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INTRODUCTION

The mechanism of the enzymatic breakdown of ce}lulose. has n(it ye}alt
been unraveled. Like the hydrolysis oE.otber polysucchaz*lde? t(}? alrocn,
dextran), two steps are generally recogmzec?, the hydrglyslsho “ e o i
chain to a disaccharide and the hydf'olyms of the chsa,c.c :1.1'(11 e o8
simple sugar. The acceptance of thi§ picture may be .queiticgle 102_ -
points: {a) Ts there a step preceding the_hydrolyffls o tde , o
1,6) linkages, by which the naturally ogcurrmgmaten:al is mla «Iaava. abe
to the bydrolytic enzymes (1); and (b) is the 1‘1ydr01y51s of the (;nTg hc i
t0 the dimeric unit the work of one or of a comple:'( of enzymes.n 1 a a,.
is Cx, the polysaccharase acting on the g-1,4-linkage of ce 1103{2&15
single enzyme or & group of similar enzymes? The pre_seni‘: papt;r s
with the latter question as approached by t_he application of pap
chromatography to the separation of cetlulolytic enzymes. e

Previous workers have chromatographed hydrolytic enzyn'ae. 8ys ¢
and found indications of multiple co?lponents: amylases (?), Ewi&ﬁ(i
(3); polygalacturonase (4). Our earlier attempts to obt]a‘mt(_: roof to-
grams of cellulolytic enzymes failed. The successful applica ;c;ln : e
paper strip method to use with the enzyxe, Cx, stems ff()]mt' ec(iiv.lt
vation of Whitaker (5) that protein stllmula.tes the cellulo ytc a . thi
of 8 Myrothecium verrucaria filtrate. 1t is prob:.a,blg that the ac 1;1;}10 o
added protein is to prevent the irrever.mb]e bmdmg of slor;le o . :n ceci
Application of protein to the paper strips {as descnbe.dla. er} en
the recovery of Cx, and chromatograms were;then possible.

MEeTHODS
Cx Determinalion

i i lucose) produced by se-
ivity is measured by the reducing sugars (a8 g \ :
tiocnh:)? (t:.::e egzyrne on 0.5% carboxymethyleellulose {CMO) of low viseosity and
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of low degree of substitution (D.S.) (Hercules CMC 50T, D.S. = 0.52),in 005 M
citrate bulfer at pH 5.4 and 50°C. A Cx unit is the amount of enzyme which under

the above conditions gives a reducing value of 0.40 mg. reducing sugar/ml. reac-
tion mixture/hr.

Organisms and Fillrate Production

The following organisms were used in this work: Penicillium pusillum QM
137g; Myrothecium verrucaria QM 460 (BPI 1334.2); Streptomyces sp. QM B8i4;
Trichoderma viride QM 6a; Pestalotia palmarum QM 381,

=~ o

[

RECOVERED ACTIVITY
{mg. glucose /mi.}

0 2 L s J. é i bl r 4|
Cx ADDED TO PAPER STRIP

Fi1G. 1. Effect of the addition of gelatin to paper on the recovery of Cx from
the paper.

¢ = Control strip (Whatman Ne. 1 paper)
T = Test strip sprayed with 1% gelatin

The Cx is that of Pendeillium pusillum grown on duck. The abscissa is given
in units of Cx.

Of these only Penicillium pusillum produces a filtrate of potency sufficient, for
direct analysis by the paper-strip method. Filtrates of the other organisms were
concentrated 20-30-fold by precipitation with 2-3 vol, acetone in the cold. The
precipitate was taken up in a minimal amount of 0.05 M citrate of pH 5.4. Solu-
tions to be chromatographed should contain at least 50 Cx units/ml. The filtrates
used are extracellular solutions obtained by techniques previously described (6).

Paper Chromatography

On the basis of results of preliminary experiments, the following method was
developed for carrying out the paper chromategraphy. The method follows
closely that of Cabib {3) and others in its general outline.

Large sheets (46 X 17 cm.) of Whatman No. 1 paper were immersed in a 4%,
zein solution in 75% ethyl alcohol at pH 4.0 (adjusted with 1 ¥ HCI), removed,
and air-dried. Strips (46 X 1 cm.) were cut from these sheets. The enzyme solution
was spotted 6 cm. from the {op of the paper, and the strip was placed in the chro-
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matography chamber at 8°C. After irrigation by the descending methed for 16-20
hir., the strips were removed, air-dried at room temperafure, and eut inte strips 2
cm. long, Each of these fragments was placed in a tube containing 1 ml. of CMC
buffer mixture, and incubated at 50°C. for 2 hr. The amount of reducing sugars
produced is a function of the Cx concentration. The irrigating solution was 0.3
M NaCl in 0.05 M citrate, pE 5.4. (Acetone—water 50:50 v/ was alsoused, but had
no particular advantage.)

