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I. Introduction 

Under most conditions other t han those artificially created in the lab
oratory, the amount of readily diffusible carbonaceous and nitrogenous 
material of low molecular weight which is available to bacteria, or for t h a t 
ma t t e r to most animals, is strictly limited. The majority of the nutr ients 
will be in the form of large molecules, often bound together to give almost 
completely insoluble substances. Teleologically the need for living forms, 
including bacteria, to develop some system for hydrolyzing such large 
molecules to smaller utilizable ones is clear. Moreover, the argument is not 
all in favor of the bacteria. The scavenging action of organisms is vital bo th 
to prevent the surface of the globe becoming one vast pyre of dead ma t t e r 
and to conserve and recycle carbon, nitrogen, and other elements. Every
thing living must on death be in some way destroyed and its carbon and 
nitrogen returned for reutilization. As a consequence some system usually 
in organisms must be capable of hydrolyzing and eventually oxidizing and 
reducing all the component molecules to carbon dioxide and assimilable 
nitrogen. This, of course, is equally t rue for not only plant and animal life 
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but for the bacteria and fungi themselves; otherwise the world would long 
ago have grown a thick coat of microorganisms. The choice between being 
buried either by undecomposed trees or by dead Bacillus subtilis or Asper
gillus niger seems somewhat dubious. I t is, therefore, logical to suppose tha t 
if one chooses the right place and the right way to look one will always find 
some organisms which can decompose any chosen natural ly occurring sub
stance, however intractable it m a y appear a t first sight. This hypothesis 
has been many times tested and found to be t rue. For example, organisms, 
usually bacteria or fungi, have been found which utilize substances as di
verse as cellulose, chitin, pneumococcal capsular polysaccharide, collagen, 
alginic acid, and bacterial cell walls. The present article is an a t t e m p t to 
bring together some of the information tha t has been gained during the 
course of these searches, and the studies t ha t have been made of the mech
anisms developed by microorganisms to deal with large molecules. 

For insoluble substances, if not for other high molecular weight substances 
which seem ra ther unlikely to be able to diffuse into the cell, one might 
assume tha t the most obvious way to deal with them would be for the cell 
itself to elaborate some diffusible enzyme which could reach the substra te 
and break it down. This some organisms do, bu t it is by no means universal. 
Although, with a few exceptions, extracellular or freely diffusible enzymes 
elaborated by bacteria are specifically directed toward substrates of high 
molecular weight, the reverse is not always t rue. I n some examples we shall 
consider, very large molecules organized into insoluble substances are re
duced to assimilable and therefore presumably small molecules without any 
extracellular enzyme ever being demonstrable, the very contact between 
the substrate and the organism seems to be enough. Although the ability 
of bacteria to break down large molecules by various methods is vital bo th 
to the life of higher forms and to the bacteria themselves, it has i ts more 
sinister aspect. Bacteria are no choosers and a precious fabric may as likely 
form food for cellulose-decomposing organisms as the fibers of a dead plant . 
For example, in the days before adequate protective measures could be 
taken, destruction of raw cotton coming into England amounted to 10-15 % l 

owing to bacterial action during storage under damp conditions; another 
graphic example is the observation t ha t the useful life of an unprotected 
sand bag lying on the ground under tropical conditions is about eleven 
days. 2 Likewise when organisms are growing in living host tissues, either 
plant or animal, their ability to hydrolyze vitally impor tant substances 
often contributes to their maintenance and may on occasion be vital to 
them, always a t the expense of the host. Pathogenic bacteria have the 
ability to destroy many substances of great biological importance to animals 
and p lants ; for example, collagen, nucleic acids, mucopolysaccharides, pro
teins, and pectin, to mention only a few. 
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There seems little need to elaborate further the importance of the sub
ject. Sufficient has been said to emphasize this and also to indicate its 
breadth. In an article of this length it is obvious t ha t drastic limitations 
will have to be imposed. 

Firstly the te rm "high molecular weight substance" ought to be denned. 
I n a sense a more logically acceptable bu t impossibly broad survey would 
be tha t of the utilization of substances which cannot penetra te the mem
brane of the microorganisms. For tunate ly or unfortunately, according to 
the point of view, such a logical approach could not be justified in the light 
of our knowledge of the penetrabil i ty of the bacterial cell. I t is, therefore, 
proposed to continue talking about high molecular weight substances bu t 
to remain disarmingly vague, with an indication t ha t the te rm is to mean 
substances such as proteins, nucleic acids, and polysaccharides, and any 
others which may be relevant to the argument . The second limitation is of 
a more mechanical kind. I t is clearly impossible to deal in detail with all 
the work on all the substances, even within the few groups specifically 
mentioned. An excellent book, for example, devoted exclusively to the 
microbial breakdown of cellulose is already available. 2 Therefore some plan 
of campaign had to be designed and it was thought most useful to give in 
detail only those examples which had been pursued thoroughly over a 
number of years, even though neat conclusions have not yet been reached. 
For example, it did not seem worthwhile to a t t empt a brief survey of all 
the work which has been done on the utilization of proteins by bacteria, 
even supposing this were possible; bu t a considerable amount of continuous 
work has been done on the proteases and peptidases of Clostridium histo-
lyticum, and of streptococci and on subtilisin from B. subtilis. This does not, 
however, mean tha t very good work has not been done on the proteases of 
other organisms, bu t simply t ha t a limitation had to be made somewhere. 
Occasionally, this approach has led to difficulties because although much 
m a y be known about the sort of bacteria t ha t can do a certain job, the way 
in which they do it may still be wrapped in mystery. At the same t ime 
hints may suggest t ha t the process is similar to one already studied in fungi, 
for example. Attent ion has thus been given to the fungal process with the 
implicit suggestion tha t , when adequately investigated, it may be found 
t h a t bacteria accomplish the same task in a similar manner . Should the 
bacterial process prove to be vast ly different the au thor will shelter behind 
the interest and amusement t ha t later readers may take in comparing the 
beauty of reality with the stupidity of the picture drawn in the review. 

