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,ABSTRACT '

The Cl component from Fusarmm solam cellulase was punﬁed extenswely by
molecular -sieve chromatography on "Ultrogel AcA-54 and ion-exchange. chromato-
graphy on' DEAE-Sephadex. The. punﬁed comporent showed little capacity for
:hydrolysmo ‘highly ordered substrates (e. g., cotton fibre), but poortly ordered sub-
strates (e.g., H,PO,-swollen cellulose); and the soluble cello-oligosaccharides cello-
‘tetraose .and- cellohexaose, ‘were readily hydrolysed; cellobiose was the principal
product in each case. /-\ttack on 0-(carboxymethyl)cellulose, a substrate widely used
for: measuring the activity. of the randomiy acting enzymes (Cx enzymes) of the
cellulase complex, was minimal,-and ceased after the removal of a few unsubstituted
resuiuee from the end of the ‘chain. Theae observatlons, and the fact that the rate of
'change of degree of polymensatxon of H3PO4-swollen cellulose was very slow
compared with. that effected by the randomly actmg endogluca.nases (Cx» CM-
celluiases), indicate that Cl is a ceHobxohydrolase Fractionation by a variety of
methods gave no ewdence tor _the non-identity of the oeuobmhydrolase and the
component that ‘acted in synerg:sm w1th the randomly actmg Cx enzyme when
solublhzmg cotton ﬁbre

mmooucnov i :

Prevmus studxes from these and other laboratones have shown that when such
¥ fungi ass Fusanum solani*=3,- Trichoderma  koningii*, T.- viride®™®, Penicillium
funzculosumw, and Sporotrzclzum puluerulentum1 ! grow on a medlum ‘containing
‘mative cellulose: as the carbon source, the cellulase system that is synthesxsed congists
‘of at stt three enzymes or-classes of enzyme, namely!2, C,, Cx (CM-ceﬂulases or
oellodexmnases), and B—D-glucosxdases or oellobxasee These -enzymes, which can
) olublhze ‘cotton: ﬁbre ‘when acting- in concert, lose most of thzs eapacxty When
: separated but recover it when recombmed in smtable proport:ons :

BT, | It is ;now well—estabhshed that Cx enzymes are, in the main, endo-(1 —»4)-)3-1)-
e mode of actlon of the C1 component 1s stﬂl the subject of debate

*Ded:cated to'the memory of er Edmund lest, Ci B E.r F R. S
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Feese et aI 12 suggested that C 1 IS a prehydrolytlc factor whlch causes some loosemng )
of the cellulose. chains in preparatxon for attack by the hydrolytlc Cx-enzymee :
However, there is no evidence to support this particular hypothesrs despite the fact
that it has guided the expenmental approach for many- yea.rs The! present consensus
of opinion is that Cy is an exoglucanase® '™ ‘3‘“‘, in the case of T. konmgz‘“"‘s-
and T. viride® 19, it is a cellobiohydrolase. ' »

We now present evidence which shows that the C1 component of F solam is

also a ce!loblohydrolase Part of this work has been pubhshed as a prehmmary
communication*®

EXPERIMENTAL

Materials. — The source of the materials were as follows: CM-cellulose
[(O-carboxymethyl)cellulose], sodium salt (Cellofas B) with a degree of substitution
of 0.5, 1.C.1. Ltd., Nobel Division; Texas-cotton fibre, Shirley TInstitute, Manchester;
Sephadex G-25 and DEAE-Sephadex, Pharmacia (G.B.) Ltd.; Ampholine electro-
focusing equipment and Ultrogel, L.K.B. Instruments Ltd.; p-glucose oxidase
(Type II), Sigma (London) Chemical Company; peroxidase, Boehrmger Corporation
(London) Ltd.; Avicel (microcrystalline oellulose), Honeywell and Stein Ltd
collodion tubes (Sartorius), V. A. Howe.

‘Preparation of enzyme. — Cultures and cell-free filtrates were prepared from
F, solani 1.M.1. 95994 by the method prevmusly described for T. koningii®. '

An enzyme concentrate (50-fold) was prepared by prec:pltatlon of the culture
filtrate with (NH4)2SO4 between the limit of 20 and 80% saturation, and then
centrifuging and redissolving the precipitate in 0.IM acetic acid-NaOH buffer
(pH 5.0). Enzyme assays showed that all of the cellulase (cotton—solubxhzatlon)
CM-cellulase, and ,B-D-gluc051dase actmty of the orxgma.l culture ﬁln'ate ‘was re-

covered. _
Preparation of substrares. — (@) Dewaxed cotton Texas-cotton fibre was dewaxed

as described by Corbett39,

(b) Cello-oligosaccharides. Cello-oligosaccharides were prepared ' by the
acetolysis of dewaxed cotton fibres, followed by deacetylation with sodium methoxide,
and fractionation by gradient elution (0—33% ethanol) from a column of charcoal-
Celite (1:1, w/w). : ‘. : R

(¢) Reduced cellotetraose. Cel_otetraose (150 mg) was dlssolved in water (2 ml)
potassmm borohydride (150 mg) was added, and the mixture was kept overmght at.
room temperature. Excess of borohydnde was decomposed with glacxal acetic acid,’
and the solution was deionised on columns ‘of- Amberhte IR-120 (H*) and IR—45
(HOT) resins; reduced cellotetraose was. recovered by freeze-drymg L ,

@ H3P04-swollen cellulose. A suspensxon of cotton (5'g) in conc. phosphonc'
acid (88%, w/v) was kept, with- occamonal st:mng, for 4h at 1° The gelatmous
product was worked upasdescnbed elsewhere el e el
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. Enzyme assays. — (a) Activity towards CM-cellulose. CM-cellulase activity was
measured either viscometrically® or by a reducing-sugar method.

