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Re Vervin Orimes

The prerent invertiration was undertal:irn to gtudy (1) the powibh
nultiplicity of cellulolytic encyncs and (2) the relationshipe among the
eollulue, hemicellulase, and 8=zlucosidane activities of culture filtum

of t.ho funpgus Y¥yrothecium verrucaria, Previously, Whitaker (1953) obtained

ovidence indicating that apparently a single cellulase onlyno iu elaborated
by the fungus, but keese and Gillié;an (1953) rrpor;.ed t.t;ut there are two
separste enzymes involved in the hydrolysis of such soluble substituted
osllulose derivatives as carboxymethylcellulose. Furthermore, Jermyn (1952)
cbtained evidence eugéaot.lng that several of the protein components 1n |

preparations from Aspergillus oryszae possess the nbuity to catalyse the

hydrolysis of S=glucosides u well as cellulose d-rinum.

Culture filtrates of M. verrucaril grown in aubmrp'd euituro were
initially concontnt.ed by slow partial freezing. Attemte to fractionate the
concentrate by salt and golvent precinitation and by chromatography on cellulose
columns were generally unsuccessful, but after further conéontmtion o!; the
pﬁ;teins by precipit.ation with nvont’r-five percent acetone or ‘utunt.c.'od
ammonium Oulfate, electrophomit—convectim yielded preplrltionl containing
different rat.ioo of the protein components. Fractionauonl by this method
were controlled by estimation of ensymatic act.ivit.y, uning cellulose aodiun
sulfate as the substrate, dct.omination of protein nitrogen content, md
electrophoretic analysis of some of the fractions.

Six electrophoretic oompomnu in pH 6.9, ionic strength 0.1h6 phosphate
buffor were ocbserved in the untrocuomt.od enzyme concentrates. These components
were numbered starting with the slowest-migrating protein. The first and most
active of the three final ensyme prﬁpl!;lt.ionl used to study the ensymatic

properties of the cmatituphto » contained pri-arily componente 1 and 2, along
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with & small amount of component 3. The second preparation contained no
component 1, but had all the others, and the third preparation was devoid
of ocomponents 1 and 2, but had all the remaining components.

Cellulose sodium sulfate, wheat straw cellulose, two hemicellulose
pupnnumo from wheat straw, and salicin were used as substrates to study
the ensymatic properties of the three enzyme preparations. The specific
activities (defined as the milligrams of reducing sugars, calculated as
glucose, split from 100 milligrams of the substrate under specified conditions,
per milligram of protein nitrogen) of the three enzyme preparations acting
on the five substrates were determined and compared, Specific activity-pH
curves for each entyme preparation with each substrete were constructed, The
end products obtained from cellulose sodium sulfate and the hemicellulose
preparations with each of the ensyme solutions were studied dy paper chromato-
greaphic techniquee.

The preparation containing components 1, 2, and } was the most active,
and the one containing only components 3, L, 5, and 6 the least active., How-
ever, the results indicated that more than one component was ensymatically
active with all of the polysaccharide substrates. Component 2 appeared to be
the most active ensyme, but its share of the total activity varied with the
substrate. This component apparently contributed most of the hydrolytie
aetion observed with cellulose, romewhat less with cellulose sodium sulfate,
and etill less with the hemicellulose preparetions. Although the distribution
of the remaining activity among the other components was not clearly indicated
by the results, component 1, as well as one of the other proteins, probably
had some action on cellulose sodium sulfate and the hemicelluloses. The
resulte indicated clearly that nearly all of the B-glucosidase ("salicinase”)
activity was associated with component 1.
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INTRCDUCTICN

The Importance o_f_ the Cellulases and Hemicellulases

The enzymes concerned with the degradation of celluloses and the
hemicelluloses are of great importance to all life. Their action on
the polysaccharides of plant residues is an indispensable link in the
carbon cycle. By the process of photosynthesis, the green plants of
the earth fix carbon dioxide at the rate of about three percent of the
atmospheric supply annually (Rabinowitch, 1945). At this rate, atmos-
pheric and reserve carbon dioxide available for photosynthesis would
be depleted in a relatively short time if it were not constantly re-
plenished by degradative processes.

A major portion of the biologically fixed carbon is found as
cellulose and related polysaccharides. Although other reactions, such
as the burning of coal, gas, petroleum, and wood, contribute measurably
to the replenishment of atmospheric carbon dioxide, the greatest single
factor is the respiration of living organisms, especially the soil
bacteria and fungi (Meyer and Anderson, 1939). Since cellulosic
materials make up 80 large a portion of the biological carbon, and
the first step in their decomposition is caused by cellulases, the
great importance of these enzymes in the carbon cycle is obvious.

Incidental to the contribution of the cellulose-destroying micro-
organisms toward the perpetuation of the carbon cycle, but of nearly
as great significance is their role in soil fertility. Their activity

on plant residues, along with that of many other soil microorganisms,
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initiates a long and complex series of reactions leading to the forma-
tion of humus (Waksman, 1936). During this process, all the cellulose
and most of the hemicelluloses are destroyed, serving as a source of
energy and microbial cell substance. Certain nutrients from the plant
residues are released or changed into forms more accessible to succeed-
ing generations of plants. The lignin remaining after most of the other
plant constituents have been removed is relatively resistant to micro-
bial attack and serves as the nucleus for humus formation. The chemical
and colloidal properties of humus account for much of the difference
between ground and weathered rock and fertile soil.

The symbiotic relationship between their hosts and many species of
microorganisms inhabiting the intestinal tracts of the higher animals
is well knomn, In the case of ruminants, this relationship has been
evolved to a high degree, and much of the credit for this successful
symbiosis is due to the cellulolytic organisms present in the rumen.,
Their action not only converts part of the ingested cellulose and hemi-
celluloses into forms of carbohydrate, acids and proteins available to
the host, but also makes other nutrients more accessible (Huffman,
1953). Although feeds other than the cellulose-containing roughages
are necessary for an efficient ration, it is perhaps not an exaggeration
to state that our entire dairy and beef industries depend to a great
extent on the cellulases and hemicellulases,

The possibility of using cellulolytic organisms for the industrial
production of acids and alcohols has been explored. Although this

application shows some promise, it is apparently not economically






feasible at present because of the presence in wood and plant wastes of
1lignin and other encrusting materials which prevent a rapid utilization
of the cellulose and an adequate accumulation of useful products (Siu,
1951). Among some of the other commercial uses of cellulolytic organ-
isms may be mentianed the production of edible mushrooms, rubber pro-
duction, and sewage and garbage disposal,

While it is difficult to overemphasize the importance of the
cellulases and hemicellulases to the material and energy balance of
the earth, man has perhaps concerned himself more with the harmful
aspects of their action. Given the proper conditions, cellulolytic
organisms will attack any suitable substrate. Textiles, lumber, paper,
almost every kind of cellulosic item manufactured, even living plants,
sustain a staggering amount of microbial damage. Such enormous losses
have stimulated much research on the subject, but most of this work
has been directed toward practical application, the mildew-proofing
of textiles in particular (Siu, 1951).

In spite of their significance, the cellulases and hemicellulases
have remained until very recently a relatively little studied group.
Furthermore, mostly because of the heterogeneous nature of the sub-
strates and enzyme preparations used, much of the earlier information
is somewhat contradictory. Recently, Whitaker (1953) isolated from

culture filtrates of the fungus Myrothecium verrucaria, a cellulase

Preparation which appears to be homogeneous. On the basis of his re-
sults, Whitaker concluded that, at least in the case of this organiem,

the process of cellulose hydrolysis is unienzymatic. However, the



results reported by Jermyn (1952, 1952a) and by Reese and Gilligan
(1953) indicate that there may be more than one cellulolytic enzyme in
preparations from M. verrucaria and several other fungi.

The object of the present investigation was to study the possible
nulti:ple nature of the cellulase activity of M. verrucaria preparations,
using techniques scmewhat different from those employed by Jermyn and by
Reese and Gilligan, and further, to study the relationships among cellu-

lase, hemicellulase, and /3 -glucosidase activities,

Review o_f Literature

The cellulases and hemicellulases appear to have a wide and similar
di stribution. They have been found in plants, in the digestive secre-
tions of some invertebrates, and in many species of bacteria, fungi,
actinomycetes, and in some protozoa. Their occurrence in the digestive
secretions of insects such as termites and roaches is open to some
question (Pigman, 1950).

In Table I a list of some of the sources of cellulase is presented.
This compilation has been restricted to those sources from which ex-
tracts or filtered culture media have been tested for cellulolytic
activity, thus excluding a great many species of bacteria, fungi, and
actinomycetes which have been shown to be cellulolytic in live culture.
This is an arbitrary restriction and is not meant to imply that the
excluded organismes do not possess the ensyme. Siu (1951) has compiled

tables of these organisms containing 357 species of fungi, 103 species
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of bacteria, and 32 species of actinomycetest Although the criteria
for classification of microorganisms as either cellulolytic or non-
cellulolytic are quite definite (either the demonstration of growth on
media containing cellulose as the only source of carbon, or the demon=-
stration of cellulose utilization, or preferably both), Siu (1951)
criticized some of the methods applied to bacteria and stated that
some of the species classified as cellulolytic are highly suspect.
On the other hand, Norman (1937) has pointed out that the usual cri-
teria for demonstrating cellulolytic activity may be too rigid and
the methods too exclusive. Two examples are given in which certain
microorganisms, although not considered cellulolytic by the usual
tests using native cellulose, nevertheless are cavable of decomposing
the cellulose us well as some of the other polysaccharides when they
are offered simultaneously in such natural substrates as straw,
Further, Norman stated that instances are known in which one organism
is able to utilize cellulose only in the presence of certain others.
In the same connection, it is interesting to note that although
Siu (1951) 1ists Aspergillus niger, A. oryzae, A. flavus, and A. sydowi
&among the noncellulolytic fungi, all have been shown to elaborate

enzymes capable of hydrolyzing the (3 -1,4-glucosidic linkages of

various modified celluloses and cellulose derivatives, and are thus
included in Table I. A possible explanation of these discrepancies

has been advanced by Reese et al. (1950) and will be discussed in

later paragraphs.

————

1

Among the bacteria and fungi, Siu distinguished between those
already isolated from exposed cotton fabrics and those not yet recorded
a8 1solated from cotton fabrics. All the actinomycetes species listed

Y Siy came from the soil.



Cell-free cellulolytic preparations are more difficult to obtain
from bacteria than from the fungi. With the latter, crude active pre-
parations are obtained simply by filtering the liquid culture medium
to obtain the culture filtrate, which contains nearly all the activity,
or by pressing the liquid from moist solid substrates on which the
fungus has grown. Bacterial culture filtrates, on the other hand,
contain very little of the activity possessed by the intact culture
(Hungate, 19L42; Kitts and Underkofler, 1954). Failure to demonstrate
the activity in the culture filtrate could be explained in several ways.
Complete adsorption of the active protein on the filter could account
for it (Zaremska, 1936), as would the postulation of some workers
(Meyer, 1543; Khouvine, 1923) that these enzymes are strictly intra-
cellular., However, it is difficult to conceive of a mechanism whereby
the insolible cellulose substrate could be taken into the bacterial
cell.

At present, there seems to be little doubt that bacterial as well
as the fungal cellulases are extracellular (Siu, 1951). Perhaps the
most widely accepted explanation of the fallure to detect appreciable
amounts of activity in bacterial culture filtrates is that the bacter-
ial cell liberates the enzyme only on very close approach or actual
contact with the substrate (Hungate, 1942). One could further postu-
late that the enzyme is tightly adsorbed on the outer surface of the
Cel)] membrane. That the bacterial cellulases are apparently adaptive
enzymes (Siu, 1951) can be used as an argument in favor of the first
Buggestion., Direct microscopic studies of bacterial attack on natural

&nd regenerated cellulosic fibers, showing "corrosion figures" and



"enzymic cavities" immediately surrounding the firmly attached bacterial

cells, also lend support to these interpretations (Baker and Harriss,

1947).
A 1list of some of the demonstrated sources of hemicellulases is

presented in Table II. The substrates used in these investigations are

also given. It should be noted that in most instances, even when given

a definite designation such as xylan, the substrates used were either

I mpure or contained more than one type of sugar residue (Pigman, 1950).

The hemicellulases, like the cellulases, are demonstrably extra-
<ellular, at least in the case of the fungi and the snail. They are
& 1s0 obtained by the same procedures used for the preparation of cellu-
lase,

Comparison of the sources of cellulases and hemicellulases (Tables
X and II) brings out the provoking, if not entirely surprising observa-

¥tion, that in every instance in which a hemicellulase has been found,

<e]llulase activity is also present. In other cases, hemicellulase

activity has not been sought. From the ecological point of view, this
=3 tuation is perhaps not at all unexpected, since the natural subst.rat.és
OFf the cellulolytic microorgzanisms are nearly always intimate mixtures
O L cellulose and one or more hemicelluloses,

The occurrence of discrete sources of enzyme preparations which
w1l act on several different but related substrates is of course rather
An example appropriate for the present discussion is the diges-

C Ommon.
tive juice found in the crop of the snail, Helix pomatia. Holden and

Tra cey (1950) have compiled from the literature a list of 30 enzymes

eported to have been found in this single source. Twenty of these are
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carbohydrases., The 1ist of substrates includes cellulose, lichenin, the
starches, glycogen, fructosans, arabans, xylans, mannans, mannogalactans,
chitin, polygalacturonic acid, several naturally occurring di- and tri-
saccharides, stachyose and d- and #=~glycosides. The question which
arises in this and in similar cases is whether the activities are pos-
sessed by a few enzymes of relatively low specificity, or by many en-
zymes of absolute or nearly absolute specificities,

There have been very few investigations specifically designed to
establish the identity or nonidentity of the cellulases and hemicellu-
lases, Grassman and co-workers (1932, 1933) found that crude commer-
cial enzyme preparations from A. oryzae hydrolyzed cellulose and a
Xylan, and had some action on a mannan. The latter activity was lost
on dialysis, and treatment with animal charcoal removed the xylanase,
leaving only the cellulase. They concluded that mannanase, xylanase,
and cellulase are separate specific enzymes.

In the absence of similar studies on different preparations, it is
perhaps unwise to extend Grassman's conclusions to other organisms.

The possibility of the identity of cellulase with (J-glucosidase
has been mentioned by Veibel (1950) on the basis of experiments reported
by Helferich and Thieman (15L4). The latter found that glycol /3-D-
cellobAoside anhydride was slowly hydrolyzed by the @ =glucosidase of
Sweet almond emulsin. They admit, however, that this type of evidence
is only suggestive.

According to Pigman and Goepp (19L.8), the A -glucosidases and the
Polysaccharidases should be considered separately, not necessarily on

the vasis of differences in specificity, but rather because of the great
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quantitative differences in rates of the reactions that they catalyze.
The possibility of a close relationship or even identity was not im-
plicitly denied.

Jermyn (1952, 1952a) has reported the results of an investigation
of the cellulase and # -glucosidase activities of A. oryzae prepara-
tions. Filter paper electrophoresis revealed the presence of at least
eight separate protein components in the crude enzyme preparations.

The distribution of activity along the paper, against various substrates,
was determined by epraying each developed paper with one of the buffered
substrates, incubating, drying, and spraying again with a reducing sugar
reagent. The substrates used were salicin, aesculin, para-nitrophenyl-
B-glucoside, and carboxymethylcellulose. At least seven of the eight
components were found to be active against both salicin and carboxy-
methylcellulose. The distribution of "aesculinase” activity was not

so0 well resolved, but again was spread the length of the paper. Only
with para-nitrophenyl- 8 -glucoside was there but a single well defined
area of activityt

Attempts by Jermyn to fractionate the crude material by solvent

and salt precipitation methods gave erratic results. In one experiment,
the enzyme active against carboxymethylcellulose remained in solution
when alcohol was added up to a concentration of forty percent. Addition

of S0l14d ammonium nitrate to the alcoholic solution, held at a temperature

a

It should be mentioned that with this substrate, a sugar reagent
Spray was not used, since free para-nitrophenol is itself a colored com=-
bPound. 71f this procedure is not as sensitive as the detection of reduc=-
1ng Sugars, it seems possible that other areas of hydrolysis might have

been found with the sugar reagent spray.
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of 1\’.)o C., brought about an immediate precipitation of some of the
active material, Active protein continued to be precipitated with each
small increment of ammonium nitrate up to about 85 g. per 100 ml. of
original solutionf There were only slight differences between the
activities of the various fractions.

These results, along with others to be mentioned later, led Jermyn
to conclude "that in the A. oryzae system the enzymes breaking down
monomeric (3 =glucosides do not differ qualitatively from those break-
ing down polymeric QR -glucosides™, and that there is no need to assume
the existence of a specific cellulase to explain the hydrolysis of
soluble cellulose derivatives. Jermyn instead thinks that any estima-
tion of cellulase or @ =-glucosidase activity is the summation of the
separate activities of a whole battery of /3 =glucosidases, each with
its own ratio of activities against any one substrate,

Although obtaining evidence of similarly complex systems in almond

emulsin and Stachybotris atra preparations (1953), Jermyn is cautious

about applying the results generally,

It will be noted that nearly all the substrates listed in Table I
are celluloses modified to some degree from native cellulose, Yost
inves tigators in this field have found it necessary, or at least de-
8irable, to modify cellulose from its native form in order to obtain

sufficient hydrolysis for accurate measurement,

1 .

After the addition of each increment of salt, one hour was allowed
for completion of precipitation. The adequacy of this period of time
might be questioned.
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Seillidre (1906), after confirming earlier observations that cotton
and filter paper seem to be very resistant to attack by the snail enzyme,
found that cotton cellulose reprecipitated from solution in Schweizer's
reagent (cuprammonium hydroxide) was much more susceptible to hydrolysis.
The reaction did not go to completion even after the addition of mofe
enzyme. It was also found that swelling cotton with zinc chloride or
sodium hydroxide had somewhat the same effect (Seillidre, 1910).

These observations have since been repeatedly confirmed and extended,
Karrer and Illing (1925) found that by repeated treatment of reprecipi-
tated cotton cellulose with fresh snail enzyme, 96 percent hydrolysis
could finally be attained. Others have not been able to attain such an
extent of breakdown. There is always a resistant residue.

Karrer et al. (1925a) reported that filter paper and mercerized
cotton are less resistant to enzymatic attack than native cotton, but
alxali celluloses are strongly attacked (Karrer and Schubert, 1926).

Pringsheim and Baur (1928) studied the differences in rate of
hydrolysis, by barley malt enzymes, of cotton cellulose swollen by
different means. Cellulose treated with calcium thiocyanate was most
rapidly attacked, lithiam chloride was somewhat less effective, and
treatment with cold dilute sulfuric acid produced the least susceptible
substrate.

Syrupy phosphoric acid has also been used successfully for the
preparation of cellulosic substrates susceptible to enzymatic attack.
Walseth (1948) found that ground, dewaxed cotton linters were only about
five percent hydrolyzed by A, niger enzymes after six days incubation.

In the same time, an equal concentration of enzyme hydrolyzed a
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phospharic acid-treated sample of cotton linters to the extent of about
80 percent., This eff~ct can be graded by control of the time of swell-
ing treatment.

Since all of the treatments listed above result in a shortening of
the cellulose chains, the simplest explanation for their effectiveness
in increasing the enzymatic susceptibility of native cellulose would be
that the rate of hydrolysis is a function of the degree of polymeriza-
tion. This idea has been proposed by Hajo (19L42). However, the exten-
sive work of Karrer and his associates indicates that the degreée of
polymerization is not as important as another variable property, namely,
the degree of crystallinity. Karrer and Schubert (1928) could find no
constant relation between the degree of polymerization, as determined
viscometrically on cuprammonium solutions of different celluloses, and
the rate of enzymatic hydrolysis by Helix enzymes. Instead, a constant
inverse relationship between the amount of breakdown and the degree of
crystallinity was noted (Karrer and Schubert, 1926).

In further experiments, Karrer (1930) and Faust et al. (1928) com-
pared the action of snail cellulase on two series of viscose rayons,
prepared under identical conditions up to the spinning stage. One
series was set with tension, the other with no tension. The samples
8pun without tension were hydrolyzed more rapidly and to almost twice
the extent. X-ray diagrams of the samples revealed that tension applied
during the spinning process increased the orientation of the cellulose
micelles,

Karrer (1930) concluded that the effect of swelling and of regen-

eration treatments on the susceptibility of cellulose to the action of
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enzymes can be ascribed to an increase in exposed surface due to a
change in the physical arrangement of the micelles.

More recently, Walseth (1948) has provided further good evidence
that the degree of crystallinity1 is the more important factor. Differ-
ent samples of phosphoric acid-swollen cotton linters which varied
markedly in their enzymatic susceptibility (A. niger), varied only
slightly in their degree of polymerization. In another series of ex-
periments, a sample of swollen cotton linters was about 28 percent
hydrolyzed by an 4. niger preparation in 2L hours. When the residual
cellulose was recovered, washed, and treated with fresh enzyme, very
little further breakdown was obtained. However, when it was treated
again with phosphoric acid, it was rapidly hydrolyzed by the enzyme
(about 50 percent in 24 hours). Walseth also found a direct correlation
between the extent of hydrolysis in a given time and the equilibrium
moisture contents of various samples of swollen linters. The equilibrium
moisture content has been found to reflect the degree of accessibility
(Howsmon and Sisson, 1954).

Among the substrates listed in Table I are three soluble cellulose
derivatives: carboxymethylcellulose, cellulose sulfate, and hydroxy-
ethyl cellulose. Others which have been used are methylcellulose (Reese
et al., 1950; and Tracey, 1953) and ethylmethylcellulose (Tracey, 1953).

Soluble substrates have obvious advantages, Solutions of these

1Howsmon and Sisson (1954) favor the term "accessibility" rather
than the older term "degree of crystallinity", because the crystalline
and amorphous areas of cellulose fibers cannot be strictly delineated,
whereas accessibility to any single reagent can be accurately measured.
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derivatives form homogeneous solutions} consequently substrate concen-
tration becomes a more meaningful term, and the uncertainties of sub-
strate surface area and degree of crystallinity are of less concern.
T™e initial rate of hydrolysis of these substrates is much more rapid
because of the great increase in surface area in going from a solid to
a colloidally dispersed substrate,

As Tracey (1953) has pointed out, however technically advantageous
the use of soluble substituted celluloses may be, it should be kept in
mind that these substrates are not cellulose. To be satisfactory, any
substitute should faithfully reflect, by some known function, the sus-
ceptibility of the natural substrate. This is by no means true of
carboxymethylcellulose, as has beén shown by Reese et al. (1950) and
Reese and Levinson (1952). The latter determined the activity of
several fungal metabolic filtrates toward ground cotton and carboxy-
methylcellulose. The ratio of these activities varied considerably,
the range being from about five to about forty. Tracey (1953) has
supplied confirmatory evidence of the same nature.

As with native or modified cellulose, the degree of polymerization
(DP) seems to have little effect on the rate or extent of enzymatic
hydrolysis of substituted celluloses. Reese et al. (1950) could demon-
strate no differences in the rate of hydrolysis of carboxymethylcellu-

lose with DP values of 125, 150, and 200 by Aspergillus fumigatus

1Jermyn (1952) finds that solutions of carboxymethylcellulose of
more than about 0.5 percent are not homogeneous; centrifugation separ-
ates part of the material as a gel-like mass., Furthermore, the rate
of hydrolysis of these solutions by A. oryzae cellulase is not appre-
ciably influenced by changes in concentration.
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culture filtrates. However, as pointed out by the authors, this range
is rather narrow.

Siu (1949) and Greathouse (1950) have shown that the nature of the
substituent in substituted celluloses is apparently of only secondary
importance in determining the resistance to attack by live microorganisms.
What is more important, they found, is the degree of substitution (DS)
i.e,, the average number of substituent groups per anhydroglucose residue.

Reese, Siu, and Levinson (1950), using four samples of carboxymethyl-
cellulose of about the same DP (150), but varying in DS from 0.52 to 1.2,
found that the resistance of these substrates to attack by active meta=-
bolic filtrates from cultures of several fungi is an inverse function of
the DS. The sample of DS 0.52 was about eight percent hydrolyzed in two
hours (as indicated by the appearance of reducing sugar); the sample of
DS 1.0, about 3.5 percent; whereas the sample of DS 1.2 was not hydrolyzed
to any measureable extent in this time. They concluded that no enzymatic
hydrolysis is possible if each anhydroglucose unit of the polymer bears
a single substituent, i.e., if the DS is unity. The small amount of
hydrolysis observed with the sample of DS 1,0 was probably due to a
nonhomogeneity of substitution.

Holden and Tracey (1950), using a somewhat different approach and
snall instead of fungal enzymes, obtained evidence which suggests that
both members of a pair of anhydroglucose residues in carboxymethylcellu-
lose of DS 0.LS must be unsubstituted to render the linkage between
them susceptible to hydrolysis. With ethylmethylcellulose (DS 1.2),
only one of a pair of contiguous residues need be unsubstituted. These

conclusions were based on the limited extent of hydrolysis achieved by
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adding fresh enzyme to the substrate until no more increase in reducing
sugars could be detected. The limiting extent of hydrolysis (LO percent
for the carboxymethylcellulose and 17 percent for ethylmethylcellulose)
was then compared with calculated estimates of the frequency of occurr-
ence of two consecutive or of a single unsubstituted residue in the two
substrates., Calculations were based on Spurlin's (1939) statistical
treatment of the arrangement of substituents in partially substituted
cellulose derivatives, which takes into account the degree of substitu-
tion and the relative reactivities of the primary and secondary hydroxyl
groups of cellulose.

In considering the early and most of the recent work on cellulases
and hemicellulases, the nature of the active preparations should be kept
in mind. Most of the enzyme solutions used have been crude, unfraction-
ated extracts or culture filtrates. Another possible source of confusion
is the multiplicity of sources used. In the absence of a pure cellulase
from more than one source, it is difficult to make comparisons between
enzymes from different sources. Part of the seemingly contradictory
evidence concerning the end products of cellulose breakdown by cellulase
i® due to this circumstance.

One of the end products of the action of crude cellulase prepara-
tions on cellulose and ite derivatives has been shown, beyond a doubt,
to be D-glucose. This has been shown for preparations from plant tissue
(Pringsheim and Baur, 1928), snail enzyme (Seillidre, 1910; and Karrer
and Illing, 1925), protozoa (Trager, 1932; and Hungate, 1942), bacteria
(Simola, 1931) and fungi (Saunders et al., 1948; Whitaker, 1953; and

Whistler and Smart, 1953) by the isolation of D-glucose as the osazone
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from the hydrolysates. With the snail enzyme, Karrer and Illing (1925)
found that the conversion to glucose was almost complete. Walseth (1948),
using A. niger preparations, was also able to account quantitatively for
the loss in weight of awollen cotton linters by the appearance of glucose
alone.

In contrast to these findings, Pringsheim (1912) was able to demon~
strate the accumulation of cellobiose as well as glucose in cultures of
anaerobic cellulolytic bacteria after growth was arrested by addition of
such metabolic poisons as toluene, chloroform, or iodoform. He also
found that by heating the arrested cultures to about 70o C., cellobiose
accumulated to an even greater extent. These findings were interpreted
to mean that cellobiose is the end product of the action of cellulase
and that glucose is liberated from the disaccharide by a second enzyme,
cellobiase,

This has been the prevailing theory until very recently, in spite
of the fact that later workers (until recently) were unable to detect
cellobiose in other systems. This failure was attributed to the pre-
sence of a very active cellobiase, an assumption which gained credence
with the work of Grassman et al. (1932, 1933), who were able to separate,
at least partially, the cellobiase from the cellulase of fungal prepara-
tions by adsorption of the former on aluminum metahydroxide at pH 3.5.
The cellobiase was eluted with 0.04 molar sodium bicarbonate. The two
fractions thus obtained were tested for their activity against cello-
dextrin and the @B -oligosaccharides of two, three, four, and six
residues. The cellobiase fraction readily hydrolyzed not only cello~

biose but also the other oligosaccharides as well; however, it had
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little effect on the cellodextrin. The cellulase fraction had no effect
on cellobiose (in 2L hours), and hydrolyzed cellotriose and cellotetraose
only to the slightest extent. It attacked cellohexaose to a certain
extent and cellodextrin fairly rapidly. Thus, there was some overlapping
of the domains of each enzyme at the cellohexaose level.

More recently, Whistler and Smart (1953) provided the first unequi-
vocal proof of the formation of cellobiose as an intermediate in the
enzymatic degradation of cellulose. They pointed out that the cello-
biose found by Pringsheim in arrested bacterial cultures might be a
metabolic product rather than an intermediate or end product. Whistler
and Smart were able to detect only D-glucose in the hydrolysates of
swollen cellulose produced by (1) the crude extract of A. niger, (2)
the preparations obtained from ammonium sulfate or acetone fractiona-
tions, (3) the crude extract held for various periods at elevated
temperatures or in strong acid or alkali, or (L) the fractions from
columns of ion-exchange resins, charcoal, wheat starch, Kaolin-Supercel,
bauxite, or aluminum hydroxide. Finally, a fraction was obtained by
sorption of the crude extract at pH 3 on a powdered cellulose column
and elution with a pH 9 borate buffer which hydrolyzed swollen cellu-
lose to D-glucose and cellobiose in detectable amounts. The latter
was isolated both by paper and column chromatography and identified
by its melting point, X-ray diffraction pattern, and by the formation
of its phenylosazone. Apparently the cellobiase was not entirely eluted
from the cellulose powder, thus allowing cellobiose to accumulate in
the hydrolysates. A search for other oligosaccharide intermediates and
phosphorylated sugars, using paper chromatographic techniques, produced

negative results.
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Reese, Siu, and Levinson (1950), using metabolic culture filtrates
from several different fungi, were unable to detect any cellobiase acti-
vity. Although no specific search for cellobiose in the hydrolysates of
ground cotton cellulose was made, these workers postulated that glucose
can be liberated lirectly from the cellulose chains without the inter-
mediation of a cellobiase.

In a subsequent publication, Levinson, Mandels, and Reese (1551)
reversed their stand and reported, after using enzymatic techniques for
the simultaneous and specific determination of both glucose and cellobiose,
that cellobiose appeared in the hydrolysates before glucose could be de-
tected. With the culture filtrates of some funei, the amounts of cello-
biose produced exceeded the amounts of glucose. The cellobiose was
hydrolyzed very slowly, which indicated that there is little, if any,

BB -glucosidase in these filtrates. The results were qualitatively
confirmed by paper chromatography. No other intermediates were detected
when powdered cellulose and alkali cellulose were hydrolyzed, but at
l=ast two spots other than those representing glucose and cellobiose
were noted when cellulose sulfate was used.s These unidentified products
were probably sulfate-substituted glucose or oligosaccharides, since
they did not appear in the hydrolysates of unsubstituted cellulose.
Furthermore, incubation of the hydrolysates with /3 -glucosidase before
chromatography did not eliminate these spots.

On the basis of the results just described, Levinson et al. (1951)
hypothesized that the principal final product of the enzyme which splits

the fl=1,4 linkages of cellulose is cellobiose,
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As mentioned previously, it has been found by Reese et al. (1950)
that all the cellulolytic fungi tested could utilize both native cellu~
lose and carboxymethylcellulose (of low DS), and that culture filtrates
from these organisms could also attack these substrates. Unexpectedly,
it was also found that certain noncellulolytic fungi, while not having
the ability to utilize solid cellulose, did grow when carboxymethyl-
cellulose was used as the substrate. Their culture filtrates reflected
these characteristics., These results led the authors to suggest that
all cellulolytic organisms possess two enzymes. One of these, which
they designated C;, and which Siu (1951) later suggested should be
called cellulase, supposedly brings about some change in native cellu-
lose making it amenable to hydrolysis of the /-1, L linkages by the
second enzyme, Cx. Cx, according to Reese et al., occurs in all cellu-
lolytic and in many noncellulolytic fungi as well, The precise action
of C, was not stated, but the authors speculated about the possibility
that i1t splits the nonglycosidic cross-linkages postulated to be present
in native cellulose. Siu (1951) even suggested that the action of C,
may be that of a "hydrogenbondase" which would serve to separate the
chains in the relatively more crystalline areas of the native fibers.
In any event, the result of its action is supposedly the production of
straight polyanhydroglucose chains available to the C, enzyme.