Lastly this article will not a t t e m p t to review work which has already 
been recently reviewed. As far as I know no other article with jus t this 
title has been wri t ten before, bu t specific subjects in it have been repeatedly 
reviewed; references will be given to some of these reviews. 
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II. Methods of Study 

A. T H E RECOGNITION AND ISOLATION OF ORGANISMS UTILIZING 

HIGH MOLECULAR WEIGHT SUBSTANCES 

Whether or not any known microorganism is recognized as being able to 
a t tack and utilize a substrate seems to be to some extent a mat te r of chance. 
For example, it is improbable t ha t any considerable proportion of even the 
known bacterial species has been thoroughly tested for ability to hydrolyze 
cellulose or deoxyribonucleic acid. This ra ther haphazard s ta te of affairs 
has resulted from the two major approaches t ha t have been used in s tudy
ing the breakdown of high molecular weight substances. The one is isolation 
by enrichment technique in which a medium consisting of a solution of 
essential inorganic salts, supplemented with the particular substrate under 
study, is inoculated with a natural ly occurring mixture of organisms such 
as occurs in soil, sea mud, or decaying vegetable mat te r . The other is by 
deduction from the behavior of an organism in a particular hab i ta t t h a t 
certain substances are being destroyed; this hypothesis can then be tested. 
The former approach has been favored particularly in the s tudy of the 
decomposition of insoluble substrates such as cellulose and chitin, bu t has 
also been used to find organisms destroying pneumococcal capsular poly
saccharides and blood group substances. The second type of approach has 
found particular favor in studying animal and plant pathogens; thus , for 
example, were the investigations of Clostridium perfringens collagenase and 
deoxyribonuclease and C. histolyticum proteinase s tar ted; the properties of 
organisms causing food spoilage or showing other types of economically 
disadvantageous behavior have often been deduced from the type of dam
age. 

1. ISOLATION BY ENRICHMENT TECHNIQUE 

As has been said, the essential of this technique is t h a t an inorganic salt 
medium containing the particular substrate as a sole source of carbon and 
nitrogen be inoculated with a mixed culture of microorganisms derived 
from some source in which it is likely t ha t active destruction of the par
ticular substrate has been proceeding. Since most substances eventually 
reach either the ground, lake, or sea bot tom, the commonest sources for 
the inoculum have been soils and muds. When growth and part ial or to ta l 
destruction of the substrate in the pr imary culture have been obtained, 
further cultures are carried out in the same medium. A pure culture rarely 
results, however, and the subsequent isolation of a single organism has 
frequently been very difficult. In the isolation 3 of the organism destroying 
the capsular pqlysaccharide of pneumococci, for example, the sa l t -subst ra te 
medium was inoculated with material from the cranberry bogs of New 
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Jersey. Dilutions of the enrichment cultures were then made such tha t 
each was likely to contain only one or a few organisms. These dilutions 
were inoculated into fresh medium and the cultures which then grew were 
plated on a selective medium containing a concentration of gentian violet 
previously found not to interfere with substrate decomposition in the en
richment cultures. Finally cultures derived from single colonies were heated 
to kill nonspore formers. By this mixture of techniques a pure culture, very 
active in destroying the pneumococcal polysaccharide, was isolated. When 
the isolation of organisms t h a t can destroy insoluble substrates such as 
chitin or cellulose is the object of the work, it is usual to incorporate the 
substances into an agar plate and thus visualize the ability of individual 
colonies derived from enrichment cultures to hydrolyze them. Ei ther a 
clear zone of destruction of some width or an area of part ial clearing under 
and immediately around the colony may occur. 

In some earlier work reliance was placed on a single technique such as 
enrichment alone, or selection of colonies showing zones of substrate destruc
tion. Later work, however, has frequently shown t h a t the resultant cultures 
were not, in fact, pure. T h a t they were mixtures appears to explain satis
factorily such a phenomenon as t h a t of irreversible adapta t ion which has 
been repeatedly observed. McBee 4 studied this phenomenon in the thermo
philic cellulose-decomposing organisms. The claim had been made by many 
earlier workers t ha t cellulose must be constantly present if the culture were 
to maintain its cellulolytic properties. If, for example, the organisms were 
grown on glucose then the resulting culture was found to have lost perma
nently its cellulose-destroying property . McBee proved in a number of 
instances t ha t when pure cultures were isolated the cellulolytic property 
could be maintained satisfactorily on any medium giving growth. The 
previous observations were undoubtedly due to overgrowth of the cellulose-
decomposing organisms by other contaminants also present. This sometimes 
provides a valuable criterion for the pur i ty of cultures. 

Enr ichment technique is an exceedingly efficient way of isolating or
ganisms t h a t will actively destroy the part icular substrate bu t it is highly 
selective in other ways. The nutr i t ional requirements of the successful 
organism must necessarily be relatively simple and its growth rapid relative 
to other organisms in the mixture which can also decompose the substrate . 
I t mus t also be able to grow bet ter t han the other organisms with similar 
powers under the particular physical conditions (e.g., temperature , aera
tion, ionic strength) chosen. Thus only the best-adapted (in the biological 
sense of the word) microorganisms will be selected. For this reason it is 
probably not valid to regard the cellulose- or chitin-decomposing organisms 
as representative of organisms with part icular abilities, since m a n y of them 
have been obtained by enrichment techniques which select on the basis of 
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many characteristics besides substrate decomposition. M a n y other or
ganisms with less powerful ability to destroy the substrates or with different 
physiological characteristics may exist unrecognized. 

2 . DEDUCTION OF ENZYME FORMATION FROM THE BEHAVIOR OF ORGANISMS 

The only purpose of a short section with this subtitle is to point out 
again how little we know about the potentialities of most organisms. The 
method by which the ability of some organisms to destroy a part icular 
substrate has been recognized is often dependent on some quite different 
characteristic. For example, it is known tha t C. perfringens produces an 
enzyme which ra ther specifically hydrolyzes collagen (cf. Section IV, C, 3). 
Originally it was observed 5 t h a t in tissue sections taken from the muscles 
of animals which had received C. perfringens toxin the collagen fibers had 
been destroyed. The toxin, however, is likely to be toxic not because it 
contains a collagenase bu t because of its lecithinase 6 action. How many 
other organisms, not possessing a toxic lecithinase or some other tissue-
destroying mechanism to a t t r ac t a t tent ion, also form collagenase? Likewise, 
hyaluronidase is known to be formed by several pathogenic microorganisms 
and many more such have been examined, largely because hyaluronidase 
has been thought to have some possible relation to the pathogenic process. 
Recently, two observations 7 · 8 have shown tha t a strain of Bacillus subtilis 
and a flavobacterium are active hyaluronidase producers. How many other 
groups of organisms without pathogenic potentialities may contain hyal-
uronidase-producting representatives? These arguments might be greatly 
extended and they all point to the caution tha t , al though we may know 
about the abilities of certain microorganisms to act on certain substrates, 
and although we may even know which organisms are likely to carry out 
certain processes under na tura l conditions, we know very little about which 
organisms are capable of carrying out specific tasks when tested under 
optimal conditions. 