In the reducing-sugar method, a mixture of 1.0 ml of CM-céllulose solution
{1%, w/v), 0.5 ml of 0.2M acetic acid-NaOH buffer (pH 5.4), and 0.5 ml of diluted
enzyme was incubated at 37° for 1 h. The reaction was stopped by the addition of
2.0 ml of Somogyi reagent'’, and the reducing sugar determined. by the method of
Nelson!”. Where only small amounts of CM-cellulase activity were present, the more
sensitive, modified Park-Johnson method®* was used to measure the reducing sugars.
The reducing sugars liberated were expressed as glucose equivalent. The units of
activity have already been defined!*.

(b) Cellulase activity. Dewaxed cotton fibre and the microcrystalline hydro-
cellulose (Avicel) were both used as substrates for measuring cellulase activity. Avicel
is the substrate favoured by many other investigators working on cellulases from other
fungal sources. It is more easily hydrolysed than cotton, and it is a good substrate for
measuring the synergistic action between C; and Cx types of enzyme.

(/) Dewaxed cotton (2 mg) was incubated with enzyme for 7 days at 37° as
previously described?. A 1-ml sample of the 20-80%-saturated-(NH,),SO, fraction,
diluted 50-fold, produced 71% solubilization under these conditions.

(i) The assay contained 0.5 ml of a 1% aqueous suspension of Avicel, 0.25 mi
of 0.2M acetic acid-NaOH buffer (pH 5.0), and enzyme and water to give a total
volume of 1 ml. 0.05M Sodium azide (0.02 ml) was added, the mixture was incubated
for 18 h at 37°, and the soluble sugars liberated were determined either by the phenol-
H,SO, method'® or by the method of Nelson'”. The sugars liberated were expressed
as glucose equivalent.

(¢) Activity towards HyPO  -swollen cellulose. A 5-ml sample of an aqueous
suspension (4% w/v) of H;PO,-swolien cellulose was pipetted into a centrifuge tube.
Afier centrifugation, and careful withdrawal of 3.4 ml of the supernatant with an
automatic pipette, the residue was mixed with 0.04 ml of 0.05M sodium azide, 0.2 ml
of acetic acid—-NaOH buffer (pH 5.0), and enzyme and water to give a total volume of
2 ml. The mixture was incubated at 37° for 18 h, and centrifuged, and the soluble
sugars liberated were determined as in (5)-(if).

(d) Activity towards reduced cellotetracse. The incubation mixture, containing
1 ml of an aqueous solution (0.15% w/v) of reduced cellotetraose, 0.5 ml of NaOH-
acetic acid buffer (pH 5.0), and 0.5 ml of enzyme and water to give a total volume of
2 ml, was heated at 37° for 2 h, and the reducing sugars liberated were measured by
the method of Nelson'”.

(e) B-p-Glucosidase. p-D-Glucosidase was measured with o-nitrophenyl
B-D-glucopyranoside as substrate, by the method already described®.

Other assays. — Reducing sugars were measured by the method of Nelson!7,
or by the modified method of Park and Johnson'“. Total carbohydrate was deter-
mined by the phenol-H,SO, method!®, and D-glucose by a modified p-glucose
oxidase method!®. In each case, the reagents were calibrated against p-glucose.

Protein was determined by the method of Lowry et al.2%, calibrated against
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crystaliline, bovme serum aIbumm In some cascs, the protexn content of cofumn
fractions vwas determined Trom theextinction a2 288, . - - R

Separation methods. — (a) Descending paper chromatograms on' Whatman
No. I paper were developed with ethyl acetate-pyridine—water .(10:4:3) (solvent A),
and sprayed with alkaline silver nitrate!. Thin-layer plates (Kieselgel G) were
developed (two ascents) with ethyl acetate-propan-2-ol-water (18:13:9) (solvent B),
and sprayed with silver nitrate or with anisaldehyde—sulphuric acid®®..

(b) Separations by isoelectric focusing were performed!#-in a 110-m1 LKB
electrofocusing column. After focusing at 5°, the column was emptied at a rate of
120 ml/h. Fractions (1.0 ml) were collected, and the pH of each was measured at 5°
with a Corning-Eel pH meter fitted with a combination clectrode.

RESULTS

Fractionation and purification of F. solani cellulase.: — (@) Separation of B-D-
glucosidase from C, and Cy (CM-cellulase) activities by molecular-sieve chromato-
graphy. The B-pD-glucosidase component associated with F. solani cellulase -can be
readily and reproducibly separated from the rest of the cellulase complex (C; and Cy)
by molecular-sieve chromatography.