The extreme variations in the ratio of activity on cellulose sul-
fate or carboxymethylcellulose and solid cellulose substrates from one
enzyme source to another (Reese and Levinson, 1953; and Tracey, 1953)
can be explained in terms of this hypothesis. It is only necessary to

assume differences in the proportions of C; to Cy in different fungi.
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The validity of Reese's multiple enzyme hypothesis is difficult to
assess in the absence of pure enzyme preparations. Final proof or dis-
proof of its general validity can only await the isolation of one or
both of the enzymes in a high state of purity from several sources.

Whitaker (1953) has succeeded in isolating an active cellulase

from culture filtrates of Myrothecium verrucaria, apparently in a high

state of purity. The preparation appears to be homogeneous at pH levels
above, near and below the isoelectric point, and shows only one peak in
the ultracentrifuge at pH 5.03. The procedure used for the isolation
involved concentrating the culture filtrates by vacuum evaporation and
by slow partial freezing, followed by precipitation of the proteins by
saturation with ammonium sulfate at 1o C. The specific activity (units
of cellulase activity per unit of protein) at this stage was little
changed from the original culture filtrate, but some undesirable im-
purities of unspecified nature were removed at 30 percent saturation
with ammonium sulfate. The next step, fractionation with alcohol at
low temperature, low ionic strength, and pH L4 .95, yielded a fraction
at 25 percent alcohol which contained about two-thirds of the protein
and had a somewhat higher specific activity. The final step was a
fractional precipitation with polymethacrylic acid at pH L.35. The
protein liberated from the complex by addition of barium chloride had
a specific activity about 2.25 times as great as the starting material.
The ammonium sulfate precipitates were analyzed electrophoretically
and found to contain five components, two major slow=-moving peaks and
three minor ones migrating at successively faster rates. These runs

were made in phosphate buffer of pd 6.8 with an ionic strength of 0.2,

S |
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Protein concentrations for the electrophoretic analyses had to be kept
low because of the dark color of the material,
Whitaker, Colvin, and Cook (195L) determined the diffusion constant
(5.61 x 1077 at 20° C. in water) and the sedimentation constant (3.72 x
10-13 at 20o C. in water) of the purified cellulase. In the diffusion
measurements, no evidence of deviation from a Gaussian distribution was pa
found, another indication of the homogeneity of the preparation, From
these values and an assumed partial specific volume of 0.7L ml. per gram, 2
the molecular weight was calculated to be 63,000%1600.
During the purification procedure, the enrichment in specific
activities against all substrates (phosphoric acid swollen cotton lin-
ters, reprecipitated cellulose, unswollen linters, carboxymethylcellu-
lose, and cellobiose) was approximately the same. Although this find-
ing, coupled with the demonstrated homogeneity of the final product, is
considered by Whitaker to suggest & unienzymatic mechanism of cellulose
hydrolysis, he suggested that it is not necessarily at variance with the
work of Reese., According to Whitaker (1953), Reese's findings can be
interpreted as an indication that the cellulase of the cellulolytic
fungi has the capacity to form an effective complex with all types of
cellulose, whereas the enzyme of the noncellulolytic fungi loses its
ability to hydrolyze the B -1,l linkages when it is adsorbed on a
solid substrate. _
The end products of cellulose hydrolysis by the purified cellulase
were shown to be glucose and cellobiose in about equimolecular amounts.
The enzyme has so low a cellobiase activity that the amount of glucose
produced could not originate from cellobiose., Whitaker (1953) concluded

that the appearance of glucose is not dependent on formation via cellobiose.
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Whitaker (1952) found that the presence of any one of several pro-
teins in the cellulase assay medium has a decided stimulatory effect on
the action of partially purified cellulase preparations on insoluble
substrates. The effect was not so marked when carboxymethylcellﬂlose
was used as the substrate, Bvidence was presented showing that the
effect is not one of neutralization of an inhibitor nor of protection
of the enzyme against denaturation.

Basu and Whitaker (1953) found that at low pH levels, basic dyes
and neutral salts are also stimulatory, whereas acid dyes are inhibitory.
At higher pH levels, the reverse effect was found. It was suggested
that the effect of proteins and dyes may be due to their effect on the
surface potential of the solid cellulose substrate.

Whitaker's work seems to indicate that the cellulolytic activity

of Myrothecium verrucaria filtrates is that of a single protein com-

ponent, These results are in distinct contrast to those of two other
investigators,

Jermyn's (1952) findings indicating the presence of perhaps seven
different components in A. oryzae preparations active against carboxy-
methylcellulose have been mentioned previously. Reese and Gilligan
(1953) also obtained evidence suggestive of a multiple nature of their
Cx enzyme. Their procedure was somewhat like that of Jermyn. They
used chromatographic separation of the components on zein-treated paper,
rather than paper electrophoresis, and determined the C, activity dis-
tribution along the length of the developed strip by cutting it into
short sections and incubating these sections with carboxymethylcellu-

lose in buffered solution. Plotting the activity contained in the cut

g






28

sections against their location on the original chromatograms gave
curves showing at least two maxima for seven of the eight culture fil=-

trates tested. The exception, a culture filtrate from Trichoderma viride,

contained only one active component. The curve for M. verrucaria had two
different maxima, a slow-moving component barely migrating from the start-
ing point and a faster moving component migrating somewhat less than half
the distance of the solvent front. With other culture filtrates, the
fast-moving component almost kept pace with the solvent front. In all
cases but one, every section of the developed strip had some activity,

and the curves did not reach the base line (zero activity) at any point.

Further evidence that the maxima on the curves represented distinct
protein species was afforded by successful attempts to separate them by
other means., The single, slow-moving component of T. viride could be
almost completely adsorbed on cellulose (Solka Floc). Only the slow
component, representing about 30 percent of the Cy activity of M. verru-
caria filtrates was adsorbed. The other component could be removed by
adsorption on kaolin, leaving the slower one in solution. The two
enzymes thus must have distinct physical properties. Furthermore, with
M. verrucaria, the relative amount of the fast-moving component can be
influenced by changes in the conditions under which the organism is
cultured.

The question of whether the action of cellulase on the cellulose
chain is an endwise attack or proceeds in a random manner has received
some attention. The most convincing evidence in favor of the random
cleavage mechanism would be the isolation of an oligosaccharide inter-

mediate in enzymatic hydrolysates of cellulose. On the other hand,
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failure to find any such intermediates, in spite of concerted efforts to
do so (Whistler and Smart, 1953; Levinson, Mandels, and Reese, 1951) does

not constitute a repudiation of the random cleavage hypothesis, in the

light of a recent report by Whitaker (1954). Using his purified M.

verrucaria cellulase, Whitaker found that cellotetraose, cellopentaose,

and cellohexaose are very rapidly hydrolyzed. Cellobiose is very slowly

attacked, and cellotriose occupies an intermediate level of suscepti-

1
bility. All possible hydrolysis products of each substrate were deter-

mined at short intervals., The results suggest that with cellotetraose

the enzyme shows a preference for splitting the central rather than the

terminal linkages, but with the higher members of the series, there is

a tendency toward increasing randomness of chain-splitting with increas-

ing chain length,
Whitaker suggested that the detection of the higher soluble oligo-

saccharide intermediates is likely to be very difficult, since their

rate of hydrolysis greatly exceeds the rate at which they could be

formed from an insoluble cellulose substrate,

At the same time that the above paper appeared, Hash and King (195L)

Published a short account of the demonstration of an oligosaccharide
intermediate in the hydrolysis of cellulose by M. verrucaria cellulase.

Thresr technique was to remove possible diffusible intermediates from

CoOntact with the enzyme by carrying out the reaction in a collodion sac

—

:‘019 of enzyme) were: cellobiose 5-6, cellotriose 50-200 (depending on
X tjal concentration of substrate), cellotetracse 40O, and toth cello-

P®Sri430se and cellohexacse, at least 450.

" -
Turnover numbers (moles of substrate degraded in one minute by one
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suspended in a large volume of buffer. After a suitable incubation
periocd the outer solution was concentrated and chromatographed on paper.
Besides spots corresponding to cellobiose and glucose, a third spot
with a lower Ry value was noted. A small amount of the material iso-
lated from this area was tentatively identified.as cellotetraose by
estimating its molecular weight through comparison of its reducing
power with that of cellobiose and determining total glucose in the
molecule by the anthrone method, That the oligosaccharide is an inter-
mediate and not an end product was indicated by its rapid hydrolysis to
celloblose and glucose on incubation with the M. verrucaria enzyme.

Other evidence supporting the hypothesi# of random attack on
cellulose by this enzyme is the finding that samples of cellulose
differing only in degree of polymerization are hydrolyzed at about
the same rate by fungal cellulase (Walseth, 1948, 1952). If the mechan-
ism were primarily an endwise process, the rate of hydrolysis would
logically be expected to increase with a decrease in the degree of
polymerization.

With the soluble cellulose derivatives, it has been found that the
viscosity of the solutions being hydrolyzed by snail or plant cellu-
lases falls appreciably before a significant increase in reducing end-
groups occurs (Holden and Tracey, 1950). Similar results were obtained
by Levinson and Reese (1950), using fungal cellulases., These findings
can be interpreted in favor of an extension of the random cleavage
mechaniesm to the soluble derivatives.

Other investigators, notably Clayson (1943), have expressed the

belief that the process necessarily proceeds endwise. Kitts and
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Underkofler (195L), the first to extract a cell-free cellulase from
rumen bacteria, were unable to detect any products of cellulose degra-
dation by this crude preparation other than glucose and cellobiose, and
believed that this tends to confirm Clayson's hypothesis of endwise
attack.

It seems to be generally assumed that the enzymatic breakdown of
cellulose is a hydrolytic process. However, according to Siu (1951),
this question is not yet settled. Simola (1931) reported that the
cellulolytic activity of a cell-free bacterial preparation was increased
almost three times over that of the controls by 0.033 M phosphate.
Greater concentrations were inhibitory. Norkrans (1950) reported that

the stimulatory effect of phosphate on Tricholoma nudum enzymes occurred

only in the presence of calcium. Lane and Greenfield (1953) found that
the cell-free cellulase system obtained from the gut of the mollusc

Teredo pedicellata is stimulated by the presence of adenosinetriphos-

phate, the production of reducing sugar being increased ten times,
Nevertheless, no phosphorylated sugars have been found in enzymatic
hydrolysates of cellulose (Whistler and Smart, 1953).

Table I includes a column giving the pH optimum for the particular
system and conditions used. It can be seen that there are considerable
differences between the optima for different enzyme sources and even
with the same source as determined by different investigators. In his
study of the stimulating effect of inactive proteins on the action of
M. verrucaria cellulase, Whitaker (1952) found that the added protein
also caused a relatively great shift in the optimum pH. He also found

that the shift depends on the particular substrate used. This may have
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some general bearing on the lack of agreement noted in Table I. The
possibility of the existence of more than one cellulase in a given
source (Jermyn, and keese and Gilligan, vide supra) might also explain
some of these differences. This might also be pertinent to the obser-
vation that most of the pH response curves seen in the literature are
rather broad and flat. In contrast to the latter curves, showing a
single optimum (or optimal range), Freudenberg and Ploetz (1939) found
three distinct pH optima (L.7, 6.1, and 6.9) for a commercial A. oryzae
preparation.

The kinetics of the enzymatic degradation of insoluble celluloses
have been studied in a few instances, Most investigators agree that
the experimental results are difficult to interpret because of the in-
homogeneity of the substrate (areas of different accessibility) and the
impurity of the enzyme solutions. Karrer and Illing (1925) found that
with viscose rayon and snail cellulase preparations, the reaction at
first follows a monomolecular couree, changing later to coincide with
the Shutz rulel. Walseth (1948) obtained similar results with swollen
cellulose and A. niger enzymes. This type of rate curve, a relatively
rapid primary phase followed by a much slower secondary phase, with a
rapid transition between the two phases, can be interpreted to be the
result of the nonhomogeneity of the substrate, the rapid part repre-
senting the hydrolysis of the more accessible regions of the substrate.

With both carboxymethylcellulose and cellodextrin, a linear rela-

tionship between concentration of enzyme (A. oryzae) and the initial

1
The quantity of substrate changed is proportional to the square
root of the reaction time.

:l



rate of reaction was found by Jermyn (1952). When the enzyme concentra-
tion was held constant and the substrate concentrations varied, Lineweaver-
Burk plots of the data yielded straight lines for both substrates. The
Michealis constants obtained from these data were 3.2 and L.L x 10~3 for
cellodextrin and carboxymethylcellulose, respectively.

Norman's (1937) definition of the hemicelluloses is the one employed .

in the present work. Since this definition includes the hexosane, pento-

EF St

sans and hexo-pentosans, as well as the polyuronide hemicelluloses, any
enzyme hydrolyzing any linkage of these substrates might be called a
hemicellulase. This is perhaps unfortunate, since the term is not des-
criptive of the specificity which may be involved. On the other hand,
until the specificity relationships for a member of the group are
thoroughly worked out, a specific name is not in order.

The specificity requirements of the hemicellulases have not been
rigidly defined in any case, since none has been isolated in a condition
pure enough to warrant such a project. As mentioned before, Grassman
et al. (1933) presented evidence which seems to indicate that the xylanase
and mannanase activities of an A. oryzae preparation are due to separate
enzymes, and that both are different from cellulase.

The early observations of Bierry and Giaja (191?) afford further
evidence that the hemicellulases are a group of enzymes with different
specificities. These workers found that although the digestive juice
of Helix pomatia hydrolyzes the mannogalactans of alfalfa seed and
fenugreek and the mannans of the date palm and the ivory nut, that of
certain crabs and lobsters attack only the ivory nut mannan. Action of
the digestive secretion of the crayfish on the mannogalactans produced

much more galactose than mannose.



3k

Such observations as the latter are not surprising, considering the
wide variety of sugars and types of linkage to be found among the hemi-
celluloses. In the absence of precise knowledge of the composition and
structure of a hemicellulose substrate, end products of the reaction
should be at least qualitatively identified in order to give =sipgnifi-

cance to the results,

3

Pringsheim and Genin (192L), using a two-months old malt extract

as the source of hemicellulase, observed an almost quantitative cleavace
of salep mannan to mannose. When a six-months old malt extract was used,
the reducing power of the final hydrolysate was only one-half as great.
Mannobiose was identified by means of its phenylhydrazone. The authors
suggested that there are two enzymes involved, a fairly stable mannanase
and a less stable mannobiase., This observation is of particular interest
since it is entirely analogous to the mechanism of cellulase action post-
ulated by Pringsheim (1912), and to the action of f3 -amylase on starch.
Xylose has been repeatedly identified as the main end product of
hydrolysis of various xylans by snail (Ehrenstein, 1926; and Voss and
Butter, 1938), malt (Luers and Volkamer, 1928), and fungal (Grassman
et al., 1932; and Yundt, 1949) preparations. To the author's knowledge,
xylobiose or higher oliposaccharides of xylose alone have never been
reported. Hydrolysis of the xylans seems never to so to completion,
even with the addition of fresh enzyme solution. The limiting extent
of hydrolysis varies not only with the xylan, as might be expected, but
also with the enzyme (Fhrenstein, 1926) and with the method of disper-

sion (Yundt, 15LS).
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The nature of the resistant residues has been investipated in a
few cases. O'Dwyer (1937, 1939, 19L40) found that the portion of several
oak hemicelluloses resistant to h, oryzae enzymes had a composition
corresponding to six xylose residues to one of a methylhexuronic acid.
The linkages involved were not determined.

Some pH optima for various hemicellulase preparations acting on
various hemicelluloses are given in Table II. It can be seen that the
range reported (L.65 to 5.28) is much narrower than for the cellulases.
Fhrenstein (1926) found that the nature of the buffer affected the pH
optimum of snail xylanase., In citrate buffer it was L.65, in phosphate,
.28. No further reference to this phenomenon could be found in the
literature,

There have been few studiee of the kinetics of hemicellulase action,
Fhrenstein (1926), using a wheat straw xylan and snail enzyme, found
that the reaction followed neither a monomolecular course nor Shutz's
rule., Voss and Butter (1938) reported that the hydrolysis of xylans
by both snail and A. oryzae enzymes did proceed according to Shutz's

rule over an intermediate range.

Statement of the Problem

As mentioned previously, Veibel (1950) has discussed very briefly,
and left open, the question of the identity of ﬁ -glucosidase and
cellulase. Although Pipman and Goepp (1946) separate the two activities
completely, at least for purposes of discussion, the question seems
never to have been svecifically answered one way or the other. Whitaker's

purified cellulase would seem to present a pood opnortunity to investipate

b

T
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this problem, but up to the present time, no investigations pertinent
to the question, other than the demonstration of a relatively slow rate
of attack on cellotiose Yy “‘}e purified cellulase, have appeared.

Jermyn's work, caggesting the identity of not one but serveral
ﬂ?-plucosidaso and cellulase components in é. oryzae preparations,
should stimulate further resrarch along these lines. His results,
along with those of heese and Gilligan, have emphasized the complexity
of the problem.

If the possibility is conceded that cellulase and /3 -glucosidase
activities can be possessed by a single enzyme, at least in some cases,
a discussion of the known specificity requirements of the @ -glucosi-
dases would be pertinent. Veibel (1950) has recently reviewed this
subject, with special emphasis on the R -glucosidase of sweet almond
emulsin,.

The investigations of several authors, references to whose work
will be found in Veibel's review, may be sumnarized briefly as follows,
The specificity with rerard to carbon atoms 1, 2, and 3 seems to be
absolute. In other words, the substrate must have the @ -configura-
tion, and substitution or epimerization of carbons 2 and 3 (to a con-
figuration opposite to that of D-glucose) gives a product which is
resistant to attack by /[ -glucosidase.

With regard to the rest of the molecule, the specificity is more
relative., For example, [<] -methylmaltoside (which may be regarded as
a [@-methylglucoside substituted in the L position with an e -gluco-
pyranose unit) is readily hydrolyzed to methanol and maltose by /8 -

glucosidase, This is of interest to the present discussion since the
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constituent residues of cellulose and of many of the residues in the
hemicelluloses are linked at the L position.

At carbon atom 5, the only chanpge which seems to be tolerated is
substitution of the entire -CH,04 group by hydrogen, yielding a /3 -D-
Xyloside. It must be pointed out, however, that this type of glycoside
is hydrolyzed by ﬁ-glucosidase of almond emulsin at a much slower rate
than are the f3-glucosides.

Certain substitutions at carbon atom 6 may be made without complete
1oss of hydrolyzability. The volume and the relative electrical charge
of the substituent appear to be the important factors. 4 positively
charged group is inhibitory.

The aglycon specificity requirements of the @ -glucosidase of
almond emulsin have received a great deal of attention. It is sufficient
for the present discussion to repeat Veibel's statement that no case of
real absolute specificity caused by the aglycon has been reported, and
also to point .out that this generality extends to various disaccharides
such as cellobiose, pgentiobiose, celtrobiose, and phenyl- & -cellobioside,

None of these specificity requirements rules out cellulose and some
(3 -glycosidic linkages of many hemicelluloses as suitable substrates
for -glucosidase. The work of Grassman et al. showing that the cello-
biase (a @ -glucosidase) and cellulase activities of A. Oryzae prepara-
tions can be partially separated suggests that cellulase and ﬁ -gluco-
sidase are not identical. Whitaker's demonstration of the relatively
weak cellobiase activity of his purified M. verrucaria cellulase may
also be cited. In partial answer, it can be pointed out that the R -

glucosidases of different origin are known to differ considerably in
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their spectrum of relative specificities toward various substrates
(Veibel, 1950). Furthermore, Jermyn's results and those of Reese and
Gilligan demonstrating the multiplicity of the 8@ -glucosidase and
cellulase activities of fungal preparations leave the question still
open, in the opinion of the author,.

If the specificity requirements of cellulase resemble those of
[ =glucosidase, cellulase would be expected to have some action on
certain hemicelluloses, particularly those containing ﬁ?-D—xylosidic
linkages. The nature of the aglycon side of the molecule and the
position and nature of the substituent would be expected to have some
influence on the rate of the process. Thus, there occurs the question
of whether it is necessary to invoke a special hemicellulase (or
xylanase) in those cases in which both cellulase and hemicellulase
(xylanase) activitie= are known to occur. As far as the author is
aware, this question has been svecifically investigated only once:
Grassman et al. were able to remove the xylanase activity of a fungal
preparation by treatment with animal charcoal. The cellulase activity
remained in solution. On the basis of this single observation, the
question cannot be considered settled.

At the beginning of the investipation to be described in the re-
maining pages, the object was to isolate, purify, and characterize the

extracellular cellulase of Myrothecium verrucaria. However, after the

appearance of ¥hitaker's work on the purification of the same cellulase,
and of Jermyn's and Reese and Gilligan's demonstrations of the possible
multiple nature of the activity, a different approach was thought to be

possibly more fruitful. The final plan was to isolate from the original
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malticomponent culture filtrate of M. verrucaria a series of fractions
containing different ratios of the various protein components and to
determine, if possible, which of the compnonents is active against
various monomeric and polymeric @ -glycosidic substrates. Greatest
emphasis was placed on the relationships among cellulase, hemicellulase,
and /B -glucosidase, with a view toward establishing their identity or

nonidentity.
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EXPERIMENTAL

The course taken for the investigation of the problem stated pre-
viously may be outlined briefly as follows. Culture filtrates of

Myrothecium verrucaria grown in submerged culture were initially con-

centrated by slow partial freezing. Further concentration of the pro-
teins was accomplished by precipitation with acetone or with ammonium
sulfate. Aqueous extracts of these precipitates served as the starting
materials for fractionation of the protein components. Attempts to
fractionate the concentrates by salt and solvent precipitation and by
chromatography on cellulose columns were generally unsuccessful, but
electrophoresis-convection finally yielded prevarations containing
different ratios of the protein components. Fractionations were con-
trolled by estimation of enzymatic activity and determination of pro-
tein nitrogen as well as by electrophoretic analysis. Cellulose, two
different impure hemicelluloses, cellulose abdium sulfate, and salicin
were used as substrates to study and compare the enzymatic properties

of the final preparations.

Materials and kethods

Production of Culture Filtrates

1
The fungus Myrothecium verrucaria was chosen as the source of

enzyme material because, according to Siu (1951), it is one of the

strongest cellulose decomposers known. Its culture filtrates reflect

p |
Obtained from the American Type Culture Collection, Washington, D. C.



this property (Saunders et al. 1948). Moreover it is not pathogenic,
as are some of the Aspergillus species,

Filtrates were obtained from submerged cultures of the organism
grown in the medium devised by Saunders et al. (19L8). This culture
medium contained only mineral salts and cellulose as the sole source

of carbon., The mineral portion of the medium is given in Table III.

TABLF III

COMPOSITION CF THF CULTURF VEDIUX USFD FOR M. VFRRUCARIA

Final Final
sa1t™® concentration Salt concentration

ge/1e uge/1.
Na HPO, 1.5 CuSO, *SHR0 2.5
NaH,PO, *Hg0 2.0 Fe,(S0,), L3.0
NaNO, 3.75 HyBO, 57.0
K,HPO, 0.15 ZnS0, *TH,0 50.0
KHaPO, 0.20 MnSO, 5.5
NH,NO, 0.60 (NH{)g¥00, "~ 120.0
MgS0, *7H,0 0.30

*

All the chemicals used throughout this investigation
were reagent (or C.P.) grade unless specifically stated to
be otherwise,

i+
Ammonium molybdate was substituted for ammonium phos-
phomolybdate on the basis of its molybdenum content.

L2
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Cellulose was supplied at the rate of 20.0 g. for each liter of
culture mediun. Solka-F‘loc1 was used in all but two cultures, in which
it was renlaced by Whatman ashless powdered cellulose (medium erade).

The medium was prepared by placine 240 g. of cellulose and seven
liters of the mineral salts solution in the incubation vessel illus-
trated in Figure 1. With the top assembly in place and all openings
covered with cotton caps, this vessel and five more liters of mineral
salt solution distributed among four two-liter Erlenmeyer flasks were
sterilized in the autoclave at fifteen pounds pressure (120o C.) for
LS minutes. The remainder of the salt solution, while still hot, was
introduced into the incubation vessel by means of suction. Care was
taken during these manipulations to maintain the sterility of the
culture medium.

The inoculum, consisting of a suspension of ungerminated spores,
was prepared by prowing the funpgus on filter paper disks placed on
mineral salts agarz in Petri dishes. The filter paper disks, cut to
cover about 80 percent of the area of the apgar slab, were moistened
with a small amount of the salt solution and sterilized by autoclaving

in a Petri dish. One disk was placed on each solidified agar slab and

 Solka-Floc is a wood cellulose product of The Brown Company.

2In accordance with instructions from the American Type Culture
Collection, the composition of this medium was: dibasic potassium
phosphate, 0.5 g., sodium nitrate, 2.0 g., magnesium sulfate, 0.2 g,
agar, 17.0 g., and water, one liter. As a precaution against bacterial
contamination, penicillin and streptomycin were added at the rate of
25 units per ml. The antibiotics were dissolved in a small amount of
water, sterilized by filtration, and introduced after the agar had
been autoclaved (1200 C., 30 min.).
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Figure 1. Incubation vessel for the submerged culture of
M. verrucaria.






liberally streaked with spores from a previous culture, Best results
were obtained at room temperatures, under which conditions noticeable
vegetative growth first became visible after three or four days. Sporu-
lation started in about a week and at the end of two weeks nearly the
entire surface of the filter paper disk was covered with the greenish-
black spores,

The inoculum was obtained by flooding the surfaces of two or three
of the Petri dishes which contained the sporulated cultures with about
five ml. of sterile salt solution (composition as in Table III) and
scraping the spores into a suspension with a wire loop. Individual
suspensions were transferred first to a sterile test tube and then,
after mixing, to the cooled culture medium in the carboy. Enough of
the spore-suspension was saved to make a spore count,

Spore counts were made on an appropriate dilution of the suspension
with the aid of a Spencer bright line counting chamber and a microscope,
Although the spores are small, staining was not necessary because of
their density and dark color. Serious clumping of the spores was never
encountered so the distribution in the counting chamber was satisfactory.

In some cases, a solution of 300,000 units of penicillin and
300,000 units of streptomycin, sterilized by filtration, was added to
the large culture to prevent bacterial contamination.

Incubation of the large culture was maintained at room temperature
with continuous aeration and stirring. Aeration was provided by means
of a water aspirator. Air entering the system was washed with water

and filtered through a tightly packed sterile cotton column and then
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introduced below the surface of the culture (see Figure 1). The air
flow rate was not measured, but was kept rapid at all times,

Vigorous, continuous stirring was provided by means of a stainless
steel rod pivoted in the rubber stopper and connected at the top to a
"roto-stir unit®™ driven by a heavy duty motor (See Figure 1). The stirr-
ing rod was fitted very tightly in the rubber stopper, but the entire
thickness of the stopper could not be used as a pivot. Instead, wells
several times the diameter of the rod were sunk from both surfaces of
the stopper. A hole somewhat smaller than the rod was then cut through
the remaining portion. Autoclaving tended to seal the rubber tightly
to the rod.

In order to follow the increase of cellulase activity, small samples
of the culture were asceptically removed at two or three-day intervals
and assayed, using cellulose sodium sulfate as the substrate. The in-
cubation was terminated when the activity level had reached a plateau,
or was increasing very slowly. The time of incubation varied between
two and three weeks,

Fifteen such cultures were prepared, but two were discarded because
of gross bacterial contamination. Contamination was indicated by cloud-
iness of the filtrates and the appearance of bacterial colonies on dex-
trose agar streaked with some of the material, The cellulase activity
of the contaminated culture filtrates could not be estimated before
dialysis because of the presence of an oxidizing agent which interfered
with the end point. The oxidant could be removed by dialysis, but the

Cultures were nevertheless discarded because of bacterial contamination.
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Culture filtrates were obtained by filtration through a mat of
glass wool in a large Buchner funnel. (Filter paper is rapidly weakened
by the enzyme). The first portions of the filtrate were returned to the
funnel until the residual cellulose and the fungal mycelium formed an
efficient filter, after which the filtrates were clear.

The color of the filtrates was light amber. In the later fractiona-
tion steps it was found that this color tended, at least in part, to
accompany the protein. It was only partially removed by dialysis and
was nearly completely precipitated along with the proteins by ammonium
sulfate, acetone, and alcohol, but not so completely by trichloroacetic
acides In some of the more concentrated fractions, the darkness of the
color made it necessary to dilute in order to obtain satisfactory

electrophoretic patterns. Whitaker (1953) reported the same difficulty.

Concentration of Culture Filtrates

The concentration of protein in the filtrates was very low. Since
there was some nonprotein nitrogen present and there was no assurance
that all the protein could be precipitated, determination of protein
nitrogen was not attempted at this point. Total nitrogen, exclusive
of nitrate nitrogen was found to vary between 0,022 and 0.0L1 mg./ml.
If this were all protein nitrogen and the usual conversion factor of
6.25 were to apply, then the protein concentration would be from 13.7
to 25.6 mg./100 ml. Inasmuch as this concentration is too low for
application of the usual fractionation procedures the culture filtrates
Were concentrated.

The volumes of the filtrates were too large (nine to ten liters)

to permit freeze-drying with the apparatus available. Instead, the
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method of slow partial freezing to remove water with a minimum of enzyme
loss was adopted (Whitaker, 1953). About three liters of filtrate were
placed in each of two four-liter beakers wrapped with a thick layer of
cotton and gauze and then placed in boxes containing about two inches
of cotton. Covers with an inner lining of about two inches of cotton
extending into the beaker close to the surface of the filtrate were
placed on the beakers. When placed in a freezing cabinet, freezing
took place slowly from the outside inward. At the end of 2L to 36
hours, the concentrated solution in the center was poured off and the
ice was chipped and allowed to drain, with frequent stirring, in a
large funnel. The small amount of melt from the ice was combined with
the concentrate, and the process repeated until the volume had been re-
duced at least five times,

Protein nitrogen and cellulase activity (cellulose sodium sulfate)
were determined on the concentrates. The cellulase activity of the
material removed as ice was also estimated. The protein nitrogen con-
tent of the concentrates varied from about 0.08 to 0.21 mg./ml.

Fractionation of the proteins by salt or solvent precipitation was
not very successful, but it was noted during these experiments that
much of the activity of the concentrates could be precipitated by ace-
tone or ammonium sulfate. Consequently some of the concentrates were
further concentrated by these means.

Acetone precipitations were carried out as follows. Three hundred
and fifty ml. of the concentrate was placed in a two-liter Erlenmeyer
flask which was clamped in a large battery jar filled with ice and water,

The entire assembly was then put on a magnetic stirring unit. When the
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temperature of the concentrate reached about 2o C.y 1400 ml. of chilled
reagent grade acetone was added down the side of the flask over a period
of three to four hours. As the acetone concentration increased, salt
was added to the ice bath until the temperature of the acetone solution
reached about -10o C. Stirring was continued for one-half hour after
all the acetone had been added, and then the precipitate allowed to
settle for about two hours in a freezing cabinet. The precipitate was
heavy and granular and settled rapidly. Most of the supernatant solu-
tion was siphoned off and the precipitate obtained by centrifugation
washed three times with small amounts of cold acetone and then dried
in a vacuum desiccator. The dried powders were tan in color, and their
weight indicated that they were mostly inorganic salts. They were
stored in this form over calcium chloride in a desiccator.