B . METHODS FOR STUDYING THE BREAKDOWN OF HIGH MOLECULAR 

WEIGHT SUBSTANCES 

The complexity of s tructure and size of the molecules we are considering 
necessarily means tha t a variety of different methods can be used to s tudy 
the breakdown of any given substance. For purposes of convenience the 
methods used will be divided into two groups: those satisfactory for the 
qualitative recognition of a process and those more useful for s tudying its 
detailed biochemistry. 

1. QUALITATIVE METHODS 

Where the substrate is insoluble, as with cellulose or chitin, by far the 
commonest methods of s tudy are either to pu t a strip of the material into 
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the medium and s tudy its disintegration or to incorporate a powder in a 
solid medium, such as agar, and to look for zones of destruction around the 
colonies. 

Both of these methods have their advantages , purposes, and limitations. 
The strip method is useful for enrichment cultures since relatively early 
stages in disintegration can be observed. However, the exact meaning of 
these very early stages may be questioned. For example, some "cellulose-
destroying" organisms are said to "pulp filter paper or weaken it sufficiently 
so t h a t fibers separate on slight a g i t a t i o n 9 exactly whether the cellulose 
molecule itself has been a t tacked or whether some other s t ructure in the 
complex fibrous material (see Section IV, A, 1) has been broken down is 
not clear. Another advantage of the strip method is t ha t it provides for a 
ra ther wide range of cultural conditions inasmuch as the bo t tom of the 
str ip will be deep under the medium and almost anaerobic, whereas i ts top 
may project clear of the medium and allow very aerobic growth on i ts damp 
surface. The importance of allowing the strip to project has been noted, 
for example, by Ben ton 1 0 in his s tudy of the isolation of chitin-destroying 
organisms. The tota l surface of substra te supplied by this method is, of 
course, very limited. I n general with a be t te r understanding of the physi
ology of organisms and adequate methods for aeration, I should th ink t h a t 
the addit ion of powders to the enrichment culture would be the method of 
choice even though only more drastic breakdown might be recognizable. 

The method of growing the organisms on the surface of a solid (usually 
agar) medium with powdered substra te incorporated is perhaps the com
monest method for the s tudy of the breakdown of insoluble substrates, 
after pr imary enrichment cultures have been made. I n general this method 
can give a good deal of not only quali tat ive bu t even semiquanti tat ive in
formation. If wide, clear zones are found around colonies on a plate con
taining powdered cellulose or chitin, then it seems reasonable to deduce 
t h a t a cellulase or chitinase has diffused away from the colony and hy-
drolyzed the substrate . These part icular substances are so resistant to 
ordinary chemical a t t ack t h a t any other explanation seems unlikely. I t 
m a y be jus t worthwhile, however, to point out t ha t very beautiful zones 
of clearing can be obtained around colonies of the lactic acid bacteria grow
ing on solid media containing glucose and powdered calcium carbonate. 
The production of zones around colonies is certainly not proof of enzymic 
action irrespective of the chemical properties of the substrate and the 
physiological behavior of the organism. The deduction can also probably 
be drawn with safety tha t , when wide zones of clearing are produced around 
colonies growing on a medium containing a chemically resistant substrate , 
the organisms are forming a t ruly extracellular enzyme. Here again proof 
is not absolute since enzyme may be liberated from autolyzing cells within 
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the colony. Generally, however, when wide zones of clearing on solid media 
have been observed it has been possible to demonstrate the production of 
extracellular enzymes in liquid cultures by other means. 

If sufficient care is taken in standardizing the conditions for examining 
zones of substrate lysis, certain very limited quant i ta t ive conclusions are 
likely to be valid. The size of the zone is largely controlled by the amount 
of enzyme formed and its ra te of diffusion under the chosen conditions. 
Therefore a comparison of the zone diameters around colonies in a pure 
culture can give indications of the enzyme-forming ability of the cells 
within the colonies and var iants may be recognized. When the behaviors of 
different species of organisms are compared, this method is less likely to be 
valid since there is no guarantee t ha t the molecular weights of the enzymes 
will be the same and hence the different rates of diffusion will influence the 
size of the zones. For the most par t , however, the method has been used in 
a purely quali tative manner . 

2 . METHODS FOR QUANTITATIVE STUDY 

Once an organism which actively breaks down a particular substra te 
has been isolated in pure culture, little further progress can be made in un
derstanding mechanisms unti l suitable methods for estimating the en
zymes involved have been designed. This is equally t rue whether the 
aim is to unders tand the physiology of formation of the enzyme or the 
mechanism of hydrolysis of the substrate . The principles of the method t h a t 
is devised are controlled, of course, very largely by the properties of the 
substrate. The methods t ha t have found part icular favor are based on: (a) 
special properties of the substrate, such as solubility, presence of anionic 
groups, absorption of ultraviolet light; (b) the viscosity of dilute solutions; 
(c) estimation of the liberation of par t s of the large molecule, such as free 
reducing groups from polysaccharides, or pr imary amino groups from pro
teins. 

a. Methods Dependent on Special Properties. Here are to be found methods 
for estimating the ra te of breakdown of most of the substances bearing 
strong charges such as mucopolysaccharides, nucleic acids, and pectinic 
acids. Hyaluronidase, for example, can be measured by the ra te a t which it 
destroys the ability of hyaluronic acid to combine with proteins in acid 
solution to give insoluble products . The method m a y either be designed to 
give a so-called mucin clot 1 1 or a turb id i ty 1 2 the density of which can be 
measured optically. Pectinase can be es t imated 1 3 by measuring the dis
appearance of insoluble Ca-pectinate, and the breakdown of deoxyribo
nucleic acid, ribonucleic acid, 1 4 and casein 1 5 have been measured by making 
use of the insolubility of the undegraded molecule in acid solution. The 
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turbidi ty of the suspension of undegraded substrate can be measured 
optically or the precipitate dried and weighed. Another method for the 
measurement of nuclease 1 6 act ivi ty depends upon the different absorptions 
of the whole nucleic acid molecule and the products of hydrolysis a t 260 
m/i. The method relates enzyme act ivi ty to the shift in extinction a t 260 
ηΐμ occurring during incubation under s tandard conditions. 

