M urea.
The instability at 506 in 6 M urea is reflected in a Eigh degree of inactivation,
and in an increased susceptibility of the Avicelase to proteolysis. - In any:
event,'the Avicelase is sufficiently stable to permit the use of 6 M urea for

enzyme e]utibn studies.

2. Factors affecting elution of Avicelase from Avicel by 6 M urea

(1} Time (Figure 2}). Most of the enzyme is eluted almost immediately.

{2) Temperature {Figure 2, Table 3). The rate and the extent of elution

increases with temperature over the range studied.

{3) pH (Figure 3). There is very Tittle effect of pH on elution over
the range 4-7. This is  true not only for urea and the other compounds shown
in Figure 3, but also for many compounds listed in Table 4 {see, however,

section D).

(4) Concentration of urea (Figure 4). Elution increases as the urea

concentratibn increases (8 M urea was the highest concentration tested).

{(5) Other factors. Ionic strength does not seem to be an important factor.
The use of 2 M KC1 gave only sTightly greater elution than did the buffer itself

(Figure 3).



Guanidine (NH,"C(NH)'NH,)} closely resembies urea (NHgCO-NH;) in structure,
and has also been widely used in studies of protein conformation. In our tests,
it surpasses urea in elution of Avicelase from celiulose (Figure 4); but unfor-

tunately it strong1y.inacti#ates the enzyme (Table 3).

C. Screening of Eluents {Table 4)

A screening of a broad spectrum of compounds as eluents ﬁas done using
recovery as baséd on 0D280 material only. The best of these (Table 4a) were
retested using Avicé?ase activity as well as ODZSD.'-A11 of the most active
eluents - except a1ka1i - are effective only at high concentrations, DMSO
(F1gure 5} at 40 percent is a very good eluent, and act1v1ty is retained.
n=-Propanol is best of the alcohols tested with a peak at about 25% At these
concentratrons, both are h1gh1y inhibitery in the Avicelase.assay (Figure 1).

.Organic acids (Figdré 5) are good e1uents (based on 0D280) at 4 M, but
recovery of actnnty fans of f rapidly above 1 M. These e1u't1'ons are at low
'pH (2 5), and are much less effective when adjusted to h1gher pH. Low tempera-
. ture. {(09C} improves the recovery of act1v1ty, but not of ODZSD matertar .

Hany compounds tested at Tower concentrat1ons (1%} had 1ittle promise;
i'1.(-3'.,-‘e1ut1'or; Was no gréater than that using dilute citrate. These include

. some sugars and modified sugaké, surfaétanis,'bo]yethylene glycols, salts and

buffers {Table 4}..

D. Elution by Alkali

The most effective agents in removing enzyme from Avicel; i.e., those active
at 1owest~concentfation, are alkaline. Unfortgnate!y inactivation is also rapid
at high pH. NaOH at .02 N removed most of the protein {or other 280 absarbiﬁg
material, Table 4), but Eecovery of activity at 0°.was only 27 percent. LiUH,

NHQOH and KOH behave similarly. A plot of the recovery of activity vs., pH shows



a peak at pH 10.0. Ca(OH),-gives similar resulis (Figufe 6), with a maximum
recovery of enzyme activity of 60 percent at 0° (and much less at 40°)

covery results based on activity are variab]e, differing with the t1me involved
in subsequent handling before acidification. Attempts to improve recovery of
activity by bufferlng more strongly at pH 10, or by the addition of stab111z1ng

agents at this pH, have rot been successful.

