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- -The Ci -‘ccmponent .from Fusarium solani cellulase was purified extensively by 

~molecti-sieve &omatography on -Ul~ogel AcA-54 and ion-exchange chromato- 
graphy. on DEAESephadex. The. purified component showed. iittle capacity for 
hy_$rolysin,O highly ordered substrates (e.g., cotton fib@, but po&ly ordered sub- 
str&es (e.;q.; H,PO&wollen celhtlose), and the soluble cello-oligosaccharides cello- 
tetra& and cellohexaose, .were readily hydrolysed; cellobiose was the principal 
.prod& in&h case; -4ttack on O-(carboxymethyl)collulose, a substrate widely used 
for- me++ring the act@@. of the ra.ndo+ly. acting enzymes (C, enzymes) of the _ 
cellulase ccimpJex,. was m&&al,-and.c+ed.after the removal of a few ugs~b$ituted 
residues fi.om the end of the .chain. .These observations, and the fact that the rate of 
change, of degree‘ of polymerisation of l&P.&-swollen cellulose ,tiaS verj; .slow 

c&p&d ‘&ith that. effected by the randomly acting endogluc&ases (C,, CM: 
c&i~ases)~‘&&ate that .C, is a. cellobiohydrolase. Fractionation by a variety of 
methods ‘g&e no evidence. ‘for :the non-identity if the cellobiohydrolase and the 
compone&..&& -&$&I in syne&sm with the randomly acting C, enzyme when 
sol&bi@ng co.tton fib+. 

tiODUCXlON ., : 
~ 

; ~Pmvious.studies from theseand otherlaboratories have shown that when such 
fung& :.a~:.- E+w&mz soIani%~, +J3+cIza~ez+~_ koningiii, T viride?? . PeniciIIitun f 

ftii+&st$ f), and S~orotrichtmt pttIvertdqtttan’ ‘_, grow 011 a medium ~containing 
-‘&iv@ al~_~~~a.s the &.boxt.so&e, i&e. cel$lase system. that is synthesised consists 
.-of at l&z& t&& k&$&s,_ &&&es, of enzyme, namel~_12i C, , .C, (C.M-&lulases or 

: _‘. 
--,,+j+& ~&&&&r & &-Fd H&<,&Ej F_R_,s_- - -- .- ‘- .‘. ‘,. 

_ . . . 
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Reese et al. ’ a suggested that C, is a prehydrolytic factor whi&h &uses some loosemng 
of the cellulose chains in preparation for attack by the. hydrolytk &-enzymes:. 

Howevek, there is no evidence to support this particular hypothesis;: desj&$&e fact 
that it has guided the experimental approach for. many, ye&+ The preserit konsen&s 

of opinion is that Cx is ti exoglucanaseg* ’ ? 1-3-1 ’ ; in thk .case of T; konin&i’~l ’ 
and 7’. &k&9*16 , it is a cellobiohydrolase. . . 

We now present evidence’w’hich shows that the C; component of F. solmri is 
also a cellobiohydrolase. Part of this work has been published as a preliminary 
communication’3. 

ExPEFuMEhTAL 

Materials. - The source of the materials were as follows: CM-cellulose 
[(O-carb&ymethyl)cellulose], sodium salt (Cellcfas 3) with a degr& of substitution 
of 0.5, I.C.I. Ltd., Nobel Division; Texas-cotton fibre, Shirley Institute, Manchester; 
Sephadex G-25 and DEAE-Sephadex, Pharmacia (G.B.) Ltd.; Ampholme electro- 
focusing equipment and Ultrogel, L.K.B. Instruments Ltd.; ~-glucose oxidase 
(Type II), Sigma (London) Chemical Company; peroxidase, Boehringer Cq-pdration 
(London) Ltd. ; Avicel (microcrystalline cellulose), Honeywell and Stein Ltd. ; 
colloclion tubes (Sartorius), V. A. Howe. 

Preparation of enzyme. - Cultures and cell-free ghrates were prepared from 
I;. sohzi I.M.I. 95994 by the method previously described for T. koningii4. 

An hzyme concentrate (50-fold) .was prepared.by precipitation of the culture 
filtrate with (NH&SO4 between the limit of 20 and 80% saturation, and- then 
Cehtrifuging and redissolving the precipitate in 0.1~ acetic acid-NaOH buffer 
(pH 5.0): Enzyme assays showed. that all of the cell&se (cotton~solubilitition), 
CM-cellulase, and ,&r+glucosidase activity of the original culture filtrate was r& 
covered. 