Insolubility itself has been used as a criterion for quant i ta t ive estimation 
of enzymes such as cellulase and chitinase. T h e enzyme preparat ion is 
simply allowed to act on powdered cellulose or chitin and the remaining 
insoluble material centrifuged or filtered off and weighed. The difficulties 
involved in two-phase systems of this type are considerable if any knowl
edge of the kinetics of the process is required. The ra te of enzyme action 
will clearly be dependent, among other factors, upon particle size, pene
trabil i ty of the particles, and amoun t of agi tat ion. 1 7 Fur the r difficulties are 
introduced by the complex na tu re of t he substances themselves (see Section 
IV, A, 1) and a t t empt s have been made more recently to avoid these 
methods by using partially degraded and subst i tuted soluble materials. 

Another substra te proper ty which has been employed particularly for 
the s tudy of mucoprotein breakdown is the immunological reaction char
acteristic of the part icular substance. I n the studies of the blood group 
substances and pneumococcal polysaccharides, for example, this was the 
principal method of investigation (cf. Section IV,B,4,5). The labor in
volved in making some of these methods quant i ta t ively exact is ra ther 
large and they have frequently been used in a semiquanti ta t ive fashion. 

Among the methods t h a t depend upon special properties of the sub
s t ra te mus t be mentioned the common method used for est imating the 
action of amylase. This depends upon the ability of starch, particularly i ts 
amylose component, to form a blue color with solutions of iodine. T h e en
zyme is allowed to act on starch under suitably standardized conditions 
and then a solution of iodine and a sample of the hydrolyzate mixed: the 
blue color formed can be measured colorimetrically and related to the re
maining concentration of reactive starch. M a n y modifications of the tech
nique have been suggested; t ha t of Smith and R o e 1 8 is a good example. 

b. The Viscosity Method. This method has been used to est imate the 
act ivi ty of enzymes a t tacking a wide var iety of the substances dealt wi th 
in this article, for example, for hyaluronic acid , 1 9 deoxyribonucleic ac id , 2 0 

collagen, 2 1 mucoproteins, 2 2 and cellulose derivatives. 2 I n essence the method 
is simple enough. The enzyme and substra te are brought together in a 
viscometer, usually of the Ostwald type , which is maintained in a ba th 
with precise tempera ture control. The ra te of diminution of viscosity is 
then observed over some chosen period of t ime. T h e results, as with the 
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methods discussed above, must be expressed in arbi t rary units . For example, 
uni ty may be regarded as the t ime required to reduce the viscosity to half 
its initial va lue 2 3 or a s tandard enzyme preparat ion may be set up and 
given an arbi t rary value; the activities of other preparat ions are then com
pared with the s tandard. 

The disadvantage of this method and of those dealt with in the previous 
section is t h a t being purely empirical they give little precise indication of 
the underlying chemical changes. In most cases the best t ha t can be said is 
t ha t the molecule is made smaller. This s ta te of affairs is not so serious when 
well-defined chemical substances are involved as substrates, bu t could be 
misleading with complicated substances. T o give an extreme bu t possible 
example, much at tent ion has recently been paid to the mode of combina
tion of mucopolysaccharides in tissues. Chondroitin sulfate, for example, 
can be isolated in the form of a protein-mucopolysaccharide complex. The 
viscosity of solutions of this complex is very high and can be lowered by 
the action of p r o t e a s e s ; 2 4 ' 2 5 presumably, it could also be lowered by chon
droitin sulfatase. Thus , if organisms were found producing enzymes which 
lowered the viscosity of a solution of chondroitin sulfate, the composition 
of the substrate would have to be examined very carefully before the con
clusion t h a t a chondroitin sulfatase was a t work. Moreover, if the chon
droitin sulfate protein complex (perhaps in ignorance of i ts na ture , called 
" n a t i v e " chondroitin sulfate) and purified chondroitin sulfate were both 
used as substrates, the conclusion might be drawn t h a t two kinds of chon
droitin sulfatases were produced by microorganisms, one of which hy-
drolyzes the nat ive product and the other of which hydrolyzes bo th the 
nat ive and the purer "part ial ly degraded substrate"—whereas, of course, 
the "nat ive subs t ra te" could be hydrolyzed either by a protease or a chon 
droitin sulfatase and the other by the polysaccharidase only. This fictitious 
example is given because it can be s ta ted in understandable chemical terms. 
In many cases similar explanations might apply to less well understood 
systems, for example, where the action of enzymes on nat ive cellulose, de
termined by solubilization of the material , is compared with the viscosity-
lowering effect on solutions of carboxymethyl cellulose. 

c. Liberation of Lower Molecular Weight Breakdown Products. Perhaps the 
commonest method for the measurement of the enzymic breakdown of 
na tura l polymers is either to measure directly the liberation of some char
acteristic reactive group t ha t has been unmasked by the action of the en
zyme, or to precipitate the unhydrolyzed substrate and less hydrolyzed 
fragments and measure the concentration of small molecular weight sub
stances left in solution. The former approach is well represented by the 
measurement of the liberation of reducing sugars from polysaccharides and 
mucopolysaccharides. In this method the enzyme is allowed to act under 
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s tandard conditions, the reaction is stopped, any protein precipitated, and 
the amount of reducing sugar present over and above t h a t in the original 
solutions of substrate and enzyme measured by the use of the orthodox 
reagents for such purposes. Certain precautions must be taken in interpret
ing the results obtained. For example, different enzymes may cleave the 
molecule a t different points as do a- and ^-amylases, giving different rates 
of liberation of various oligosaccharides which may themselves differ in 
their reactions with the reducing sugar reagents. Likewise, substrates of 
imperfectly known structure m a y consist of two types of polysaccharide 
jus t as s tarch contains unbranched amylose and branched amylopectin. 
Enzymic a t t ack on these two substrates m a y leave oligosaccharides with 
different reducing power. Finally, if more than one enzyme is responsible 
for the ul t imate breakdown of the polymer to its component monomer 
units , the measurement of reducing group liberation is likely to be the 
summation of the action of enzymes. The hydrolysis of proteins has com
monly been measured by the liberation of amino groups from peptide 
linkage. Such a method, of course, measures not only the hydrolysis of 
peptide bonds in the whole protein bu t also the liberation from all the 
peptides down to free amino acids. An al ternative to this method which 
avoids confusion by peptidase act ivi ty has been to precipitate the larger 
fragments after enzymic action with a protein precipitant such as trichlor
acetic acid and to measure the soluble material either as to ta l nitrogen, or 
as tyrosine by the color given by the Folin-Ciocalteu reaction, or as total 
aromatic amino acids by the absorption in ultraviolet light a t 280 ηΐμ 
wavelength. Nuclease action has also been measured by a precisely anal
ogous method, making use of the absorption of ultraviolet light a t 260 ηΐμ 
wavelength, or by measuring either the amount of to ta l phosphorus re
maining in solution or deoxyribose or ribose according to whether deoxy
ribonucleic acid or ribonucleic acid has been used as substrate . 