An example of the effect of coating the paper with protein on the recovery of
Cx is shown by the curvesin Fig. 1. In this particular test, gelatin was used as the
coating protein, but zein gave identical resuits.

A plate-assay method, by which the developed strip is placed on an agar me-
dium containing the substrate, also has been used in this work. Carboxymethyl-
cellulose (CMC) was the substrate hydrolyzed. The undigested CMC was precipi-
tated by addition of a 5% copper sulfate solution in 1 N sulfuric acid. Under the
M. verrucaria strips, the clear zone extended the full length but the width of the
zones was greatest at the peaks shown by the aliquot-assay method. With the
other filtrates clear zones were found only at the position of the peaks. The method
was discarded for routine purpeses as less desirable than the aliquot-assay pro-
cedure.

The enzyme patterns obtained by the technigue outlined have a high degree
of reproducibility. The only deviation of any significance is in the last two aliquots
of the strip. Thisis due to slight differences in the distance traveled by the solvent,
and to the fact that the last fragment may not be 2 cm. in length, it being the
remainder after all the rest has been divided into equal segments.

Resurrs
Comparison of Cellulolytic Filtrates by Paper-Strip Chromatography

About 0.02-0.04 ml. of several enzyme solutions were placed on
zein-pretreated filter-paper strips (46 X 1 em.) and developed with 0.3
M NaCl as described. Great differences in behavior are apparent (Fig. 2).
The Cx of Trichoderma viride moves least under the test conditions,
whereas most of the Cx of Polyporus versicolor appears to keep pace
with the solvent front. Except for T'. viride, all filtrates appear to have at
least two Cx-type components, the slower-moving one remaining near
the original spot in most cases.

To determine whether some foreign component of the solution is af-
fecting the movement of Cx, the two Altrates showing the greatest dif-
ference in pattern were spotted on the same strip. The enzymes con-
tinued to move independently, the combined filtrates showing the same
pattern as the combined patterns of the two filtrates.

In comparing chromatograms of several filtrates of Myrothecium
perrucaria, we have noticed differences in the nature of the fast-moving
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Fig. 2. Chromatographic patterns of the Cx of filtrates of various organisms.

The last point on each curve is at the soivent front.
I Tor:ula #p- QM 98‘5 1V Penicillium pusillum QM 137g
11 Rhizoclonia .solam QM 1039 V Polyporus versicolor QM 1013
III Chromosperium sp. QM 806 V1 Aspergillus terreus QM 72f

Position along & abscissa cp
t ved
he r resents distance that the enzyme has mo

component. There have been sharp peaks and broad peaks, and there
have been differences in position relative to the solvent fro’nt. On the
assumption that the moving componeni may be a complex between
Cx and some other substance, various compounds were added to the
enzyme solution. Glucose, maltose, cellobiose, and several proteins had
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My + MeETHocEL

B. Paper chromatogram of the above M
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I'ie. 3. Effect of Methocel on movement of Gx.

My = Myrothecium rerrucaria fltrate
Mv + Methocel = M. verrucaria filtrate + 0.5% Methocel
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Fre. 4. Selective adsorption of Cx. 7
A. Adsorptien of Cx on cellulose (Solka floc)

Tv = Trichoderma viride adsorbed*at pIl 4.8
Mv = Myrothecium verruceria adsorbed at pkL 5.7

and after (OQ--—- ), adsorption.

1. verrucario filtrate hefore (@ —®),

SEPARATION OF CELLULOLYTIC COMPONENTS 79

no effect. Methocel (methyicellulose) markedly inereased the movement
of the fast component, but had no effect on the slow component (Fig.
3}. If there are substances present in some filtrates having an action
similar to Methocel, this would account for part of the variation ob-
served.

To determine whether acetone precipitation of the enzymes affected
the patterns, comparison was made with lyophilized preparations. No
differences in pattern were observed.