Fig. 1 shows a typical elution profile of a sample (5 ml) of concentrated cell-free
filtrate [20-80%-saturated-(NH,),S0O, fraction] on a column of Ultrogel AcA-54
equilibrated with 0.IM acetic acid—-NaOH buffer (pH 5.0), using a flow rate of 30 mi/h.
Many such separations were performed with no alteration in the elution volume
observed.

Recoveries of f-p-glucosidase, CM-cellulase (Cy), and protein were 120, 90,
and 110%, respectively.

Assays for cellulase (cotton-solubilizing) activity were done on portions 4 and
B after adjustment to the same final volume as the 20-80%-saturated-(NH,),SO,
fraction diluted 50-fold. Under the conditions of the standard assay, 1.0 ml of portion
A (i.e., B-p-glucosidase) produced only 1% solubilization of cotton fibre, and 1 ml of
portion B (i.e., C, and Cy) only 58%. However, an assay containing 1.0 ml of each
showed the same capacity for solubilizing cotton fibres as-1.0 ml of -the starting
material [20-80%-saturated-(INH,),S0, fraction, dituted 50-foid}, namely 71%.

(b) Separation of Cy and Cy, components by chromatography on DEAFE-Sephadex.
Portion B (Fig. 1) was concentrated in a collodion tube, and dialysed in the same tube
against 0.05M acetic acid-NaOH buffer (pH 5.5) for 3 days. The sample (5 ml) was
applied to a column (27.5x 1.5 cm) of DEAE-Sephadex (acetate form) and eluted
with 0.05M acetic acid—-NaOH buffer (pH 5.5). Under the starting conditions, 97% of
the CM-cellulase (Cy) activity and 42% of the protein were eluted as one peak
(portion C); the remainder of the protein (C,) and the CM-cellulase activity. were
eluted together (portion D) by the application of a pH~grad1ent IZU{) mi of acetate
buffer {pH 3.53-200 mi of acetate buffer {pH 3.831.. ©

Assays for-cellulase (cotton-solubilizing) activity were again performed after
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Fig. 1. Molecular-sieve chromatography on Ultrogel AcA-54. A sample (5 ml) of partially purified,
concentrated 20-80%-saturated-(NH,),SO, fraction was applied to a column of Ultrogel AcA-54
(86.5x 2.5 cm) equilibrated with 0.IM acetic acid-NaOH buffer (pH 5.0). Fractions (7 ml) were
collected and assayed for f-pD-glucosidase (—A—), protein (——), and CM-ceilulase (—O—) by
the reducing-sugar method. Portion 4 comprises fractions 25-29; and portion B, fractions 3446.

diluting portions C (i.e., Cx) and D (i.e., C,) so that the volumes were equivalent in
terms of the unfractionated 20-80%-saturated-(NH,),SO, fraction, diluted 50-fold.
Under the conditions of the standard assay, 1.0 ml of diluted portion D (i.e., C,)
solubilized cotton fibres to the extent of 2% and 1%, tespectively, whereas an assay
mixture containing 1.0 ml of each gave 58% solubilization. Since, under the same
conditions, 1.0 ml of diluted portion B, Fig. 1 (i.e., C; and Cy) also produced 58%
solubilization of cotton (sec above), it was obvious that no factor essential for the
hydrolysis of cotton had been lost during the fractionation on DEAE-Sephadex.

Recovery of the various enzyme activities from this fractionation and that shown
in.Fig. 1 was in excess of 90%. It was possible, therefore, to calculate the proportions
in which the various components had existed in the original, unfractionated 20-80%-
saturated-(NH,),SO, fraction. It was found that 1.0 ml of this fraction diluted 50-
fold contained ~500 pg-of protein, 1110 units of CM-cellulase activity (determined
by reducing suigar), and 10 units of B-D-glucosidase. In each of the subsequent
purification procedures described in this report, the recovery of the C, activity was
determined: by measuring the. cellulase (cotton-solukbilizing) activity of a recon-
stituted mixture.in which 500 pug of protein was mixed with 1110 units of CM-
cellulase (Cy), and 10 units 'of §-p-glucosidase. -
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. T he C! component when punﬁed on Ultrogel a.nd then on DEAE-Sephadex,‘
‘showed Ilittle hydrolytic activity towards- cotton, -Avicel, or CM-cellulose, “but
cellulose previously swollen in H;PO,, and cellotetraose that had been reduced: wrth
‘KBH,, were extensively degraded In each of the subsequent punﬁcatlon stages,
therefore, activity towards each of these substrates was measured in order to test for
possible heterogeneity. In éssence, we were: mvestlgatmg the possibility that the enzyme
* that acted in synergism with the Cy and ﬁ-D-glucosxdase enzymes to solublhze cotton .
ﬁbre or Avicel (i.e,, C,) did not ougmate in the same enzyme protein as the hydrolytxc
enzyme that could attack H;PO;-swollen cellulose or- reduced cellotetraose Regse et
al.'2, after all, had envisaged that C; would have a non-hydrolytlc action. . - .