Preparation of substrates. 2 (a) Dewaxed cotton. Texas-cotton fibre was dewaxed 
as described by Corbett36. 

(b) Cello-ot~osaccharides. Cello-oligosaccharides were prepared by the 
acetolysis of dewaxed cotton fibres, followed by deaeetylation with sodium methoxide, 
and fractionation by gradient elution (O-35% ethanol) from a column of charcoal- 
Celite (19, w/w). 

(c) Reduced celtote&-aose. Cellotetraose (150 mg) was dissolved~*a$er (2 ml), 
pot&ium borohydride (15Q mg) was added, and the mix&e was. kept pvernight at- 
room temperature. Excess of borohydride was.decomposed with glaci&l acetic acid;. 
arid the. solution was .deiomsed on &olum& _df Amberlite II+I20 (II’) and IR_45 
(HO7) resins; reduced eellotetraosewas recovered~ by~f&eze&ying.‘ .. ” 

(~2) H3P~4-&olt& cellulose. A suspension of &tori (5-g) .m c&c. phosphoric 
aid (88%, w/v) was kept, with occ&onai -s&ring, for 4 h- at 1”. Th& gelatinous 
product was worked up-as described elsewhere3.. : . . : ~. . . . 
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Enzyme assays. - (a) Activity tom&s CMkellulose. CM-cellulase activity was 
measured either viscome@ally3 or by a reducing-sugar method. 

In the kiucing-sugar method, a mixture of 1.0 ml of CM&llulose solution 
(I%, w/v), 0.5 ml of 0.2M acetic acid-NaOH buffer @H 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 reagensl’, and the reducing sugar determined- by the method of 
Nelsonl’. Where only small amounts of CM-cellulase activity were present, the more 
sensitive, modified Park-Johnson method’ 4 was used to measure the reducing sugars. 
The reducing sugars liberated were expressed as glucose equivalent. The units of 
activity have already been deiined14. 

(b) CeZZuZase 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 eellulases from other 
fungal sources. It is more easily hydrolysed than cotton, and it is a good substrate for 
measuring the synergistic action between C1 and Cx types of enzyme. 

(i) Dewaxed cotton (2 mg) was incubated with enzyme for 7 days at 37” as 
previously described’. A l-ml sample of the 2(t80%-saturated-(4)zS04 fraction, 
diluted 50-fold, produced 71% solubilization under these conditions. 

(ii) The assay contained 0.5 ml of a 1% aqueous suspension of Avicel, 0.25 ml 
of 0.2~ acetic acid-NaOH buffer (PH 5.0), and enzyme and water to give a total 
volume of 1 ml. 0.05~ 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- 
H2S04 method” or by the method of Nelson”. The sugars liberated were expressed 
as glucose equivalent. 

(c) Activity towards H,PO,-swollen cellulose. A 5-ml sample of an aqueous 
suspension (4% w/v) of H,PO,-swollen cellulose was pipetted into a centrifuge tube. 
After centrifugation, and careful withdrawal of 3.4 ml of the supernatant with an 
automatic pipette, the residue was mixed with 034 ml of 0.05~ sodiurr, azide, 0.2 ml 
of acetic acid-NaOH buffer @H 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 (b)-(i). 

(d) Activity towark reduced cellotetrmse. The incubation mixture, containing 
I ml of au aqueous solution (0.15% w/v) of reduced cellotetraose, 0.5 ml of NaOH- 
acetic acid buffer @H 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 Nelson17. 

(e) /3-P-Glucosidase. /I-D-Glucosidase was measured with o-nitrophenyl 
B-D-ghrcopyranoside as substrate, by the method already described4. 

Other assays. - Reducing sugars were measured by the method of Nelson17, 
or by the modified metho-d of Park and Johnson’4. Total carbohydrate was deter- 
mined by the- phenol-H,SO, method”, and D-glucose by a modified D-glucose 
ox&se methodfg. In each case, the reagents were calibrated against D-glucose. 

Protein was determined by the method of Lowry et aL2’, calibrated agaiust 



crysta&ie3 bovine seti albumin. In- some cases, the pro&n conk of c$uu& 
fra&#S was det eru&&fromthe=e$&&on&~nm. _ - -. -.: -- .; 

Separation methods: - (a) Descending paper chromatograms on: W&man 
No. 1 paper were developed with ethyl acetate-pyrklke-wtiter.(1&4:3) (solvent A),- 
and sprayed with alkaline silver nitrate 15. Thin-layer .plat& (Kieselgel Gj- -w&-e 
developed (two ascents) with ethyl acetate-propan-Z-o&water (18:13:9) (solve_nt B), 
and sprayed with silver nitrate or with anisaldehyde-sulph&ic aeidz’. 