In an attempt to improve the recovery of activity and proteins,
the acetone precipitation was also applied to a dialyzed concentrate,
Dialysis was against twenty volumes of distilled water for 12 hours at
about ho C., then against the same amount of 0.02 M phosphate buffer,
pH 6.9 for 24 hours.

When the acetone powders were to be used, the proteins were ex-
tracted by slowly adding one part by weight of the powder to five parts
of water with continuous mechanical stirring. The water was cooled to
about 0o C. in an ice and salt bath. This procedure was found to be
necessary because of the heat of solution of the salts. After the pow-
der was added, the ice bath was removed and the mixture allowed to warm
Slowly to about room temperature while stirring was continued. A

voluminous dark-=colored precipitate was removed by centrifugation,
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extracted once with a small amount of water, and saved for nitrogen
analysis. An aliquot of this second extract was saved for cellulase
assay and the remainder combined with the first extract. The combined
extracts were then stored in a refrigerator ( ca. ho C.) overnight, dur-
ing which time a rather large amount of a salt (probably Na,HPO,+H,0)
separated in the form of large crystals. These were removed by filtra-
tion through glass wool and washed with a small amount of ice-cold
water. The combined filtrate and washings were then dialyzed first
against about twenty volumes of distilled water and then against the
pH 6.9 phosphate buffer used for electrophoresis,

When ammonium sulfate precipitation was used as a means of concen-
trating the proteins, the procedure was as follows. The concentrate
was placed in a two-liter beaker on a magnetic stirrer in the cold
room (ca ho C.) and an eighteen-inch length of large diameter viscose
cellulose tubing, tied at the bottom ana packed with enough ammonium
sulfate to make the solution about 50 percent saturated, was suspended
in the liquid. Stirring of the outside enzyme solution was continuous,
so that as ammonium sulfate diffused through the membrane it was immed-
jately mixed and diluted. At the same time, vater diffused into the
cellulose tubing, btringing about a decrease in the volume of the enzyme
solution. Small samples of the outside solution were removed at inter-
vals and analyzed for ammonium sulfate by steam distillation of the
ammonia released by strong alkali, as in the Kjeldahl procedure to be
described later., When the solution was 30-35 percent saturated, it
was centrifuged if any precipitate was present. The precipitate was

dissolved in a small amount of water and analyzed for cellulase activity
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(cellulose sodium sulfate as substrate) and protein nitrogen. More
ammonium sulfate was then added to the concentrate in the same way as
before until the solution was 90-100 percent saturated. The precipitate
was collected by centrifugation (in the cold room) and dissolved in a
small volume of water. The small amount of insoluble material was re-
moved by centrifugation. After dialysis first against distilled water
(about 20 wvolumes for 12 hours) and then phosphate buffer (pH 6.8,
jonic strength 0,146) as described in the section on electrophoresis,

the solutions were analyzed for protein nitrogen and cellulase activity.

Fractionation by Salt or Solvent Precipitation

Preliminary experiments to determine the feasibility of fractiona-
tion by precipitation with alcohol or acetone were done in the same
manner. Several 10=ml, portions of a concentrate were measured into
flasks held in an ice bath, Absolute ethanol or acetone was delivered
slowly and with gentle agitation into the flasks until a predetermined
amount had been added to eaéh. Final concentrations of solvent ranged
from 33 to 80 percent by volume. The flasks were stoppered and allowed
to stand at 0o C. for one hour in one experiment and for 30 minutes in
a seconde The mixtures were then transferred to test tubes and centri-
fuged in the cold room. The supernatant solution was decanted and the
precipitates washed once with about five ml. of an aqueous solution of
the solvent at the corresponding concentration and then recentrifuged,
The solvent was removed by decantation and allowed to drain for several
minutes; then the precipitate was dissolved in five or ten ml. of cold

phosphate buffer (pH 6.9). Any insoluble material was removed by
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centrifugation. The resulting solutions were analyzed for protein
nitrogen and cellulase activity.

In some of these experiments, pH and buffer concentration of the
starting material were controlled by dialyzing some of the concentrate
against an appropriate buffer,

Fractionation by means of ammonium sulfate precipitation was also
attempted. The procedure was the same as that previously described for
the concentration of culture filtrate proteins., The precipitates were
recovered at several intermediate stages of ammonium sulfate saturation
by centrifugation in the cold room and washed once with ammonium sulfate
solution of the same or slightly higher concentration. Wash solutions
were prepared by dissolving the required amount of ammonium sulfate in
the pH 6.9 phosphate buffer used for electrophoresis. It was not con=-
sidered necessary to add buffer to the enzyme concentrates before the
addition of ammonium sulfate because all were strongly buffered at about
pH 7. The washed precipitates were dissolved in a small volume of water
and dialyzed against pH 6.9 phosphate buffer for about six hours to re-
move most of the ammonium sulfate. The dialyzed solutions were then
diluted to a convenient volume and analyzed for protein nitrogen and

cellulase activity.

Fractionation by Chromatography on Cellulose Columns
Whistler and Smart (1953) reported that the cellulase in a crude
A. niger extract could be purified by adsorption of the proteins on
cellulose columns at pH 3 followed by elution of the cellulase with

borate buffer of pH 9. Since none of the methods of fractionation
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described above were very successful, this chromatographic technique
was tried.

A column, 150 x 10 mm. was packed with wet Whatman ashless cellu-
lose powder (medium grade) to deliver about 0.5 ml. per minute when the
receiver was attached to the aspirator. The concentrated filtrate,
first dialyzed against distilled water to remove most of the salts, was
adjusted to pH 3 with dilute hydrochloric acid. Twenty ml. were passed
through the column., Washing with a total of 60 ml. of water adjusted
to pH 3 was begun as soon as the filtrate had passed into the column.
The effluent 1liquids were collected in several portions. The column
was then eluted with 120 ml. of Clark and Lubs borate buffer at pH 9.
Eluates were collected fractionally. All the collected fractions were
assayed for enzymatic activity (cellulose sodium sulfate) and some for
protein nitrogen.

Variations in the conditions of adsorption and elution are recorded

in the section on results.

Fractionation by Electrophoresis-convection

The only fractionation method which gave any degree of success was
electrophoresis-convection. Since this method has only recently been
developed to the extent that it is a generally useful technique for the
fractionation of proteins and is not yet as familiar a procedure as
electrophoresis, its theory and application will be discussed in more
detail.

Electrophoresis-convection is an adaptation and refinement of

electrodecantation, a method first used for the partial separation of
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amylose and amylopectin by Samec and Haerdtl (1920). It also resembles
a method devised by Clusius and Dickel (1938) for the separation of gas
mixturest In electrodecantation, the colloid mixture to be separated
is placed in a large central compartment separated from electrode com-
partments at either end by semipermeable membranes. When & direct
current is applied, the mobile component accumulates near one end of
the center compartment and, because of the density gradient thereby
created, tends to settle to the bottome In the Clusius column, the

gas mixture is placed in a long narrow vertical channel, one wall of
which is heated, the opposite one cooled. Differences in thermal dif-
fusion rates cause convection currents to carry the heavier gas to the
bottom, the lighter to the top of the channel,

Kirkwood (1941) first suggested that protein mixtures might be
separated in somewhat the same manner, proposing however, that density
gradients across the channel be established by the application of a
horizontal electric field through channel walls of semipermeable mem-
branes, rather than by a temperature differential.

The first apparatus designed to perform fractionations in this
manner was developed by Nielsen and Kirkwood (1946) and later improved
by Cann, Kirkwood, Brown and Flescia (1949). A more recent modifica-

2
tion, designed by Raymond (1952) , was used in the present study.

1
It is interesting to note that in their reports on the development

of electrophoresis-convection, only the Clusius column was mentioned by
Kirkwood (1941, 1946) and co-workers.

2
Obtained from the E-C Apparatus Company, New York.



The electrophoresis-convection cell in which fractionation takes
place consists of a narrow vertical channel, formed by semipermeable
membranes, with reservoirs at the top and bottame In operation, the
reservoirs and channel are filled with the dialyzed protein solution
and immersed in the buffer solution between two large electrodes. On
applicatlon of a direct current horizontally across the channel, the
mobile proteins migrate toward one of the poles and start to accumulate
at the membrane barrier. The density gradient thus established induces
a convection current which deposits the mobile proteins in the bottom
regservoir, The concentration of any immobile component which might be
present remains approximately constant in both reservoirs. In theory,
the solution in the top reservoir should be almost completely cleared
of the mobile components. In practice this is seldom achieved in a
single step because of the very long time required. It is usually
advantageous to perform the fractionation in two or more steps, using
the top fraction in each case for the starting material for the succeed-
ing step.

This fractionation procedure has certain advantages over other
methods. Since it is a purely physical method, losses due to denatura-
tion by excessive salt or solvent concentration are not encountered.
Mechanical losses are small., Contamination with foreign metals, pre-
cipitants, or solvents is not a problem since the solution comes in
contact only with innocuous buffer. In some salt or solvent fractiona-
tions, the fractions which do not precipitate at reasonable concentra-
tions are either lost or, at best, are difficult to recover. While

this is a matter of little concern in many cases, it is important in
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those, like the present, in which several components are suspected of
having enzyme activity. On the other hand, it should be pointed out
that in some cases loss of material due to adsorption on the membranes
mAY OCCUre.

The theory of transport by electrophoresis-convection in a one-
component system, or in a two-component system in which one compoment
is immobile, has been thoroughly worked out in mathematical form by
Kirkwood et al. (1950, 1951). Although a complete presentation of this
treatment is beyond the scope of this thesis, it is perhaps desirable
to present the final equations in order to point out the manner in which
certain experimentally controllable variables affect transport.

In this situation (one mobile component), the useful quantity to be
calculated is the time, t, required to transport a fraction, 1-y, of the
mobile protein from the top reservoir to the bottom. This time may be
predicted by means of the expression:

t= 0 I(y)
in which @, called the characteristic time, is the time in hours re-
quired to reduce the concentration of mobile protein in the top compart-
ment to 0,193 of the original concentration, and I(y) is an mtegraf

relating O to the time required for the transport of any other fraction,

1- -
1I(z) - (S/B)G/J L [(1-1) 3/ - (1+4y) -3/5] o/a dy. Kirkwood

et al, (1950) solved this expression for several values of Y between
1 and O. When ¥ = 0.193, the value of I (y) is 1.00. Consequently,
at this point, @ = t.
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The characteristic time is calculated by means of the equation:

2(xp g)l/‘ 0¥/

L

0= (L7m)*s  p18/e,23

in which ap 1is the density increment produced by one gram of protein
per 100 ml, of solution, g is the acceleration of gravity, and 7) is
the viscosity of the solvent. In the second term, D is the diffusion
constant of the mobile protein, C is its initial concentration in grams
per 100 ml., and u is its electrophoretic mobility. V is the volume
(mle) of solution in the top reservoir, b and 1 are the width and
height (cm.), respectively, of the channel, and E is the electric field
strength,

The above equation shows that the time required to obtain a given
degree of transport can be varied over a wide range by controlling cer-
tain variables. For example, since the characteristic time is directly
proportional to the volume, it may be advantageous to concentrate the
solution before subjecting it to electrophoresis-convection. The in-
crease in concentration tends to increase 9, but only in proportion
to its fourth root.

The dimensions of the channel are of some importance, but there
are practical limitations here, and they cannot be varied easily.

The two most important variables affecting the characteristic time
are the electric field strength and the electrophoretic mobility, since
both enter as the inverse square. Thus, an increase in one of these
values by a factor of two should theoretically decrease the time necess-
ary to effect a given degree of transport by a factor of 0.25. An in-

crease in mobility may be attained by a change in the pH or ionic
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strength of the buffer solvent. The magnitude of the field strength is
limited by heat effects, but by providing adequate circulation and cool=-
ing, it can be varied over a considerable range,

The theoretical treatment of transport by electrophoresis-convection
was derived for certain ideal conditions which are not realized in prac-
tice. In testing the theory under practical conditions, Brown et al,
(1951) found it was necessary to employ an empirically derived correction
for the field strength in order to make the experimental results coincide
satisfactorily with predicted results, It appears to the author that the
use of the empirical correction factor is valid; its necessity is accept-
ably explained on the basis of experimental deviation from the ideal con-
ditions on which the mathematical treatment was based.

The theory has also been extended by Brown et al. (1952) to the
fractionation of two-component systems in which both components are
mobile. The important quantity in this case is the separation factor,
£3, the ratio of the weight fraction of the slow component (2) to the
weight fraction of the fast component (1) left in the top reservoir at

the time of sampling. This may be calculated from theory by means of

£ 195 )] /v

o
in which X; is the initial weight fraction of component 2, y is the

the expression:

fraction of total protein remaining in the top reservoir, and B = l-u,/ By
(ug and Ky are the electrophoretic mobilities of components 2 and 1,
respectively).

It can be seen from this equation that under certain conditions the

separation factor depends to a very large extent on the ratio of the
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electrophoretic mobilities of the two components. Solution of the
equation by Brown et al. (1952) for several different assigned values
of z:, Y » P showed that in most circumstances the ratio u,/p, is the
most important factor in determining the separation factor, The best
separations can be attained when this ratio (hence u,) is as small as
possible., In other words, it is advantageous to work as near the iso-
electric point of the slower component as practicable. These investi-
gators, testing the theory under practical conditions, found reasonably
good agreement between theoretical and experimental values of the
separation factors., In this case no correction factors were necessary,

Although the theory of electrophoresis-convection is general and
applies to multicomponent as well as to simple systems, it is not
practical to attempt the necessary calculations for the exact planning
of the fractionation of multicomponent systems. An empirical approach,
guided qualitatively by the theory, is more practical.

The construction and operation of the apparatus used in the frac-
tionation of M. verrucaria culture filtrate concentrates can best be
"described with the aid of Figure 2, which shows the assembled cell and
cell-frame, The cell proper is formed from a suitable length of cellu-
lose tubing. With the Raymond apparatus, either a single or a double
channel may be used, For the single channel, one end of the tubing,
softened in the buffer to be used, is closed tightly by tying a knot.
The tubing, still flattened, is then placed vertically over the slot
in one of the two face-plates making up the cell-frame. The face-
plates are so constructed that when the second one is placed over the

1
tubing and tightened into place by means of cap screws, the center

 These screws do not extend all the way through the cell frame,



Figure 2, Electrophoresis~convection apparatus. One face-plate
is shown in place between the graphite electrodes in the
buffer compartment. A length of cellulose tubing has been
placed over the center slot in the second face-plate.
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section of the cell, partially exposed to the external buffer by opposing
slots in the face-plates, will form a flat vertical channel. hThe upper
and lower sections of the tubing are left free to expand and receive the
bulk of the solution.

To use two channels simultaneously, a double length of tubing is
folded in the middle to form a U=tube and placed in the cell=frame with
the doubled end toward the bottome. This provides two channels and two
top reservoirs with a single bottom reservoir, Double channels sup-
posedly shorten the time required for a given degree of separation by
half,

Besides providing for the use of double channels, the Raymond cell
has the further advantage of volume adaptability. By adjusting the
length of the tubing above and below the compressing plates and by
choosing the appropriate diameter tubing (between 2.5 and 11 cm. flat
width), any volume of solution between 20 and 200 ml. may be accommodated.

After assembly, the cell is filled with dialyzed protein solution
and any entrapped air bubbles are removed from the bottom reservoir and
channel, The assembly is then placed in the buffer compartment between
the two large flat electrodes (Figure 2). The cell frame fits snugly
enough to minimize current leakage around the sides of the cell, but it
does stand on short pegs to allow free circulation of the buffer. Direct
current, up to 35 volts or 2 amperes output, is supplied to the graphite
electrodes by means of a selenium rectifier power pack. The heat evolved
by the passage of the current is dissipated by means of an allerubber

circulating pump and a cooling coil of stainless steel (see Figure 2),



In the first few experiments of this investigation, the cooling
coil was immersed in a mixture of salt and ice or in ethanol cooled with
solid carbon dioxide. In later experiments, it was found more convenient
to use the thermostat tank of the electrophoresis apparatus., In either
case, the temperature of the circulating buffer was maintained between
L and 6° C,

As in electrophoresis, it is important that the protein solution be
in lonic equilibrium with the outside buffer. To accomplish this, the
solutions were dialyzed in collodion sacs in the mamner described in the
section on electrophoresis,

Lack of success in preparing the lengths of collodion tubing re-
quired (70 cm. for a double channel cell) necessitated the use of viscose
cellulose tubing. It was found that the latter could withstand the
action of the enzyme for periods up to 14 hours without leakage, but
extreme care in emptying the cells was necessary, since the membrane
was markedly weakened and could easily be split with a gentle pull after
this length of exposure., Therefore, to prevent loss of material, most
runs were held to periods of less than 10 hours.

Three different pH levels were tried: 6.9, 5.9, and 5.0. The pH
6.9 phosphate buffer used for electrophoretic analysis was found most
suitable, because the time required for dialysis prior to electrophoretic
analysis of the bottom cut was much less with this buffer; the progressive
loss of activity with increasine time of dialysis was therefore decreased.
The pH 5.9 buffer was also a phosphate buffer, with an ionic strength of
0.145, and the pH 5.0 buffer was an acetate buffer of 0.15 ionic strength.

The composition of these buffers is given in Appendix B.
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The total protein concentration of the solutions was generally
somewhat lower than ideal and varied considerably from one rum to
another. Higher concentrations could probably have been obtained by
lyophillization and resolution, but in most cases the dark color of
the bottom cut would have required dilution before the electrophoretic
analysis. Then, if this fraction were to be subjected to further
electrophoresis-convection, reconcentration would have been necessary.
It was considered more practical to use the more dilute solutions,

The potential gradient in the channels was not calculated since
there is no accurate way to measure current leakage around and under
the cell, and the resistance of the cell membranes is unknown. With
the semi-empirical approach necessitated by the complexity of the
solutions to be fractionated, it was considered sufficient to record
only the current and voltage for each run, These remained fairly con-
stant during the experiment, but when drift was noted it was promptly
corrected.

The values of the experimental variables (time, pH, current and
voltage) are presented in the tables of data on electrophoresis-con-
vection fractionations.

At first, the top and bottom fractions were analyzed for protein
nitrogen and enzyme activity after a single operation with thé electro-
phoresis~-convection apparatus, Later, however, several runs were per-
formed before these analyses were undertaken. Usually, in these cases,
the bottom fraction of the first run was used as the starting material
for the second run and the resulting top fraction was combined with the

first top fraction. Further steps consisted of similar recombinations
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and runs. These operational details are indicated in the section on
results,

At the end of an experiment, small portions were taken from both
of the final fractions for the determination of protein nitrogen and
enzyme activities. Electrophoretic analyses were usually performed
only on the original starting material and on the bottom cut. The com-
position of the top cut was calculated from these results, In some
cases, the top cuts were concentrated by freeze-drying and analyzed
electrophoretically., These control data were used to determine the
mammer in which fractions were cambined.

During the course of fractionation it became apparent that the
primary objective =~ the isolation of one aor more pure fractions ac-
counting for all the enzyme activity -- was not attainable with the
amounts of material on hand. Consequently, the secondary objective —-
the obtaining of several fractions containing the suspected components
in widely different ratios =~ had to be accepted. Fractionations were
continued until this objective had been attained.

Although valuable information would have been gained by determining
the activity of each fraction against several different [ -glycosidic
substrates, time did not permit such extensive control of the fractiona-
tion procedure, Instead, reliance was placed on a few early experiments
which showed that most of the activity against cellulose, two different
impure hemicelluloses, and cellulose sodium sulfate, is confined to the
three components having the lowest electrophoretic mobilities, These
data suggested that determinations of the activity against cellulose
sodium sulfate and occasional electrophoretic analyses would afford

sufficient control.
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Estimation of Enzymatic Activity

Although several proposals fof the establishment of a standard unit
of cellulase activity have been made in the past, none has become univer-
sally accepted. Bach group of investigators has used a different cellu-
losic substrate and different experimental conditions. For example,
Karrer et al. (1925) defined a unit as the amount of enzyme which will
hydrolyze 200 mg. of fibrous cuprammonium cellulose in 96 hours at 36o Ce
in 50 ml. of a one percent suspension buffered at pH 5.28 with phosphates.
The wnit proposed by Grassman et al. (1933) is somewhat larger. It
corresponds to the amount of enzyme required to bring about the splitting
of 320 mg. of hydrocellulose in 20 ml. of solution in eight hours at
30° C. and pH 4.5 (0.0LM acetate buffer).

The difference in substrates and conditions renders a quantitative
comparison of results obtained in different laboratories difficult and
impractical. Reese et al. (1950) suggested that carboxymethylcellulose
of a low degree of substitution be used as the standard substrate,
Besides being easily standardized as to degree of substitution and
degree of polymerization, carboxymethylcellulose and cellulose sodium
sulfate are initially more highly susceptible to hydrolysis by cellu-
lases than are the insoluble cellulose preparations. The latter pro=-
perty is important because it allows the assay period to be greatly
shortened, However, it was later found (Reese and Levinson, 1953;
Tracey, 1953) that in spite of these advantages the soluble cellulose
derivatives are not suitable as standard substrates, the reason being,

88 previously mentioned, that the relation between the rate of hydrolysis



6k

of the soluble derivatives and the rate of hydrolysis of solid cellulose
substrates by different cellulase preparations is not constant.

The point to be emphasized is that, because of the possibility of the
existence (in crude cellulase preparations) of two or more cellulolytic
enzymes, each with its own spectrum of activities toward different sub-
strates, the establishment of a rigidly defined unit of cellulolytic acti-
vity is of doubtful value. It is perhaps better simply to report the loss
in weight of the substrate or the amount of end product appearing under
stated conditions,

Three different methods have been used to determine the extent of
hydrolysis brought about by cellulases., In addition to the more commonly
used methods of measuring substrate disappearance or end product accumu-
lation, a viscometric method has been used with the soluble cellulose
derivatives, Although Levinson and Reese (1950) stated that the vis-
cometric method is not entirely satisfactory because of the abrupt initial
decrease in intrinsic viscosity on adding the cellulase preparation,
Tracey (1951) found this to be a distinct advantage in detecting very
small amounts of cellulase in plant extracts,

With insoluble substrates such as cellulose and some hemicelluloses,
determination of the loess of substrate weight is perhaps more convenient
than determination of end products. According to Karrer and Illing
(1925) and Walseth (1948), the same result is obtained by both methods
when the accumulation of end products is calculated as glucose. This
cannot be true in those cases in which cellobiose accumulates to an
appreciable extent. With the hemicelluloses, especially those with
branched chains and with more than one type of residue, the two methods
might be expected to give quite different results because of the possible
accumulation of soluble oligosaccharide end products whose reducing power
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would be relatively small in comparison to weight. In these cases,
estimation of the increase in reducing sugars would give a better esti-
mate of the number of glycosidic bonds hydrolyzed than would the deter-
mination of the decrease in weight of the substrate.

For these reasons, since both soluble and insoluble celluloses and
hemicelluloses were to be used as substrates, the estimation of end pro-
ducts seemed to be the method of choice for the investigation reported
here,

The micro method of Somogyi (1945) was used for the analysis of
reducing sugars in the hydrolysates. The use of this method, capable
of giving accurate results in the range 0.01 to 0.5 mg. of glucose,
allowed assays to be made at very low enzyme concentrations. (Satis=-
factory results were obtained with as little as two micrograms of pro-
tein nitrogen in ten ml. of assay medium, when the most active enzyme
preparation acted on cellulose sodium sulfate)., This is an important
consideration because under these conditions the initial rate of re-
action is less apt to be limited by the concentration of the substrate.

The conditions chosen for the enzymatic hydrolysis are compared
in Table IV with those used by previous investigators. The conditions
employed by feese et al. (1550) served as a guide in choosirg the con-
ditions to be used in this work. Reese found that the optimum tempera-
ture for M. verrucaria enzymes acting on carboxymethylcellulose for one
hour is near 50o C. However, since longer periods of reaction were to
be used in the work reported here, a lower temperature was considered

to be more suitable.
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In choosing the initial concentration of substrate to be employed
in the case of cellulose sodium sulfate, an important factor is the vis-
cosity of the solution. It wa; found that a one percent solution flows
readily enough to permit accurate sampling by pipette. Solutions of
higher concentrations flow at a noticeably slower rate and the problem
of accurate sampling is encountered. This problem becomes especially
important when many samples of hydrolysates are to be taken at short
intervals., All other substrates except phloridzin were used in one per-
cent concentration.

Reese et al. (1950) found that the optimum pH for M. verrucaria
culture filtrates acting on carboxymethylcellulose is about 5.1. This
is the pH level originally chosen for this work. The stock citrate
buffer solution (pH 5.1, 0.5 M) was incorporated into the assay medium
at a 1:10 dilution. It was later found that the resulting solution has
a pH of 5.35. Reese et al. prepared their assay solutions in the sanme
manner, the final dilution of the pH 5.0, 0.5 M citrate buffer being
1:6.67. That the change in reaction was due to dilution and not the
substrate was demonstrated by diluting the stock buffer 6.67 and ten
times with distilled water., The pH's of these dilutions were 5.3 and
5.35, respectively. Thus there i8 reason to believe that Reese et al.
(1950) were working at a somewhat higher pH than reported. They did not
indicate that the reaction of the final solutions had been checked.

Substrates. The cellulose sodium sulfate used in this work has a
degree of substitution of O.L, according to information supplied by the

1
manufacturer. The water content of this material, determined by drying

1

We wish to thank Dr. C. J. Malm of the Fastman Kodak Company for
his cooperation iﬁ supplying this substrate (cellulose sodium sulfate
sample No. CAD-1045).
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in the vacuum oven at 65o C., was found on one occasion to be 7.68 per-
cent and on another occasion 7.60 percent. This moisture content was
taken into account when samples were weighed. No other analytical data
were obtained. Levinson, Mandels, and Reese (1951) routinely dialyzed
their cellulose sulfate solutions, finding that some of the sulfate ion
could be removed in this way. Since it was found in this work that
dialysis had no effect on the results, this treatment was omitted.

Salicin (purified, Pfanstiehl) is orthohydroxymethylphenyl-/3-D-
glucoside. This material was dried in vacuo at 65° C. before use.

Arbutin (hydroquinone ﬁ-g-glucoside) » amygdalin (D-mandelonitrile
3 -D-gentiobioside), and phloridzin (phloretin @ -D-glucoside) were used
as supplied, without drying or purificgtion, since they were employed in
only one experiment to determine qualitatively their susceptibility to
attack by M. verrucaria enzymes,

Wheat straw polysaccharide fractions were prepared essentially by
the acid chlorite delignificetion and alkaline extraction methods of
Wise, Murphy and D'Addieco (1946). These methods were originally de-
veloped for application to wood and wood pulps but have subsequently
been applied to cereal straws and grasses with satisfactory results
(Fly and Moore, 195L). Three holocellulose samples, presumably with
different lignin contents but otherwise the same, were prepared. From
two other holocellulose preparations, two different mixed hemicellu-
loses and wheat straw cellulose were prepared.

A clean, dry sample of wheat straw was ground to pass a 60-mesh
screen in a Wiley mill, then extracted for 16 hours with an ethanol-

benzene mixture (132 v/v) in a Soxhlet apparatus., The air-dried
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material was then submitted to the chlorite delignification procedure of
Wise et al. (1946). A 10-gram sample was suspended in 320 ml. of water
in an Erlenmeyer flask loosely covered with an inverted flask or beaker
and heated to 70o C. in a water bath. The suspension was acidified with
twenty drops of glacial acetic acid, 3 g. of sodium chlorite was added,
and the mixture was heated with occasional gentle agitation for one hour.

One sample was given a single treatment as described above. A
second sample was delignified in two successive steps and a third, in
three steps. The second and third steps were carried out simply by
adding the same amounts of acetic acid and sodium chlorite aes in the
first step and continuing the reaction period for another hour.

At the end of the chlorite treatments, the reaction mixture was
cooled in an ice bath and filtered on a canvas filter in a large Buchner
funnel, The residual material was washed repeatedly with small portions
of ice-cold distilled water until the odor of chlorine dioxide was no
longer detectable, and finally with generous portions of acetone. The
holocellulose was then air dried.

For convenience, these three preparations are designated holocellu-
lose-1, holocellulose-2, and holocellulose-3, the numerals signifying
the number of delignification steps.

There was a distinct gradation in the color of these preparations,
holocellulose~1l possessing a moderate tan color, whereas holocellulose=-3
was only a shade removed from pure white.

The yields of air-dried holocelluloses-l, -2, and -3 from 10 g. of
extrected wheat straw were 8.5, 8.7, and 8.4 g., respectively. When

these values are corrected for moisture, ash, and protein (nitrogen x 6.25)
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content they become 7.5, 7.L and 7.4 g. of holocellulose from 8.4 g. of
extracted wheat straw,

Moisture was determined bty drying in vacuo at 650 C. for four hours.
A second drying period under the same conditions did not further decrease
the weight of the sample. The ash content was determined by first charring
the weighed sample in a Coors crucible over a low Runsen flame, then heating
in a muffle furnace to SOOo C. for three hours,

The nitrogen content of the holocelluloses was estimated on duplicate
samples (100-200 mg.) by the semimicro Kjeldahl method to be described later,

All these analytical data are recorded in Table V. They were used to
determine the weight of sample to be taken to obtain a specified amount of

holocellulose for the estimation of enzyme activity,

TABLR V

MOISTURR, ASH, AND NITROGEN IN WHEAT STRAW FRACTIONS

(A1l values are expressed as percentages)

—————— m——

Fraction Moisture Ash Nitrogen
Fxtracted wheat straw 8.0l 5.8h 0.30
Holocellulose-1 7422 3.75 0.20
Holocellulose=2 7.05 L1 0.16
Holocellulose=~3 6472 41.03 0.11
Hemicellulose X La70 6422 0,05
Yemicellulose X 6497 L+05 0494
Yemicellulose Y 7454 7.10 004
Yemicellulose Y 6491 L60 0.05

Cellulose ,-IQOS 1;23 0.03
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The lignin content of these holocelluloses was not determined. Kly
and Moore (1954), examining the application of the same technique to
cereal straws, hays, and grasses, found that a single treatment reduced
the lignin content of wheat straw from 13.0 to about 2.8 percent, a
second step reduced it to about 2,0 percent, and a third to about 1.8
nercent, Three more successive acid chlorite treatments reduced the
1iznin only to about 1.1 percent and at the same time removed a con-
siderable amount of polysaccharide material. The first three treat-
ments resulted in very little loss of holocellulose components.

Two additional batches of holocellulose, obtained from LO g. of
extracted wheat straw by three acid chlorite treatments, were used for
the preparation of two hemicellulose fractions and wheat straw cellulose.