(¢) Further purification of the C; component on Ultrogel AcA—54 Clear ev1dencef
of contamination of the C, component with CM-cellulase components of different
kinds was obtdined by gel filtration on a column of Ultrogel AcA-54 ‘equilibrated
with 0.01M amimonium acetate (Fig. 2). Fractions 120-130 (Fig. 2a) contained a
small amount of 2 CM-cellulase of molecular weight lower than that of the C,
component, while fractrons 90-100 contained a CM-cellulase of higher. molecular,
weight. The Cy component of lower molecular weight differed from Cy of higher
molecular weight in that it had apparently no capacity for hydrolysmg reduced
cellotetraose (¢f. Figs. 2a and 2b).

The peak of activity towards H3P04-swollen cellulose, cotton, or Avxcel [both
with added Cy (portmn C) and f-p-glucosidase (portion 'A Flg DI commded in
fraction 107: the results with cotton are not shown in Fig. 2. -

Fractions 100-118 were combined, concentrated -in a. collodxon tube, and
ounﬁed further by rechromatography on the same column of Ultrogel

{d) Further purification of the C, component on DEAE-Sephadex. The C,
component (punﬁed by molecular-sieve chromatography on: Ultrogel) was freeze
dried, redissolved in 0.05M acetic acid-NaOH buffer (pH 5.65), and applied to
another column of DEAE-Sephadex equilibrated with the same buffer. .

The very shallow pi-gradient used to elute the C, component (Frg 3) was
constructed and automatxcally programmed by an LKB Ultrograd gradient mixer
connected to an LKB Uvicord II and LKB Level Sensor. The Level Sensor, which
-was connected: in parallel’ with ‘the Uvicord, was programmed to. mstruct ‘the
Ultrograd to feed a fixed ratio of the two buffers used to construct the: pH gradicnt
[0.05M acetic acxd—NaOH buffer (pH 4.8) and- 0.05M -acetic acxd—NaOH _buffer
(pH 4.0)] as soen as the input signal from the: vacord fell below 95% of . maximum
(i.e., 95% transmission at 280 nm). Flg 3 shows a typlcal punﬁcatxon on DEAE
oephadex using these facilities. :

_ The peak of activity towards reduced cellotetraose H3P04-swollen cellulose, :
and Avicel [i.e., with added Cy from portion C [sce (%) abovel, and. B-D-glucomdase .
from 4, Fig. 1] were comcxdent in fraction 165 (¢f. Flgs 3aand 3b) Actmty towardsf
cotton (again with added Cy and: B-D-glucosxdase) a.lso reached an optrmum m;
fraction 165 (not shown in Fig. 3). Fractions (120--158) contained only small- amot.nts :
of CM-cellulase actmty and were d:scarded Recovery of protem was 92% R
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Fig. 2. Purification of the CG; component on Ultrogel AcA-54. C,, which was separated from Cx
{(CM-cellulase) on DEAE-Sephadex (see text), was concentrated in a collodion tube to 5.5 ml, and
5.4 ml of this solution was applied to a column (86.5 X 2.5 cm) of Ultregel equilibrated with 0.1m
ammoniom acetate. The column was eluted at 15 mi/h and the eluate was monitored at 280 nm
(LKB Uvicord II). Fractions (2.5 mil) were collected and assayed for CM-~cellulase (—O—), protein
(- )}, and activity to HaPO,-swollen cellulose (—A ), and these are shown in (a); () shows
activity to Avicel (—O—) with addéd Cx and f-b-glucosidase, and activity to reduced cellotetraose
(—[J—). Note the very large scale used for CM-cellulase activity in this Figure, compared with that
used in Fig, 1.
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FFig. 3. Purification of the C, component on a column of DEA.E-Sephadex. The C, component
purified on Ultrogel was prepared for ion-exchange chromatography as described in the text, applied
ta the coluran (27.0 X 1.5 cm) of DEAE-Sephadex, and washed with 40 mi of 0.05M acetic acid-NaOH
huffer (pH 5.65). The column was eluted at-10 mi/h with'a pH gradient formed by adding a solution”
of 0.05Mm acetic acid-NaOH buffer (pH 4.8} to thé starting buffer (see text). After 123 fractions (2.5 mi)
had been callecied, the column was elufed with anotﬁer pH gradient constructed with_ fiie game
wffer (pH 40 added to pH 4.8); oH, —{J— in 3a. Fractions were assayed for gmtem —
CM-cellulase (—@—) by reducing sugar, and activity to HPO,-swallen celfufose (—-L——}. and tiiese -
ore shown in (@); (5) shows activity to reduced cellotetraose L—[‘}—-}, ancf acinniyfo é.vnzf f—G——j

afler adding Cx and ﬁ-ﬁ-giﬁccrﬁdase.
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o Reconstitution experiments for cellulase (cotton-solubilizing) activity were also

. performed; the -purified C, component (combined fractions 159-174) and the

separated ‘Cy and B-p-glucosidase components were mixed in their original nro-

portions (see above): 96% of the cotton-solubilizing activity of the original 20-80%-

saturated-{INH,),S0O, fraction was recovered. The same recovery of cellulase activity

was obtained when the enzyme(s) in fractions 175-190 were included in the assays:
these fractions were therefore not considered further.