(b) Separations by isoekctric focusing were perform~$~~ h a IlO-ml LKB 
electrofocusing cohmm. After focusing at S”, the- column @s emptied at a rate of 
120 ml/h. Fractions (1 .O ml) were collected, and the pH of each was measured at 5” 
with a Coming-Eel pH meter fitted with a combination electrode. 

Fractionation and pw$cation of F. solani c,ollzkse.- - (a)- Separation of @I+ 
gkosidase froth C, and C, (CM-cell&se) activities by moleculm-sieve chromato- 
graphy. The &D-ghrcosidase component associated with F.’ soiani ceklase -can be 
readily and reproducibly separated from the rest of the cell&se complex (C, and Cd 
by molecular-sieve chromatography. 

Fig. 1 shows a typical elution profile of a sample (5 ml) of concentrated, cell-free 
filtrate- [2~800i’o_saturated-~~)~S~~ fraction] on a column of Ultrogel AcA-54 
equi tibrated with 0. IM acetic acid-NaOH btier (pH S-O), using a flow rate of 30 mI/h. 
Many such separations were performed with no alteration in the elution volume 
observed. 

Recoveries of fi-D-ghrcosidase, CM-cellulase (Cd, and protein were 120, 90, 
and 1 lOO/o, respectively. 

Assays for cell&se (cotton-solubilizing) activity were done on portions A and 
B after adjustment to the same iinal volume as the 20-80%-saturated-(NH,)zSO~ 
fraction diluted 50-fold. Under the conditions of the standard assay, 1.0 ml of portion 
A (i.e., #I-D-ghrcosidase) produced only 1% solubiliition of cotton fibre, and 1 ml-of 
portion B (i.e., C, and Cx) only 58%. However, an assay containing 1 .O ml of each 
showed the same capacity for soiubilizing cotton i?bres as 1.0 ml of Ithe starting 
material [20-SO%-saturated-(NH&SO~ fraction, diluted 50-fold:, namely 71%. 

(b) Sepmatfoon of Cl and Cx components by chromatography on DEAE&‘ephuctex. 
Portion B (Fig. 1) was coke&rated in a collodion tube, and dialysed in the same tube 
against 0.05M acetic acid-NaOH buffer (pH 5.5) for 3 days. The ‘sampie (5 I@ was 
applied to a column (27.5 x 1.5 cm) of- DEAE-Sephadex (acetate form) and. eluted 
with 0.05~ acetic acid-NaOH buffer @H 5.5). Under the starting conditions, 97% of 
the CM-cellulase (Cd activity and 42% of the protein were eluted as one peak 
(portion c); the remainder of the protein (Cd and the CM-celIulase activity. Were 
eIuted together (portion 0) by the appkation of a pHgradient [2OO ml-of acetate 
b&zer-@H S.z+z@m~ of ace&k brr!z&r <pzz 3.eJ.. - - .-- -- - r 

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.(S ml) of partially purified, 
concentrated 20-80%-saturnted-(~)~SO~ fraction -was applied to a column of Ultrogel AcA-54 
(86.5x2.5 cm) equilibrated with 0.W acetic acid-NaOH buffer @H 5.0). Fractions (7 ml) were 
collected and assayed for B-D-glucosidase (-A-), protein (- ), and GM-ceil~lase (-0-) by 
the reducing-sugar method. Portion A comph9 fractions 25-29; and portion B, fractions 3446. 

diluting portions C (i.e., Cd and D (i-e., C,) so that the volumes were equivalent in 

terxns of the unfractionated 20-W%-saturated-(NH&SO, fraction, diluted 50-fold. 
Under the conditions of the standard assay, 1.0 ml of diluted portion D (Le., C,) 
solubilized cotton fibres to the extent of 2% and l%, Tespcctively, 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., Ci and C,J also produced 58% 
solubilization of cotton (see above), it was obvious #at no factor essential for the 
hydrolysis of cotton had been lost during the fractionation on DEAE-Sephadex. 