Hemicellulose X was extracted from 30 g. of holocellulose by 750
mle. of 1.5 percent potassium hydroxide for L3 hours at room temperature,
The extraction was carried out in a closed vessel with continuous stirr-
ing. At the end of the extraction period the mixture was filtered with
suction and the residue washed on the filter with 250 ml. of water in
several small portions. The filtrate and washings were then acidified
to pH 5 with glacial acetic acid and, after cooling, voured into four
volumes of absolute ethanol. The voluminous white precipitate was
allowed to settle overnight. Most of the supernatant solution could
then be siphoned off and the precipitate recovered by centrifugation,
The precipitate was washed twice in the centrifuge bottle with 200-ml.
portions of ethanol, then twice with 100-ml. portions of ethyl ether.
The air-dried material was almost pure white and was easily ground into

a fine powder,
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The ash content of the two hemicellulose X preparations was very
high (21.2 percent in the first preparation and 18.5 percent in the
second.) It was found that much of this foreign inorganic material
could be removed by dissolving the preparation in about 200 ml. of 0.2
percent potassium hydroxide, then dialyzing the solution, first against
three changes (one liter each) of distilled water for a total of about
24y hours, then against two changes (two liters each) of one molar acetic
acid for another 2L hour period. The polysaccharides were then precip-
itated with ethanol, centrifuged, washed and dried as previously des-
cribed. These preparations were very nearly white.,

Moisture and nitrogen were determined as previously described for
the holocelluloses. The ash determination was modified according to the
procedure recommended by Wise et al. (1946). After the weighed sample
was charred and cooled, two or three drops of concentrated sulfuric acid
were added and gentle heating was resumed until all fuming ceased. The
crucible was then heated over a Fisher burner to a dull red glow, cooled
in a desiccator and weighed. According to Wise et al. (1946), most of
the inorganic material in the hemicellulose fractions is potassium
acetate, although some of the potassium is probably present as the salt
of uronic acid residues. The weighed ash is mostly potassium sulfate,
so a correction factor of 1.13 was applied.

The results of moisture, ash, and nitrogen determinations are re-
corded in Table V.,

The yields of hemicellulose X, corrected for moisture, ash, and
protein (nitrogen x 6.25), from the two 30-g. batches of holocellulose

were 5,9 and 6.1 g.
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Hemicellulose Y was obtained from the residue left by the first
alkaline extraction by further extraction with 500 ml. of 24 percent
potassium hydroxide. The extraction was made at room temperature in a
tightly sealed flask with continuous stirring for four hours. The mix-
ture was filtered and washed on the filter with 300 ml. of water. The
combined filtrate and washings were acidified and the hemicelluloses
precipitated with four volumes of absolute ethanol. The precipitate
was centrifuged, washed and dried as previously described.

The inorganic fraction of these preparations was initially rather
large so the purification procedure used with the hemicellulose X
fractions was again applied. In this case it was necessary to use 10
percent potassium hydroxide to dissolve the material, The purified,
air dry preparations were pure white,

Moisture, ash, and nitrogen were determined as before, and the
results recorded in Table V.

The yields of hemicellulose Y, corrected for moisture, ash, and
protein were 3.4 and L.l g.

Wheat straw cellulose was prepared from the residue of the last
alkaline extractions. This residue was washed further on the filter
with coplous amounts of water, then with 300 ml. of molar acetic acid,
and finally with 500 ml. of water. Residual water was removed by wash-
ing with several small portions of dry acetone. Only one sample of
this residual cellulose was kept, since the first contained small hard
lunps of material which were very difficult to break up. The second

sample was pure white, very light and fluffy.
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Moisture, ash, and nitrogen were determined as before. The results
are recorded in Table V., The corrected yield of wheat straw cellulose
was 11.2 ge.

It should be emphasized that no claim concerning the purity of the
wheat straw polysaccharides is made. On the contrary, it is almost
certain that both hemicellulose preparations contained more than one
chemical species, Furthermore, it cannot even be stated with certainty
that the different extraction procedures employed resulted in hemicellu-
lose fractions which are chemically different from each other, Accord-
ing to Norman (195L):

It is likely that all hemicellulose preparations so far obtained
have been mixtures, but there is, in fact, reason for believing
that the methods of separation and fractionation that have been
rather generally used may have given a spuriously complex picture.
essessees The major separation ordinarily employed in one form or

another distinguishes only between the less-soluble and more-sol-
uble fractioms.

This quotation appears to be especially relevant to the relationship
between the two hemicellulose preparations used in this investigation.
Hdemicellulose X was completely dispersed in concentrations up to two
percent. The dispersions were cloudy to the point of opacity but were
nevertheless stable, Hemicellulose Y was nearly conletely insoluble
in the citrate buffers used. Nevertheless, it will be shown later
that there was no difference in the nature of enzymatic end products
of these two preparations, and little difference in the ratios of dif-
ferent end products in the two hydrolysates. The same is true of the
acid hydrolysates,

Wise, Murphy and D'Addieco (1946) termed the cellulose fraction

"alpha-cellulose", but only for convenience. They stated that this
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fraction invariably contained a small amount of furfural-yielding material,
possibly xylose or uronic acid residues. This finding was confirmed in
the present investigation by the demonstration of a small amount of xylose
in the enzymatic hydrolysates of the wheat straw cellulose, No uronic
acid was found.

A word about the nomenclature adopted for the hemicellulose fractions
may be appropriate. Wise et al. (1946) used the designations hemicellulose
A and B, It seems to the author that this nomenclature implies that these
fractions are the same as the classical hemicelluloses A and B first des-
cribed by O'Dwyer (1926). Norman (1954) has stated that the nomenclature
instituted by O'Dwyer and subsequently used quite generally in reality
indicates the particular method of isolation and does not uniquely define
the composition of the preparations. Inasmuch as the methods used in this
investigation were quite different from those of O'Dwyer, the author pre-
fers to use a different nomenclature,

Assay procedure. Cellulose sodium sulfate was utilized more than

any other substrate for following the course of fractionation procedures.
The assay method described in the following paragraphs was designed for
this substrate, but was easily adapted to any other substrate by the use
of appropriate modifications,

1
Eight ml, of 1.25 percent cellulose sodium sulfate was mixed with

1In the author's experience, this was best prepared by adding hot
distilled water to the powder. The large gummy masses which resulted
were completely dispersed in 20 to 30 minutes of continuous mechanical
stirring. The clear solution was cooled, diluted to volume and stored
in the refrigerator. A solution was never kept more than one week.
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one ml, of 0.5 M, pH 5.1, citrate buffer1 in a 20 x 150 mm. Pyrex test
tube, Since aseptic techniques were not used it was found necessary to
include an antiseptic in the assay medium. 'Merthiolate'2 was found to
be entirely satisfactory when included in the buffer at a concentration
of one mg./mle The stoppered tube was placed in a water bath at LO ¢ 0.2o
C. for about 15 minutes prior to the addition of one ml. of appropriately
diluted enzyme solution. A blank solution was prepared in the same way
except that water was substituted for the enzyme solution. Duplicate
aliquots of the hydrolysate were removed at exactly timed intervals and
delivered directly into five ml. of the sugar reagent (Somogyi, 1945).
Because of its alkaline reaction and high copper concentration, this
reagent effectively stopped the action of the enzyme. The reaction time
for most determinations of cellulase activity was two hours. When pro-
gress curves were to be constructed the first samples were taken at 15

or 20 minutes, and subsequent samples at increasingly longer intervals

uo to 2L hours in most cases.

The same procedure was used with all the monomeric (3 -glucoside
substrates with the exception of phloridgzin. This substrate is soluble
at room temperature only to the extent of about O.1 percent, so 10 mg.
was dissolved in eight ml. of water and one ml. of buffer by heating
the closed tube to about 60o C. The tube was cooled in a water bath

o
to 4O C. before the enzyme was added.

1
The preparation of this buffer is described in the appendix.

2
'Merthiolate! is the trade-mark of Fli Lilly and Company for the
Ssodium ethylmercurithiosalicylate (Thimerosal) made by it.
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Certain modifications of technique were necessary when the insoluble
substrates were used. Hemicellulose X, although initially soluble, was
included in this group because it was found that a precipitate formed
after the enzyme had acted on it for a while. A uniform suspension of
the insoluble substrates was essential, so the reaction was carried out
in plain Warburg flasks (without side arms or center wells) attached to
the manometers of the Warburg apparatus. The flasks were shaken at the
rate of about 80 four-centimeter excursions per minute. For activity
determinations the time of incubation was 24 hours. When time curves
were to be constructed, aliquots of the hydrolysate were taken at appro-
priate intervals over a 2L~hour period.

Samples of the hydrolysate were obtained by removing the flask from
the shaker and quickly withdrawing a volume 25-50 percent greater than
the volume to be analyzed. The suspension was then centrifuged briefly
and the supernatant was used for the analysis.,

Farly in this investigation it was found that even at the low con-
centrations of enzyme employed it was essential, in order that all
activity determinations be reasonably comparable, to use approximately
the same amount of enzyme in each assay. This was felt to be particu-
larly important in the estimation of activity against cellulose sulfate,
since this substrate was used to follow the fractionations. To meet
this requirement it was necessary to define a relatively narrow range
of enzyme concentrations in which to make all activity determinations.
The range was defined as the amount of enzyme which would result in the
production of OJ4 to 1.5 mg. of glucose (or its reduction equivalent)

per milliliter of cellulose sodium sulfate medium in the two-hour
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incubation period. At first, this objective was attained either by
using two different dilutions of the enzyme solution or by using two
different volumes of the same dilution. Usually one of the two assays
was within the prescribed range., Later, when with added experience the
proper dilution and amount of enzyme could be more accurately predicted,
only one enzyme level was used. The determination was repeated if the
first level was not correctly chosen.

Reducing sugars in the enzyme hydrolysate were determined by the
copper reduction method of Somogyi (1545). In this method cupric copper
is reduced to cuprous oxide by the reducing sugar on heating the mixture
in & boiling water bath. The amount of copper reduced is directly (but
not stoichiometrically) related to the amount and kind of reducing sugar
present., Because the method is empirical, the time of heating and the
concentration and composition of the reagent must be carefully controlled.
The amount of cuprous oxide formed may be estimated iodometrically or
colorimetrically. In this work, the iodometric method was chosen be-
cause one of the substrates, hemicellulose X, did not form a clear
solution.

Reagents

Somogyi's (19L5) alkaline copper sugar reagent, prepared
to contain 0,005 N potassium iodate. This concentration
of iodate is sufficient for the analysis of 0.01 to 0.5
mg. of slucose or its equivalent. For the details of
preparation, see Appendix B,

Sodium thiosulfate, 0.CO5 N, prepared by dilution from a
standardized, approximately O.1 N stock solution. The
inclusion of about one ml, of 2 N sodium hydroxide in
500 ml. of diluted solution helps to protect the sodium
thiosulfate from atmospheric oxygen.



79

Potassium iodide, 2.5 percent. This solution keeps indef-
initely if made slightly alkaline by the addition of a
knife-tip of potassium carbonate per 100 ml. of solution.
Sulfuric acid, about 2 N.

Soluble starch, one percent.

Duplicate volumes of the test solution and reagent blank were mixed
with accurately measured five-ml. portions of the sugar reagent in
25 x 200 mm. Pyrex test-tubes, The total volume was made up to 10 ml.
with distilled water and the contents mixed. The tubes were covered
with glass bulbs and heated in a boiling water bath for exactly 20
minutes, After cooling for about three minutes in running water, 0.5
ml, of 2.5 percent potassium iodide was carefully layered on top of the
solution, then about 1.5 ml. cf 2 N sulfuric acid was added rapidly
with simultaneous agitation. The excess iodine was titrated with the
0.005 N sodium thiosulfate. A few drops of starch indicator were added
near the end of the titration.

A procedural detail which was not explicitly mentioned in the
original paper was found to be of some importance in obtaining precise
and accurate results. It was found that the titrations must be done
within about 15 minutes after the heating period. If the tubes were
allowed to stand longer, the thiosulfate titer became noticeably
greater, probably because of oxidation of the cuprous oxide. When
many determinations were to be made it was found best to start four
tubes every 10 minutes. With experience, four titrations can easily
be completed in 10 minutes.

In the beginning, the aliquots for the blank determination were

taken at the same time as the test aliquots. Later, it was found that



this was unnecessary because none of the substrates were hydrolyzed to
a detectable extent in the absence of enzyme in 2l hours. Fxperiments
proved this to be true for the whole pH range studied. With this fact
established, it became the practice in later experiments involving many
determinations to use a previously determined blank value for each sub-
strate,

Before describing how the substrate blank values were established
it is necessary to digress momentarily. Early in the study, a puzzling
constant increase in the blank reducing titers was noted. It soom be-
came apparent that this increase could be correlated with only one
factor: the age of the Somogyi reagent. Daily titration of the un-
heated reagent showed that the potassium iodate was not decomposing;
five ml. of the reagent always required 5.00 £ 0.05 ml. of the 0.005 N
thiosulfate. On the other hand, heated reagent blanks (as opposed to
reagent plus substrate blanks) always required less thiosulfate, and
the difference increased steadily with the age of the reagent. The
blank for a freshly prepared reagent was usually about 0,20 ml. of
0.005 N copper reduced, but after two weeks increased to about 0,40 ml.,

Reducing titers, or blank values, were established for each poly-
saccharide substrate and for salicin by incubating the substrates with-
out enzyme at hOo C. at a concentration of one percent in citrate
buffers of pH Le20, 5.35 and 6.70. Volumes varying in size from 0.5
to 2.0 ml. were removed at specified times from 0.5 to 24 hours. Their
reducing titers, expressed_ae the milliliters of 0.005 N copper reduced
per milligram of substrate, were determined by substracting the volume

of 0,005 N thiosulfate required from that required by reagent blanks,



The results did not vary in any significant manner either with pH or
with time of incubation. The average and the range of results for each

substrate are given in Table VI,

TABLE VI

REDUCING TITFRS OF SUBSTRATFS

— ——— —
—

Ml. of 0,005 N copper per mg. cf substrate

Substrate Average Range
Cellulose sodium sulfate 0,025 0.021=-0,027
Wheat straw cellulose 0.013 0.011-0.017
Hemicellulose X 0,021 0,020=0,02)
Hemicellulose Y 0.015 0,010-0.018
Salicin 0.C10 0.008-0.011

Enzymatic activities were expressed as specific activities whenever
the concentration of protein nitrogen was known. Specific activity was
defined as the mg. of reducing substances (as glucose) appearing in the
assay medium per milligram of protein nitrogen].' Unless otherwise stated,
specific activity refers to a two-hour assay period when either cellulose
sodium sulfate or salicin was the substrate, and to a 2L~hour period when
cellulose or the hemicelluloses were used.

When the protein nitrogen concentration of the enzyme solution had
not been determined, activities were recorded as a concentration expres-

eion, i.e., the mg. of glucose or its reducing equivalent released from

1Spec:l..t‘:lc activity was based on protein nitrogen rather than on pro-
tein concentration because the percentage of nitrogen in the proteins

involved was unknown,
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the substrate into 10 ml. of assay medium by one ml. of the original
(not the diluted) enzyme solution.

In some cases, when samples were taken at incubation times short
enough to permit extrapolation to zero time, the initial rate of re-
action, or the mg. of reducing substances (as glucose) appearing per
minute per milligram of protein nitrogen, was also calculated.

Somogyi (1945) found that 0.135 mg. of glucose reduced one ml. of
0.005 N copper when the mixture was heated in a boiling water bath for
1C minutes. He found this time to be adequate for glucose, but for
some other sugars, includine arabinose, a longer time was necessary. A
reaction period of 20 minutes was chosen for the work reported here
because of the anticipated presence of sugars other than glucose in
some of the hydrolysates. Under these conditions one mi. of 0,005 N
copper was the equivalent of 0.13L4 mg. of glucose. Each new batch of
reagent was calibrated with three replicates each of three levels of
glucose: 0,05, 0,10, and 0.20 mg. If the average reduction equivalent
of the three levels did not fall in the range 0.133-0.135 (inclusive),
the reagent was adjusted by dilution (with the alkaline-copper reagent
without iodate) or by addition of potassium iodate, then recalibrated.

An example may help to make clear the method of calculation of
results. A certain enzyme solution had a protein nitrogen concentration
of 0,51 mg. per ml. It was diluted 25-fold and one ml. of the dilute
solution was used in an assay with cellulose sodium sulfate. The final
volume of the assay medium was 10 ml. Duplicate 0.2 ml. portions were
taken for sugar determination after two hours of incubaticn at hOo C.

The volume of 0,005 N sodium thiosulfate required for the reagent plus
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substrate blank was L.65 ml. and for the assay, 3.11 ml. The difference,
1.54 ml., multiplied by the glucose reduction equivalent (0.13L), gave
the amount of reducing substances (as glucose) in the aliquot of hydroly-
sate: 0,206, Therefore, in 10 ml. of the hydrolysate there were 50 x
0.206, or 10.3 mge. of glucose or its equivalent. Since the original
entyme solution had been diluted 25 times, it contained sufficient
activity in one ml. to release 10.3 x 25, or 257 mg. of glucose from

the substrate under the conditions of the test. The specific activity
in this case was 257/0.51, or 504 mg. of glucose per milligram of pro-

tein nitrogen,
Flectrophoretic Analysis

Flectrophoretic analyses were performed with a Klett apparatus
which follows closely the desiegn of Longsworth (1939, 1946). The light
source was a type H-L mercury vapor lamp. A Wratten No. 22 light filter
was found to be satisfactory. Visual observation of the progress of
electrophoresis was made with the aid of a diagonal straight edge,
cylindrical lens, and a ground glass screen. Patterns were recorded
photographically by means of a schlieren scanning device,

Three different analytical cells of rectangular cross section and
11 ml. capacity were used throughout this study. In order to calculate
mobilities, it is necessary to know the cross-sectional area of the
center sections of the cell, and the magnification of the optical system,
The former constant was calculated, for both 1limbs of each cell, from the
volume, determined by calibration with clean, dry mercury, and the length,

measured with an accurate caliper. All measurements were carried out in
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duplicate and the average used. The cross-sectional areas of the three
cells were: cell No, L, 0,768 for both limbs; cell No. 5, 0.748 for
the left limb, 0,756 for the right limb; and cell No. 6, 0.756 cmz for
both 1limbs.

The magnification of the optical system was determined by mounting
a transparent ruler vertically in the filled thermostat tank in the
place usually occupied by the cell, After adjusting the components of
the optical system to obtain a sharp image on the screen, a photograph
of the imape was taken, Calculated as length of image/length of object,
the vertical magnification was found to be 1,05 at two different times.

Samples to be analyzed were in most cases dialyzed against two
changes of phosphate buffer of pH 6.9 and ionic strength 0.1h6. The
details of preparation of this and other buffers are given in Appendix
B. This phosphate buffer was the only buffer used for electrophoretic
analysis. Consequently, subsequent statements concerning the number of
components refer only to these conditions and are to be regarded as
minimum,

The duration of dialysis was not less than 12 hours for each per-
iod. The sample was placed in a collodion sac of suitable size and the
sac was tied securely on the expanded end of a glass tube extending
through a rubber stopper. This assembly was then placed in a one- or
two-liter Erlenmeyer flask. Stirring of the outside buffer was pro-
vided by a magnetic stirrer; the agitation was vigorous enough to cause
moderate swaying of the collodion sac and mixing of its contents. All
dialyses were performed in a cold room at a temperature of about ho C.

For samples up to 50 ml., one liter of buffer was used for the

first period, two liters for the second.
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In several of the early experiments, the conductivities of the
buffer and sample were measured at the end of 12 hours of dialysis, and
the dialysis allowed to continue three more hours, after which conduc-
tivities were again determined. Lack of significant change in these
values showed that 12 hcurs of dialysis was sufficient in most cases,
However, the second period of dialysis against fresh buffer was neces-
sary in many instances because the conductivity of the outside buffer
was significantly different from the original,

This procedure was changed when circumstances demanded, for example,
when solutions of acetone or ammonium sulfate precipitates containing
relatively large amounts of salts were useds In these cases, a pre-
liminary dialysis against about 10 volumes of distilled water for 10
to 12 hours removed much of the salt. To avoid excessive dilution of
these samples due to their hipgh initial osmotic nressure, the outlet
of the glass tube was closed tirhtly with a section of rubber tubing
and a screw clamp. If the internal pressure appeared to be excessive
at any time, it was partially relieved by loosening the screw clamp.
After this preliminary treatment, the samples were transferred to two
liters of phosphate buffer for the first dialysis, and two liters for
the second.

Solutions from the electrophoresis—=convection experiments, when
the buffer was the same as that used for electrophoretic anzlysis, were
dialyzed only once against two liters of buffer. In two instances, the
samples were not dialyzed at all prior to electronhoresis. Although
the conductivities of these solutions were lower than those of dialyzed

solutions, the only adverse effect noted was a large boundary anomaly.
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The mobilities were satisfactory, symmetry was unaffected, and no new
anomalies appeared.

Collodion sacs were used for dialysis, since it was found early in
the investigation that commercial viscose cellulose tubing was unsuit-
able. Enzyme solutions of high activity weaken cellulose tubing to the
extent that it is apt to break when removed from the buffer. Moreover,
loss of activity, possibly due to adsorption on the membrane or to actual
leakage, was greater with viscose tubing than with collodion. The sacs
were prepared on the inner surface of test tubes of appropriate size, or
200 ml, centrifuge bottles, and were stored in distilled water at least
2}y hours before use to remove residual alcohol.

The specific conductances of both buffer and sample were determined
after dialysis. A conductivity cell of the Shedlovsky type (Longsworth,
Shedlovsky, and MacInnes, 1939) was used in conjunction with a Leeds and
Northrup Wheatstone bridge. The cell was suspended in the constant-
temperature bath of the electrophoresis apparatus and allowed to attain
temperature equilibrium before the final measurement was taken. This
procedure was always followed to make sure that the temperature of the
conductivity determination and the electrophoretic analysis was the same.

The cell constant was determined, at 2° C., with a 0,1000 N potas-
sium chloride solution prepared from the dried C.P. salt in double=-
distilled water. The water was freed from carbon dioxide by heating
to about 80o C. and drawing carbon dioxide-free air through at a rapid
rate for about 30 minutes. The resistance of water prepared in this
marmmer could not be accurately determined with the apparatus available,

The resistance of the cell filled with this water was greater than



87

1,000,000 ohns; when filled with ordinary distilled water it was about
L00,000 ohms.,

The temperature of most electrophoretic analyses was 2.0 ¢ O.lo C.
C2rtain exceptions are noted in the mobility tables,

Potential gradients varied from 6.26 to 6.93 volts/cm., depending
on the current and the conductivities of btuffer and sample. In the
majority of cases, a potential gradient of close to 6.5 volts/cm. was
useds The current, about 20 milliamperes, remained uniform, rarely
varying more than O.1 milliampere throughout the course of a run, Cur-
rent measurements were performed at intervals, using a Leeds and Northrup
potentiometer with a sensitive galvonometer. At the start of each ex-
periment, the potentiometer circuit was calibrated acainst a standard
Weston cell.

The duration of current application for each analysis was the re-
sult of a compromise between the attainment of good resolution and the
mailntenance of adequate height of each maximum, The protein concentra-
tion of some samples was necessarily quite low. In these cases, the
peaks representing minor components tended to decrease in height and
approach the base line with increasing time. This circumstance made it
necessary to stop some runs short of the best resolution of components,

Base lines and initial boundaries for both the ascending and des-
cending sides were photographed before the current was started and the
final patterns were taken on the same 9 x 12 cm. Kodak Panchromatic
Process or M plates by means of the schlieren scanning device. The
exposed plates were developed with D=19 developer in a semi-automatic

plate processor in complete darkness,
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The patterns were then projected and carefully traced on graph
paper at an enlargement factor of 2.5 times by means of an Omega D=II
photographic enlarger. Measurements for mobility and relative concen-
tration determinations were taken from these tracings.

Mobilities were calculated from measurements on the descending
patterns by means of the following equation:

4 = daks/mit
where u is the mobility in cnz volt™ second;® d is the distance in
centimeters on the enlarged tracing between the center of the initial
boundary and the particular maximum under consideration, q is the cross-
section of the descendins side of the cell, .]Es the specific conductance
of the system, m the combined magnification factors of the electrophore-
sis apparatus and the photographic enlarger, 1 is the current in amperes,
and t is the time of electrolysis in seconds (Longsworth and MacInnes,
19L0).

The relative concentrations of the individual components were
determined by comparing the area under each peak with the total area
of the complete pattern minus boundary anomalies. Areas were delineated
by the minimum ordinate method (Longsworth, 19L2). Area measurements
were taken from the enlarged tracings with the aid of a planimeter.

The average of three separate measurements for each component was used.
The deviation of individual measurements from the average seldom ex-
ceeded & 2 percent for the major components., The results from ascend-

ing and descending patterns were averaged.
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Identification of End Products

Paper chromatography was the only method used to identify the end
products of enzymatic hydrolysis. Identification of sugars by this
means alone is admittedly not positive, but it can be quite satisfactory
if the sugars which are likely to be encountered are definitely known
and if the experiments are properly controlled by the use of known sugars
on each chromatogram.

The hydrolysates of cellulose sulfate and of hemicellulose X con-
tained some soluble polysaccharide residues even after exhaustive treat-
ment with the enzyme. Although the poesibility was not investigated,
there also may have been some soluble polysaccharide residues in the
centrifuged enzymatic hydrolysates of hemicellulose Y. Levinson et al.
{1951) found that the polysaccharide residues of cellulose sulfate inter-
fered with the migration of the sugars during chromatography, causing
undesirable trailing or comet formation. These workers removed the
larger molecules by precipitation with SO percent ethanol and then
evaporating the filtrate to dryness either by lyophilization or on the
steam bath. The solids were then reconstituted to one-tenth of the
original volume, They stated that none of these procedures significantly
affected the amount of glucose or cellobiose present.

In this investigation, all hydrolysates which were to be used for
the chromatographic detection of sugars were centrifuged, when necessary,
to remove the insoluble residual substrate. Four volumes of absolute
ethanol were then added and the mixture was allowed to stand at L° C.
for at least three days. This long period was found to be necessary

to allow for the aggregation and settling of the very finely dispersed
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salts., The precipitate was removed by filtration (sintered glass filters)
and the filtrate was evaporated to dryness on the steam bath. The residue
was extracted with several small volumes of 80 percent alcohol and the
remaining solids were taken up in a small amount of water and saved. The
alcoholic extract was again evaporated to dryness on the steam bath and
the solids dissolved in a =mall volume of water. Reducing sugar analyses
of both of these solutions showed that extraction of the first residue
was not quantitative; only 65 to 85 percent of the reducing sugars was
extractedt Chromatograms of both sugar solutions later showed, however,
that the extraction removed approximately the same percentage of each
component,

Chromatograms obtained with these solutions were unsatisfactory be-
cause of extensive comet formation. This was probably due to the salts
which persisted after the extraction of the first residue with 80 percent
alcohol. Most of the remaining salts were removed by treatment with
Amberlite ion-exchange resins,

The cation-exchange resin, IR-120, was prepared for use by treatment
with five percent hydrochloric acid followed by washing on a filter with
water until the filtrate was free of chloride. The anion-exchanger,
IRA-100, was regenerated before use by washing with 0,5 percent sodium
cartonate and then with water. These resins have been recommended by
Phillipps and Pollard (1953).

Deionizing was done by the batch process. One-half gram of the
Ambterlite IR=120 was shaken for five minutes in a test tube with 2 ml.

of the sugar solution. The mixture was filtered and the resin washed

 extraction of the residues with dry pyridine according to the
technique described by Malpress (1949) was not satisfactory.
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on the filter with 1 ml. of water. One gram of Amberlite IRrA-LOO was
added to the combined filtrate and washings and the mixture was allowed
to stand with frequent shaking until the resin no longer floated to the
top with adherent bubbles of carbon dioxide. If no more carbon dioxide
was evolved after the addition of a small amount of fresh anion-exchange
resin, the mixture was filtered and the resin washed with a small volume
of wmater,

The effectiveness of the deionizing treatment was tested by applying
it to a 0,1 percent solution of glucose in 0.1 M sodium chloride. Glucose
analyses before and after treatment showed that there was no loss of the
sugar and conductivity measurements of the final solution (after boiling
briefly to remove the excess carbon dioxide) indicated that the sodium
and chloride ions had been almost completely removed,

The deionized sugar solutions were analyzed for total reducing
sugars (as glucose). On the basis of the results, small volumes were
evaporated to dryness in vacuo and reconstituted to a concentration of
approximately 25 micrograms per microliter.

The chromatographic techmique described below was a combination of
features taken from several methods reported in the literature (Elock,
Durrum, and Zweig, 1955).

Appropriate volumes of the concentrated sugar solutions were trans-
ferred to a sheet of Whatman No. 1 filter paper along a pencilled line
3.5 cm. from one short edge. In most cases the paper measured 10 by 15
inches, The distance between the individual spots was not less than 2 cm.

The volume of sample deposited on the paper varied between 2 and 15
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microl:lterst depending on the concentration of reducing sugars.

Known reference sugars (LO micrograms) were used on every chromato-
gram. For the hemicellulose hydrolysates, D-glucose, D=xyloee, and
L-arebinose were always used, and in some cases D-galactose, D-mannose,
D-fructose, D-glucuronic acid and D-galacturonic acid were also included.
Cellobiocse and D-glucose were the only reference sugars used for the
hydrolysates of cellulose sodium sulfate and wheat straw cellulose,

When the spots were dry, the filter paper was shaped into a cylinder |
by sewing the long edges together with cotton thread so that the edges
did not quite touch. Since the cylinders supported their own weight
even when wet with solvent, no supporting racks were necessary for as-
cending chromatography. The paper cylinderes were simply allowed to
stand upright in the golvent covering the bottom of the chromatograph
chambers.

A large desiccator topped with a bell jar of the same diameter
served satisfactorily as a chromatograph chamber. It provided adequate
height to accommodate the cylinders, and when the ground glass surfaces
of the desiccator and bell jar were greased, the joint was airtight., A
second chamber which proved to be useful was a large glase jar 10 inches
in diameter and 18 inches in height, with a screw cap 5.5 inches in dia-
neter, Occasionally, three chromatograms were developed simultaneously
in this chamber.

The paper cylinders were allowed to stand in the solvent-saturated

atmosphere of the chromatograph chambers for 24 hours before development

lTo keep the area of the spots small, no more than L microliters
were delivered at one time, The first such spot was dried under an
infrared lamp before the next was superimposed. A microburette cali-
brated in microliters was used for this work.
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was begun. They were held in 1-liter tall-form beakers standing in the
solvent in the desiccator-bell jar containers, or suspended above the
solvent by threads held in place by the screw cap of the other chamber.

Two different solvent mixtures were tried. The chromatograms pro-
duced by development with the alcoholic phase of n-butanol:acetic acid:
water in the proportion 4sl:5 (v/v) (Bayly et al., 1951) were found to
be unsatisfactory because of trailing of the spots and low Ry values,
The second solvent system tried, n-butanol:pyridine:water in the pro-
portion 6:L4:3 (v/v) (Whistler and Smart, 1953), gave better results;
the spots were more nearly round and the sugars migrated at a faster
rate. All the chromatograms shown in the section on results were de-
veloped with this solvent.

The components of the hemicellulose hydrolysates were not resolved
sufficiently by a single ascent of the solvent. Consequently, the
multiple development technique used by Jeanes (1951) and by Pagur and
French (1952) was adopted. After the solvent had made one ascent
nearly to the top of the chromatogram, the cylinder wag removed, dried,
and then returned to the chamber for a second passage of the solvent.
The time required for each ascent varied from 10 to 12 hours. In this
way the effective distance of the solvent front was doubled and the
efficiency of the resolution was proportionately increased.

The chromatograms were developed at room temperature, but were pro-
tected against extreme variations in temperature,

After the developed paper cylinders were dried in a gentle current

of air in a hood, they were unrolled and sprayed with an alcoholic
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1
p-anisidine phosphate color reagent (Mukherjee and Srivastava, 1952).
The spots containing the reducing sugars became visible after heating
o
at 95=100 C. for five minutes.