The punﬁed C,; component was still associated with a trace of CM-cellulase
activity.

- (e Isoelectnc focusmg of the C; component. An ampholyte solution of narrow
pH—range (4.6-5.1) was prepared from an ampholyte solution covering the pH-range
4-6 by electrofocusing an 8% solution of the (pH 4-6)-ampholytes (without added
enzyme) for 7 days using the normal procedure (see Methods Section). During the
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Fig. 4. Isoclectric_ focusing of the C; compenent. The narrow-pH-range ampholyte solution
(pH 4.6-5.1, see text) was used at a final concentration of 1%. The C, component (Fig. 3) was
electrofocused for 92 h. The voltage at the end of the run was 1080 V and the current 1 mA. The
column was emptied by pumping water into the top of the column at 120 mi/h. The fractions (1 ml)
were worked-up as described in the text, and assayed for activity to H;PO.-swollen cellulose (— A—)
and reduced cellotetraose (—B—), and acitivity to ‘Avicel when acting syncrglstxcally with added Cx
and B~n-glucosxdase (—0O—9: pH (—O—).



: electro*‘ocusang, the load was kept below three watts At the end of the run, the voltage

was steady at’ 420 V and the current 4t 2 mA S s

The enzyme n fractlons 159—174 (Fig. 3) was prepared for electrofocuszng m

the ampholyte solution of narrow pH-range by dxalysxs in a collodron ‘tube. agamst-

0.01M acetic acid-NaOH buffer (pH 5.0) for 2 days ‘The ‘enzyme was concentrated

(. 9 ml) and added to the eIectrofocusmg column as descnbed inthe Methods sectlom :

' The concentration of the pre-run was not taken into acoount when makmo up ihe new,
density gradient. ' - S ' '

Fig. 4 shows that the C1 component was. resolved into two ma_]or (pI 4 75 and
4.90) and two minor components (pI 4.82 and 4.95). However, from the shape of the
various. peaks, it is clear that some of these components partlcularly the major
component with pI 4.90, were not homogeéneous. i

Each of the four components. was associated with carbohydrate component A
(Fig. 4) contained 21%, and components B, C, and D contained 10, 12, and 1%,
respectively (carbohydrate determined by phenol—HZSQ,, , and expressed as glucose
equivalent; protein determined by the method of Lowry et al. 20y,

Each of the four compone¢nts acted synergistically with added Cx and ﬂ-D-
glucosidase in solubilizing Avicel, and also hydrolysed reduced oel_lotetraose and
H,PO,-swollen celiulose when acting alone. Cotton fibre was extensively degraded by
each of the four components when acting in synergism with Cx and ﬁ-D-glucosulase

(Table I).

TABLE 1 .
CELLULASE (COTTON-SOLUBILIZING) ACTIVITY OF THE C; COMPONENTS (FIG. 4) WHEN )
RECOMBINED WITH Cx AND B-D-GLUCOSIDASE? .

C; components . Solubilization

(%)

L 4

A (fractions 16-19) 59
B (fractions 21-24) 60
C (iractions 26-31) 67
D (fractions 33-39) 68
<€, component (Fig. 3) 71

“All assays contained the same amount of protein, . CM-cellulase (Cx), and ﬁ-D-glucosndase acuvny
Cx was from portion C (see text), and B-b -g.lucosxdase was from’ pomon A (Flg 1).

Properties of the Cl component — (a)-Effect of C f on cellquse substratés The
rate of attack of the cellulose swollen in H;PO, was much higher than that on such
highly ordered substrates as cotton, Avrcel or Whatman ‘cellulose powder (Flg '5).
k,ellobzose was the sole sugar found in the supernatants of the dxgests of the three:’
I:ughly ordered substrates, but 4% of the total carbohydrate lxberated by enzymxc}
hydrolysis of H 3PO4-swollen cellulose was glucose ‘No:traces of lngher cello-ohgos
saccharides ‘were -detected by t.l.c. or by chromatography of ‘the concentrated
supematants (oi' several dxgests) ona column of Bioge! P-2 prevxously cahbrated wrth' _
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standard cello-oligosaccharides. No traces of higher cello-oligosaccharides were
obtained regardless of the extent of the degradation of the substrate.

Both of the major C,-componenis isolated by iscelectric focusing (Fig. 4)
digested H,PO,-swollen cellulose to cellobiose and a trace of glucose.

4

Total sugar liberated [;Jg(glucose equiv) x103]

Time (days)

Fig. 5. Rate of attack of C, on various cellulose substrates. The substrates (~20 mg) were incubated
with 50 ul of C, (Fig. 3) by the procedure described for assaying activity to H3;PO,-swollen cellulose
(Methods section). The reducing sugars liberated were estimated by the method of Nelson!?. Activity
to H3;PO,-swollen cellulose, — A—; cotton, —O—; and Avicel, —A—.