R&very oftbe various en&me activities from this fractionation and that shown 
in-Fig. 1 was in excess of 90%. It was possible, therefore, to cakulate the proportions 
in which the various-components had existed in the original, unfractionated 20-80%- 
saturat.ed-(NH.&SO, fraction. It was found that 1.0 ml-of this fraction diluted 50- 
fold contained ---560 c(g -of protein, 1110 units of CM-celIulase activity (determined 
by reducing stxgar), -nd 10 uniti. of j?-D-glucosidase. In each of the subsequent 
purifkation p~ocahires described iq thik report, the recovery of the C, activity was 
deterr+ied: by- measuring the c&&se (cotton-solul3.izing) activity of a recon- 
stituted- mixture. in which 530 fig of protein was mixed with 1110 units of CM- 
ceIIulase (Cd; and 10 units’of /T-D-glucosidase. 
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The Cl component; w&n purified’ on- Uhrogel- a& tlienon D&E-Scphadex, 
showed little hydrolytic &tiv$y towards. cotton, -Atic& or CMkelhtlose, _ but 
~c&lulose previously swollen in &PO,, and ~&llotetrBose t&t .j&d been~r$iu@d&ith 
K33H4, were extenSiveIy degraded-~ In each- &the s_ubse$uent put&cation. stages; 
therefore, activity towards each .cf these substrates was meaked in ordei to test for 
possible heterogeneity. Ln essence, we were iq+igatmg the’pokibihty that the en.zyr& 
that acted-in synergism with the Cx and fl-n-glucosidase kymcs to solubilize cotton. 
fibre or Avicel (i.e., C,) +d not originate i&the same enzyn& protein& the hydrolytic 
enzyme that could &tack H,PO,-swollen ceIlulosc or-reduced ckotctraose. Rc&e -et 
al. lz, after ah, had envisaged that C1 would-have a non~hydro$tic action. 1. _ 

(c) Further purification of tfze C, compbnent on- Ultrogei ATA-% &ar cvidekc 
of contamination of the C, ,component with CM-cell&e .components of different 
hinds was obtained by gel filtration on a column of Ultrogel AcA-ti; equilibrated 
with 0.01?~ ammonium acetate (Fig. 2). Fractions. i2(F-130 (Fig. 2aj contained a 
small amount of a ~M-cellulase .of molecular weight lower tha& that .of .fhk C, 
component, while fractions 9&1OO contained a CM-cell&se of higher~mo1ecuIa.r 
weight. The Cx component of lower molecular weight differed-from C, of higher 
molecular weight in that it had apparently no capacity for hydrolysing reduced 
cellotetraose (c$ Figs. 2a and 2b). 

The peak of activity towards H,PO.+-swollen cellulose, cotton, or Avicel both 
with added C, (portion’ c) and fi-Dglucosidase (portion A Fig.. l)l- coincided in 
fraction 107: the results wi+ cotton are not sho& in Fig. 2. - .~ 

Fractions 100-118 were combined, concentrated .in a coliodion tube, and 
purijied further by rechromatography on the same column of U&gel. 

Q Further pur@cation of the C1 component on DEAE-Sephadex. The C, 
component (purified by molecular-sieve chromatography on ljltrogel) was freeze 
dried, redissolved in .0.05x1 acetic acid-NaOH buffer (pH 5.65), and applied. to 
another-column of DEAE-Sephadex equilibrated with the same b&err. 

The very shallow pH-gradient used to elute. the C1 component (Fig. 3) was 
constructed and automatically programmed by z& LKJ3 Ultrogr@ gradient .mixer 
connected to an LKR Uvicord II and LI(B Level Sensor. The Level Sensor, which 
was connected in Parallel with the- Uvicord, was .Programmed to instruct .the 
Ultrograd to feed a tied ratio of the two buffers used to construct..the-pH&adient 
[IXO~M acetic acid-NaOH buffer (pH 4.8) and 0.05~ ,acetic acidTNaOlk buffer 
(PH 4-O)] as soon as the input sigual from the .Uvicord fell below- 95% of ma.@mum 
(i.e., 95% transmission -at 280 nm]. Fig. 3 shows a typical purikation on- D&IF- 
Sephadex using these facilities. ; 

The peak of activity towards reduced ccllotetraosc, .H,PO,-swollen~&lulose, 
and Aviccl [i.e., with added Cx from portion -c &e (5> above]; and fi-D-g$cosida+e 
from I] were coincident in 165 (6. 3a and A&vi@ tqkrds 