The spots were identified by their R, values, i.e., the ratio of

g
the distance traveled by the unkncwn spot to the distance traveled by
glucose (on the same chromatogxfam). The use of Rg rather than Rf values
obviates the necessity for strictly controlled conditions; variations in
the rate of migration due to temperature or other variables are auto-
matically taken into account (Hirst and Jones, 1949). Distances were
measured from the starting line to the center of the spot. The color
of the spots also helped to identify the sugars. Xylose and arabinose
gave dark brown spots, the aldohexoses and cellobiose light brown, and
the uronic acids reddish-brown areas. Fructose was easily identified
by the bright yellow color it produced with the reagent.

Some of the end products of cellulose sulfate and hemicelluloee
hydrolysis could not be identified by their Rg values, The unidentified
products migrated on the chromatograms at a slower rate than any of the
knomn sugars, except the uronic acids. To test the possibility that the
unidentified compoments of the hemicellulose hydrolysates were disac-
charides or higher oligosaccharides and also to determine their compo-
sition, a small amount of each component was isolated and studied in

the following manner. Streak chromatograms were prepared by applying

0.07 to 0,12 ml. of the concentrated and deionized hydrolysates in a

1
The preparation of this reagent is described in Appendix B.
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streak along the starting line of a paper cylinder and developing twice
as described before. Narrow, vertical control strips were cut from both
sides, treated with the color reagent, and heated as before. Horizontal
sectione corresponding to the spots on the control strips were cut from
the rest of the chromatogram and eluted with water. The elution tech-
nique was essentially the same as that described by Dent (1947). One
end of a strip was placed between two glass plates resting on the bottom
and the edge of a Petri dish filled with water. The other end, cut to a
point, was suspended over a small beaker. Water reached the paper by
capillary attraction, irrigated the strip and dropped into the beaker.
Pive or six elution assemblies were placed under a large bell jar to
prevent evaporation. A period of 8 to 12 hours was required to obtain

1 to 3 ml. of eluate.

A small portion of the eluate was analyzed for reducing sugar be-
fore hydrolysis, and a second portion was analyzed after hydrolysis with
0.2 N hydrochloric acid at 120° C. (autoclave) for 45 minutes. (Before
the addition of Somogyl's reagent, the hydrolysate was neutralized with
sodium hydroxide solution and diluted to 5 ml. with water.) A third
volume of the eluate was concentrated in vacuo and transferred to a
chromatogram. A fourth sample was hydrolyzed with 0.2 N hydrochloric
acid in the autoclave, concentrated, and chromatographed with some of
the unhydrolyzed sample,

The unidentified components in the cellulose sulfate hydrolysates
were isclated in the same mamner, but in this case the eluates were
analyzed for reducing sugars before and after hydrolysis and tested
qualitatively for sulfate ion (barium chloride) before and after hydroly-

sis. No chromatograms of the eluates were made.



Two-dimensional chromatography was employed in two cases to separ-
ate compounds which were not adequately resolved by the one-dimensional
treatment. The solutions, concentrated eluates obtained from streak
chromatograms, were spotted in a corner of a 10-inch square of filter
paper. The paper was fixed in the shape of a cylinder and developed
twice with the n-butanol:pyridineswater solvent system as previously
described. The cylinder was then unrolled and made into a cylinder
whose long axis was perpendicular to that of the first cylinder. It
was then developed twice with water-saturated phenol as the second
solvent,

The sugars present in the acid hydrolysates of the two hemicellulose
preparations were also identified by paper chromatography. The prepara-
tions were hydrolyzed with 1.0 N hydrochloric acid in ;he autoclave
(120° C. for 2 hours). The hydrolysates, perfectly clear but slightly

colored, were concentrated in vacuo and then chromatographed as before.

DETERMINATION OF PROTEIN NITROGEN

Protein nitrogen was estimated by a semimicro Kjeldahl analysis of
the precipitate formed when the enzyme solution was treated with tri-
chloroacetic acid. Direct determination of the protein nitrogen in this
manner gave more precise results than did the indirect method of determ-
ining total nitrogen and non-protein nitrogen. Duplicate analyses of
total nitrogen usually gave results in good agreement, but duplicate
analyses 6f the non-protein nitrogen in the trichloroacetic acid fil-
trates yielded results in such poor agreement that they were considered

unreljable.
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The final concentration of trichloroacetic acid was 2.5 percent.
According to Hiller and Van Slyke (1922), trichloroacetic acid in this
concentration is superior to all the other reagents they tested in
separating protein from non-protein nitrogen. On the other hand, Kirk
(1947) stated that in all probability, all protein precipitants pre-
cipitate some non-protein nitrogenous substances along with the protein.
Strictly speaking, then, the results should be reported as trichloro-
acetic acid-precipitable nitrogen rather than protein nitrogen. How-
ever, for the sake of convenience, the latter term is retained, with
the understanding that the results may include a small amount of non-
protein nitrogen.

Duplicate volumes of the enzyme solution containing 0.2 - 2.0 mge.
of protein nitrogen were delivered into test tubes and 20 percent tri-
chloroacetic acid was added to a final concentration of 2.5 percent.
Heating the tubes in a hot water bath (ca. 90° C.) for 5-10 minutes to
coagulate the proteins became routine practice. In many cases in which
the protein concentration was low, the solution merely became cloudy
when trichloroacetic acid was added; only by heating could the protein
be made to coagulate. The tubes were centrifuged for 20 minutes, the
supernatant solution carefully decanted, and the tube inverted and
drained for at least 5 minutes. The precipitates were triturated with
5 ml. of 2.5 percent trichloroacetic acid, centrifuged, drained, and
washed a second time in the same way. After the final washing the
precipitates were dissolved in 2 ml. of 0.1 N sodium hydroxide and the
solutions transferred by pipette into semimicro Kjeldahl flasks. The

tubes were rinsed three times with 2 ml. of water and the washings
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were added to the Kjeldahl flasks.

The samples were digested for 2 hours (after clearing) with 2.5
ml. of sulfuric acid, one gram of potassium sulfate and 1.0 ml. of 10
percent copper sulfate (pentahydrate). The ammonia liberated by making
the digest alkaline was distilled with steam into 10.00 ml. of 0.02 N
sulfuric acid. The excess sulfuric acid was titrated with approximately
0.01 N sodium hydroxide® A mixed indicator prepared by combining 5
parts of 0.02 percent methyl red (sodium salt) and 2 parts of 0.025
percent methylene blue was used? Blank analyses were done with 2 ml.

of 0.1 N sodium hydroxide replacing the protein solution.

Results

Before describing the results of this investigation, it may be well
to review the definitions of activity and specific activity. Activity
is a concentration term and is expressed as the milligrams of reducing
substances (calculated as glucose) which would be produced by one
milliliter of enzyme solution acting at LO° C. for a specified period
on 100 mg. of substrate in 10.0 ml. of reaction mixture buffered at
pH 5.35 with 0.05 M citrate buffer. The reaction time for cellulose
sodium sulfate and salicin was 2 hours, for the hemicelluloses and
cellulose, 24 hours.

The more meaningful term, specific activity, is defined as the

milligrams of reducing substances (as glucose) released under the con-

ditions specified above per milligram of protein nitrogen.

1The sodium hydroxide was standardized by titration against the
sulfuric acid each time it was used.

2The range of the color change from purple (in acid) to green was

L ocind & v Bone w71 £ ok a1 C N
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Production and Concentration of Culture Filtrates

Fifteen 12-1iter cultures of M. verrucaria were started. Two of
the cultures were discarded because of bacterial contamination. The
final activities (CSS)! of the filtrates, the size of the inocula, and
the times of incubation of the thirteen successful cultures are given
in Table VII. It wiil be noted that the final activities cover a three-
fold range: 7.26 to 21.8. The controlled variables which might be
expected to influence the final activity are the size of the inoculum
and the nature of the cellulose substrate:

The results in Table VII show that within the limits used, there
was apparently no direct relation between the size of the inoculum and
the final activity. The smallest inoculum was 1.7 billion spores. In
one case this number of spores produced a culture filtrate having the
highest activity and in a second culture an average activity. One of
the largest inocula (14.0 billion spores) produced the lowest activity.
This inverse relationship was not general.

Although the activities of cultures 14 and 15, in which Whatman

ashless powdered cellulose replaced Solka-Floc as the substrate, are

1For convenience, the substrates used to determine activity will
be indicated parenthetically, using the following abbreviations for
cellulose sodium sulfate, hemicellulose x, hemicellulose Y, wheat straw
cellulose, and salicins CSS, x, Y, C, S,

2The time of incubation is more of an affect than a cause since
each culture was continued until the activity was no longer increasing
rapidly or was actually decreasing. .
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TABLE VII

THE INOCQULUM SPORE COUNT, TIME OF INCUBATION AND
FINAL ACTIVITY OF CULTURES OF MYROTHECIUM VERRUCARIA

T TR W e
count incubation
billions days
1 1.7 U 21.8
2 1.7 19 12.3
5 14,0 26 7.26
6 9.1 16 .7
7 10.2 11 13.6
8 746 18 12.7
9 7.9 21 12,5
10 5.7 17 ek
1 743 17 10.4
12 1.4 W 1.1
13 W6 15 10,1
w L.8 17 20.8
15" 56 16 18,2

*
Activity (CSS) is expressed as the milligrams of

reducing substances (calculated as glucose) released in

2 hours at 40O C, from 100 mg. of cellulose sodium sulfate

in 10,0 ml, of reaction mixture buffered at pH 5.35 with

0,05 M citrate by one ml, of the enzyme solution.

e

Whatman powdered cellulose for chromatography was
the substrate for cultures 14 and 15; Solka-Floc was used
for all others,
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both considerably higher than the average activity (12.7) of the first
eleven culture filtrates, it cannot be stated with certainty that the
nature of the substrate influences the production of the enzyme. The
data are too few and the occurrence among the Solka-Floc cultures of
one filtrate having an activity greater than either culture 14 or 15
makes any conclusion highly tentative.

Variations in other conditions, such as the supply of oxygen and
the rate of stirring cannot be invoked because, although they were not
rigidly controlled, they were kept reasonably constant from culture to
culture.

The rate at which the activity accumulated in four of the cultures
is illustrated in Figure 3; complete data for all the cultures are pre-
sented in Table VIII. Three of the four curves in Figure 3 are diphasic;
a more or less pronounced increase in the rate of accumulation of
activity occurred at 10 to 12 days. The fourth curve is smooth. The
inflection also occurs (at the same time interval) in the curves (not
shown) for cultures 1, 2, 10, and 11, but not in those for cultures 5,
7, and 12. The possible significance of this phenomenon will be dis-
cussed later in connection with other observations to be described.

The culture filtrates, ranging in volume from 9 to 11 liters} were
concentrated by slow partial freezing to 0.1-0.2 of their original
volumes. The activity (CSS) and protein nitrogen content of the con-
centrates were determined; only the activity of the solution removed

as jice was estimated. These results, as well as the specific activities

1Part of culture filtrate 5 was lost.
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Figure 3. Accumulation of cellulase activity in cultures

of M. verrucaria. The substrate for determination

of enzyme activity was cellulose sodium sulfate.

A. Substrate for cultures 1 and 15:¢ powdered filter
paper (Whatman ashless). B. Substrate for cultures

8 and 9: Solka-Floc.
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TABLE VIII
THE ACCUMULATION OF CELLULASE ACTIVITY IN CULTURES OF M. VERRUCARIA

(Substrate: cellulose sodium sulfate)

Days Activity Days Activity Days Activity
Culture 1 Culture 7 Culture 11
3 7.& 3 3 Olh 3 2.2“
6 12,1 7 8.10 7 6.93
10 16.6 10 N 11 8,08
11 1745 13 13,5 15 10,8
13 21,6 1l 13.6 17 104
1l 2.3
Culture 8 Culture 12
Culture 2
3 5.38 L 69
3 8472 6 8.58 8 9.65
6 10.5 9 10.3 12 10.9
9 10.9 12 11,2 U 11.1
12 12,8 15 12.9
15 12,b 18 12.7
19 12.3 Culture 13
Culture 5 15 10,1
3 L0k
5 3.61 7 6456
9 595 12 9420 Culture 1
13 Te20 19 1243
19 8420 21 12,5 L 8425
22 87 8 15,¢
26 7426 11 1841
Culture 10 1 213
17 20,8
Culture 6 L 5e72
7 8.86
3 3.78 12 1.6 Culture 15
6 5468 15 13.5
16 k.7 17 13.L 3 k.93
7 13.68
10 15,0
13 18,7

16 18,2




103

of the concentrates and the fraction of the original activity recovered
in the concentrates and in the ice, are presented in Table IX,

The specific activity (CSS) of the concentrates varied from 453 to
6L47. There was no apparent correlation between the activity of the
original culture filtrate and the specific activity of the concentrate,
although the specific activities of concentrates 1L and 15 were both
somewhat higher than any of the others, indicating that the relative
proportions of the proteins synthesized and excreted by M. verrucaria
may be influenced by the nature of the substrate.

An interesting and puzsling feature of the results in Table IX is
the recovery of activity. This was calculated from the total activity
of the original filtrate (the product of the volume, in ml., and the
activity). The total recovery of activity ranged from 79.9 to an
apparent total recovery of 199 percent. In only one case did the total
recovery amount to less than 100 percent. The calculated recovery of
activity in the concentrates varied from 62.9 to 1lL3 percent of the
original. The ice contained 17.0-55.7 percent of the original activity.
The distribution of activity appears in a more favorable light if the
percentage recovery of activity in the two fractions is based on the
total activity recovered rather than on the activity in the original
filtrate. Calculated in this manner, the recovery in the concentrates
was 65.8 to 78.7 percent. In general, the greatest percentage loss of
activity in the ice occurred with filtrates which were concentrated to
the greatest extent.

Using the same method of concentration, Whitaker (1953) reported

a recovery of about 95 percent of the activity, but did not state whether
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CONCENTRATICN OF CULTURE FILTRATES BY

SLCW PARTIAL FREEZING
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Culture Activity Recovery Prot. Specific
no. Fraction Vol. (Ccss) of N. activily
activity (css)
le % nge. / ml,

l Original filtrate 9.10 21,8

Ice 7 015 9 062 3& 07

Concentrate 1,90 112 107 0.210 533
2 Original filtrate 9.09 12.3

Ice 7.63 5.40 36.8

Concentrate 1.45 52.5 67.9 0,116 U453
S Original filtrate 7.70 Te26

Ice

Concentrate 0.825 L7.1 69,6 0.083 567
6 Original filtrate 9.16 .7

Ice 7 . 3’4 3 o]-h 17 D

Concentrate 1.75 L8.S 6249 0.995 S11
7 Original filtrate  9.04 13.6

Ice 7 o2l 6021 36 o’l

Concentrate 1.66 65.3 87.8 0.31 500
8 Original filtrate 10,00 12,7

Ice 8 022 8 .60 55 07

Concentrate 1,65 110 U3 0,206 S3k
9 Original filtrate  9.65 12,5

Ice 8 012 5 +«00 33 06

Concentrate 1.4S 95.0 11 0.189 503

10 Original filtrate 9.98 B
Ice 8 076 7 ooh h6 0
Concentrate 1.18 101 88,8 0,193 523
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TABLE IX concluded
Culture Activity Recovery Prot, Specific
no. Fraction Vol. (css) of N. activity
activity (css)¥
1. 4 mg 0./ .
11 Original filtrate 10.53 10.k
Ice 9.05 Sei3 hh.2
Concentrate 1.47 85.5 114 0147 582
12 Original filtrate 10,36 n.a
Ice 8e72 Lh.26 32.3
Concentrate 1.61 4.8 76.7 0.089 616
13 Original filtrate 9.62 10,1
Ice 8.29 6.35 Shel
Concentrate 1,30 89 05 119 0 0162 5 52
pI N Original filtrate 9,93 20,8
Ice 8 020 11 02 hll 03
Concentrate 1.70 123. 101 0.190 647
15 Original filtrate 10,95 1842
Ice 9015 10.3 ll703
Concentrate 1,70 120 103 0.187 61

*

Specific activity (CSS) is the mg. of reducing substances (calcu~
lated as glucose) released from cellulose sodium sulfate per milligram
of protein nitrogen under the standard conditions.
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this was the total recovery. The impression is left that this amount
was recovered in the concentrates, and that the ice was not analyzed.

The increase in total activity accompanying the concentration pro-
cess cannot be explained on the basis of a stimulatory effect of in-
creased salt content. The dilutions necessary to bring the activity
of the concentrates into the range specified for all activity determ=-
inations reduced the salt content to about the same level as that used
in assaying the original filtrates. Furthermore, neither sodium chloride
nor a sodium phosphate buffer (pH 5.3) had an appreciable effect on
the activity of a filtrate when they were included in the assay medium
in concentrations of 0.02 to O.1 M. The activity of the filtrate with-
out added salt was 12.4, and 0.02, 0.05, and 0.1 M sodium chloride added
it was 12.6, 12.3, and 12.L, respectively. The corresponding values
with phosphate buffer in the same concentrations were 12.L, 12.3, and
12.3. These variations are within experimental efrorf

Basu and Whitaker (1953) demonstrated a slight (8 percent) stimu-
lation of the cellulase of M. verrucaria by 0.02 M sodium chloride at
pH 5.0. The effect was only 3 percent at 0.05 M and disappeared entirely
at 0.1 M sodium chloride.

In a second experiment, a small amount of the original filtrate
of culture 9 was saved until the remainder had been concentrated. Its
activity (CSS) was then determined with and without the addition of

some of the concentrate which was diluted to the same extent required

1In a series of ten separate activity (CSS) determinations done in
duplicate on the same enzyme solution and with the same conditions, five
were within #2 percent of the mean, and nine within 2l percent. The
greatest variation from the mean was 5.7 percent.
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for estimation of its activity and inactivated by autoclaving for 15
minutes at 120° C. The activity of the original filtrate was 12.3,

that of the filtrate plus inactivated concentrate 12.4. The increase is
not significant. Thus no explanation based on experimental evidence

can be advanced for the effect of concentration by freezing.

Fractionation by Solvent and Salt Precipitation

The effect of the ethanol and acetone concentration on the pre-
cipitation of the activity of one of the concentrates is presented
graphically in Figure 4. Each point represents the fraction of the
original activity (CSS) which was precipitated from a separate portion
of the concentrate by the slow addition of a predetermined volume of the
solvent. The pH of this undialyzed concentrate was 6.95, the protein
nitrogen content 0.21 mg./ml., and the specific activity 533.

Only about one-fourth of the activity was precipitated by 71 percent
(v/v) ethanol. The amount was less below and above this concentration.
With acetone, the results were better, 6L percent of the activity being
precipitated at an acetone concentration of 75 percent.

The protein nitrogen content of the precipitates was determined when
it was present in sufficient amount. The data, calculated as percentage
of total protein nitrogen, are presented in Table X. It will be noted
that with both acetone and ethanol, the fraction of total protein nitrogen
precipitated was greater in every case than the fraction of total activity.
Consequently, the specific activity of the precipitated proteins was always
less than that of the starting material, and generally decreased pro-

gressively with increasing concentration of solvent. More important, the
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Figure L. Effect of concentration of solvent in the precipi-

tation of the cellulase activity of concentrated cultuie
filtrates with acetone and alcohol.
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TABLE X

EFFECT OF SOLVENT CONCENTRATION ON THE PRECIPITATION OF THE
PROTEINS AND ACTIVITY (CSS) CF CULTURE FILTRATES OF M. VERRUCARIA

Ethanol precipitate

Acetone precipitate

Solvent Protein Activity Specific Protein Activity Specific
Concentration nitrogen activity nitrogen activity
Z(v/v) % of original % of original
33.3 1.5 2.9
L2.9 2.0 2L.2 22.8 502
L7.4 3. 41.2 39.3 508
50.0 6.1 53.3 L7.0 L71
52.L 55.7 L9.3 L71
545 1L.3 11.3 L2y
60.0 22.5 16.1 381 66.7 57.7 L63
66.7 36.4 23.2 340 4.3 61. uh2
71.h 41.0 25.1 326 76.2 63.6 LL6
75.0 77.1 6L.0 LL2
7.7 L6.5 2.5 282
80.0 L7.0 23.0 261 790 63.6 L29

calculated specific activities of the fractions precipitated between
Successive levels of ethanol were less than 533 in each case. With
acetone as the precipitant, the calculated specific activity of the addi-
tiona} proteins precipitated by increasing the acetone concentration from
66.7 to 71.4 percent was 615, However, since the amount of protein was
only O,9 percent of the total, isolation of this fraction would be un-

Profi table., The calculated specific activity of the proteins precipitated
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between all other successive acetone levels was less than 533.

The influence of salt concentration on the precipitation of the
active proteins was determined by dialyzing a portion of the concentrate
against 20 volumes of distilled water for 12 hours, then apgainst the same
amount of 0.02 M phosphate buffer (pH 6.9) for 2L hours before the addi-
tion of 3 volumes of acetone., Twenty-eight percent of the activity was
recovered in the precipitate. Protein nitrogen was not determined. 1In
a second experiment, the concentrate was dialyzed against 5.5 volumes of
distilled water for 24 hours prior to precipitation with L volumes of
acetone, In this case only 8.1 percent of the original activity was re-
covered. It appears that a high concentration of salts favors a greater
recovery of activity.

In an attempt to improve the total recovery of activity, the effect

of pH on solvent precipitation was studied. Portions of the concentrate
were adjusted to various pH levels by dialysis against 0.5 M acetate
(pH L4.0) or phosphate buffers until the pH of the concentrate was close
to that of the buffer. The final concentration of ethanol and acetone
was 75 percent (v/v). The results, shown in Figure 5, indicate that the
bes t recoveries with both solvents were obtained at pH 6.7 to 7.0. At
more alkaline reactions, the amount of activity precipitated fell off
rapidly. The rate of decrease with change of pH toward more acid con-
ditions was less rapid.

The results of an attempted fractionation by means of ammonium sul-

fate Precipitation are given in Table XI. The starting material was .250 ml,

of & concentrate having a protein nitrogen content of 0.116 mg./ml, a

Speci® 3¢ activity of 453, and an initial pH of 6.8. The precipitates
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Figure 5. Fffect of initial pH on the precipitation of the
cellulase activity of concentrated culture filtrate with
75 percent acetone and ethanol.
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TABLE XI

ATTEMPTED AMMONIUM SULFATE FRACTIONATION
OF M. VERRUCARIA CULTURE FILTRATE

Ammonium Protein Activity Specific
sulfate nitrogen Activity
$ saturation % of original
30 " 1.1
52 30.5 26.0 387
69 13.2 11.9 Lo8
90 32.0 20.1 286
100 h.1 2.2 243

obtained at several levels of ammonium sulfate saturation were analyzed
for activity (CSS) and protein nitrogen. None of the fractions had a
Specific activity as great as the starting material, although the pre-
cipitate removed at 69 percent saturation approached this value. Ninety-
three percent of the activity recovered, and 97 percent of the protein
nitrogen recovered, were precipitated by the time the ammonium sulfate
saturation reached 0.9.

Whitaker (1953), also working with M. verrucaria filtrates, found
that some enrichment of enzyme activity could be achieved by fractionation
with ammonium sulfate. Best results were obtained with « 1 percent protein
solution and an initial pH of 5.6. The precipitate obtained between 50
percent and complete saturation had a higher specific activity than the
original material (no data given), but refractionation of this material

at interpediate saturation levels was not successful. The same author
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also reported some success with ethanol fractionation. The starting
material contained 3 percent protein in ca. 0.01 M phosphate, and had a

pH of 4.95. The precipitate removed at 5 percent (v/v) ethanol, con-
stituting a little less than one-fourth of the total protein, had a
specific activity about one-seventh that of the starting solution. The
protein which precipitated between 5 percent and 25 percent ethanol con-
stituted 63 percent of the total protein and had a specific activity 25
percent greater than the original. Jermyn (1952b) reported erratic results
in attempts to concentrate or fractionate the enzymes of A. oryzae
preparations by salt or solvent precipitation.

Attempts to increase specific activity by salt and solvent precip~
itation were unsuccessful. It is possible that the use of greater pro-
tein concentrations or different conditions would have given more favor-
able results, It is also possible that the explanation offered by Jermyn,
namely, the presence of more than one enzyme with the same type of

activity, applies to these studies.

Concentration by Precipitation with Acetone and Ammonium Sulfate

The failure of fractionation by salt or solvent precipitation may
have been due in part to the low concentration of protein. Further con-
centration was achieved by precipitation with 80 percent acetone and
90-100 percent saturated ammonium sulfate.

The results with acetone precipitation, presented in Table XII,
were erratic. The recovery of protein nitrogen varied from L5.5 to 90.2,
and the activity from 37.2 to 96.3 percent. The specific activity of the
extract was significantly decreased in two cases and substantially in-

creased in three others,
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Further precipitation of protein could not be induced by addition of
more acetone to the supernatant solution after removal of the precipitate
obtained at 80 percent acetone. Some of the protein loss was probably
caused by denaturation, for in each case an insoluble residue remained
after two extractions of the acetone precipitate with water. The nitrogen
remaining in three of the residues after two extractions with 2.5 percent
trichloroacetic acid was determined. Twenty-five percent of the protein
nitrogen of concentrate 1, 16 percent of concentrate 2, and 9 percent of
concentrate 11 were accounted for in this way.

With ammonium sulfate precipitation (Table XIII), the recovery of
protein nitrogen (50-80 percent) was generally less than with the acetone
method. The percentage recovery of activity (32-77) was less than that
of protein nitrogen in every case, resulting in a reduction of the specific
activity. The precipitates obtained at 30-35 percent saturation with
ammonium ‘sulfate in four cases contained 2-3 percent of the total protein
nitrogen and 0.5-2 percent of the total activity. The very small amount
of insoluble material in the precipitates obtained by saturation with
ammonium sulfate was not analyzed. Further precipitation of proteins
from the final supernatant solutions could not be obtained either by
Complete saturation with ammonium sulfate or by addition of sulfuric
acid or sodium hydroxide.

Using the same method of concentration and practically the same
conditions, Whitaker (1953) recovered 86 percent of the protein and 91
Pércent of the activity in the saturated ammonium sulfate precipitate,
and accounted for an additional 12 percent of the protein and 2 percent

Of the activity in the precipitate obtained at 30 percent saturation and
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the insoluble residue from the saturated ammonium sulfate precipitate.
The protein nitrogen content of the enzyme solution before precipitation
was 0.34 mg./ml.

The protein nitrogen concentration of six of the starting solutions
in thie investigation was less than 0.2 mg./ml. In the seventh (5,11A)

it was 0.6 mg./ml.

Fractionation by Chromatography on Cellulose Columns

Three experiments were performed to determine the feasibility of
fractionation of the cellulase solutions by chromatography on cellulose
columns., The procedure, described in the section on methods followed
closely the one outlined by Whistler and Smart (1953) for the purification
of A. oryzae preparations. |

The solution used for experiment A was 20 ml. of a dialyzed concentrate
adjusted to pH 3 with dilute hydrochloric acid. The protein nitrogen
content of this solution was 0.95 mg./ml., and the specific activity was
LO7. The wash solution was distilled water adjusted to pH 3 with hydro-
chlorie acid, and the eluant was a Clark and Lubs borate buffer, pH 9.0,

Fxperiment B was the same as the first with the exception that the
concentrate was not dialyzed. The protein nitroeen concentration was
1.03 mg./ml. and the specific activity was Ll7.

The enzyme soluticn used for experiment C was a dialyzed concentrate
adjusted to ionic strength ca, 0.1 with sodium chloride and to pH 3 with
hydrochloric acid. Twenty ml. of this solution, having a protein nitrogen
content of 0.90 mg./ﬁl. and a specific activity of LOO, was used. The
wash solution was O.1 M sodium chloride adjusted to pH 3 as before. The

eluant was a 0.05 M Clark and Lubs phosphate buffer, pH 8.0,
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The solutions percolating through the column were collected fraction-
ally, adjusted to pH 5.3 and analyzed for cellulase activity (CSS) and,
when possible, for protein nitrogen. The results are presented in Table
XIv,

In the first experiment, only 35.2 percent of the protein nitrogen
and 28.6 percent of the activity was adsorbed on the column. A larger
proportion of the inactive (or less active) componente appears to have
been adsorbed, since the specific activity of the unadsorbed material
was greater than the original specific activity. Such a small degree
of purification was considered unprofitable in view of the losses of
both protein nitrogen and activity. Slightly more than half of the
adsorbed activity was recovered in the eluates, One of the fractions
of the eluate had a specific activity a little greater than the original.
Bighty-one percent of the protein nitrogen and 87 percent of the activity
were accounted for.

The greater ionic strength of the enzyme solution used in the
second experiment (B) apparently favored increased adsorption of the more
active proteins. The specific activity of the unadsorbed fraction was
reduced to about one-half of the original. However, the increased ad-
sorption of activity was of no advantage, because only 15.1 percent of
the total, or about one-fifth of the adsorbed activity was eluted. The
pattern of elution was similar to that of the first experiment. In this
run, 55.6 percent of the protein nitrogen and 37.L percent of the activity
were recovered,

Part of the loss of activity was probably due to inactivation of the

enzymes at pH 9. A loss of 1L percent of the activity was observed when
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a small portion of dialyzed concentrate was mixed with an equal volume
of the pH 9 borate buffer and allowed to stand one hour at room temper-
ature. Similar treatment with a neutralized (pH 7) borate buffer caused
no loss of activity, and the effect of a reaction of pH 3 for 30 minutes
was also negligible.

The third experiment (C) was designed to test the effect of an inter-
mediate ionic strength on the adsorption of the proteins, and to determine
whether a different buffer would elute a greater fraction of the adsorbed
activity.

The amount of protein nitrogen adsorbed was practically the same as
in the first experiment, but the activity retained by the column was
substantially greater. The pH 8 phosphate buffer was not as efficient
as the borate buffer, only 10.2 percent of the protein and 10.7 percent
of the activity being recovered in the eluates. There was no indication
of any purification.

The degree of purification of A, niger cellulase preparations achieved
by Whistler and Smart (1953) cannot be assessed quantitatively for compar=
ison with the results obtained in this investigation because they re-
ported’no protein data. Qualitative evidence of some purification was
afforded by detection of cellobiose in cellulose hydrolysates produced
by the purified material. Cellobiose was not found in hydrolysates pro-

duced by the crude preparations.

Fractionation by Electrophoresis-Convection
Whereas the previous fractionation methods failed to yield the de-
sired results with consistency, electrophoresis-convection almost invariably

resulted in a substantial separation of the active from the inactive (or
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less active) components, nearly every run yielding one fraction with a
significantly higher specific activity and a second fraction with a

lower specific activity than that of the starting material. Large losses
of material were encountered with the other methods, but with electro-
phoresis~convection total recoveries of protein nitrogen and activity
were good, both being more than 90 percent in most cases. In some of -
the cases in which recoveries were less, a precipitate was noted in the
bottom fraction.

The procedure has been described in the section on methods; the
results are presented in Table XV, which gives the volumes, protein
nitrogen concentrations, activities and specific activities of the top
and bottom fractions after electrophoresis convection, and of the starting
solution before electrophoresis convection. Also recorded in this table
are the percentage recoveries of protein nitrogen and activity in the
final fractions, and in the last column, the ratios of their specific
activities to that of the original solution.