(b) Effect of C, on cello-oligosaccharides. The rate of attack of the C, component
(Fig.-3) on the solubie cello-oligosaccharides, cellotriose, cellotetraose, and cello-
pentaose increased with increasing d.p. of the substraie (Fig. 6); cellobiose was not
attacked. T.L.c. examination of the products showed that cellotetraose was hydrolysed
principally to cellobiose, and cellopentaose to a mixture of cellobiose and cellotriose:
these results were confirmed by gel filtration of the concentrated supernatants on a
column of Biogel P-2 which had been previously calibrated with well-characterized
cello-oligosaccharides.

Cellohexaose was hydrolysed principaily to cellobiose.

Both of the major C,-components isolated by isoelectric focusing (Fig. 4) gave
similar results. . )

(c) Comparison of the effect of C, and Cx on the d.p. of H3 PO 4-swollen cellulose.
A mixture containing 10 ml of a suspension (4% w/{v) of H PO, -swollen cellulose in



128 T. M. WOOD, 8. 1. MCCRAE
Foo
e 2 )
83 N
]
; &
3>
& o
11 1 e -
= Qé2 G3 G4 G5

Cello-oligosaccharides

Fig. 6. Relative activity of C; on cello-oligosaccharides. Equimolar amounts of the cello-oligo-
saccharides were incubated at 37° with 0.5 ml of 0.1M acetic acid-NaOH buffer (pH 5.0), and enzyme
and water to give & total volume of 1 ml. After 4 h, a sample (0.1 m!) was assayed for reducing sugar

by a modified Park-Johnson ferricyanide method 4.

acetate buffer (pH 5.0) and 0.1 ml of 0.05M sodium azide was pre-incubated for
30 min at 37° before enzyme (0.15 ml) was added. The mixture was incubated for
0.5, 1, 2, or 4 h, filtered quickly through a sintered-glass crucible (porosity 2), washed
with water, and freeze-dried. A sample, (~25 mg) was moistened with water (0.5 ml)
and dissolved in cadoxen?3. The solution was diluted with water (10.0 ml) and
transferred to a Cannon-Ubbelohde dilution viscometer (size 75), and the viscosity
was measured at 25°. The d.p. of the sample was calculated by using the formula of
Schulz-Blaschke?# with a value?® of k£ = 0.28. The controls for each incubation time
contained no enzyme.

The rate of change of d.p. shown by the C; component and the randomly acting

Cyx component is shown in Fig. 7.
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Fig. 7. Comparison of the rate of change in degree of polymerisation of H3;PQOg4-swollen cellﬁlose by
C,; and Cx enzymes. C,; was from Fig. 3, and Cx was portion C (see text). See text for details of assay.
Change in d.p. as a result of C, action, —&—; Cx action, — A—.

{(d) Determination of the molecular weight of C, by mbiecular-sieve-éhromato-
graphy. Chromatography was performed on a column (78.5 x 1.6 cm) of Ultrogel
AcA-44, which was calibrated with the proteins, cytochrome C, chymotrypsinogen,
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ovalbumin, bovine serum albumin, y-globulin, and thyroglobulin. The molecular
weight (C,, Fig. 3) calculated from a plot of V[V, against the log molecular weight
was 41,000. This value is lower than an estimate of 45,000 obtained!® on Sephadex
G-75. .

(e) Effect of C; on CM-cellulose. The C; component, when purified by
chromatography on DEAE-Sephadex (Fig. 3), still possessed a very limited ability to
produce reducing sugars from a solution of CM-cellulose, but showed no capacity for
producing a measurable decrease in the viscosity of a similar solution: clearly, attack
was confined to the end of the CM-cellulose chain. Under the conditions of the
standard assay, the production of reducing sugars increased slowly for 2 h, until the
reducing value from 500 ug of C,-protein had reached the equivalent of that produced
by 10 ug of p-glucose; extending the incubation period showed no increase in
reducing power. Cellobiose was the only sugar found in the hydrolysate.

(f) Specificity of the C; component. The action of the C, component (Fig. 3)
was investigated by incubating the substrate (0.5 mg) with.0.0IM acetic acid-NaOH
buffer (pH 5.0, 0.5 ml), enzyme (50 pg of protein), and sodium azide (I ug) for 18 h
at 37°. A sample (100 ul was analysed (without deionisation) by paper chromato-
graphy (solvent A4; detection with AgNO;2'), No degradation products were found
with (1—2)-8-D-glucan, lutean [(1-6)-g-D-glucan], laminarin [(1—3)-B-D-glucan],
nigeran [mixed (1—4)- and (I-3)-a-D-glucan], glycogen and amylopectin [mixed
(1-+4)- and (1 »6)-a-D-glucan], dextran [(1—6)-a-n-glucan], and amylose [(1 +4)-c¢-D-
glucan]. Barley f-p-glucan [mixed (1—4)- and (1—3)-f-D-glucan} was hydrolysed to
some extent, and glucose, cellobiose (Rgrc 0.57), and another spot with Rgpc0.16
were found in the solution; authentic cellotriose and cellotetraose had Rg ¢ values
of 0.24 and 0.08, respectively, in solvent A4.