(again with ‘added C, and. $-Diglucosid+e) _ also reached an optimum in 
fraction 165 (not showr&r Fig. 3)_ Fractions (12%i58)~contained only smahamcunts 
of CM_cellulase activity and .were discarded.. R&very of-pro&n -was-92%. : :: : 

,- : 
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Fig--Z. Purification of the G1 component on Ultrogel AcA-54. C I, 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 tbis solution was applied to a column (86.5 x 2.5 cm) of Ultrogel equilibrated with 0.1~ 
ammonium acetate. The column was eluted at 15 ml/h and the eluate was monitored at 280 MI 
(LKB Uvicord IJJ Fractions (2.5 ml) were collected and assayed for CM-cell&se (-0-), protein 
( -), and activity to H3PO*-swollen cellulose (-A--), and these are shown in (a); (6) shows 
activity to Avicel (-0-j with add&d Cx and fl-D-glucosidase, and activity to reduced cellotetraose 
(-_O-). Note the very large scale used for CM-cellulase activity in *%s Figure, compared with that 
WinFig. 1, 
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.-_ Reco~+ktion experiments for celh+se (cotton-solubilizkg) activity were also 
_ p&forn~e;d; the -purified CI componeht (combined fractions B-174) and the 

separakxi ;C, and @D-glucosidase components were mixed in their original pro- 
portions (see above): 96% of the Cotton-solubilizing activity of the original 20-SO%- 
saturated-@I33&SO,-k&ion *jpas recovered. The same recovery of celh&zse activity 
was obtaikd whed the enzyme(s) in fractions 175-190 were included in the assays: 
these fractions_wer~ therefore tiot considered further. 

The pmed CI component was still associated with a trace of CM-cellulase 
&G@T-.~ . 

(e) isoelectric fot~w.5-h~ ofthe Cl 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. ~s~kc~&c_ f&g of the Cl component. _The narrow-pH-range amphoIyte solution 
(pH4.6-5.1; &e text) was used at a tinal concentration of 1%. The C1 component (Fig. 3) was 
ekctrofacuse&for 92 h. The voltage at the end of the run was 1080 V &nd the eumznt 1 mA. The 
coh& w& emptied by pumping kter into tbe ‘sp of the column at ~120 ml/h. The fractions (1 ml) 
were worked-tip & dt%riie.d in the text, md assayed for activity to HsPOc-swollen cellulose (-A-) 
a&d m$uct?d MIotetrake (-FS-), and acitivity to ~Avicel when ecting synergistically with added CX 
kmd B-D_&&x&i& (-0-): pH (-1-n-). 

. 
. . . 



&xtrof~using, ihe load was kept Wow thn2e watts: +t. the $& ?f+e $&thG .v&ge 
was St&d? at’42O.V and the current St 2 mA_ ” : -: .: :: : .-- :. ‘-1’ -. -.:_ : 

The eve in fractions. 159-l-74. (Fig.. 3) was prepared for eI&ofocusing in 
the amphoiyte solution of n&row phi-range by dialysis in .a-- col!odionztube. aga_inst 
0.01~ acetic acid-NaOH buffer (pH 5.0) for 2 days. The enzyme was concent?ated 
(5.9 ml) and added to the electrofocusing column a$ .desc@ed in the Methods sectioni 
The concentration of the pre-run was not taken into account wheti qmking up‘the new 

density gradient. 
Fig. 4 shows that the C1 component &as resolved into two major (PI 4.75 &nd 

4.90) and two minor components (pX 4.82 and 4.95). However, from the shape- of the 
various peaks, it is clear that some of these component& particularly. the major 
component with ~14.90, were not homogeneous. 

Each of the four components was associzited with carbohydrate: component A 
(Fig. 4) contained 21%, and components -B, C, and D contained 10, 12, and I%, 
respectively (carbohydrate determined by phenol-&SO,1 8,. and expressed as glucose 
equivalent; protein determined by the method of Lowry & o1.“). 