Separation of Components of the Cx Complez

An attempt was made to sepm{te the components appearing on the
chromatograms. The enzyme solutions were treated in various ways, and
were chromatographed before and after treatment. Adsorption of the
Cx of T. wiride on cellulese {Solka Floe, Brown Co.) 1s great, and ap-
proaches 100%. On the other hand, adsorption of the Cx of M, ver-
rucarta oceurs to a much lower degree and approaches 30% (Fig. 4a).
The Cx of the former thus appears to be a single adsorbable enzyme,
while the Cx of the latter is composed of adsorbable and nonadsorbable
compornents,

Chromatograms of these solutions before and after adsorption of part
of the Cx (30 % in M. verrucaria; 38% in T', viride) showed no change in
pattern in T. viride. Since the Cx of this organism behaves as an entity,
no change was expected. The part of the 3. verrucaria filirate removed
by adsorption was the slow-moving component (Fig. 4b). This would
indicate that the reason for the slow movement is adsorption of this Cx
on the cellulose of the strip.

Removal of the fast-moving Cx component of M. verrucaria filtrates
can be achieved by adsorption and elution from kaolin (Fig. 5b). After
adsorption of 46 % of the total Cx (pH 3.5), the kaolin was eluted twice
with phosphate buffer (pIl 7.0). The second eluate contained relatively
litéle of the fast-moving component.

An alternate method was found for obtaining Hltrates of M. verrucaria
having a minimal amount of the fast-moving Cx compeonent, namely,
variation in the conditions under which the organism is grown, Filtrates
were obtained by prowth of this fungus in highly buffered solutions at
pH 43,53, and 7.0. At the high, and at the low, pH levels, production
of the fast-moving component is suppressed (Fig, 54). Attempts to get
T. viride to form a fast-moving component by pH control were unsuccess-
ful. In all cases, only the slow-moving Cx was produced.
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Efforts to selectively inactivate one component by heat at different
pH’s were unsuccessful.

The question has arisen as to the presence and possible effect of
cellobiase in experiments of the kind here described. We have shown
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Fra. 5. Chromatographic patterns of M. verrucaria filtrates.
A. Effect of pH of growth medium; pH 4.3, pIi 5.3, pH 7.0
B. Effect of treatment of filtrate with kaolin
E, First elution of adsorbed Cx
F, Second elution of adsorbed Cx
L, Cx unadsorbed on first bateh of kaolin, was adsorbed on fresh kaolin and
eluted. L is the eluate.

earlier {7) that the amount of cellobiase present in filtrates of the or-
ganisms used is negligible. Cellobiase does not hydrolyze CMC, and
even the presence of amounts much larger than normally present would
have little effect on the location of peaks in the curves.

Discussion

&
The number of chromatographically separable Cx components in
cellufolytic filtrates varies with the organism and with the conditions
under which the organism is grown. These components hydrolyze car-
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boxymethyleellulose, and are assumed to be attacking 3-1,4-linkages in
al} cases, these being the only known linkages in cellulose whose hy-
drolysis leads to increased reducing values. In T'. viride filtrates only one,
a slow-moving, component has been found. In filtrates of Streplomyces
sp. and of M. verrucaria, a slow-moving component is present, but a
distinet fast-moving fraction is also found. In many cases, a third
component appears to be present in M. verrucaria filtrates, appearing
near the solvent front. In filtrates of Pendcillium pusillum and of Pesla-
lolia palmarum, the slow-moving component is relatively low in amount,
and the fast-moving component relatively high. In P. palmarum, the
nulk of the activity is found near the solvent front.

We cannot say whether the multiple components represent different
enzymes, or whether but one Cx is present. Paramount to this decision is
a consideration of what constitutes an enzyme and what differentiates
one eneyme from another. While the components separated here have
different motilities, it is not yet known whether they vary in substrate
specificity, in pH and temperature opiima, in effect of inhibitors (cello-
biose), ete. We have shown that the addition of Methocel speeds up
movement of the fast-moving component (in M. verrucaria), but no
effect could be observed on the slow-moving fraction. It is likely that
other materials may affect the rate of movement of Cx, either by the
formation of complexes which resist adsorption on cellulose, or by an
eluting action as it follows the Cx down the strip. The nonmoving com-
ponent sppears to be held back by adsorption on the paper. It could
represent an uncomplexed Cx,

The similarity of the mechanisms of hydrolysis of different poly-
saccharides is again evident. To the list of hydrolytic systems having
multiple eomponents detectable by paper chromatography must now be
added the cellulolytic system. It seems likely that the determination of
whether the multiple components represent different factors or are due
to complex formation may be more easily solved in one of the parallel
systems (amylases, ete.), one in which well-characterized substrate
fractions are proeurable.

SUMMARY

1t has been demonstrated by paper chromatography that filtrates of
cellulolytic organisms contain up to three cellulolytic (Cx) components,
depending on: the species and on the conditions of growth.
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The cellulolytic components may also be separated by differential
adsorption on celiulose and kaolin.

The several components may represent multiple enzymes, or may be
due to interactions of a single enzyme with other elements in the system.
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