- DISCUSSION

We have ioeg been fruetraied by the difficdity ef_eluting ee11ﬁ1aee-from
ceTlulose. Nof qntil our recent study on stability of cei]ulase did we discover
that the eﬁeyme is sufficiently steb1e in 6 M urea so fﬁat fhis agent could be
used in e1ut§on experimente Six'M urea ean eveﬁ-re-dissn]ve'ce11u3ase that
has been denatured by shak1ng or by heat, and so 1ooked like a fa1r poss1b131ty
for the eIution process The. enzyme is readtiy recnvered from the 6M urea by
prec1p1tat10n with 2 v cold acetone. ' ' S

Both 6 M urea and 5.6 M (44%) DMSU are excel1ent for e1ut1ng ce11ulase
from m!nrocrystal11ne ce11u1qse (Av1ce1) with recovery of act1v1ty.' It is
interesting that the enzyme retains some of its activity (figﬁre i) in tﬁese
concentrated solutions. But the rate.cf hydro]ysis of the Avicel during the-'
elution process is considefabTy Tess than-durihg similar elution with buffer.

The elution is rapid and temperature dependent, and the enzyme sufficiently
stable that the beneficial effect of high_temperature (40-509) for a brief
time (15 min.) can be included in fhe procedure.

The use-of organic’ so]vents as eluents of protein from Av1cel may be :
related to their uses in isolation of protein from membranes. If so, “the effects

may be primarily on hydrophobic interactions, and to 2 lesser degree on hydrogen



bonding or on ionic interaction!®. Organic solvents reduce surface tension,
and increase the tendency of protein qn]ecu]es to unfo]d. The denaturing
effect of alcohols (hethénct < ethanol < propanol < butanol) fs in agreement
with their ability to elute ce]]uiase from Avicel. £EJEEzMEE_EEEE_E_EEffE:TE:

tional change is required to reduce the affinity of cellulase for cellulose,

and thaf,(therefore, only ageﬁts which cause such change; é.g;, denaturants,

can be good etuents.
=

The stability of Cx at high pH (as seen-in the celumn experiment), and
to some degree of CBH at pH 10.0, may.be sufficient to develop an elution
protedure involving a1ka11; The Tow concentration of a1kéT§ is a major advantage
over use of urea or DMSG. A search for a protective agent useful at alkaline

pH seems warranted.
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Table 1. Elution of T. reesei Cellulase from Avicel Column

% of
Fraction Yolume Pratein Cx/Avicelase Recovered
ml mg Protein_
Filtrate Buffer 150 ml 4.1 100, +
- : (38.9)
Acetate (0.05 M 4.8). 175 .48 5.5
Ethanol 10% Containing - .100 L 12 0.75 ~?
Citrate pH 2.5 180 . - .6 L2 N (211
oo 390 A2 B O
" uon 505 c .34 . 1.40 j
 Cellobiose, 1% 600 0 -
Methocel 0.1% 600 0 -
Ethanol 20.0% 600 0 -
HC1 0.05 N N 600 0 -
PO, 0.05M ' 48 0.22 00. + -
NaOH 0.05 N 160 5.2 ‘ 45, .
_ : T (41.%)
NaOH 0.05 N 95 .32 1.8
NaOH 0.05 N 500 .08 - _
Original (Conc.) 110 23. 3.2

Column run at room temperature; 6.5 cm dia., x 6.5 cm high. Volumes = combination
of 20 ml fractions. The above fractions represent elution under the sequence shown.



Table 2. Effect of 6 M Urea on Inactivation and
Proteolysis of T. reesei Avicelase

_ ___Inactivation_at 250 , Inactivation @ 50°
Enzyme in .| - .+ Buffer _ + Buffer - + Mutanolysin + Pepsin
1. Buffer I X 5.0% ' 5.% 5.%
2. 6MuUrea | 0. _ 43. 79, | 8L

Conditions: Citrate (.05M) pH 5.0; 60 minutes. Assay vs. Avicel. Mutanolysin is a
protease derived from a Streptomyces, a gift-from T. Marumo of Dainippon
{Japan}. Pepsin {3x cryst.) was obtained from Nutritional Biochemical
Company. : _ - {



Table 3. Comparison of Urea ahd Guanidine as Eluents of Avicelase
from Cellulose

. . »
Condition . Eluted as ¥ of Adsorbed
0D280 Enz_yme Acti v1ty*
0 - 4 0° - 400
- Buffer 7 20. 5 .34,
Urea 6 M 50 n. | 3 " 60.
Guanidine 4 M : 55 98. 18 22,

- *Not corrected for inhibitory effects of Urea and Guamdme in assays
Elution time 30 minutes; pH 4.9.
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Table 4. Compounds Tested for Elution of Cellulase from Avicel

Gompound ) Concentration *Eluted/Adsorbed %
- n % . _

A.