TABLE IT
EFFECT OF VARIOUS ADDITIVES ON THE ACTION OF C; oN H;PO,-SWOLLEN CELLULOSE
Additive® Concentration used Inhibition Stimulation
in assay (mm) (%) (%)
Ba2* (p) 100 23 —
Caz+ (p) 100 16 —_
Mg?* (p) 100 16 —
Co%* (p) 160 16 —
Mn?** (p) 100 11 —
Zn2* (p) 100 21 —_
p-Glucose 10 Nil Nil
Cellobiose 10 36 —
N-Bromosuccinimide (p)? 5 100 —_—
N-Acetylimidazole (p) 50 J— 7
2-Hydroxy-5-nitrobenzyl bromide (p) 50 27 —
EDTA 50 — 26
Bovine serum albumin 200 Nil Nil

“Preincubation indicated by (p). *Dissolved in aqueous acetone (20:1) before incubation.
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(g) Effect of various additives on C, activity. Enzyme solations containing 62 pg
of C, protein were incubated with additives by substituting the additive for water in
the normal assay for determining activity on H,PO,-swollen celluloses (see Methods);
the sugars that were liberated were determined by the method of Nelson!”.

In those cases where the enzyme was preincubated with additive (Table II), the
enzyme-additive mixtures (total volume, 0.25 ml) were heated at 25° for 30 min
before the activity in a sample (0.2 ml) was determined by the.standard assay for
activity on H;PQ,-swollen cellulose.

D-Glucono-1,5-lactone is not particularly stable at pH 5.0, and is not, in
consequence, suitable for inhibition studies involving overnight incubation. The effect
of this compound on C, activity was measured, therefore, using reduced cellotetraose
as substrate (1.5 mgin 1 mi) in an assay containing 0.25 m! of 0.2M acetic acid~-NaOH
buffer (pH 5.0), enzyme (50 ug of protein), water, and inhibitor solution in a total
volume of 2 ml. Under these conditions, the reducing sugars liberated in 2 h were
inhibited by 59 and 19% by 100mMm and 50mM concentrations of D-glucono-1,5-

lactone, respectively.

DISCUSSION

It is now well-established that the C; and Cx components found in certain
fungal-cellulase preparations act synergistically to effect the solubilization of highly
ordered celiulose. Clearly, because of this synergism, meaningful studies on the mode
of action of the C, component can only be carried out after the removal of all traces
of contaminating Cy-activity. In the present investigation, molecular-sieve chromato-
graphy on Ultrogel, followed by ion-exchange chromatography on DEAE-Sephadex
with a pH gradient, provided a more highly purified C,-component than the method
previously reported?. Purified by this new procedure, the C, component, although still
associated with a small amount of CM-cellulase activity, had little or no capacity for
solubilizing cotton fibre when acting alone, and this behaviour contrasts with the
results previously recorded? (7% solubilization). Moreover, as a result of this further
purification, C, lost none of its capacity for acting synergistically with the separated
Cy and f-p-glucosidase components, for a reconstituted mixture containing C,, Cy,
and f-p-glucosidase in their original proportions showed the same cellulase (cotton-
solubilizing) activity as the unfractionated culture filtrate; this, too, was an improve-
ment in the recovery reported previously?, and it demonstrates clearly that all factors
essential to the hydrolysis of cotton fibres are present in the purified fractions.

Rechromatography of the C, component on Ultrogel and DEAE-Sephadex
resulied in the removal of further amounts of C,, activity, but these were traces only,
and it was necessary to use the very sensitive Park—Johnson reagent!* for measuring
the reducing sugar liberated from the CM-cellulose; this level of activity would not
have been detected with the dinitrosalicylic acid reagent®. _

In spite of the rigorous purification, the C; component was still associated with
a trace of CM-cellulase activity. However, it seems likely, particularly in view of the
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fact that similar results were obtained with a highly purified C, from 7. koningii'4,
that C, and the trace of CM-cellulase of F. solani reside in the sams enzyme protein.
As with T. koningii C,, the associated CM-cellulase activity could produce reducing
sugars from a solution of CM-cellulose, but could not change the viscosity; this result
is consistent with endwise attack.

The use of CM-cellulose for the measurement of (1-+4)-8-pD-glucanase activity
warrents further comment, particularly as it has been used almost exclusively for this
purpose in fractionation studies involving C, and Cyx. CM-cellulose has been widely
used because of its high reactivity, its ready availability, and the simplicity of the assay
methods used for detecting even small, enzyme-catalyzed changes. However, there
are several disadvantages. It suffers to some extent because it is negatively charged?$,
and from the fact that the carboxymethyl substituents are randomly arranged?7?, but
its most serious disadvantage, in the present context, is that it would seem to be more
suited to the measurement of the activity of enzymes that attack the chain at random,
rather than enzymes that aitack from the end of the chain. It is unlikely that the bulky
carboxymethyl substituents would be involved in enzyme binding, and clearly enzyme
action involving attack from the end of the chain will cease after the removal of a
limited number of residues; this number is determined by the specificity and mode of
action of the enzyme, as well as by the relative positions of the carboxymethyl
substituents. Measurement of exoglucanase action will require, with certain enzymes,
an easily accessible substrate having none of the constraints mentioned for CM-
cellulose; H;PO,-swollen cellulose is such a substrate.