It will be observed that the increase in specific activity always
occurred in the top fraction, indicating that the mobility of the active
component (or components) was lower than the mobilities of the inactive
components. It will also be observed that the activity as well as the
protein nitrogen of the bottom cut increased in most cases; whereas these
values decreased in the top fraction. However, because the rate of change

of protein concentration was greater than the rate of change of activity

1In some instances, the increased volume of the bottom cut caused
by rinsing the bottom reservoir with buffer obscured the results in this

respect.
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TABLE XV

THE FRACTIONATION OF CRUDE CELLULASE PREPARATIONS
BY ELECTROPHORESIS-CONVECTION

(The conditions and starting materials used for each
run appear in Table XVI.)

w

Run Frac; Volume Protein nitrogen Activity (CSS) Sp. A F
no. tim Conc, Recov. Conc. Recov. Specific Sp. A.g
.1 ° .8 0/ l]- ° ’ ‘
1™ 8 350 620
T 2.7 89.3 8.9
B 3245 363 4.l
2 S 60,0 7o
T 38,0 536 L7.9
B 22,8 900 Y
3 S 1250 0,501 328 655
B 49,0 0,841 65,8 380 LS. LS2 0.69
k s 65.0 0,498 303 608
T 32,0 0,336  33.3 256 L6 758 1,25
B 37.0 0,57 58.0 285 53.3 562 0.92
5 S 85.0  0.470 300 638
T 59,0 0.342  50.5 237 4.8 693 1,09
B 33.0 0.k12 34.0 236 31.3 573 0.90
6 S 1000 1,03 538 522
T 1.0 0,554 38,2 Ls3 59.9 819 1.57
B 36.5 1.54 51.k 560 37.9 386 Oo7h
7 s 87.0 1,92 750 391
T h6.5 1,09 30.k 713 S0.8 655 1.66
B LUS.0  2.46 6645 783 53.9 317 0.8
8 8 1000 1.79 80s 450
T h9.5 0,930 25.1 708 L3.5 778 1.73
B 56,5 2,12 67.0 763 535 359 0,80
9 s 106.5 2,00 768 384
T 56,0 0.5k6 24.9 625 L2.h 660 1.72
B 56,0 2,68 70.k 768 52,6 287 04,75
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Run Frac; Volume Protein nitrogen Activity (CSS) Sp. A.p
no. tion Conc. Recov, Conc. Recov, Specific Sp. A.g
nl. ‘go/mlo ’ ’
10 S 1160 0.900 690 767
T 65.5 0,889 56,0 685 561 770 1,00
B L9.5 0.871 la. 617 k1.9 77 1,01
n 8§ 194.0 0,760 33 437
T 130.5 0.330 293 271 552 sa 1,88
B 80.0 1622 66.1L 379 L742 311 0.1
12 -] 75.0 1,22 379 311
T 2.0 0,51 29,0 262 48,0 Sl 1.65
B 35.C 1.79 68,5 366 LlL.9 204 0,66
13 8 395.0 0.301 203 67k
T  271.0 0,185 L2 179 60.6 968 1ol
B 123.0 0,515 53,2 276 L2.3 536 0.80
1 S 1200 0.515 276 536
T 750 0,330  LO.1 259 58,6 782 146
B 45,0 0.750  Sh.T 305 ki  L4OS 0,76
15 s k2.0  0.750 305 LoS
T 2.0 0,418 29,2 254 43.6 608 1,50
B 21,0 0,976 65.1 313 51.3 321 0.79
17 S 92.5
T 58,5 1,28 317 a7
B 34,0 3.58 621 173
18 S Uul 1,28 317 L7
T 35.0 0.626 31.7 246 5043 393 1.59
B 25.0 1.69 61,2 350 50.9 206 0.83
19 S 38,5 161 930 578
T 17,0 0,885 24,2 a7 38,8 923 1,60
B 22,0 2.17 7649 950 58k L38 0,76
20 (] 62,0 1,28 1040 613
T LS 0.770 L3.2 945 653 1230 1.5
B 20,0 2,23 56,2 1100 3k.1 L93 0,61
21 ] 40,0  1.10 531 483
T 26,3  0.534 31,8 363 Us.0 679 p
B 16,0 1,88 68.4 703 52.8 374 0.77
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TABLE XV concluded

Run Frac; Volume Protein nitrogen Activity (CSS) Sp. A.p“
no, tiom Conc, Recov. Conc. Recov, Specific Sp. A.g
mle mg./ml. % z
22 S 117.5 1.37 S01 366
T 102,0 0,83 h.7 LéL 80.3 538 147
B 23.8 2.90 h2.9 586 23,6 202 0.55
23 S 1010 0.83 L6l 538
T 81.S 0485  LS.3 kLo 765 903 1,68
B 22,8 1,96 L9l 622 29,2 317 0.59
2 S L1s3 2,00 2080 1040
T 315 0940  35.6 1500 55. 1600 1.54
B 26,5 1.99 63.3 1750 4.0 879 0,85
25 S 1.8 1,00 453 453
T 139 0.l12 L8.6 S 63.7 595 131
. : 30,5 0,846 22,9 305 174 38 0.80
26 S 88,0 1.87 585 313
T 1200 0,685 L9.8 294 68,5 W39 1.0
B 150  L.99 LS.k 867 25.3 173 0.55
27 S 60.0 0,399 10 351
T 55.0 0,182 42.6 76.7 50.2 422 1.20
B 30,0 0,336 L2.9 53.4 19.1 159 0.45S
28 S 75.0 0.761 242 320
T 61,0 0,38 lhia 189 63.2 L92 1.5
B 16,0 1.07 30.0 216 19.0 202 0.63
29 S 138.0 1,13 510 LS
T 1100 0,636 513 342 S3.h 538 1.19
B 31.0 0,947 16.8 312 13.7 329 0.73

*The letters S, T, and B indicate the starting material, top, and
bottom fractions, respectively.

**Ratio of the specific activity of the final fraction to the specific
activity of the starting material.

fainle’ collodion membrane was used for the first experiment; viscose
cellulose dialyeis tubing was used in all subsequent runs,
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concentration, changes of specific activity occurred. In other words,
although a portion of the active components was carried into the bottom
reservoir, their rate of transport was less than that of the inactive
components. The specific activity of the top fraction increased LO
percent or more in 18 of the 25 runs for which complete data were ob-
tained. The entire range of increase was from 9 to 88 percent.

Factors which, according to theory, influence the degree of separ-
ation achieved in the top reservoir are pH and ionic strength (conditions
which determine the ratio of the mobility of one component to that of a
second; hence their differential rate of electrophoretic transport), the
potential gradient across the channel and the length of time it is applied,
the initial concentration of total protein and of the various components,
and the volume of solution in the top reservoir. The conditions used for
each run are listed in Table XVI.

The first two runs were pilot experiments to determine whether
fractionation by electrophoresis convection was feasible. A collodion
membrane was used for the first trial. When the cell was emptied, a
relatively large amount of precivitate was found in the bottom reservoir
and on the anode wall of the channel. The activity of the solution in
the top reservoir decreased to about one-seventh of the original and
only part of the loss was accounted for by an increased total activity
in the bottom reservoir. It appeared that the protein was inactivated
and precipitated in some way as it passed through the channel. Whether
this was a specific effect of the collodion membrane or was due to some
other cause was not established since the second experiment, in which

Visking cellulose tubing was used, indicated that the use of collodion

membranes was not necessary.




TABLE XVI

CONDITICNS AND STARTING MATERIALS USED IN THE
ELECTROPHORESIS-CUNVECTION FRACTIONATIONS

_—

12l

|

Run no. Starting material® pH Time Current

hre. ampe

1™ Ce,9,10AcA8 649 1.0 0,50
2 Ce,9,10ACAS 649 6.5 0475
3 Ce,7,0,9,00ACAS 6.9 14,0 0.50
L Ce,7,8,0,10ACAS 5.0 7.0 0,50
5 Ce,7 y8,9,10ACAS 5.9 7.0 0.50
6 Cis,13As 6.9 7.5 0.50
7 CiaAs 649 740 0.50
8 CisAs 6.9 7.0 0.50
9 EC7,8B 649 7.0 0.50
10 EC7,8,0T 50 7.0 04,50
11 EC3,4,6,eB 649 740 0.50
12 ECu B 649 7.0 0.75
13 ECa ,4 »6,8,11 02T 6.9 7.0 0.75
11 EC1aB 6.7 7.0 0.75
15 EC14B 649 7.0 0475
16 RC12,18B 6.9 7.0 0.75
17 ECo,1¢B 6.9 9.5 0,60
18 17T 649 10,5 0.80
19 ECi0T,B 6.9 740 0.75
20 EC13 ,14,16,16,18TL 6.9 7.0 0.30
a FCa0B 6.9 7.5 0.75
22 EC17 ,19,21B 6.9 7.0 0.75
23 EC2aT 6.9 7.0 0.75
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TABLE XVI continued

Run no. Starting material® pH Time Current
hr, amp,
2l EC19,30,31 ,33 L 6.9 6.0 0.75
b RC24aB 6.9 6.5 0,75
c ECa¢a,bT 6.9 6.0 0.75
25 EC23,23,34B 649 [N 0.65
b ECaeaT 6.9 3.0 0.65
ECasa,bB 649 L0 0465
d ECascB 6.9 4O 0.55
26a Cs,11 AcAs 649 7.0 0.75
b ECzeaB 649 740 0.75
¢ ECaebB 649 7.0 0.75
27a BCasB 5.9 T 0,60
b ECe7aB 5.9 L.O 0450
o EC27bB 5.9 L.0 0450
28a -t 6.9 7.0 0.75
b FCaeaB 6.9 7.0 0.75
29a ECas,26,28T 6.9 L.0 0.75
b ECaeaT 6.9 5.0 0.75
c ECasa,bB 6.9 6.0 0.75

*The designations used to identify the starting materials have the
following meanings: ( indicates that the material is a concentrate, the
numerale following specify the number of the concentrate(s), Ac and As
indicate previous precipitation of the proteins with acetone and ammonium
sulfate, respectively, and EC followed by subscripts and either T or B
shows that the material is the top (T) or bottom (B) fraction of the
previous electrophoresis-convection (EC) fractionation(s) specified by
the numbers. L indicates that the solution has been lyophillized and
reconstituted,
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TABLE XVI concluded

e
A collodion membrane was used for the first experiment; viscose
cellulose dialysis tubing was used in all subsequent runs.

R
The top and bottom fractions of run No. 10 were combined and
concentrated by ultrafiltratiom.

#The starting material for run No. 28 was a mixture of several
residual fractions, some of which had been stored in the refrigerator
for several months.
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The results of the third, fourth and fifth runs, all done with
portions of the same solution} showed that apparently a high pH (6.9,
run 3) would give better results than a low (5.0, run L) or an inter=-
mediate pH (5.9, run 5). Conditions other than pH were not strictly
comparable, but the greater volume of the third run was partially com=
pensated by the longer time used (1L instead of 7 hours as in the other
runs). A later run at pH 5.0 (run 10) ended in failure to achieve any
separation whatever. According to the theory experimentally confirmed
by Brown et al. (1952), the best separations should be obtained when
the ratio of the lower to the higher mobility is small, i.e., when the
pd is near the isoelectric point of one component. Whitaker (1953) found
that the isoelectric point of his purified M. verrucaria cellulase was
near pH 5.0. Thus, the results obtained in this investigation were
contrary to vhat was expected. However, Brown et al. worked with a two-
component system of plasma albumin and gamma globulin, proteins with
widely different mobilities. In the present investigation there were
at least six components with fairly close mobilities at pH 6.9. Further-
aore, the manner in which the mobilities changed with pH was not known.

The effect of ionic strength on the degree of separation was not
studied. All three buffers had nearly the same ionic strength (0.15).

Among runs reasonably comparable with respect to other conditions,

jncreasing the current from 0.5 to 0.75 ampere (and the voltage from

1The small but significant differences in activity and protein
nitrogen were caused by differences in the time of dialysis. The solutions
used for the fourth and fifth runs were dialyzed 24 additional. hours
against the new buffers., Some loss of activity was always found on
prolonged dialysis at all pH levels used,
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22-23 to 30-33) seemed to have little or no effect on the results. Vari-
ations in the time of electrophoresis were not used thon enough in com=-
parable situations to allow any conclusions. -

Comparing runs 3, 6-9, and 11, in which the pH and current were the
same, it appears that there was a reciprocal relation between the initial
specific activity and the degree of purification. Usually, when the
specific activity of the starting solution was high, the separation of
inactive from active components was low; the converse was also true. It
also appears that the initial protein concentration influenced the re-
sults, a higher protein nitrogen concentration apparently favoring a
better separation. The same tendency is not so apparent in runs 12-23,
in which the current was usually 0.75. It is possible that the explana-
tion for this difference is that with the stronger current the same per-
centage clearance of the faster, inactive components was reached in a
shorter time, and during the remainder of the period, because of their
increased relative concentration in the top reservoir, a constantly
increasing proportion of the slower, more active components was trans-
ported to the bottom reservoir,

The highest specific activity (CSS) attained was 1600 in the top
cut of the twenty-fourth run. This represented an increase of more than
three times the average specific activity of the unfractionated starting
solutions. Because of the decreased volume of the top cuts and the
modest separations achieved in each run, it was necessary at several
points to pool the top fractions of previous runs and use the combined

solutions for further fractionation. In some cases it was also necessary

to lyophilize the combined top cuts and reconstitute at a smaller volume
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because of the decreased protein nitrogen concentrations. Thus, the
starting solution for run No. 24 represented portions of the top cuts of
all previous runs. Some of these had been previously refractionated three
times.

Electrophoretic Analysis of Fractions

Obtained by Electrophoresis-Convection

Fractionation by electrophoresis convection was controlled both by
activity determinations and electrophoretic analysis. Twenty-five of
the enzyme solutions were analyzed electrophoretically. The mobilities
of the components were determined to help in their identification, and
relative concentrations were calculated for use in conjunction with
activity data for the purpose of determining which component was most
active with a given substrate. All analyses were carried out with a
pH 6.9 ionic strength 0.146 phosphate buffer, Other conditions are given
with the mobility data in Table XVII. Protein distribution data are
given in Table XVIII, and several electfophoretic patterns are repro-
duced by direct tracing in Figures 6 through 9.

The mobilities shown in Table XVII were all anodic. Only the values
for the four slowest components are shown since these seemed to possess
nearly all the activity. The mobilities of components 5 and 6 were
calculated in several cases. The average mobility of component 5 was 5.7
and of component 6, 7.2. There was congiderabtle variation in the mobility
of each component. This might be expected on the basis of the wide
variation in the concentration of a component in the different solutions.
Differences in the duration of current application may also have influenced

the resulte., In spite of the variations encountered, the mobility results
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TABLE XVII

THE ELECTROPHORETIC MOBILITIES OF FOUR OF THE PROTEIN
CUMPONENTS OF M. VERRUCARIA CULTURE FILTRATES IN pH 6.9
PHOSPHATE BUFFER, 0.146 IONIC STRENGTH

Enzyme Conditions Mobilities

solution Time Temper- Potential Components
ature gradient 1l 2 3 L
min. oC volts/cm, cm®/volt/sec. x 10°

ECeS 180 1.9 5.99 0.63 1.3 2.5
EC7S 220 1.8 5.70 0.98 1.5 2.8 3.4
ECeS 220 2,0 6.56 0.86 1. 2.5 © 3.8
XC+B 270 2,0 6.26 0.69 1,2 2.1 362
BCeB 270 2,0 6.32 0.70 1.2 2,1 34
XC7,8,oT 180 249 6.62 0.85 1.5 2,5 37
BC13B 130 1.3 6.75 1. 2.8 L5
BC20S 180 249 6.79 0.70 1 249 3¢9
BC20B 180 2,9 6453 0.87 1.6 3l ko2
EanB 130 2,0 6457 1.5
EC32S 150 2,9 6.53 0.77 . 165 30 LoD
EC22B 150 2 6453 1.3 2.7 3.7
ECasB 150 2,9 6.53 0.52 1. 2.9 L0
BC24S 200 2.0 654 0.68 1.4 2.6 349
BCa4 T 200 240 6,91 0.79 1.5 30
EC24B 180 2.0 6.54 0.72 1.6 3.0 heal
EC2sS 130 2.0 6.62 0.65 1.8 31 L.5

®C28T 160 1.9 60&5 0059 1.3 2.7 hoz
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TABLE XVII concluded

M— S ———————

—
E——— — S——

Ensyme Conditions Mobilities
solution Time T::pu::- Pzrtix;;::% 1 gomponqn;a L
min, °C volts/cm. cm3/volt/sec. x 105
ECaeS 150 2,0 6.69 0.85 1,1 2.5 3.8
EC2eT 180 2.0 6.6l 0,84 1.3 2.6 Lo
KCaeB 130 2.0 6.69 1.3 2.7 349
EC27B 130 1.9 6.53 3.0
BC2eT 170 2.0 6.39 - 0459 1.3 2.5 3.6
ECzeB 120 1.9 6.62 1.6 3.l
ECaeB 120 1.9 6.91 1.6 2.8 3.9
Mean 073 1k 27 348

Standard Deviation 0,122 0.17 0.29 0.31
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RELATIVE CONCENTRATIONS OF THE ELECTROPHORETIC COMPONENTS OF
SEVERAL FRACTIONS PREPARED FRCM M. VERRUCARIA CULTURE FILTRATES

—

Enzyme Specific Relative concentration (%) Figure

solution activity Component no. Nnoe
(css) 1 2 3 L 5&6

®CeS 522 13.6  25.5  25.1 = 35,8 —

ECS 391 2hJb 12.7 21.8 28.8 12.3 6a

ECsS 450 20,6 1k.0 284 23,3  13.8

EC7B 317 k.0 WD 21,6 26.5 23,5 6b

FCeB 359 W.8 1k 22 3L.0 AU

FC7,8, T 770 23.9 25,0 17.0 32,4 1.5 bc

EC; 2B 204 0.0 7¢3 1549 — 758 =—

ECz2dS 813 16.0  L3.7 204  12.2 6.7

RCaoB L93 8.1 30,5 301 17.1 1348

ECa21B 37 0.0  21.8 ~ 59,6 = 18.1

EC32S 366 9.9 13.1 3Ll 21,0  21.9 Ta

BCasB 202 0.0 SeT 29,0  23.2  Ll.9 [

PCaaB 317 3.2 10,1 42,0 22,9 2.5

EC24S 1040 19.2  L4.8  27.3 8.0 0.0 8a

RC24T 1500 30.7  63.3 6.1 0.0 0.0 3t

¥Ca4B 879 8.8 39,9 kO 10.3 0.0 be

BC25S 453 L.2 17.5s 33.2 22,5 23.3

FC36T 595 7.8 254 Lk 13.8 8.6

ECaeS 313 5.5 109 23,1 11,7  L8.7

FCaeT L39 11.6 15.9  33.3 17.6 21.5

ECa2eB 173 040 €.0 12.3 7.1 74.5

EC27B 159 0.0 040 3.8 — 96.2 — b

ECaeT L92 9,1 37.0 26,9 10.2 17.0

XCaeB 202 0.0 6 2401 o 69¢5 ==

ECaoB 329 0.0 19,8 38.3 254 16.6 %
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were valuable for identification purposes, for there was no overlapping
of the ranges covered by each component.

The electrophoretic pattern of an unfractionated preparation ob-
tained by ammonium sulfate precipitation is shown in Figure 6a. Six
componentg, four major and two minor, are evident. In this respect,
the pattern presented is typical of the original solutions before frac-
tionation. That the distribution of protein differed somewhat in the
various solutions may be seen by comparison of the relative concentrations
of components in the starting solutions for electrophoresis-convection
runs 6, 7, 8, and 26 in Table XVIII. Whitaker (1953), using similar
conditions for his analyses, found only two major and two minor com=-
ponent8 in his preparations. He used a pH 6.8 ionic strength 0.2 phos=
phate buffer and a time of 120 minutes, His patterns, as reproduced for
publication, had no boundary anomalies.

After the solution whose pattern is shown in Figure 6a was subjected
to electrophoresis~convection (run No. 7), the bottom fraction had the
pattern shown in Figure 6b. It can be seen by visual inspection and by
the results in Table ¥VI1I that components 5 and 6 were increased and
component 1 decreased in this fraction. The large boundary anomalies
can be attributed to the fact that the solution was not redialyzed before
analysis. Figure 6c is the electrophoretic pattern of the combined top
fractions of runs 7, 8, and 9. Components 5 and 6 almost disappeared,
and the relative concentrations of the first two components increased
significantly., From the results in Tables XVII and XVIII it is evident
that most of the activity (CSS) was éssociated with the slower moving
components, since an increase or decrease in these components was

accompanied-by a similar change in the specific activity.



*oTpoue UCTRRI3TK °*3uTpusdsep fsuxayred
Jomol ¢3utpueose ‘sureqied aadd) °sSUOCTRTPUOD ewes 9YJ JIpUn PIUTE3qO suoryoeay dog jo 93Fsoduod
e (0) pue ‘4°9 Hd e sInoy / JOJ UOT}DOaAUOO-gTsaIoydoqjoeTe £q (e) woay pauTelqo UCTIdexJ WO330q
Y3 (q) “#3Ba3UBOUOD QBJIFTTJ INITNO pejeucTjoeIJUN Ue (B) JO 83USUONOD O0F38I0Uydod309T4d *9 dan3dTd

9 AII— q L4

W W

y €




13k

The electrophoretic patterns in Figure 7 are shown in order to
illustrate the nonhomogeneity of two of the components. In Figure 7a,
component } apparently comprises two distinct parts. Aftér electro-
phoresis convection, the split was even more apparent in the bottom
fraction (Figure 7b), and component 6 also showed two distinct peaks.
These were the only components which showed this tendency; it was noted
in five other instances.

Both the top and bottom fractions as well as the starting material
of two runs (24 and 26) were analyzed electrophoretically, affording an
opportunity to calculate the percentage recoveries of individual com-
ponents and at the same time to examine the accuracy of the electro-
phoretic analyses. The recoveries, calculated as the sum of the per-

centages recovered in the two final fractions, are presented in Table XIX.

TABLE XIX

PZRCENTAGE RECOVERY OF INDIVIDUAL COMPUNENTS
IN ELECTROPHORESIS CONVECTION FRACTIOUNATIONS

t—

Run Component

Ro, 1 2 3 L 5 and 6
2L 86.1 107.3 102.7 8l1.8

26 106.5 98.3 96.3 103.1 91.8

The results are of the order to be expected, taking into account the
overlapping of adjacent components in the electrophoretic patterns. 4
small error in assigning areas to the minor components for calculation

of relative concentration would be magnified in the calculation of re-

coveries in Table XIX.
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The objective of the fractionation originally was to obtain several
of the components in highly purified condition in order to determine
which ones were active against several substrates. When it became
apparent that this was impractical with the amount of material available,
three solutions containing the suspected components in distinctly differ-
ent proportions were prepared. The electrophoretic patterns of these
preparations are shown in Figures 8b, 9a, and 9b. Their sources were,
respectively, the top fraction of run No. 24, and the bottom fractions
of runs 29 and 27. The three solutions are subsequently designated as
Preparations I, II, and III, respectively, The proteins of Preparation I
were made up mostly of components 1 and 2, with only a small amount of
component 3. Preparation II contained all the components except com-
ponent 1, and Preparation III contained components 3-6, but no component
1 or 2. The resolution of componente L4-6 in Preparation III was not
satisfactory, but component 3 was well isolated and its mobility definitely
distinguished it from components 2 and L. Although the presence of a
given component can usually be definitely established, the same confidence
cannot be attached to statements concerning its absence. In this investi-
gation, this was especially true of component 1, because very small
ampounte of this slow-moving component might be obscured by the boundary
anomaly. With other components, for example 2 and L in Preparations III
and I, respectively, amounts much less than 1 percent of the total protein
probably would not be detected by the optical system of the apparatus,
especially if the total protein concentration is low.

Inspection of the data presented in Table XVIII shows that most of

the activity (CSS) was associated with the three proteins possessing the
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Figure %a. FElectrophoretic pattern of Preparation I1I.

4+5

3

>  ascending descending Y

Figure 9b. Flectrophoretic pattern of Preparation III.
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lowest mobilities, and it appears that, of these, component 2 was the
most powerful. The direct relationship between the relative concentration
of component 2 and the specific activity is obvious. It also appears that
components L, 5, and 6 had very little, if any action on cellulose sodium
sulfate. Although the results with Preparation III indicate that camponent
3 may be active, it is difficult to decide by casual inspection of the
results whether component 1 had any hydrolytic action on the substrate.

The coefficients of correlation between the relative concentration
of the components and the specific activity of the mixtures were calcu-
lated (Snedecor, 15L6). The values are presented in Table XX. The

TABLE XX

CCEFFICIENTS OF CORRELATION BETWEEN SPECIFIC ACTIVITY (CSS)
AND RELATIVE CONCENTRATION OF COMPONENTS

A ——- —
———— e——

Coefficient Signficance at
Component of

No. Correlation 5% level 1% level

1 0.71 + +

2 0.92 . +

1 +2 0.94 + -

3 0.k43 + -

1+3 0.h5 + -

2 + 3 0.72 + +

1 +2+3 0.82 + +

L -0.54 : +

5 + 6 "0.67 + +
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conclusions stated previously concerning components 2, L, 5, and 6 are

confirmed by the coefficients. The high positive correlation between

the relative concentration of component 2 and specific activity indicates

that this protein was more active than any of the others. The negative

coefficients for components L, 5, and 6 indicate that they had little,

. if any, activity.
A ccefficient of 0.71, such as the one for component 1, would ordinarily

be interpreted to mean that there is a direct relationship between the

two variables, especially since it satisfied the test for significance

at the 1 percent level (Snedecor, 19L6). However, interpretations in

this case must be made with caution. It must be remembered that because

of the similarity of the mobilities of components 1 and 2, any change in
the relative concentration of the first component during electrophoresis

convection was reflected by a qualitatively similar change in the relative

concentration of the seconds Thus, the relationship between relative

concentration of component 1 and specific activity may be more apparent

than real. On the other hand, when components 1 and 2 are considered

together, the coefficient of correlation, 0.9L, is higher than for either

one alone, If component 1 were completely inactive, the coefficient of

the combined proteins would be expected to be somewhat lower than that of

component 2.
For the same reasons stated before, component 3 cannot be said to be
active on the basis of the coefficient (0.43) even though the value is

significant at the 5 percent level. In this case, treating components

2 and 3 together resulted in an intermediate coefficient, and adding

components 1 and 3 gave a coefficient of 0.45, not significantly different
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from that of component 3 alone. However, the results with Preparation

111, which contained neither of the two slowest components, indicate that

component 3 probably exerted weak hydrolytic action on cellulose sodium
sulfate,

Action of M. verrucaria Enzymes onf -Glycosides,
Extracted Wheat Straw, and Wheat Straw Holocellulose Preparations

The action of one enzyme preparation on arbutin, amygdalin, and

phloridzin was studied. The experiment was undertaken to compare the

susceptibility of thece 8 =glycosides to the hydrolytic action of the

enzymes with that of cellulose sodium sulfate, The preparation chosen,

EC,¢T, contained all the oririnal protein components (see electrophoretic

The specific activity with cellulose sodium sulfate
The

data, Table XVIII).
was L39. The results with the @-glycosides are given in Table XXI.

TABLE XXI

HYDROLYSIS OF 8 -GLYCOSIDES WITH
M. VERRUCARIA ENZYMES

(Enzyme preparation: EC,4T)

Specific activity

Substrate 2 hours 7 hours
Artutin 8.8 20.0
Phloridzin 0.6 1.6

3L49.

Cellulose sodium sulfate
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results with artutin were corrected for the presence of hydroquinone,
0.935 mg. of which was found to be equivalent in reducing power in
Somogyi's reagent to 1.0 mg. of glucose. In the case of amygdalin, no
attempt was made to determine whether the reducing sugar end product
was glucose_or gentiobiose, or whether benzaldehyde contributed to the
reduction of copper. The concentration of phloridzin was 0.l percent;
that of the other substrates was one percent. With this exception,
the conditions were the same as usual,

The results show that, under the conditions employed, the B-glycosidic
activity of the preparation was very low in comparison with its action
on cellulose sodium sulfate., The highest specific activity at two hours
incubation time was only 2 percent of the specific activity with cellulose
godium sulfate, Because of the low results, differences of the specific
activities obtained with the three B-glycosides are probably of little
gignificance,

The results of an experiment cémparinQ the action of two enzyme
preparations on extracted wheat straw and three wheat straw holocellulose
preparations are presented in Table YXII. The purpose was to determine
the effect of delignification on the availability of the substrates.

The enzyme preparations employed were the top and bottom fractions of
electroohoresis cﬁnvection fractionation 19. The substrates have been
described previously. 4ll conditions were standard. For comparison,
the results with cellulose sodium sulfate are included in the results.

Although the three holocelluloses supposedly contain different

percentages of lignin (the designations 1, 2, 3 refer to the number of

acid chlorite delignification steps each underwent), no consistent or
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TABLE XXII

ACTION OF M. VERRUCARIA ENZYMES ON
EXTRACTED WHEAT STRAW AND WHEAT
STRAW HOLOCELLULOSE PREPARATIONS

Specific activity

Substrate C, T FC,F
Extracted whrat straw 6.4 3.5
Holocellulose 1 13.9 g5
Holocellitlnse 2 4.5 5.2
Holocelliulnse 3 12.9 5.9
Cellulose sodium sulfate 923. L38.

significant differences in their enzymatic hydrolysis could be detected.
However, the extracted (ethanol-benzene) wheat straw was noticeably more
resistant than the holocelluloses. Although other changes may have
been involved, the removal of most of the lignin probably was an important
factor in making the polysaccharides more available to the enzymes,
Comparison of Cellulase, Hemicellulase, and/3-Glucosidase
Activities of Three Enzyme Preparations

Comparative activities with standard c¢onditions. The specific activ-

ities of Preparations I, II, and III with five substrates were estimated
and compared to determine whether one, or more than one, enzyme was in-
volved in each case. Standard conditions were used throughout; it will

be recalled that the standard incubation time for cellulose sodium sulfate
and salicin was 2 hours, and for cellulose and the hemicelluloses, 24 hours.

The results are shown in Table XXIII.
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TABLE XXIII

COMPARISCN OF SPECIFIC ACTIVITIES CF
PREPARATIONS I, II, AND III ACTING ON
FIVE SUBSTRATES

Specific activity Relative specific activity

Substrate 1 I III 1 II III
Cellulose sodium sulfate 1600. 329. 159. 1.00 0.21 0.099
Hemicellulose X 912. 177. 106. 1.00 0.19 0.12
Hemicellulose Y L8h. 163, 109. 1.00 0,34 0.23
Wheat straw cellulose 93.0 58.0 15.8 1.00 0.62 0.17
Salicin 231. 20.1 13,2 1.00 0.087 0.057

For easier comparison of the results with the three enzyme prepar-
ations acting on the same substrate, relative values have been calculated
by arbitrarily assigning Preparation I a specific activity of 1.00 for
each substrate and calculating the relative values of the other two.
These ratios are also presented in Table XXIII.

The electrophoretic composition of the three enzyme preparations has
been taken from the table presented earlier and brought together in
Table XXIV for greater convenience in correlating the electrophoretic and
activity data.

The activity data with respect to cellulose sodium sulfate were taken
from Table XVIII. Standing alone, the results agree substantially with
the main body of data presented in Table XVIII. Component 2 was the most
active in hydrolyzing cellulose sodium sulfate, but components 1 and 3

also probably had some hydrolytic action on the substrate.
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TABLE XXIV

ILECTRCPHORETIC CCMPOSITION OF PREPARATIONS I, II, AND III

Relative concentration of component

Preparation
No.
° 1 2 3 L S and 6
percent of total protein nitrogen
I 30.7 63.3 6.1 0.0 0.0
11 0.0 19.8 38.3 25.4 16.5
III 0.0 0.0 3.8 96.2

The specific activities of the three preparations acting on hemi-
cellulose X were in nearly the same ratio as with cellulose sodium sul-
fate, ;ndicating that the same enzymes hydrolyzed the two substrates. 1In
the case of hemicellulose Y, the ratio was somewhat changed, making it
appear that components 1 and 3 were not as active with this substrate.