Sodium hydroxide .02 100
Guanidine - HC) 4.0 98

- Urea 6.9 90
DMSO 3.2 80
DMF 3.4 66
Formamidé 8.0 68
n-Propanol - 4.2 25. - 66
Acetic acid 4,0 : c 90
Propionic acid 4.0 90

B. :

thylene glycol monomethyl ether 30. 59
Ethylene glycol . : 30. k0
Ethanol : 30. 5 50 -
Glycergl : 30. ' 50
Acetonitrile = . 25, 51
Isopropanc] . 25. 54
KCNS : . 20. ., B2
o _ _ - . .

Citrate pH 5.0 - . ; o oo 0.0260 ) : 304
Phosphate pH 7.0 6.06 . ¢ : : T
Mannitol - : 1. . _ 24
Glucose 1. 25
Cetlobiose . 1. 25
BCH, glucoside 1. 26
PEG 400 25. 37
PEG 6000 1. 18
Zonyl N 1. 14
Tween 80 1. 24
Ha Tauryl SO, 5. .33
Etharol amine 1. 26
Methanol 25. 39
Mercapto ethanol 0.5 13
EDTA, Na 5 14
Tris pH 7.0 ' 02 ' 34
CaCl, : 10, 22
LiCl 5. 28 .
NaHCO, 5. 36
Na»C0; ' : 5. 38
KzHPQs 1.0 12
Ammonium sulfate 15. 8

*Elytion 40°, 15 minutes. Based on 00280 only. All compounds were in 0.025 M
Citrate pH 5.0, except for the salts and other buffers.



Figure 1. Inhibition of Cellulase {Avicelase) Activity by Compounds which
are good Eluents.

0 —n0 U= urea; % —— » GU = guanidine - HC1; o — 0 = n-propanoi;
A —— A = DMSQ.
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Figure 2. Effect of Time and Temperature on Elution of Cellulase from Avicel
by & M urea.

A. - Elution of materials absorbing at 280 mu

B. Elution of enzyme activity _
0—000C; & --- A 250; g o 50°
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Figure 3.

Effect of pH on Elution of Avicelase from Avicel.

U=6Murea (A — A); G = & M guanidine HC1 {0 —— 0);
K=2MKCl (@ —mum); B=0.025 M Citrate (e — »)
A1l compounds in 0.025 M Citrate.



L
= [— =)

03940SaY % SY G3LN13 ISYTIIAY



Effect of Concentration of Eluent on Elution of Cellulase Protein

Figure 4.
from Avicel (based on 0D280).

Urea 0° pH 5.0, 10 minites
Urea 40° pH 5.0, 15 minutes
Guanidine 409 pH 4.6, 15 minutes.
All in 0.025 M Citrate pH 5.0
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Figure 5.

L ——

Effect of Eluent Concentration on Removal of CelluTase from Avicel:.

Elution conditions: 409, 20 minutes, pH 5.3

A, B DMS0 {0 —— 0)3 n-propanol (4 ---- A)

C, D Acetic acid {0 —— o0); propionic acid (A ---- A)
pH range 2.6 - 3.2
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Figure 6. Elution of Avicelase from Avicel by Ca{OH),.

Effects of Concentration and of pH. Elution at 6%, 15 minutes.
00280 0 —— 0; Avicelase (E) A ---- A.
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