Each of the four components acted synergistically with added Cx and #I-D- 

glucosidase in solubili+ng Avicel, and also hydrolysed reduced ceilotetraose and 
H,PO,-swollen cellulose when acting aIone. Cotton fibrc was extensively degraded by 
each of the four components when acting in synergism with C!, and p-D-ghxcosidase 
(Table I)_ 

TABLE I 
CELLULASE (COlTO?+SOLIJBILIZING) ACITWIY OF THE C1 COMPONE~(FIG.~) WHEN 

mcohmrrm3 wrrzi &AND &D-GLUCOSID~~F 

Cl components 

A (fractions 16-19) 59 
B (fractions 21-24) 60 
C @actions 26-31) 67 
D (fractions 33-39) 68 
Cl component (Fig. 3) 71 

“All assays mntained the same amount of protein, .CM.kelluSas~ (C&), &d &tigiutiosidase activity. 
Czx was from portion C (see text), and &tqlucosidase was from portion A (Fig; 1); 

Properties of rhe CI componenf. - (a).-Effect. C$ C1 on ceU&ose s&s@ate.s. The 
rate of attack of the cellulose swollei in H,PO, was much higher than that on such. 
highly ordered substrates .as .cotton, Avicel, or Whatmau cellulose,powder (Fig. 5). 
Cellobiose Was the sole .sug& found in the supernatants of the digests of the t&me. 
.tighly -ordered substrates, but -4% of the total carbohydrate :liberated. by .enzymic. 
hydrolysis of I-j ,PO,-swollen cellulose was glucose. Notraiis~ of. higher -&lo-oligo- 
sacch&des were, detected by tXc. or by ctirotiatography of.‘&: _conc&ate_d 
supcrnatants (of several digests) on a column of. Bioge? P-2 pieGo& c&brated with 
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standard celio-oligosaccharides. No traces of higher cello-oligosaccharides were 
obtained regiudless of the extent of the degradation of the substrate. 

Both of the major CL-components isolated by isoelectric focusing (Fig. 4) 
digested H,PO,-swolleti celluIose to celiobiose and a trace of glucose. 

Time (days) 

Fig. 5. Rate of attack of C, on various cellulose substrates. The substrates (~20 mg) were incubated 
with 50 ~1 of C1 (Fig. 3) by the procedure described for assaying activity to H,PO,-swollen cellulose 
(Methods section). The reducing sugars liberated were estimated by the method of Nelson”. Activity 
to H3P04-swollen cellulose, -A--; cotton, -0-; and Avicel, -A--. 

(b) E@ct of C, on cello-oligosacclrarides. The rate of attack of the C, component 
(F&-3) on the solubie cello-oligosaccharides, cellotriose, cellotetraose, and cello- 

pentaose increased with increasing d.p. of the substrate (Fig. 6); cellobiose was not 
attacked. T.1.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 titration of the concentrated supernatants on a 
column of Biogel P-2 which had been previously calibrated with well-characterized 
cello-oligosaccharides. 

Cellohextiose was hydrolysed principally to cellobiose. 
Both of the major C,-components isolated by isoelectric focusing (Fig. 4) gave 

similar results. 
(c) Comparison of the effect of CL and C, on the d.p. of H3F04-swollen cellulose. 

A mixture containing IO ml of a suspension (4% w/v) of H,PO,-swollen cellulose in 



Fig. 0. Relative activity of C1 on cello-oligosaccharides. E&molar amounts of the cello-oligo- 
saccharides were incubated at 37” with 0.5 ml of0.M acetic &id-NaOH buffer (PH TO), and enzyme 
and water to give a total volume of 1 ml. After 4 h, a sample (0.1 ml) was assayed for reducing sugar 
by a modified Park-Johnson fenicyanide method’&. 

acetate buffer (pH 5.0) and 0.1 d of 0.05~ 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 cadoxen23_ The solution was diluted with water (10.0 pll) 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’ 4 with a value2s 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 
Cx component is shown in Fig. 7. 

‘0 I 0.5 I 1.0 1 1.5 I 20 I 25 I 3.0 * 35 , 4.0 1 

Time (h) 

Fig. 7. Comparison of the rate of change in degree of polymerisation of H3P04-swollen c&uIose by 
C1 and C, enzymes. Cf was from Fig. 3, and C, was portion C (see text). See text for detaiIs of assay. 
Change in d.p. as a result of CI action, -@-; Cx action, -A-. 

(8) De~emainatiorz of the molecAr weigh -of C, by m~~ecu&.r-sievexhrcmato- 

graphy. Chromatography was _berformed on. a column (78.5 x 1.6 cm) of Ultrogel 
AcA44, which was calibrated with the proteins, cytochrome C,. chymotrypsinogcn, 
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ovalbumin, bovine se&n albumin, y-globulin, and thyroglobulin. The molecular 
weight (Cr, Fig. 3) calculated from a plot of V/V, against &e log molecular weight 
was 41,000. This value is lower than an estimate of 45,WO obtained’” on Sephadex 
~G-75. _ 

(e) E@cct of C1 on CM-ceikrlose. The Cr component, when puSed by 
chromatography on DEAE-Sephadex (Fig. 3), still possessed a very limited ability to 
produce reducing sugars from a solution of CM-celIulose, 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 pg of C,-protein had reached the equivalent of that produced 
by 10~1g of D-glucose; extending the incubation period showed no increase in 
reducing power. Celiobiose was the only sugar found in the hydrolysate. 