The C; component of T. koningii is an exoglucanase which has little action on
CM-cellulose, but which degrades H;PO,-swollen cellulose by removing successive
units of cellobiose from the end of the chain'*. We found the C, component of
F_ solani, after rigorous purification, to be similar to the C, of T. koningii in both
respects. Action of F. solani C, on CM-cellulose ceased after the removal of a few
cellobiose units, and in this behaviour, it resembled C, of T. koningii>®-2°. These
findings, considered together with the observations that (@) cellobiose was the sole
product of the hydrolysis of cellotetraose and cellohexaose, and (b) the rate of change
of d.p. of H3;PO,-swollen cellulose was low compared with that shown by the
randomly acting Cx-enzymes, are clearly compatible with the interpretation that
F. solani C, is a cellobiohydrolase.

Reese has suggested that C, and cellobiohydrolase may be two different protein
components having similar net charge and molecular weight3°. To test this possibility,
we have measured C,; (lefined as the enzyme that acts in synergism with the Cy
enzymes- to solubilize cotton fibre or other highly ordered celluloses) and cello-
biohydrolase activities in each column fraction that was collected during the various
purification procedures. However, no evidence for the non-identity of C, and cello-
biohydrolase peaks of activity was found on Ultrogel or on DEAE-Sephadex, using
cotton and Avicel to detect synergism of C, with Cy, and H;PO,-swollen cellulose
and reduced cellotetraose to detect cellobiohydrolase. But data which put the answer
beyond dispute were obtained by isoelectric focusing of the C; component in a
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stabilized pH-gradient covering only 0.5 of a pH unit. Under these conditions, C,
was resolved into four components, each having identical hydrolytic properties
(cellobiohydrolase) and similar capacities for acting in synergism with the recon-
stituted Cx—p-p-glucosidase mixture. Moreover, the peaks of both types of activity
were coincident in each of the four components isolated.

The C, component of F. salani is highly specific for (1-4)-f-p-glucans. The
(1-+3)-B-D-glucan, laminarin, was not a substrate, but barley glucan, which contains
mixed (1—3)- and (1—»4)-5-D linkages, yielded glucose, cellobiose, and an unidentified
erisaccharide. The appearance of this trisaccharide is of special interest with respect to
she specificity of the C; component, and requires further study. Parrish, Perlin, and
Reese®! found 4-0-8-D-laminaribiosyl-D-glucose in the products of hydrolysis of oat
glucan with a crude cellulase preparation from T viride. -

Reese, McGuire, and Parrish®2 have studied the properties of a number of
exoglucanases and have drawn up criteria for their characterization. The C; component
of F. solani appears to satisfy some of these criteria, in that (g) it was not inhibited by
low concentrations of p-glucono-1,5-lactone, (6) it was highly specific for the (1—+4)-
B-p linkage, (c) it was free from transferase activity, and (d) its rate of aitack on short-
chain cello-oligosaccharides was cellotriose <cellotetraose <cellopentaose. However,
we have been unable to find any evidence to suggest that C, from F. solani acts by
inversion of configuration, and in this respect it differs from the exoglucanase of
S. pulverulentum'! and the cellobiohydrolase of Cellvibrio gilvus®3.

The effects of various additives on C, action on H; PO-swollen cellulose have
provided additional information on the enzyme. Metal ions such as Ba?*, Mg2*,
Co®*, Mn?*, and Zn2* were inhibitory at relatively high concentrations; the
stimulation of activity with the chelating agent EDTA was consistent with this
inhibition. Cellobiose was inhibitory, and this supporis the observations made with
the C, component of 7. koningiil>:2°,

There is little information available on the inhibition of cellulases by group-
specific reagents, but it has been shown that tryptophan residues are important for the
activity of a “cellulase” (Cy) from Penicilliurn notatum3*. The possibility that
tryptophan residues are required for activity of F. solani C, is shown by the complete
inhibition by N-bromosuccinimide, but it is difficult to reconcile this observation with
the relatively high concentration of 2-hydroxy-5-nitrobenzyl bromide required to
effect even a small degree of inhibition. )

The bypothesis that the attack on highly ordered cellulose is initiated by a
chain-separating enzyme is attractive, but difficult to prove or disprove. It has some
support from the observation that the celiulose substrates that are refractory to
enzymes classified as C are readily attacked after they have been rendered more
accessible by ball-milling, swelling, or reprecipitation from solvents. As C; enzymes
are not required for the hydrolysis of these highly hydrated substrates, the argurzent
that these treatments have simulated C,-action clearly has some appeal. However,
until a chain-disaggregating, prehydrolytic factor has been isolated, this hypothesis
must give way, for the present, to the more plausible argument that hydrolysis of
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“crystalline” cellulose must be described in terms of endo- and exo-glucanase
activities.
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