III. Primary Attack on High Molecular Weight Substances 

A. LIBERATION OF EXTRACELLULAR ENZYMES 

Undoubtedly many of the organisms t h a t are capable of utilizing sub
stances of high molecular weight do so by liberating into the medium en
zymes which break the substrate down to very small assimilable molecules. 
At first sight it might seem vital for the organism to do so since it seems 
ra ther unlikely t h a t molecules of some 100,000 molecular weight would be 
able to penetra te the cell membrane. This argument is two-edged, however, 
since it is equally difficult to unders tand how an extracellular enzyme of 
high molecular weight can get out of the cell unless, of course, it is formed 
somewhere near to the cell surface, as has been suggested elsewhere. 2 6 * 2 7 
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I t may be t h a t some enzymes are sufficiently effective remaining in place 
without diffusing away from the cell. Such an explanation might be the most 
satisfactory for the breakdown of even insoluble substances such as cellu
lose, by some bacteria, in the apparent absence of extracellular enzymes. 

The criteria for deciding whether or not any given enzyme is extracellular 
are peculiarly difficult to formulate, bu t such problems will be discussed 
later in this treatise (in particular see Chapter 11, Vol. IV, by M . R. Pol
lock). While some enzymes s tar t to be liberated early in the logarithmic 
growth phase of the culture, subsequently increase in act ivi ty approximately 
in parallel with the mass growth, and cease to increase when growth stops 
(e.g., the proteases of C. histolyticum28 and the deoxyribonuclease of s trepto
cocci, 1 4 the appearance of others such as hyaluronidase, the lysozyme of 
staphylococci, and of Bacillus subtilis lags behind growth under some condi
tions and then rapidly increases. 2 9" 3 2 I n ye t other systems little enzyme may 
appear in the culture fluid unti l growth has ceased as with amylase forma
tion by B. subtilis.zz Yet no evidence could be found for an early accumula
tion of any of these enzymes within the cells which might account for a 
later release into the medium by autolysis of the cells. Also, increasing the 
osmotic pressure of the medium by the addit ion of polyethylene glycol, 
which reduces the hazard of protoplast lysis greatly increased the amount 
of amylase formed, whereas if lysis accounted for enzyme liberation the 
reverse s tate of affairs might have been expected. Moreover, the appearance 
of amylase was stopped by the presence of agents inhibiting protein syn
thesis (eg., chloramphenicol). I t was not stopped by some amino acid ana
logs. 3 4 

Apar t from difficulties of interpretat ion as in the above examples, the 
kinetics of the formation of many so-called extracellular enzymes has not 
been examined or a t any ra te reported. M a n y workers have been content to 
examine resting phase cultures and to call the enzymes found in the fluid 
extra-cellular, or, if they have found zones produced on agar containing 
the substrate, they have been satisfied. 

B . LIBERATION OF INTRACELLULAR ENZYMES BY CELL LYSIS 

Although the liberation of a potent soluble enzyme may appear to be the 
most efficient method for dealing with a large molecule when the fate of 
individual cells is considered, equally efficient from the point of view of 
allowing survival of a population as a whole may be the sacrifice of a pro
portion of the individuals* in the cause of the life of their compatriots. If 
potent enzymes are liberated when a proportion of the cells lyse, the as
similable substances produced by these enzymes may allow the remainder 
to live. Jus t as it is difficult to find rigorously defined examples of the 
certain formation of extracellular enzymes, it is equally difficult to find 
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examples in which the source of the enzyme in the fluid phase of cultures is 
certainly due to part ial cell lysis. An early example which probably illus
t ra tes the point is the s tudy of enzymes in cultures of pneumococci by 
Avery and C u l l e n , 3 6 , 3 6 who observed t h a t whereas there were active in-
vertase, amylase, inulase, and esterases in the culture filtrates from over
night cultures of pneumococci, these could not be detected in the fluid 
phase from 5-hour cultures. If, however, the cells from the young cultures 
were disrupted by freezing and thawing, then the enzymes could be found 
in the lysate. I t thus seems likely, al though not certain in the absence of 
precise quant i ta t ive data , t h a t the appearance of the enzymes in the fluid 
phase of the older cultures is due to cell lysis. 

The liberation of peptidases by C. histolyticumP appears to be another 
example of the lysis or part ial lysis of cells. Weil and Kochalaty 's work has 
the advantage of including in i t a s tudy of the liberation of t rue extra
cellular enzymes, the proteases. The ability of the cultures to hydrolyze 
gelatin was similar before and after filtration and reached a maximum in 
the culture a t the same t ime as the number of live bacteria, i.e., a t 24 hours . 
T h e ability of the culture fluid to hydrolyze DL-leucylglycylglycine, how
ever, increased slowly over a period of 6 days. An a t t e m p t a t the direct 
demonstrat ion of the aminopeptidase in the cells from the young cultures, 
however, failed. This a t t emp t was made by incubating a suspension of cells 
under toluene. Later, the au thors 2 8 were able to demonstra te the peptidases 
within the bacteria by sonically disrupting cells from young cultures. This 
would appear to be a satisfactory demonstrat ion of the likely appearance 
of soluble enzyme by cell lysis, a conclusion supported by other work. 3 8 

A certain mystery exists, however, since this problem has been reinvesti
ga ted 3 9 wi th 82 strains of C. histolyticum; the liberation of peptidases was 
reported as exactly parallel wi th t h a t of the proteases, bo th being detectable 
as soon as growth started, i.e., a t 7 hours. This disagreement is unresolved 
and may, when further studied, tell us more about the conditions which 
decide whether a given enzyme is intracellular or extracellular. 