(f) Specr;ficib qf the C, component. The action of the CL component (Fig. 3) 
was investigated by incubating the substrate (0.5 mg) withO.01~ acetic acid-NaOH 
buffer (pK 5.0, 0.5 ml), enzyme (50 pg of protein), and sodium azide (I pg) for 18 h 
at 37”. A sample (100~1 was analysed (without deionisation) by paper chromato- 
graphy (solvent A; detection with AgNOsZ’). NG degradation products were found 
with (1+2)-B-D-@UCan, hrtean [( 19 6)-j$~glucan], laminarin [( 1-3)~j?-D-glucan], 
nigcran [mixed (1+4)- and (143)~a-D-glucan], glycogen and amylopcctin [mixed 
(l-+4)- and (14+z-D-glucan], dextran [(I +6)-a-D-glucan], and amylose [(1 -+4)-C-D- 
ghEan]. Barley b-D-giucan [mixed (l--+4)- and (l-+3)-j3-D-glucan] was hydrolysed to 
some extent, and glucose, cellobiose (I&,, O-57), and another spot wilih RGLC 0.16 
were found in the solution; authentic cellotriose and cellotetraose had RoLc values 
of 0.24 and 0.08, respectively, in solvent A. 

TABLE II 
EFFECT OF VARXOVS ADDXTWEZ. ON TEE ACTION OF C1 ON HaPO+-~~~~~~ CELLULOSE 
-.- 

Ad&tit@ Concentraiion wed Inhibiriim Stimulation 
in assay (mhs) (%) (“/o) 

Baa+ cp) loo 23 - 
a*+ @I 700 16 - 
MET”+ 0) 100 16 - 
Co*+ (P) 100 16 - 
Mu=+ cp) 100 11 - 
a*+ cp) 100 21 - 

D-Gluwsc 10 Nil Nil 
Cellobiose 10 56 - 
N-B~omoszzchimide (p)* 5 100 - . 
N-AcetylimidazoIe (p) 50 - 7 
2-Hydroxy-S-nitmbenzyl bromide @) 50 27 - 
EDTA - 26 
Bovine se&m albumin Nil Nil 

9reincubation imiicatecl by b). bDissolved in aqueous acetone (2O:l) before incubation. 



(g) Eflct of varf0u.s ~ad2itive.s on C, activity. +zyme solutions co&ining 62 pg 
of C, protein were incubated with additives by substituting the additive for w&r in 
the normal assay for determining activity on H,PO+-swollen celluloses (see Methods); 
the sugars ‘hat were liberated were determined by the method of Nelson’ ‘. 

lit 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,PO,-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 mg in I ml) in an assay containing 0.25 ml of 0.2M acetic acid-NaOH 
buffer (PH 5.0), enzyme (50 pg 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 10Om~ and 5OmM concentrations of D-glucono-1,5- 
lactone, respectively. 

DISCXJSSION 

It is now well-established that the C, and Cx components found in certain 
fi_mgal-celIulase preparations act synergistically to effect the solubilization of highly 
ordered celhrlose. Ciearly, 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 con taniinating Cx-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 C1 component, althoughstill 
associated with a small amount of CM-celluIase activity, had littie or no capacity for 
solubilizing cotton fibre when &ing 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 
C, and B-D-glucosidase components, for a reconstituted mixture containing C, , Cx, 
and #?-D-glucosidase in their original propol+ons showed the same cellulase (cotton- 
solubilizing) activity as the unfractionated culture atrate; this, too, was an improve- 
ment in the recovery reported previously’, and it demonstrates clearly that ahfactors 
essential to the hydroIysis of cotton fibres are present in the purified fractions_ 