The relatively high specific activity of Preparation III is difficult
to interpret without assuming that components L=6 possessed some activity.

With wheat straw cellulose as the substrate, the results were again
quite different from those with cellulose sodium sulfate. In this case,
component 1 probably had little activity. The distribution of activity
among the remaining components is not clear from the results. Preparation
II had a specific activity of 6l percent of that of Preparation I, where-
as its content of component 2 was only about one-third as great. The
activity of component 3 alone could not have made up the difference because
Preparation III had a specific activity nearly one-half as large as that
of II, but contained only about one-tenth as much component 3. Assuming
that component 2 was probably the most active, it must be tentatively con-

cluded that components L-6 contributed a substantial share.
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The results with salicin were more clear-cut. Preparation I had a
high specific activity, whereas those of Preparations II and III were both
very low and differed from each other only slightly. It appears that
component 1 was the only really effective "salicinase"., The activity of
the other components was very low with this substrate.

In summary, the results indicate that component 2 was the most active
enzyme with the four polysaccharide substrates, It was relatively more
active with cellulose and hemicellulose Y than with cellulose sodium sul-
fate and hemicellulose X. Components 1 and 3 evidently had some action
on the latter two substrates, but relatively less action on cellulose and
hemicellulose Y. Evidence that component L, 5, or 6 had some hydrolytic
effect on all the polysaccharide substrates, especially cellulose and
hemicellulose Y, is fairly convincing. The results with salicin were
unique in that they indicated that a single component, 1, possessed almost
all the activitye.

It is interesting to note the similarity in behavior of the three
enzyme preparations toward the two soluble polysaccharide substrates
(cellulose sodium sulfate and hemicellulose X). The results with the in-
soluble substrates (cellulose and hemicellulose Y) were similar to each
other but different from those with the soluble substrates.

Although it is not possible to assign specific activities to each
enzyme with the data available, the evidence is good that more than one
enzyme was involved with each substrate. It is also obvious that at
least one enzyme acted on both cellulose and hemicellulose. In other

words, at least one cellulase was identical with a hemicellulase,
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Effect of pH on the rate of enzymatic hydrolysis. The effect of pH

on the rate of hydrolysis of the five substrates by the three enzyme
preparations was studied. In most céses, seven or eight pH levels, ranging
from pH L4 to pH 7, were used. Samples of the hydrolysates were analyzed
for reducing sugars at intervals over a 24=hour period. The original
data, presented in Tables XXXVIII -XLII in Appendix A, were used to con-
struct progress curves. The curves for three of the pH levels used for
each combination of enzyme preparation and substrate are presented in
Figures 10-24. For the sake of comparison, one of the curves representing
the hydrolysis of each substrate by Preparations II and III was reproduced
on the corresponding graph for Preparation I. The curves chosen for
presentation were usually the ones for the lowest and highest pH's and

for the pH which gave maximum activity. Because of the heterogeneous
nature of some of the substrates and the possible multiple nature of the
enzyme preparations, reaction rate constants were not calculated.

The curves representing the hydrolysis of a single substrate by the
three enzyme preparations are very much alike, but those illustrating the
action of a single enzyme preparation on different substrates are quite
different. Whereas the curves for the hydrolysis of cellulose sodium
sulfate (Figures 10-12) showed a steadily decreasing rate of hydrolysis,
those for the hydrolysis of cellulose (Figures 13-15), hemicellulose X
(Figures 16-18), and hemicellulose Y (Figures 19-21) were biphasic. In
all three cases, the relatively high initial rate of hydrolysis was fol=-
lowed by a rapid change to a long-continued, slower rate of reaction.

The effect was most pronounced with hemicellulose Y,

Walseth (19L8) obtained the same type of results for the hydrolysis
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of phosphoric acid-swollen cellulose ty A. niger cellulase preparations.
His evidence suggested that the rapid primary phase was due to hydrolysis
of the more accessible amorphous regions, and the slower secondary phase
to the hydrolysis of the more crystalline areas of the substrate. The
same explanation probably does not apply to the hydrolysis of the hemi-
cellulose preparations., In the first place, hemicellulose X was com=-
pletely dispersed. Secondly, both hemicellulose preparations used in this
study were probably mixtures. Furthermore, they were made up of several
different sugar residues and very likely contained more than one type of
linkage. Branched chain structures were probably present. Some of the
polysaccharides in the mixture, and certain portions of other components
would probably be more susceptible to enzymatic hydrolysis than others.

The curves for the hydrolysis of salicin (Figures 22-2L) resembled
none of the others. The initial rate of hydrolysis decreased so slowly
that the curves approach the straight line characteristic of zero-order
reactions.

To study the effect of pH more effectively, the milligrams of re-
ducing substances per milligram of protein nitrogen at specified times
were taken from the curves presented in Fipures 10-24 and from similar
curves (not shomn) for every pH level. These values are presented in
Tables XXV-XXIX, Because of the relatively large differences between
the absolute values for each of the enzyme preparations, graphical com=
parisons of the results in absolute terms would be difficult. To make
comparison easier, the maximum value for each enzyme preparation with
each substrate was arbitrarily given a value of 100 percent and the

specific activities at the other pH levels in relation to the maximum

2




TABLE XXV

THE EFFECT OF pH ON THE ACCUMULATION OF END PRODUCTS
FROM THE DEGRADATION OF CELLULOSE SODIUM SULFATE

BY THREE DIFFERENT ENZYME PREPARATIONS

1L6

Bnzyme pH Reducing substances (as glucose)
preparation 20 minutes 2 hours 2}; hours
ng./mg. S of mg./mge S of mg./mg. % of
prot. N max, prot. No max, prot. N. max,
I 3.78 110 30.6 630  38.k4 3120 57.6
ko2l 240 66.7 1150 70.1 (AT 81.9
4,80 320 88.9 1480 90,2 5280 97.4
5.10 360 100,0 1640 100.0 5420 100.0
Se3l 345 95.8 1550  94.5 5370 99,1
595 297 82.5 1410 86,0 L840 89.3
6.5 290 80,6 1360 82.9 L4380 80.8
6.98 160 Lk b 920 5641 3260 60.1
737 125 3kLl7 615  37.5 2420  Lh.6
7455 90,0 25,0 450 27.L 2200 ho.6
11 L.15 67.0 62,0 263 77.8
Le75 9L .0 87.0 33k 98.8
5.05 108 10040 338 100.0
535 106 98.1 325 9661
5490 103 95k 322 95.3
645 89.0 824 285 84.3
6495 72.6 6742 239 70.7
I11 k.15 25,0  5h.2 104  6L.6 280  72.2
Le75 38.0 8244 156 9649 o2 104
5,08 k6.1 100.0 161 1000 388 1000
537 L5.5  98.7 157 9745 378 97.4
5.65 LS.0 9746 151 93.8 358 92,3
6,00 Lk C 95.4 148 91,9 318 81.9
6.51 L2.6 92.4 1l 87.6 295 7640
6.9 39.9 86.6 11 70.8 231

5945
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TABLE XXVI

THE EFFECT CF pH ON THE ACCUMULATICON OF END PRODUCTS
FROM THE DEGRADATICN OF WHEAT STRAW CELLULOSE
BY THREE DIFFERENT ENZYME PREPARATIONS

Bnzyme pH Reducing substances (as glucose)

preparation 2 hours 8 hours 24 hours
mg./ag. % of mg./mg. % of mg./mg. % of
prote N. max, prot. N. max, prote N max,

I h.lS 2806 7503 hSoS 6605 h806 Sooh

'-lo75 37.7 9942 67 3 980,t 9006 9'400

5 10 38 o 100 00 68.’8 10049 960& 100,0

5433 37.3 98,1 68.0 99k o7 9842

5495 2742 7.6 L8.9 71.5 55.9 5840

6.5 4.9 63.1 L9.7 T72.7 6149 62

6.M1 19,k 51.0 LL<O 6le3 5141 5349

11 bl 12,3 Thel 23.7 66.9 39,2 6he3

Le.72 14,7 88.5 32,9 92,7 57.0 93.h

5.10 16,5 10040 35.5 10040 617 10049

5’0 15 ol 91,0 32,2 90,7 5601 92,0

643 11,6 700 256 721 L6.5 76,2

6,80 9.8 59 22,6 63.7 38.3 62,8

III k.20 30 N 7.0 78 11,9 73.9

k.80 LD 95 8.7 T 15.3 98.1

5610 L2 100,0 9.0 100,0 16,1 100.0

Selid LD 95 87 N 15.5 9643

650 249 69 7.0 78 11,6 72,0

€.85 2,5 60 60 67 10,4 65.0




TABLE XXVII

THE EFFECT OF pH ON THE ACCUMULATION OF END PRODUCTS

FROM THE DEGRADATION OF HEMICELLULOSE X
BY THREE DIFFERENT ENZYME PREPARATIONS

16

Enzyme pH Reducing substances (as glucose)
preparation 2 hours 8 hours 2 hours
mgo/ng., % of mg./mge % of mg./mg. % of
prot. N. max, nrot, N, max, prot, N, max,
I h.0% 20), 68,2 368 62y L80 52,3
L€l 286 95.6 580 98.3 98y 107
L oSl 296 9940 583 98.8 998 109
Se25 299 100,92 590 10040 918 10049
5e55 281 sL.0 570 96.6 904 9845
5«86 290 97.0 575 97 961 105
€422 275 92,0 561 95.1 948 103
I L 09 3k.3 62.6 600 53e9 9362 L9.8
beh5 k6.5 .8 853 76.2 159 85.0
4e95 135 88.7 91,0 8143 166 88.8
525 S0.2 9145 972 86.8 173 9245
5.80 4.3 100,0 1n2 100,90 187 10040
6.20 L8.0 87.5 97.0 8645 179 95¢7
6.40 L6.5 85.0 939 83.0 168 8948
II1 L5 23,2 59.9 39.5 595 She8 52,2
he75 334 86.3 57.0 85.7 93s5 8941
5.10 3843 990 63.9 96,1 101 9642
5.35 38,7 100,0 66,5 10040 105 10040
5095 3805 9905 6508 98 9 la‘ 99.0
645 38.0 98.7 65.0 977 102 97
6.90 36,0 93,0 62.3 937 964 9.8




TABLE XXVIII

THE EFFECT OF pH ON THE ACCUMULATION OF END PRODUCTS

FROM THE DEGRADATION OF HEMICELLULOSE Y
BY THREE DIFFERENT ENZYME PREPARATIONS

149

p——
e

Enzyme pH Reducing substances (as glucose)
preparation 2 hours 8 hours 24 hours
mg./mge S of wmg./mg. % of mg./mg. ¥ of
prot. N, max, prot. N, max, prot. N, max,
I L5 2hl Th.8 293 61.3 314 61,2
k.70 323 991 h60 9662 506 98.6
5.30 30l 93.2 hL3 92,7 L82 93.9
Se9l 326 1000  L78 100,0 513  100,0
6,40 297 1.1 LS 93.1 L77 93%,0
6.70 270 82.8 386 80,7 L20 81,9
11 b.15 5056  79.6 80.0 73.4 9.0 58.9
4,70 61,2 9.2 106 9762 162 964
5610 62.0 9745 109 100,0 166 98.8
5.35 614 9645 108 99.1 164 97.6
583 63.6 10040 109 100,0 168 100,0
6.0 56.8 8943 101 92,7 160 95.2
681 5542 86.8 9649 88.9 Wb 8669
III k.S 33.2 Tl 50,6 Tk 62,2 57.1
L.75 b3.8 o2 6245 88,1 102 93.6
S.10 LS54 9745 691 9745 107 9862
535 46,5 10040 70,9 1009 109 10040
5490 L5.0 96.8 66,0 93.1 105 9643
5e40 k2.6 9166 61.5 86.7 992 9140
6.90 39,0 8349 597 8lhe2 910 8365
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TABLE XXIX

THE EFFECT OF pH ON THE ACCUMULATION OF END PRODUCTS
FROM THE DEGRADATICN CF SALICIN
BY THREE DIFFERENT ENZYME PREPARATIONS

Fnzyme pH Reducing substances (as glucose)
preparation 20 minutes 2 hours 2L hours

og./ng. % of mg./mg. % of mg./mg. % of
prote N, max. prot. N. max, prot. N. max,

1 L.15 28.3 62.9 153 67.1 1120 75.2
k75 L3.0 95.6 218 95.6 1470 98.6
5.35 L5.,0 100.0 228 100.0 1490 100.0

5.95 L40.0 88.9 195 85.5 1360 91.3
6485 30,0 66.7 155 68.0 988 63.1

II L.15 2.4 63 12.6  6L.6 102 67.5
5.35 3.8 100 19.5 100.0 151  100.0
595 3.6 95 17.0  87.2 115 76.2
I1I L.15 1.8 69 8.5 65 bh.6 50.6
LT3 2.0 n 9.5 73 78.4 89.0
535 2.6 100 13.0 100 88.1 10040
5% 1.9 73 9.7 75 82,9 9Sh.l
6.5 209 1M 9.6 T 62,2 70.6

635 1.2 W6 7.5 58 Lh.? 51.0
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were calculated. These relative values, also presented in Tables XXV-
XXIX, were used to construct the pH-activity curves shown in Figures 25-=29
The curves for three incubation times were compared,

The curvee in Figure 25 for Preparation I acting on cellulose sodium
sulfate, show two distinct maxima at 20 minutes and 2 hours. The larger
peak occurred at pH 5.1. The smaller one at pH 6.2-6.3 was no longer
definitely in evidence after 2L hours. Preparation II also had two activ-
ity peaks, the major one occurring at pH 5.1 at 20 minutes, the seccndary
one at pH 5.8, After 2 hours, the major peak had shifted to pH L.9. For
Preparation 111, there was only one distinct peak (pH 5.1) during the
early stages of the reaction. Later, the activity optimum shifted to
pH L.75. On the alkaline side of the optimum pH, the curve was at first
rather flat, with some indication of a prak at pH 6.2-6.5.

When cellulose was used as the substrate (Figure 26) only one distinct
raximum was evident for each enzyme preparation at 2 hours. The maxima
occurred at pH L.95, 5.25, and 5.10 for Preparations 1, II, and III,
reepectively. A second peak at pH 6.4 was noted for Preparation I at
8 hours; it tecame more distinct at 2L hours. At the same time the pH
of the major maximum had changed to 5.1. Preparation II showed only one
oeak at 8 hours, but at 24 hours there was some indication of a peak at
about pH 5.9. The pH of the major maximum changed from 5.25 at 2 hours
to 5.1 at 24 hours. Preparation III showed a second peak at pH 5.9 at
8 hours, but it did not persist at 2L hours.

Two almost equal maxima may be seen in the pH-activity curves for
Preparation I and hemicellulose X. The first shifted from pH 5.2 at 2 hours

to L.9 at 2L hours. The second optihum was stationary at pH 5.9.
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Figure 25. The effect of pH on the hydrolysis
of cellulose sodium sulfate by three
enzyme preparations., The relative activ-
ities at other pH levels were calculated
by assigning a value of 100 percent to the
maximum activity of each enzyme prevaration.
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Figure 26, The effect of pH on the hydrolysis

of wheat straw cellulose by three enzyme
preparations. The relative activities at
other pH levels were calculated by assign-
ing a value of 100 percent to the maximum
activity of each enzyme preparation.
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Figure 27. The effect of pH on the hydrolysis
of hemicellulose X by three enzyme prepar-
ations. The relative activities at other
pH levels were calculated by assigning a
value of 100 percent to the maximum activ-
ity of each enzyme preparation.
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Figure 28, The effect of pH on the hydrolysis
of hemicellulose Y by three enzyme prepar-
ations. The relative activities at other
pH levels were calculated by assigning a
value of 100 percent to the maximum
activity of each enzyme preparation.
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Figure 29. The effect of pH on the hydrolysis
of salicin by two enzyme preparations.
The relative activities at other pH
levels were calculated by assigning a
value of 100 percent to the maximum
activity of each enzyme preparation.
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Preparation II also had two activity peaks, but in this cace one of the
peaks was not very pronounced. The pH of the major maximum was 5.8,
coinciding nicely with the cecondary ootimum of Preparation I. The minor
peak of Preparation II came at about pH L.7, somewhat lower than the
major peak of Preparation I. The activity of Preparation II1 showed
only one cptimum pH range at 5.L-5.8. Above pH S.l, the activity showed
little tendency to decline until pH 6.5. The result was a broad, flat
curve,

The results with hemicellulose Y were similar to those with hemi-
cellulose X, Both Preparations I and II had two distinct maxira. The
peaks at the higher pH coincide very well at pH 5.95. The smaller peak
of Preparation I, at pH L.7, held constant throughout the 24-hour reaction

period. The secondary peak of activity of Preparation II was at pH 5.0=5.1.
The activity of Preparation IJI was highest at pH 5.L; no other peak was
evident.
The single optimum for the action of Preparation I on salicin was
at pH 5.1-5.2. The main optimum for Preparation III was at pH 5.35; a
smaller peak at pH 6.4 was quite distinct at 20 minutes, less so at 2
hours, and had disappeared entirely at 24 hours. Only three pH levels
were used with Preparation 11, so pH-activity curves could not be constructed.
The results described above are summarized in Table XXX and are in
eneral agreement with the interpretation given to the comparison of
ecific activities of the enzyme preparations at a constant pH. The
idence suggests that at least two of the protein components were capable
catalyzing the hydrolysis of each of the substrates used in this study.

the case of wheat straw cellulose, most of the activity appeared to be
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TABLE XXX

pH CF ACTIVITY MAXIMA OF THREE
ENZYME PREPARATIONS

(The pH of the main peak is given first.)

Fnzyme preparation

Substrate 1 11 111
Cellulose sodium sulfate 5.1, 6.3 Lh.9-5.1, 516 5.1, --
Wheat ctraw cellulose 5.1, 6.h 5.1-6.3, 5.9? 5.1, 5.9?
Hemicell:lose X L.9-5.2, 5.85-5.95 5.8, L.7 S.1-5.8, —
Hemicellulose Y 5.95, L.7 5.95, 5.0-5.1 5.k, —
Salicin *5.1-5.2, — 5.35, 6.4

associated with a single component, but at least one other probably con=-
tributed a small part of the activity.

The results with Preparation III, especially with respect to its
action on cellulose and cellulose sodium sulfate, deserve further comment.,
The evidence suggests that the maximum which occurred at pH 5.1 with
Preparations I and II was due to component 2. Preparation III1 supposedly
contained no component 2, yet the only clear-cut maximum obtained with
this preparation was at pH 5.1. Two different enzymes could, of course,
have the same optimum pH. However, a second possibility which should
not be neglected is that, in spite of the electrophoretic evidence to the
contrary, Preparation III may have contained a small amount of component
2. On the other hand, the pH optima for Preparation III with hemicelluloses

X and Y, and salicin do not coincide with any of the optima of the other

two preparations.
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It should also te emphasized that the occurrence of two peaks in
pH=activity curves does not necessarily constitute proof that two enzymes

are involved, especially with substrates such as the hemicellulose prepar-

ations., With these substrates, the occurrence of two peaks could be

interpreted on the tasis of different pH optima for the hydrolysis of
two types of linkage.

End Products of Enzymatic Hydrolysis
Chromatograms of the cleared, concentrated hydrolysates of cellulose
sodium sulfate and wheat straw cellulose are shown in Figure 30. The R
value of each of the spots is given in Table XXXI, in which the spots are

numbered downward from the spot corresponding to glucose (the largest,

densest spots).

The major end product in each case was D-glucose. Two unidentified

spots can be seen in the chromatogram of cellulose sulfate hydrolysates

obtained with Preparation I (columns A and B, Figure 30). The R, values

of these spots, 0.40 and 0.1k, do not correspond to the Rg value of any

of the known sugars used in later chromatograms. With Preparation II a

prominent spot at R, 0.52 was found. The same spot occurred with the hy-

drolysate from Preparation I11 (l‘?.g 0.54) as well as a spot (h‘g 0.69) corres-

ponding to the position of cellobiose (Rg 0.71).

With wheat straw cellulose and enzyme Preparation I (column ¥, Figure

30), the spot corresponding to glucose appears to be elongated. The top

portion of this spot was a bright lemon-yellow color in contrast to the

brom color characteristic of glucose., Its Rg of 1.08 corresponded fairly

well to that of fructose in a later chromatogram. There was also an indi-

cation of the presence of fructose in the hydrolysates of cellulose sodium






3
\* 2
2 2
3 3
A B C D E =

Figure 30. Products of hydrolysis of cellulose sodium sulfate and
cellulose by three enzyme preparations at pH S.l.
A and B. CSS, Preparation I, 2 and 96 hr., resp. D. CSS,
Preparation II, 96 hr. E. CSS, Preparation III, 96 hr. F. Wheat

straw cellulose, Preparation I, 96 hr. C. Glucose (g) and cello-
biose (c).
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TABLE XXXI

Rg VALUES UF SPOTS CN CHROM?TCGRAMS OF ENZYMATIC HYDROLYSATES
OF CELLULOSE SCGDIUM SULFATE AND WHEAT STRAW CELLULOSE

(See Figure 30)

Enzyme Time of Spot
Column Substrate Frepe. hydrolysis Noe .+ Kk g
hours
A CSS I 2L 1 0499
2 0.39
3 0.13
B CSS I 96 1 0.99
2 0.L0
3 0.0k
D CSs II 96 1 1,00
2 0.52
) § CsS ITI 96 1 1.00
2 0.69
0.54
F cellulose I 96 f 1.08
1 0.99
o] Known glucose £ 1.00
Known cellobiose ¢ 0.71

sulfate produced by Preparution I. To be more certain, an eluate of the
corresponding area of a streak chromatogram of the solution used for
column B was concentrated and rechromatographed by the two-dimensional
technique previously described. OSome glucose was also eluted, but the
identification of fructose was quite definite due to its greater concen-
tration and more intense spot, and because its Rg values with the butanol-
pyridine-water solvent (1.11) and phenol-water (1.25) matched those of an

authentic sample of fructose (1.11 and 1.28).
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Eluates of the unknown spots of columns B, D, and E were also obtained

from streak chromatograms., Samples were analyzed for reducing sugars (as

glucore) and tested qualitatively for free sulfate before and after acid
hydrolysis, The eluate corresponding to R, 0.36 (enzyme Preparation I)

pave a doubtful test for free sulfate (barium chloride) before, and a

positive test after hydrolysis. Hydrolysis increased the reducing sugar

cortent by 60 percent. The material eluted from the Re 0.1, area (Prepar-
ation I) gave a positive test for sulfate only after hydrolysis, and a
three-fold increase in reducing sugar content accompanied the liberation

of sulfate. The eluate from the area suspected of containing cellobiose

(enzyme Preparation I1I, column F) contained no free sulfate either before

or after acid hydrolysis. Its reducing power increased 2.1 times after

hydrolysis. The material causing the spot at Rg 0.54 (Preparations II

and I1I) increased in reducing power by 60 percent after acid hydrolysis

and contained sulfate ion only after hydrolysis. Thus, aside from cello-

biose, the unknown spots all contained bound sulfate. Whether their re-

ducing power after acid hydroly=is waes a consequence of the loss of the
sulfate radical or was due to the liberation of new reducing groups by

hydrolysis of@ -1, L glucosidic linkages is not known.
The most important finding was that, except for glucose, the end

products of hydrolysis of cellulose sulfate with Preparation I were different

from those obtained with Preparation II and II1. This suggests the exist-

ence of more than one enzyme acting either on the original substrate or on

the intermediate products.
Fructose appeared only in the hydrolysates prepared with enzyme Prepar-

ation I. 1Its appearance, therefore, can be correlated only with the presence
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of component 1. If the reaconable assumption is made that fructose was
not an original constituent of cellulose sodium sulfate and wheat straw
cellulose, than it must also be assumed that component 1 in some way
brings about the formation of fructose, probably from glucose. The con=
centration and clearing treatments were the same for all the hydrolysates,
so it is unlikely that fructose was formed after the enzymatic reaction
was stopped.

A very faint spot above the glucose spot in column F (wheat straw
cellulose) indicated the presence of a small amount of xylose in this
subetrate,

Chromatoerams of the 80 percernt ethanol soluble end products of the
enzymatic hydrolysis of hemicellulose fractions X and Y are presented in
Figures 31 and 32, respectively. The areas in which spots occurred were
numbered on the completed chromatogram, starting with the spot having the
highest Rg. The Rg values of the unknown and known spots are given in
Tables XXxXII and XXXIII.

The solutions used for A and B in Figure 31 were fractions obtained
from the same L8-hour enzymatic hydrolysate of hemicellulose X, and those

used for C and D were obtained from a 96~hour hydrolysate produced by

enzyme preparation I, The fractions represented by A and C were from the
8C percent ethanolic extracts of the residues obtained by evaporation of
the alcoholic filtrates of the original hydrolysates to dryness. Fractions
C and D were obtained by dissolving in water the residues remaining after
extraction with 80 percent ethanocl. 4&ll the fractions were deionized as

previously described. It can be seen that the same constituents were

present in the two fractions of both hydrolysates. However, undesirable
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Figure 31, Products of hydrolysis of hemicellulose X by three enzyme
preparations at pH 5.35. ‘
C and D. Preparation I, 96 hr.

H.
F.
F.
Ge.

A and B. Preparation I, L8 hr.
Preparation 1I, 96 hr. I. Preparation III, 96 hr,
lucose (G), and glucuronic acid (GlA).

Xylose (X),
Arabinose (A%, galactose (Ga), and galacturonic acid (GaA).

Mannose (M) and fructose (F).
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TABLE XII

Rg VALUES OF SPOTS ON CHROMATOGRAMS OF ENZYMATIC
HYDROLYSATES OF HEMICELLULOSE X

(See Figure 31)

Spot number

Column 1 2 3 L 5 6
a 1020 1003 0.8).‘ Oo69 0050 ()021
B 1.19 1.02 0.84 0.65 0.L9 0.0-0.23
c 1.20 1.04 0.87 0.71 0.51 0.17
D 1.20 1.02 0.84 0.67 0.51 0.0-0.23
H 1.19 1.06 0.833 0.47 C.?0
0.99 ‘
I 1.20 1.08 0.86 0.50 0.21
1.01
E X: xylose G: glucose GIAa: glucuronic acid
1.20 1.00 0.20-0.3L
F A: arabinose Ga: galactose Gaa: galacturonic acid
1.08 V.38 V.17-0.38
G F: fructose M: mannose
1.08 1.11

trailing of the spots was noted with the aqueous extracts. No qualitative

differences between the end products of the L8-hour and 96-hour hydrolysates

were found.

The spot in area 1 was probably xylose. The spots in area 2 of A-D
were elongated; the leading edge had the dark brown color of the aldopentoses
and the trailing edgehad the light brown color characteristic of the aldo-
hexoses. The Rg, calculated froﬁ the estimated center of the spot, was

slightly higher than 1.00 in each case. It seemed probable that spot 2



TABLE XXXIII

Rg VALUES OF SPOTS ON CHROMATOGRAMS OF ENZYMATIC
HYDROLYSATES OF HEMICELLULOSE Y

(See Fipure 32)

Spot number

Column 1 2 3 4 5 €
A 1.15 0.98 0.63 0.L8 0.03-0.16
B 1.17 1.01 0.67 0.71 0.53 0.138
G 1.13 1.97 0.88 V.18
1.01

H 1.13 1.07 0.87 0.18
1.00

C X: xylose 1.18

D g: glucose 1.00

E a: arabinose 1.07

F pat palactose 0.91

was made up of two incompletely resolved sugars.

The spot in area 3 had an Rg slightly lower than that of galactose,
but its color was considerably darker., It was found later that this spot
was not galactose.

Spots L, 5, and 6 could not be identified with any of the known
sugars used.

The hydrolysates of hemicellulose X obtained with enzyme Preparations
1T and III gave spots in areas 1, 3, 5, and 6, probably identical with
those obtained with enzyme Preparation I. The amount of the substance re-
eponsible for spot L was relativelj smaller than in the hydrolysates pro-

duced with enzyme Preparation I, and area 2 was resolved into two distinct
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spots with the Rg'valaes and colors of arabinose and glucose.

The results with hemicellulose Y hydrolysates were qualitatively much
the same as those described for hemicellulose X. With this substrate also,
area 2 was resolved into 2 spots corresponding to arabinose and glucose
only in the hydrolysates produced by enzyme Preparations II and III
(Figure 32 and Table XXXIII). Spots L and 5 were not detectedcyith cer-
tainty in the hydrolysates from enzyme Preparations II and III.

The unknown spots were investigated further by isolating the sub-
stances from the appropriate areas of streak chromatograms as described
in the section on methods. Portions of the eluates were analyzed for
reducing power before and after acid hydrolysis, and other portions were
rechromatographed before and after acid hydrolysis. The results with the
end products of hemicellulose X hydrolysis are shown in the chromatograms
in Figures 33 and 3L. The Ry values and color of the spots, and the per-
centage change in the reducing power brought about by hydrolysis are
presented in Table XXXIV.

The only eluate unaffected by acid hydrolysis was that from area 1.
The spot appeared at the same location before and after treatment with
0.4 N hydrochloric acid at 1209 C. All of the other acid=hydrolyzed
eluates gave one or more new spots., The hydrolyzed eluate from area 2
gave spots corresponding to xylose and glucose, that from area 3 gave
a single spot corresponding to xylose, and the reducing substances in the
eluates from areas L and 5 were apparently made up of three constituents;
(a) a relatively large proportion of xylose, (b) smaller quantities of
arabinose, and (c) a uronic acid. (The very faint uronic acid spots,

identified mostly by their distinctive red color, were indicated on the



Figure 32. Products of hydrolysis of hemicellulose Y by three enzyme
preparations at pH 5.35.
A and B. Preparation I, L8 and 96 hr., respectively.
G. Preparation II, 96 hr. H. Preparation III, 96 hr.
C. Xylose (x). D. Glucose (g). E. Arabinose (a), F. Galactose (ga).



Figure 33. Effect of acid hydrolysis on the isolated end products in the
enzymatic hydrolysates of hemicellulose X.
A, C, and H. FEluates of areas 1, 2, and 3, respectively,
before hydrolysis (Figure 31). B, D, and I. Fluates of areas 1,
2, and 3, respectively, after hydrolysis. E. Xylose (x). F.
Glucose (g). G. Arabinose (a).



Figure 34. Effect of acid hydrolysis on the isolated end products in
the enzymatic hydrolysates of hemicellulose X.
A, C, and H, Fluates of areas L, 5, and 6, respectively,
before hydrolysis (Figure 31). B, D, and I. Eluates of areas L,
5, and 6, respectively, after hydrolysis. E. Xylose (x). F.
Glucose (g). G. Arabinose (a).



TABLE XXXIV

(Data from Figures 33 and 3l.
streak chromatograms of solution used for C, Figure 31,)

EFFECT OF ACID HYDROLYSIS ON THE END PRODUCTS OF
ENZYMATIC HYDROLYSIS OF HEMICELLULOSE X

Source of eluates:

161

Figure No. Description Change in Spot Colori Ry
and column of reducing No.
eluatesx power
3
33A spot 1 1 P 1.1,
33B spot 1-H -5 1 P 1.1
33C spot 2 1 P 1.06
2 H 0.99
33D spot 2-H =20 1 P 1.14
2 H 1.0?
33H spot 3 1 P 0.91
331 spot 3-H 70 1 P 1.16
3LA spot L 1 P 0.74
3LB spot L-H 100 1 P 1.15
2 P 1.04
3 u 0.39
34C spot § 1 P 0.52
34D spot 5-H 140 1l P 1.16
2 P 1.07
3 U 0440
34H spot 6 1 ? 0.04=0.19
3LI spot 6-H 140 1 P 1.17
2 P 1.06
3 U 9.k
33® x xylose 1.15
3LE X xylose 1.16



162

TABLE XXXIV concluded
Figure No. Description Change in Snot Color# Rp
of reducing No. A
eluateit power

33F g glucose 1.00
3U4F g glucose 1.00
33G a arabinose 1.05
33G a arabinose 1.06

#The letter "H"™ after the number indicates the acid hydrolyzed portion

of the eluate.