C. BREAKDOWN BY CELL CONTACT 

In a certain number of instances one is driven to the conclusion t h a t 
high molecular weight substances can be broken down by close contact 
between the organism and the substrate . One of the most carefully studied 
instances is t h a t of cellulose breakdown by the Cytophaga*0 When these 
organisms are grown on the surface of media containing incorporated 
cellulose, unlike some other organisms living on the recalcitrant material , 
no zones are produced. The cellulose is only partially cleared immediately 
under the area of extensive growth. When fibers are examined micro
scopically from such areas they are seen to be closely encrusted with micro-



270 Η. J. ROGERS 

organisms; moreover, the pa t te rn of their arrangement is such as to sug
gest t ha t they have followed the underlying cellulose micelles. I n other 
words, they seem to have arranged themselves in the most int imate possible 
contact with the glucose chains. This extremely orderly arrangement was 
noticed as long ago as 1929 by Winogradsky 4 1 and no doubt results from 
the ability of the Cytophaga to condition their movements by the ul tra-
structure of the surface on which they are growing. An impressive demon
stration of the speed with which cellulose can be used by these Cytophaga 
cells when in place on the fibers was then reported. S tanier 4 0 compared the 
oxygen uptake of lightly centrifuged Cytophaga cultures when supplied 
with glucose, cellobiose, and cellulose itself. I t will be seen from Fig. 1 t h a t 
the ra te of oxidation of the cellulose is only slightly less than t h a t of the 
monomer glucose and about the same as t ha t of cellobiose. Since the 
respiratory systems of the organisms were intact it is ra ther unlikely t h a t 
extensive autolysis of the cells had taken place to liberate intracellular 
cellulase; no extracellular cellulase has been demonstrated. Thus it seems 
probable t ha t the cellulose was being broken down and oxidized by some 
extremely active surface enzyme. Some other cellulose-decomposing bac
teria are reported as not forming extracellular enzymes; it would be of 
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FIG. 1. Oxygen uptake by Cytophaga hutchinsonii in the presence of glucose, cello 
biose, and cellulose and in the absence of any substrate. From Stanier. 4 0 
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great interest to see whether these too can carry out an equally rapid oxida
tion of this large molecular weight substance. A further possible example of 
a similar utilization of a substance by surface-located enzymes is to be 
found in some work 4 2 on the hydrolysis of ribonucleic acid by Pasteurella 
pestis. I n this s tudy it was shown tha t a washed suspension of living or
ganisms, a suspension of cells killed by phenylmercuric n i t ra te—by which 
the selective permeability properties of the cells would presumably be 
destroyed—and a cell-free preparat ion made by sonic disintegration, all 
hydrolyzed the substrate a t the same ra te . In order to appraise this situa
tion thoroughly, of course, more would have to be known about the size 
of the ribonucleic acid, the permeabili ty of the cell to it and the extent of 
adsorption of any extracellular ribonuclease to the cells. 

D . INDUCTION OF ENZYMES 

Whether or not the enzyme or enzyme system concerned with the break
down of substances is extracellular, intracellular, or residing on the surface, 
it may still be either inducible (adaptive) or constitutive. The meaning of 
these terms is now well understood and does not need fresh emphasis here. 
I t may be well to point out, however, t h a t as a result of the considerable 
amount of work done during the last few years the experimental conditions 
under which t rue induction can be demonstrated have been made very much 
more rigorous and it is rarely sufficient simply to show t h a t more enzymic 
activity per uni t weight of cells is present when the organism is grown in 
the presence of the substrate than in its absence. M a n y reviews of the sub
ject have appeared recently and it will be sufficient to say t h a t compara
tively few enzymes of the type of specificity involved in this article have 
been examined sufficiently rigorously to be able to claim tha t they are 
certainly inducible. 

Among the enzymes which have been shown to have greatly increased 
activi ty by the presence of the substra te are hyaluronidase formed by 
Streptococcus hemolyticus Lancefield groups A and C, 4 3 • 4 4 and C. perfringens 
type A . 2 3 ' 4 6 Hyaluronidase formation by staphylococci, on the other hand, 
is not increased by the presence of the subs t ra te . 4 3 Chitinase formation by a 
strain of Streptomyces has been shown to be increased by chi t in 4 6 and 
pectinase formation by Pseudomonas prunicola is increased by the presence 
of pectin as well as galacturonic acid in the growth medium. 4 7 Amylase 
formation by Clostridium acetobutylicum4**" b and by Pseudomonas sac-
charophila is increased by the presence of starch and dextrins. The enzymes 
hydrolyzing heparin and ^-heparin are not detectable unless the substrates 
are present in the growth media for a strain of flavobacterium;7'49 similarly, 
the presence of the capsular polysaccharides in the medium is necessary for 
the formation of appreciable quanti t ies of the enzymes destroying them. 3 
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Claims have been made t h a t cellulase is bo th const i tu t ive 5 0 and inducible. 6 1 

In the light of the experience with the formation of other enzymes this is 
almost certainly a reflection of the different physiology of formation of the 
enzyme system by different organisms. The list could be greatly lengthened 
but sufficient has been said to show tha t many of these enzymes are pro
bably inducible. 

IV. Attack on Specific Groups of Substances 

A . POLYSACCHARIDES 

1. CELLULOSE 

Of the subjects considered here the destruction of cellulose is perhaps the 
most practically impor tant when we consider t ha t the physical properties 
we associate with wood, cotton, rope, and plant tissues are largely deter
mined by the integrity of the cellulose they contain. 

a. The Nature of Cellulose. Essentially simple in chemistry cellulose has 
been defined 5 2 as "long-chain molecules of D-glucopyranose linked 1-4β 
[see below] with a molecular weight of a t least 1.5 Χ 10 6 which represents 
a degree of polymerisation of 9200." 