Rechromatography of the C, component on Ultrogel and DEAE-Sephadex 
resulted in the removal of further amounts of C, activity, but these were traces only, 
and it was necessary to use xhe very sensitive Park-Johnson reagent l4 for measuring 

the reducing sugar liberated from the CM-cellulose; this level of activity would not 

have been detected with the dinitrosalicylic acid reagent9. 
In spite of the rigorous purification, the Cr component was still associated with 

a trace of CM-cellulase activity. However, itseems likely, particularly in view of the 
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fact that similar results were obtained with a highly puri&d C, from T. konit~gii’~, 

that C, and the t&e of CM-cellulase of F. solarzi reside in the sam? enzyme protein. 
As with T. konihgii Cl, 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-cehulose for the measurement of (144)~/3-D-glucanase activity 
warrents further comment, particularly as it has been used almost exclusively for this 
purpose in fractionation studies involving C, and Cx. 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 chargedz6, 
and from the fact that the carboxymethyl substituents are randomly arranged”, 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 attack 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,P04-swollen cellulose by removing successive 
units of cellobiose from the end of the chain14. We found the C, component of 
E: 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. koningii28*2g. These 
findings, considered together with the observations that (a) cellobiose was the sole 
product of the hydrolysis of cellotetraose and cellohexaose, and (b) the rate of change 
of d.p. of H3P04-swollen cellulose was low compared -with that shown by the 
randomly acting Cx-enzymes, are clearly compatible with the interpretation that 
F. sohi 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 CL (defined as the enzyme that acts in synergism wi’ih the C, 
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 ceho- 
biohydrolase peaks of activity was found on Ultrogel or on DEAE-Sephadex, using 
cotton and Avicel to detect synergism of C, with @x, and H,PO,-swollen cellulose 
and reduced cellotetmose to detect cellobiohydrolase. But data which put the answer 
beyond dispute were obtained by isoelectric focusing of the CI 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 fout components, each having identical hydrolytic Properties 
(cellobiohydrolase) and similar capacities for acting in synergism with the recon- 
stituted C&-D-glucosidase mixture. Moreover, the peaks of both types of activity 
were coincident in each of the four comporients isolated. 

The Cl component of I? s&?zi is hifly specific for (l-4)-j?-D-glucaus. The 
(1-+3)-8_D-ghlmn, h@iWin, was not a substrate, but barley glucan, which contains 
mixed (1+3)- and (1+4)-/3-o linkages, yielded glucose, cellobiose, and an tmidentiiied 
rrisaccharide. The appearance of this trisaccharide is of special interest with respect to 
rhe spcc&ity of the C, component, and requires further study. Parrish, Perlin, and 
Reese3 ’ found 4O-#?-D-laminaribiosyl-D-glucose in the products of hydrolysis of oat 
glucan with a crude cell&se preparation from 27. ~ipriie. 

Reese, McGuire, and Parri~b~~ have studied the properties of a number of 
exoglucanases and have drawn Up criteria for their characterization. The C, component 
off;: solarzi appears to satisfy some of these criteria, in that (a) it was not inhibited by 
low concentrations of D-glucono-1,5iactone, {b) it was highly spec%c for the (144)- 
8-D linkage, (c) it was free from transferase activity, and (d) its rate of attack on short- 
chain cello-oligosaccharides was cello~osec~~otetraoseccellopentaose. However, 
we have been unable to find any evidence to suggest that C, from F. soloni acts by 
inversion of configUration, and in this respect it differs from the exoglucauase of 
S. puhertdentum 1 ’ and the cellobiohydrolase of Cdvibrio &ws~~. 

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*, 
Co2+, h4n2+, and Zn2’- were inhibitory at relatively high concentrations; the 
stimulation of activity wit-h the chelating agent EDTA was consistent with this 
inhibition. Cellobiose was inhibitory, and this supports the observations made with 
the C, component of 2’. koningii’5*2g. 

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 “ccllulasc” (Cx) from Penidium no~utzmz~~. The possibility that 

tryptophan residues are required for activity of F. solarri C, is shown by the complete 
inhibition by N-bromosuccinimide, but it is difhcult to reconcile this observation with 
the relatively high concentration of 2-hydroxy-5_nitroben@ bromide req~ircd to 
effect even a small degree of inhibition. 

The hypothesis 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 cellulose substrates that are refractory to 
enzymes classiGed as C, are readily attacked after they have been rendered more 
accessible by balImilling, swelling, or reprecipitation from solvents. As C, enzymes 
are not required for the hydrolysis of these highly hydrated substrates, the argument 
that these treatments have simulated &-action clearly has some appeal. However, 
until a chain-dis~egating, prehydrolyticfactor has been isdlated, this hypothesis 
must give way9 for the present, to the more plausible argument that hydrolysis of 
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“crystalline” celhhe must be described in terms of endo- and exo-glucanase 
activities. 
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