##Colors are indicated as follows:

P, the dark brown color charac-

teristic of aldopentoses; H, the lighter brown color given by aldohexoses;
U, the dark red color given by uronic acids,
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chromatogram, before it was photographed, by a pencil mark.) The hydro-
lyzed eluate from area 6 also contained the spots corresponding to xylose

and uronic acid, but showed no trace of the arabinose spot, possibly

because the concentration was too low,

The reducing equivalent of all the eluates except the ones from

spots 1 and 2 were increased by acid hydrolysis. Because of the empirical

and non-specific nature of the metiiod used to estimate reducing substances,

the results can be used only in a qualitative sense. Thus it is probable

that the material responsible for spot 6 was a higher oligosaccharide

than that of spot 3, but the number of residues per molecule cannot be
estimated from the results,

The chromatograms obtained with the hydrolyzed and unhydrolyzed
eluates containing the end products of hydrolysis of hemicellulose Y are
shown in Figures 35 and 36. The Rg values and color of the spots and the

percentage increase of reducing power of the acid hydrolysates are pre-
sented in Table XXXV.

The results with the eluates from areas 1, 2, and 3 were the same
as beforel (Figure 35). The results with the remaining eluates were dif-

ferent (Figure 36). No uronic acid was detected in the hydrolyzed eluates

of areas L, and 5. Moreover, xylose and glucose, instead of xylose and

arabinose, were identified in the hydrolyzed eluates. The hydrolyzed

eluate of area 6 yielded spots corresponding to xylose, glucose, and uronic

acid. The amount of glucose in all three cases was small in comparison

to the amount of xylose.

14 small amount of area 2 was evidently eluted with the xylose of
area 1, and a small amount of spot 3 with area 2.
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Figure 35, Effect of acid hydrolysis on the isolated end products in
the enzymatic hydrolysates of hemicellulose Y.
A, C, and H. Fluates of areas 1, 2, and 3, respectively, before
hydrolysis (Figure 32). B, D, and I. FEluates of areas 1, 2, and 3,
respectively, after hydrolysis. E. Xylose (x). F. Glucose (g).
G, Arabinose (a),



Figure 36, Fffect of acid hydrolysis on the isolated end products in the
enzymatic hydrolysates of hemicellulose Y.
k, C, and H, Eluates of areas L, 5, and 6, respectively,
before hydrolysis (Figure 32). B, D, and I. Fluates of areas I,
Sy M6t respectively, after hydrolysis. F. Xylose (x). F.

Glucose (g). G. Arabinose (a).



(Data from Figures 35 and 36.

TABLE XXXV

EFFECT OF ACID HYDROLYSIS ON THE END PRODUCTS OF
ENZYMATIC HYDROLYSIS OF HEMICELLULOSE Y

Source of eluates:

streak chromatogram of solution used for B, Figure 32)

16k

Figure No. Description Change in Spot Colori Rg

and column of reducing No.
eluates® power

35A spot 1 1 P 1.21

2 H 1.09

35B spot 1-H -5 1 P 1.20

2 P 1.08

35C spot 2 1 H 0.99

2 P 0.87

35D snot 2-H -7 1 P 1.20

2 P 1.09

3 H 1.01

35H spot 3 1 P 1.22

2 P 0.90

351 spot 3-H LO 1 P 1.22

364 spot L 1 P 0.72

36B spot L-H 86 1 P 1.22

2 H 1.01

36C spot S 1 P 0.50

36D spot S-H 112 1 P 1.21

2 H 0.99

36H spot 6 1 P 0.15

361 spot 6-H 124 1 P 1.22

2 H 1.01

3 i 0.30

3%E x xylose 1.20

36F X Xylose 1.21
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TABLE XXXV concluded

YTipure No. Description Change in Spot Colorse¢ R,
of reducing No.
eluates* power
3SF g glucose 1.00
36F g glucose 1.00
35G a arabinose 1.09
36G a arabinose 1.10

#The letter "H" after the number indicates the acid-hydrolyzed portion
of the eluate,

#%Colors are indicated as follows: P, the dark brown color character-
istic of aldopentoses; H, the lighter brown color given by aldohexoses;

U, the dark red color given by uronic acids.
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No evwigence ¢f 4 sipnificant extent of hydrolysis of the oligo-
csaccharides of spots 3-6 for hemicellulose X was obtained when small

portions were ircubated at LO° C. with enzyme Preparation I.

The reducirg
equivalent of each eluate remained essentially unchanged after 24 hours
of incubation.

Thus it is protable that the spots represent end products
and not intermediate products.

Chromatcgrams of hydrolysates of hemicellulose Y and hemicellulose

Y taken at 1.5, é, 20, and U8 hours are shown in Fipures 37 and 38, re-
srectively.

2

Rf’ values are presented in Tables XXXVI and XXXVII. Enzime
Preparation I was used in both cases. The concentrated hydrolysates were
not deionized. The amount of reducing sugars (as glucose) applied at

each starting spot (except a) was kept constant at about 65 micrograms

in the case of the hemicellulose X hydrolysates, and at about 70 micro-
grams with the hydrolysates of hemicellulose Y.

The volumes of the original
rydrolysate represented in spots 4-F were 0.1, 0.1, 0.0L4, 0.02 and 0.015

ml., respectively, in the case of the hemicellulose X hydrolysates, and

0.0L, 0.0L, 0.032, 0,022, and 0.C16 ml. for the hemicellulose Y hydrolysates.
Care was taken to treat all samples alike in order that a constant pro-

portion of each component would be carried through the procedure.

The
experiment was undertaken to determine the order of appearance or dis-

acpearance of the end products or intermediate productes of hydrolysis.

The results with the two substrates were similar.

The major excep-
ticn was the occurrence of spots in areas 3 and 5 in the solution of hemi-

cellulose ¥ before the enzyme was added (A, Figure 37). These spots did
not occur with the suspensions of hemicellulose Y (A, Figure 3L).

Another
difference, noted previously, was the relatively small amount of the




Figure 37. Effect of time of reaction on the relative proportions of end
products obtained by the enzymatic hydrolysis of hemicellulose X.
Enzyme Preparation I, 16.7 ug.of protein nitrogen per milliliter
of reaction mixture, pH

A. Before enzyme was added. B. 1.5 hr. C. 6 hr.
D. 20 hr. E. L8 hr. F. Xylose (x) and glucose (g). G. Arab-
inose (a).




Figure 38. Fffect of time of reaction on the relative proportions of
end products obtained by the enzymatic hydrolysis of hemicellulose Y,
Pnzyme Preparation I, 16.7uge. of protein nitrogen per milliliter
of reaction mixture, pH 5.3.
A, Before enzyme was added. B. 1.5 hr. C. 6 hr.
D. 20 hr. E. L8 hr. F. Xylose (x) and glucose (g).
G. Arabinose (a).







TABLE XXXVI

R, VALUES CF SPUTS ON CHROMATOGRAMS OF ENZYMATIC

8 HYDROLYSATES OF HEMICELLULOSE X
(See Figure 37) .
Spot number B
Column 1 2 % 2% 3 L 5 6

A 0.8L 0.L5
B 1.16 1.06 0.97 0.82 0.61 0.L6
c 1.18 1.07 0.99 0.86 0.65 0.49 0.21
D 1.19 1.09 1,00 0.86 0.6k 0.L9 0.15
E 1.1 1.09 0499 0.85 0.L7 0.14
F xylose 1.19; glucose 1.00
G arabinose 1.09

#2 dindicates the upper spot of area 2, and ?2 indicates the lower
spot of the same area.
THRBLE XXXVII

R_ VALUES OF SPOTS ON CHROMATOGRAMS OF ENZYMATIC
g HYDROLYSATES OF HEMICELLULOSE Y

(See Figure 38)

Spot number

Column 1 2 * 2 % 3 L 5 6
B 1.20 1.10 1.00 0.86 0.64 0.L8 0.17
c 1.19 1.08 0.99 0.85 0466 0.L8 0.17
D 1.19 1.08 0.99 0.85 0.L7
R 1.19 1.08 0.99 0.86 0.8
F xylose 1,203 glucose 1.00

arabinose 1.09

()

*#2 indicates the upper spot of area 2, and 2, indicates the lower spot

"~ ALY
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substances causing spots L and 6 in the Lydrolysates of hemicellulose Y.
Nith both substrates, the relative concentrations of xylose (spot 1),
arabinose (top spot of area 2), and the substance causing spot 3 increased
throughout the course of the reaction. The relative intensity of the
plucose spot (lower spot of area 2) and of spots L and 6 decreased as the
reaction proceeded, whereas the intensity of spot 5 increased during the
firet part of the reaction and then decreased. It should be emphasized
that the changes in concentration are relative; only positive changes may

G

be interpreted as evidence that the substance was increasing in absolute

L

concentration. The concentration of the substances which were represented
by the spots with decreasing intensities may have remained constant or
actually increased. On this basis, it appears that the reactions which
resulted in the appearance of glucose and spots L, 5, and 6 approached
completion more ranidly than those which resulted in the appearance of
xylose, arabinose, and the material of spot 3. It is probable that the
substance represented by spot 3 was an end product, refractive to further
enzymatic hydrolysis. The results are inconclusive with respect to the
status (end product or intermediate) of the oligosaccharides of spots L,
5, and 6.

Spot 5 in these chromatograms exhibited a peculiar characteristic
not found with the corresponding spots on previous chromatograms. A
crescent-shaped area can be seen in the photographs, especially in Figure
38. The color of the crescent was the dark red color characteristic of
the uronic acids. The remainder of the spot was the dark brown color
characteristic of pentoses,

Some of the material of spot 5 was isolated by elution from the
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appropriate area of a streak chromatogram. The eluate was rechromato-
graphed by the two dimensional technique, using the usual butanol:pyridine:
water mixture in one direction, and phenol:water in the second direction,
Two spots, one having the red color of a uronic acid and the other the

color produced by pentoses, were found. The R_ of the red spot was 0.23

g
and that of the brown spot was 0.L8 in the first solvent.

It will be recalled that the solutions used for the chromatograms in
Figures 37 and 38 were not treated with the ion-exchange resins, whereas
those used for the previous chromatograms were treated. On the basis of
the results obtained with the unhydrolyzed eluate of spot 5, it may be
concluded that uncombined uronic acid occurred in the hydrolysates. The
abnormally rapld migration of the free uronic acid into the area occupied
by spot 5 was an artifact, caused, perhaps, by the presence of inorganic
ions. It is also possible that free uronic acid was originally present
in the hydrolysates used for previous chromatograms, but was removed by
the anion-exchange resin.

In sumary, evidence was obtained which indicated that D-xylose,
L-arabinose, D-glucose, uronic acid, and an unknown di- or trisaccharide
of D-xylose were end products of the hydrolysis of both hemicellulose
fractions by M. verrucaria enzyme preparations. Inconclusive evidence
was also obtained suggesting that three other oligosaccharides found in
enzymatic hydrolysates of the hemicelluloses were end products rafher
than intermediate products. The last-mentioned oligosaccharides appeared

to te different in the hydrolysates of the two hemicelluloses,

———




DISCUSSION OF RESULTS
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DISCUSS1ON OF RFSULTS

The primary objectives of this study were (1) to determine whether
the cellulase activity of M. verrucaria culture filtrates is the property
of a single or of several of the protein components present, and (2) to
study the relationships among the cellulase, hemicellulase, and@-glucosidase ;ﬁ}
activities of the culture filtrates. The results will be discussed in
relation to these objectives. Certain observations, perhaps interesting

and important in themselves, but not contributing directly tc the settle-

V.

ment of the inquiry, were discussed in the previous section.

Evidence for the multiplicity of enzymes having cellulolytic activity
was manifold. Some of the observations listed below cannot, by themselves,
be considered conclusive, and others are merely suggestive, but considered
together, they present a strcng argument for the multiple enzyme hypothesis.

(1). The biphasic nature of the activity (CSS) accumulation curve
during the growth of the organism could be the result of an increased
production of a second enzyme at the time of the upward inflection. The
possibility was not specifically investigated, and other explanations are
admittedly possible. Jermyn (1953) found indications of a variable pro-

duction of Cx activity by Stachybotrys atra, and Keese and Gilligan (1953)

found it possible, by changing the conditions of culture, to influence
the production of one of the Cx components by M. verrucaria,

(2). Although other factors were involved, the failure to obtain
fractions enriched in cellulase activity (CSS) by salt and solvent pre-
cipitation may have been due, in part, to the existence of two or more

enzymes with different physical properties.
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(3). It was evident during fractionation by electrophoresis con-
vection that protein component 2 was the most active cellulase when
cellulose sodium sulfate was the substrate, but statistical correlation
of the specific activities of some of the fractions with their electro-
phoretic composition strongly suggested that more than one of the components
was involved. Comparison of the specific activities of the three final TEJ
enzyme preparations with cellulose sodium sulfate and wheat straw cell-

ulose led to the same conclusion, but indicated further that the propor-

tion of the total activity attributable to component 2 was greater when ﬂ ‘
cellulose was used as the substrate than when cellulose sodium sulfate g’
was used.

The results with respect to the soluble cellulose derivative are in
agreement with the findings of Reese and Gilligan (1953), who presented
evidence indicating the presence of at least two separate enzymes in
M. verrucaria culture filtrates capable of hydrolyzing carboxymethyl=-
cellulose, It will be recalled that these workers separated the protein
components by paper c.rcratography urd incubated transverse sections of

the chromatograms directly with the substrate. Whitaker's (1953) results,

on the other hand, indicated that practically all the cellulase activity
of E. verrucaria culture filtrates can be attributed to a single com-
ponent. Whitaker used only insoluble cellulose substrates. The results
obtained in the present investigation, showing that the ratio of activ-
ities of the constituent enzymes apparently depends on the particular
substrate employed, may offer a partial explanation for the seemingly
contradictory results reported from different laboratories. Since no

pure fractions were obtained, the results offer no evidence for or against
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the hypothesis advanced by Reece et al. (1950) that two enzymes, ¢,
(which in some as yet unexplained manner frees linear polyanhydroglucose
chains from the crystalline matrix of native cellulose) and Cx (which
hydrolyzes the #-1, L-glucosidic linkages), are necessary for the hy=-
drolysis of native cellulose.

(4). The differences displayed by the three final enzyme preparations
in response to changes in pH constitute supporting evidence for the
multiple enzyme hypothesis.

(%). The difference in end products obtained from the hydrolysates
of the three enzyme preparations acting on cellulose sodium sulfate can
be interpreted on the basis of the presence of more than one enzyme,

The occurrence of multiple components in the system studied in this
investigation is not unique. The work of Jermyn (195%b) with the cell-
ulase and B-glucosidase syatems of A. oryzae has already been mentioned.
Giri et al. (1952) found indicatiors of multiple components in amylase
systems, and Reed (1250) obtained similar results with a polypalacturonase
system.

The most convincing evidence for the ability of at least one enzyme
to catalyze the hydrolysis of at least portions of the hemicelluloses,

as well as cellulcse, was obtained by comparing the ratio of specific

activity of the three final enzyme preparations on both types of substrate.

The comparison indicates that component 2 apparently is the most active
hemicellulase as well as cellulase. Moreover, the relationship between
specific activity ratios of the three enzyme preparations with hemi-
cellulose X (soluble) and hemicellulose Y (insoluble) were qualitatively

cimilar to the ratios obtained with cellulose sodium sulfate and wheat
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straw cellulose, indicating that the physical state of the substrate
may have the same effect on hemicellulase as on cellulase activity.

The pH-activity curvee for the hvdrolysis of the hemicellulose
prreparations ty the three enzvme solutions eive further evidence for
the multinlicity of enzvines actine on the hemicelluloses. Althousgh Llhe
occarrence of two peaks for a sinpgle enzyme prenaration, with substrates
such as tne hemicelliloses, cannot te interpreted as evidence of two
enzymes, the marked difference between the curves for the three enzyme

solutions makes this interpretation more sound.

The similarity of the end products of hydrolysis of the hemicelluloses
by the three enzyme preparations might appear to be contradictory to the
multiple enzyme hyoothesis as applied to the hemicellulases. xaside from
this, however, the similarity in the relative prqportions of end pro-
ducts does serve to validate the comparison of specific activities. If
the end products were different or were present in widely different pro-
portions in the hydrolysates produced by the three enzyme preparations,
then comparisons of specific activity would he less useful due tc Lie
nonspecificity of the copper reduction method of estimating reducing
supears.

The gluconse fournd with the end products of hydrolysis of the hemi-
celluloses may have been due to partial deéradation of cellulose during
the extraction of the hemicelluloses with strong alkali, or it might
actually be a part of a hemicellulose molecule, In any case, the rela-
tively small amount of glucose present gives assurance that the activity
measured by the copper reduction method was due mostly to cleavage of

bonds other than the #-1, L-glucosidic bonds.
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Since a large share of the total activity with both hemicelluloses
and cellulose was apparently contributed by component 2, it appears
probable that the cellulase of M. verrucaria is rot absolutely specific,
These results are contrary to those of Grassman et al. (1933) who found
that the xylanase activity of A. oryzae preparations could be separated
from the cellulase activity. However, the difference could be due to the
use of preparations from Jdifferent sources,

The results with salicin as the substrate indicate clearly that

nearly all of the @-plucosidase activity was confined to component 1,

Since component 1 anparently had some action on cellulose sodium sul-
fate, and component 2 may have had some action on salicin, it appears
that, although their specificities are not absolute, a comolete separ-
ation of the two enzymes for purposes of classification is justified

in the case of this system. These results do not agree entirely with
those of Jerzmyn (1952b) who obtained evidence with A. oryzae preparations
for the existence of several enzymes capable of hydrolyzing both carboxy-

methylcellulose and several P-glucosides.
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SMAWRY

The present investigation was carried out to study (1) the possible
multiplicity of cellulolytic enzymes and (2) the relationships among
the cellulase, hemicellulase, and @-plucosidase activities in culture
filtrates of M. verrucaria.

The culture filtrates from thirteen different 12-liter cultures of
the organism were concentrated five to ten times by slow partial freezing.
During this process an unexplained increase in the total activity of
most of the filtrates was observed. Some loss of activity occurred in
the water removed as ice,

hAttempts to obtain fractions enriched in cellulase activity by
means of fractional ammonium sulfate, acetone, or ethanol precipitation
of the proteins, and by chromatography on powdered cellulose columns,
ended in failure.

After the material was concentrated further by precipitation of the
proteins with 75 percent acetone or saturated ammonium sulfate, frac-
tionation by electrophoresis convection was found to be successful.

Fractionations were controlled by the determination of protein
nitrogen, cellulase activity (using cellulose sodium sulfate as the
substrate), and by electrophoretic analysis.

The unfractionated enzyme preparations had six electrophoretic com-
nonents. Determinations of specific activity, in conjunction with elec-
trophoretic analysis of fractions obtained during the course of the

fractionation, showed that most of the activity with cellulose sodium




!
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sulfate accompanied the three protein components having the lowest mobil-
ities (components 1, 2, and 3). Three preparations with different ratios
of the protein components were obtained by means of electrophoresis con=-
vection. The first preparation contained only components 1, 2, and 3, but
the relative concentration of component 3 was low. The second preparation
contained all the proteins except component 1, and the third had all the fﬂa
proteins except components 1 and 2, ‘ ’1
The specific activities of the three enzyme preparations with cellulose ;

sodium sulfate, two hemicellulose preparations from wheat straw, cellulose

3
i
from wheat straw, and salicin were determined and compared. pH-activity EJ
curves for all of the enzyme preparations with each substrate were con-
astructed and compared. The end products of enzymatic hydrolysis of
cellulose sodium sulfate and the hemicellulose preparations were investigated
by means of paper chromatography.
Considered in toto, the results indicate that the ability to catalyze
the hydrolysis of each of the polysaccharide substrates is shared by at

least two enzymes. Component 2 appeared to be the most active enzyme with

all four polysaccharides, but the proportion of the total activity attrib-
utable to component 2 varied with the substrate. The evidence suggests
that component 1 has some (variable) activity with all the substrates with
the possible exception of wheat straw cellulose. The distribution of the
remaining activity was not clearly indicated by the results.

Component 1 was found to be the most effective enzyme for the hy-

drolysis of salicin.
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TAELE XVIII

THE EFFECT CF pH CN THE ACCUMULATION OF END PRODUCTS FROM THE DEGRADATION
OF CELLULCSE SCDIUM SULFATE BY THREE DIFFERENT ENZYME PREPARATIONS

(Results are expressed as the mg. of reducing substances (as glucose)
per mg. of protein nitrogen)

e—

Jh

—

pH Engyme Prep—a-;ation I
Time in hours
1/3 1 2 L 8 20 25
3.78 110 348 610 1090 1800 2920 3180
Lo 264 6o 1120 1880 2850 L250 LLBo
L4.80 283 863 1480 2370 3570 5070 5320
5.10 360 8%0 1640 2510 3730 52140 5470
Se3k 355 887 1610 2h50 3670 5160 420
5.95 29 820 1400 2280 3360 k650 4870
6.45 297 3 1360 22,0 3260 L240 Ll3o
6.98 156 535 920 1560 2290 3130 3290
737 129 348 1630 24450
755 101 228 1330 2230
pH Engyme Preparation II
Time in hours
1/4 1/2 2 L 8
L.15 5242 89.7 262 392 523
Le75 7543 122 334 L73 631
5.05 8245 VN 338 L83 629
5.35 8347 Wk 325 453 598
599 82.5 135 322 Llé S8y
6.5 7742 118 285 409 530
6.95 6540 100 239 328 L2l
pH Enzyme Preparation III
Time in hours
1/3 2/3 2 4 10 2

L.15 28.3 u3.0 104 157 227 280
k75 L2.3 7246 167 226 32y ko2
5.08 ué.1 7846 160 226 34 388
5.37 LSe5 81.0 158 222 13 378
585 L5.5 80.1 158 203 300 358
6400 Lke9 7840 152 187 283 318
6451 L2.6 7642 L9 180 262 ‘295
6.50 3949 62,5 1 154 198 3
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_TABLE XXXIX

THE EFFECT OF pH ON THE ACCUMULATION OF END PRODUCTS FRCM THE DEGRADATION
OF WHEAT STRAW CELLULOSE BY THREE DIFFERENT ENZYME PREPARATIONS

(Results are expressed as the mg. of reducing substances (as glucose)
per mg. of protein nitrogen)

pH BEnzyme Preparation I
Time in hours

1 11/2 3 6 20 2

L.15 20.5 25.2 3k4.1 L3.2 L8.2 L8465
L.75 2740 32.4 L6.5 60 88.8 90,6
5.10 2749 33.0 LSe3 60,8 93.2 9%l
5«33 25.9 3.4 L5.8 5840 91.8 .7
5.95 17.0 2.6 3he1 Lé.5 S3.7 5549
645 1.2 19,9 30.7 L9.2 59.0 61.9
6.81 10,5 13.7 2743 39.5 S0l Sl.1

pH Enzyme Preparation II
Time in hours
1/3 1 3 10 2
Lok 3.8 9.0 15,0 26.6 3942
Lhe72 5.2 9.2 18.9 37.1 57.0
5«10 Sl n.8 20.7 LO.l 61.90
535 52 1.2 20.8 Lo.l4 59.2
592 Léb 9.9 18.9 35.9 56.1
643 3.5 7.2 15.0 28.8 Lé.
6.80 2.5 6.0 13.1 25.0 38.3
pH Bnzyme Preparation III
Time in hours
1/2 1 3 11 2
k.20 0.9 1.8 3.9 840 11.9
L.80 1.2 2.7 Sel 10.L 15.8
5¢10 1.7 2.7 L8 10.7 16.1
5S40 1.8 2.4 ko8 10.L4 15.5
6.00 1,2 2.1 L8 9.8 13.7
6,50 0.9 2.1 3.5 8.3 11.5

6.85 0.6 1.5 3.6 T.1 10.4
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THE EFFECT OF pH ON THE ACCUMULATION OF END PRODUCTS FROM THE DEGRADATION
OF HEMICELLULOSE X BY THREE DIFFERENT ENZYME PREPARATIONS

(Results are expressed as the mg. of reducing substances (as glucose)

per mg. of protein nitrogen)

S

———

pH Ensyme Preparation I
Time in hours
1/3 | 2 "k 1 1/2 20 2
L .05 5840 138 204 285 b29 LS8 480
L oSl 100 20 283 AL 683 905 98l
Lok 102 21, 276 L22 699 913 1010
525 103 a), 288 L22 698 87L 913
555 102 203 28 W7 667 856 90l
586 103 212 280 ln2 676 893 961
6422 100 208 26, Los5 671 883 98
67 90 190 26, 393 636 778 a6
pH Ensyme Preparation II
Time in hours
1/3 1 2 3 10 2l
h.‘” 1509 26.1 3&03 ,Jool 66.6 93 02
k.55 20,6 35.2 L6.5 55.5 .%h.3 159
L.95 22,2 37.0 L85 57.8 102 166
5.25 22.7 39.7 L49.8 61,6 109 173
5.&) 23.7 38 o8 550,4 62 ol 132 187
6,20 22.7 37.0 L4B8.8 57.8 110 179
pH Ensyme Preparation III
Time in hours
1/3 1 2 4 1n 20 2k
LS 8.5 17.8 21.8 30,3 LL.6 50.8 L8
L.75 1k0 2742 33.4 L4 0 63 844D 9346
5¢10 1743 30.1 3843 L8.8 725 930 101
535 18.5 0 39.2 L9.9 ha 9683 108
5 095 17 Q’C ” 07 39.0 h90" 7500 9605 lml
645 17.9 30.4 37.2 490 7Ll 9540 102
6.90 17.5 27.8 35.0 h746 69.9 91.8 96
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TABLE XLI

THE EFFECT CF pH ON THE ACCUMULATION OF END PRODUCTS FROM THE DEGRADATICN
OF HEMICELLULOSE Y BY THREE DIFFERENT ENZYME PREPARATIONS

(Results are expressed as the mg. of reducing substances (as glucose)
per mg. of protein nitrogen)

B e e e e e e e —————

pH Ensyme Preparation I
Time in hours
1/3 1 2 4 12 20 2l
L.15 61.0 17h 2Ly 277 309 312 312
L.70 103 250 8 395 L8? 502 506
530 85.3 216 304 375 h70 L78 L82
S5k 107 257 326 Lo9 506 510 513
6.0 81.2 154 297 377 L70 h78 k76
6,70 72.0 185 268 330 408 s k20
pH Enzyme Preparation II
Time in hours
1/3 1 3 12 1/2 2L
h.15 2602 3802 ' 5606 91.1 99 .O
k.70 3045 L8.0 71.5 128 162
510 32.8 L9.7 72.2 133 166
535 32.1 L8.0 69.7 133 164
5.83 33.9 %0.8 69.3 133 168
640 31,2 L7. 65.6 125 160
6.51 29.1 L2.7 65.6 118 16
pH BEnzyme Preparation III
Time in hours
/3 - . 1 2 3 11 20 2L
L5 16,7 7.1 33.2 37.5 Sh.8 61.0 62,2
Le75 25.3 37.? hk.7 Lu8.8 1.k 93.8 102
5.10 26.5 37.5 LS.k 50.0 7962 98.8 107
S.35 25.9 39.0 L7.1 53.0 79.2 101 109
5.” 23 06 37 02 ’ hs.o h9 0’1 711 ol 9608 105
610 4.1 36.0 L2.6 L7.0 69.0 90.1 994

6.90 19.6 30.0 39.0 k.3 667 8Lk 91.0
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THE EFFECT OF pH UN THE ACCUMULATION OF END PRODUCTS FROM THE DEGRADATION
CF SALICIN BY THREE DIFFERENT ENZYME PREPARATIONS

(Results are expressed as the mg. of reducing substances (as glucose)

per mg. of protein nitrogen)

!

pH Bnzyme Preparation 1
Time in hours
1/3 1 2 3 7 20 2k
koS 28,3 78.7 153 28 526 1050 1120
Le75 LS.6 122 28 307 639 1350 U70
5.35 L8 126 228 312 710 1370 1490
595 LS.6 110 193 278 552 1230 1360
646 37 97.8 174 2Lo 510 1080 1180
6485 3.7 80.6 W9 20, L66 895 988
pH Fnzyme Preparation II
Time in hours
1/3 1 2 8 2L
L.15 2.4 7.5 12.6 LO.9 102
5.35 3.8 11.2 19,5 60.7 151
5e95 36 93 17.0 51,8 115
pH Ensyme Preparation III
Time in hours
1/2 1l e 7 20 |
k.15 2.7 S 8.0 2.1 396 LkoS
L.73 3.8 L.8 10,0 29.8 69.8 7846
5.35 heS 7.0 12,9 39.6 83.0 881
S5 2.7 Sel 10,0 30,2 73.0 82.1
6.45 39 L.S 8.7 26.7 55.7 62,2
6085 1.5 l‘.s 8.0 20.!‘ ho.z hh.9
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APPENDIX B
Preparation of Buffers and Reagents

Phosphate buffer, pH 6.9 ionic strength 0.145, used for electrophoretic
analysis and electrophoresis convection.

Mix 13.0 ml. of 4 M monobasic sodium phosphate solution with 160 ml.

of 0.5 ¥ divasic sodium phosphate solution and dilute to 2 liters

with distilled water.

Phosphate buffer, pH 5.9 ionic strength 0.145, used for electrophoresis
convection.

Mix S0 ml. of 4 M monobasic sodium phosphate solution with 60 ml. of

0.5 M dibasic sodium phosphate solution and dilute to 2 liters with

distilled water.

Acetate buffer, pH 5.0 ionic strength 0.15, used for electrophoresis
convection.
Mix 150 ml. of 2 N sodium acetate solution with 34.3 ml. of 3.5 N

acetic acid solution and dilute to 2 liters with distilled water.

Citrate buffers from pH 3.5 to pH 7.5, 0.5 M, used for determination

of enzymatic activity.
Dissolve 10.5 g. of citric acid (monohydrate) in a small volume of
water and, using a glass electrode pH-meter, titrate with 10 M sodium
hydroxide to a point a little below the desired pH. Cooling is

necessary during the titration. After adjusting the volume of
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solution to about 90 ml., add 100 mg. of 'Merthiolate' and titrate
to the final pH with 1 or 2 N sodium hydroxide. Adjust the final

volume to 100 ml.

Somogyi's (1945) alkaline copper reagent for micro determination of

reducing sugars.

Dissolve 28 g. of anhydrous dibasic sodium phosphate and LO g. of
potassium sodium tartrate in about 700 ml. of water, add 100 ml. of
N sodium hydroxide, followed by 80 ml. of 10 percent cupric sulfate
(pentahydrate) with stirring. Add 180 g. of anhydrous sodium sul-
fate, dissolve, and allow to stand a day or two. Filter into a one-
liter volumetric flask already containing 10 ml. of exactly 1 N
potassium iodate solation. Dilute to 1 liter and mix thoroughly.

Color reagent used for paper chromatographic detection of reducing

sugars (Mukherjee and Srivastava, 1952).

Dissolve 0.5 g. of p-anisidine in 2 ml. of phoephoric acid (sp. gr.
1.75), dilute to 50 ml. with absolute ethanol, and filter. Save the
filtrate (A). Dissolve the precipitate in a minimum of water,
dilute with an equal volume of ethanol. Add phosphoric acid to a

concentration of 2 percent by volume (B). Mix 4 and B.