Γ CH 2 OH Η OH Ί 

L Η OH CH 2 OH J 

In cotton, for example, it seems to be generally agreed t ha t the glucose 
units are linked together to give a somewhat kinked bu t ra ther rigid chain 
about 20,000 A. long and 7.5 A. wide. This s t ructure alone, however, is not 
sufficient to account for the physical properties of cellulose fibers such as 
their s t rength and insolubility. The individual fibrils of glucose chains must 
be linked together in such a way as to obscure the hydrophilic groups and 
give rigidity to the s tructure. Various suggestions have been pu t forward, 2 

such as glycosidic cross-linkages in various positions between the glucose 
chains and, more vaguely, by van der Waals ' forces. F rom X-ray diffraction 
analysis the chains of glucose molecules are seen to be organized three-di-
mensionally and fibers show definite crystal s tructure. Analysis of na tura l 
fibers, such as cotton, by X-rays and dichroism shows tha t the degree of 
organization or crystallinity varies in different p laces ; 5 5 , 5 4 there are areas 
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showing a high degree of crystallinity but others where the chains appear to 
be more randomly disposed. In Ramie fibers for example, the regions of 
three-dimensional order are about 600 A. long and 60-70 A. in diameter con
taining 100-150 molecular chains. In these areas of crystallinity the fibrils 
of organized cellulose chains are disposed a t an angle to the fiber axis and 
the whole fiber has the form of a flattened twisted tube with about 150-300 
convolutions to the inch. The degree of organization of the fibrils within the 
fiber depends to some extent on age. 2 The fiber itself consists of a pr imary 
very thin wall or cuticle, containing pectin and waxes with cellulose fibrils 
interwoven in it, an inner secondary wall, and a lumen. The secondary wall 
constitutes the bulk of the fiber and is built up of a succession of laminae 
with the cellulose fibrils aligned in a spiral fashion along the longitudinal 
axis. 

I t is important , in interpreting work on the biological breakdown of 
cellulose, to bear in mind this complicated structure. I t is t rue t ha t the 
cotton fiber, for example, contains up to 96 % cellulose but the remaining 
4 %, even if it were far less in bulk, might be vitally important in determin
ing whether or not the cellulose can be hydrolyzed, should it be disposed as 
a protective sheath between the majority of the cellulose fibrils and the 
enzyme. In order to make the cellulose more accessible to enzymes, workers 
have used a variety of chemical and physical t rea tments of natural fibers. 
Among the chemicals used have been cuprammonium, phosphoric acid, 
N a O H , lithium chloride, calcium thiocyanate, and many other t rea tments 
including deliberate part ial hydrolysis by acid and substitution of various 
groups on to the molecule. 5 3 One of the actions of the former type of t reat
ment is to swell the inner or secondary layers and burst the outer cuticle, 
thus allowing free physical access to the bulk of the cellulose in the sec
ondary wall. However, the exact effects of the various t rea tments on the 
chemistry of the fiber components and their organization is by no means 
wholly clear. I t is not perhaps surprising t ha t different results for enzymic 
a t t ack on "cellulose" should be claimed according to whether "cellulose" 
is regarded as whole untreated cotton fibers, cotton fibers dissolved and the 
"cellulose" reprecipitated, cotton fibers partially hydrolyzed with acid, or 
the cellulose they contain purified, partially hydrolyzed with acid, and 
then a variety of groups such as — C O O H or — C 2 H 5 subst i tuted on to the 
6-position of a variable proportion of the glucose molecules. I t is perhaps 
more of a wonder t ha t organisms can produce a sufficient diversity of en
zymes, or enzymes of a wide enough range of action to accomplish all the 
tasks required eventually to reduce the chain of glucose molecules to 
monomer. 

b. Organisms Breaking Down Cellulose. In 1942 Norman and Ful le r 5 5 

wrote: "An adequate system of classification and nomenclature for the eel-
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lulose bacteria is urgently needed. At present the situation is chaotic and is 
becoming worse. . . ." As with the affairs of men, little improvement can 
be seen by the biochemist writing this article, al though noble du ty has 
been done by such as M c B e e 6 6 and H u n g a t e 5 7 in devising and de
scribing adequate methods and criteria for the purification and s tudy of 
the physiology of some of the anaerobic, thermophilic, and mesophilic cel
lulose-destroying organisms. Their work also established likely criteria by 
which the impurity of other workers ' strains could be recognized. For ex
ample, pure cultures should maintain their ability to ferment cellulose even 
when they are grown on noncellulose-containing media. Previously, loss of 
cellulose-fermenting-ability had been a t t r ibuted to some form of irreversible 
deadaptat ion. Representatives of the named strains C. thermocellum, C. 
terminosporus, C. thermocellulolyticus, and Bacillus cellulosae dissolvens (now 
recognized 9 as C. dissolvens) were examined in detail, along with two un
named strains received from other authors . They all gave active growth on 
cellulose, cellobiose, xylose, and hemicelluloses. They all failed to ferment 
glucose itself or fructose. This lat ter fact is one of great interest and im
portance in view of Stanier ' s 4 0 observations on another group of cellulose-
destroying organisms, the Cytophaga. Before Stanier 's work it had been 
claimed tha t these organisms also could not grow on glucose or indeed any 
reducing sugar and somewhat elaborate theories had been devised to ac
count for this fact. In a delightfully simple experiment, however, Stanier 
showed tha t the t rue explanation resided in the well-known lability of 
glucose. If the glucose solutions were not heated in order to sterilize them 
the organisms grew well on media containing this carbohydrate. Wi th this 
example in mind McBee, 4 in an equally beautiful experiment, eliminated 
toxic heat-produced breakdown products as a cause of the failure of his 
organisms to utilize glucose. The following experiment (see Table I) demon
strates tha t al though no growth occurs when glucose alone is used as carbon 
source, the addition of glucose to either cellulose or cellobiose in no way 
impairs the utilization of these substrates bu t the glucose is not used. Thus 
we are driven in these, and some other examples, to the conclusion t ha t 
while some organisms can use cellobiose and presumably cellulose via either 
cellobiose or some other small oligosaccharide, they cannot for some reason 
use the monomer glucose itself. 

A list of some 150 cellulolytic organisms has been given by Siu, 2 of which 
the latest edition of Bergey 9 recognizes 54. These organisms for the most 
par t divide themselves amoiig the genera Bacillus, Bacterium, Cellulomonas, 
Clostridium, Cytophaga, Pseudomonas, and Vibrio. Unfortunately a number 
of these groups such as Bacterium and Pseudomonas are notoriously ill-
defined. This list, of course, does not include the many unnamed cellulose-
destroying organisms which have been isolated and studied. M a n y of the 
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T A B L E I 
THE INFLUENCE OF GLUCOSE ON THE UTILIZATION OF CELLOBIOSE AND 

CELLULOSE BY A PURE CULTURE OF A 
CELLULOSE-UTILIZING ORGANISM0 

Copper reduction value 
(expressed as glucose, 

Carbohydrate in medium Growth mg./ml.) 

Initial Final 

Glucose 0 .1% None 1.41 1.41 

Glucose 0.05%) 
+ cellulose 0.05%J 

Good 0.68 0.65 

Glucose 0.05%! 
+ cellobiose 0.05%/ Good 1.41 0.63 

None None 0.14 0.16 

α From McBee. 4 

recognized cellulolytic organisms have been isolated by pr imary enrichment 
technique from soil, sewage, the rumen, various forms of decaying vegetable 
mat ter , and other such likely sources. For the reasons pointed out earlier, 
they do, of course, represent a ra ther artificially selected group. A study by 
Clark and Tracey 6 8 primarily devoted to the decomposition of chitin by 
microorganisms bu t which also examined cellulose decomposition by a 
series of ra ther well-defined organisms may point a finger of fact, as well as 
logic, against supposing t ha t cellulose decomposition defines a unique group 
of organisms. These authors found, for example, t ha t all the strains of 
Klebsiella pneumoniae, K. ozaenae, and K. rhinoscleromatis which they 
tested produced cellulase. A wider examination of well-known species might 
be profitable in correcting any tendency to think of cellulose decomposition 
as defining a group of organisms any more satisfactorily t han would starch 
fermentation. 

c. The Enzymic Hydrolysis of Cellulose. Although cellulose is perhaps 
the most insoluble, intractable, and least diffusible of the substrates with 
which we are involved in this article, and one for which it would seem quite 
essential t ha t extracellular enzymes should be deployed by the cell, the 
evidence is, as has already been mentioned, by no means conclusive t ha t 
this is always t rue. Some organisms, for example, the Gram-negative coccal 
strains isolated by H u n g a t e 6 9 from the rumen, produced wide zones of clear
ing in cellulose agar and therefore may be presumed to produce an extra-
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cellular enzyme. In other ins tances , 4 0 , 6 9 however, it is equally clear t ha t 
very int imate contact between the fiber and the organisms is required. 

The most obvious way to break down cellulose would be for the glycosidic 
linkages to be hydrolyzed in a nonspecific manner unti l only glucose was 
left; the glucose could then be metabolized by the cell in the usual manner . 
Much evidence now suggests tha t , when extracellular enzymes are formed, 
this general course of events is the one usually followed, al though more 
than one enzyme is often required. A radically different theory, which is 
still occasionally quoted, was originally proposed by Winogradsky, 6 0 

namely, t ha t the breakdown was an oxidative one leading to the initial 
formation of oxycellulose ra ther than a hydrolytic one. This was based on 
the results of a chemical examination of mucilage formed from filter paper 
consisting of partially hydrolyzed cellulose together with the bodies of the 
microorganisms growing on the fibers. Siu 2 has pointed out t ha t the rich 
coating with bacterial bodies may explain the detection of uronic acids by 
several workers, since they may arise from the bacterial mucilage ra ther 
than from the cellulose. This theory is fully and critically discussed by 
Siu. 2 

As early as the beginning of this century , 6 1 the presence of cellobiose in 
enzymic hydrolyzates of cellulose was recognized. The technique a t this 
t ime was to inoculate media containing well-washed filter paper with mud 
containing cellulose-destroying organisms or with cultures of various micro
organisms, and to allow growth to take place, bu t before all the cellulose 
had disappeared to shake the culture with toluene or other bactericidal 
agents and continue incubation. The production of substances reducing 
alkaline copper reagents, such as Fehling's solution, was observed and both 
glucose and cellobiose could be isolated as osazones. The identi ty of the 
cellobiose as a 0-linked disaccharide was established by the action of prep
arations which contain 0-glucosidase, such as emulsin. On the basis of these 
experiments it was deduced t ha t an extracellular cellulase was produced 
which hydrolyzed cellulose as far as the 1-4 0-linked disaccharide cellobiose 
and tha t a second enzyme might be responsible for hydrolysis of the disac
charide. The early evidence and discussion of this problem is summarized 
by Norman and Ful le r 5 6 in their review of 1942. Although much work has 
since been done on the enzymic hydrolysis of cellulose, the problem of the 
number of steps and enzymes involved is still far from clear. The probleni 
was examined quanti tat ively by LeVinson et aZ.6 2 using filtrates from cul
tures of five species of fungi. They followed the formation of glucose during 
the action of the filtrates on cellulose sulfate by the use of glucose oxidase, 
and the production of cellobiose by the action of a β-glucosidase preparat ion. 
They also examined the cellobiase content of the filtrates. All bu t one of the 
filtrates had only very slight action on cellobiose. During action on cellu-
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FIG. 2. Appearance of glucose and cellobiose during hydrolysis of cellulose sulfate 
by a filtrate of Trichoderma viride. A: No 0-glucosidase added. B. 0-Glucosidase added 
at the beginning of hydrolysis. (T) Total reducing value (mg./ml. glucose). (C) Cello
biose (mg./ml.). (G) Glucose (mg./ml.). From LeVinson et al.62 

lose sulfate with the cellobiase poor filtrates, cellobiose accumulated with 
the later formation of small amounts of glucose (Fig. 2). If some of the 
filtrate rich in cellobiase was also included, the cellobiose concentration 
reached a peak value and then disappeared with the formation of more 
glucose. These results were confirmed in a direct manner by paper chroma
tography. Only glucose and cellobiose were formed by the action of the 
filtrates on pure cotton linters, viscose rayon, or alkali-treated cellulose; 
several other spots appeared on the paper chromatograms of hydrolyzates 
of carboxymethyl cellulose, cellulose sulfate, and cellulose dextrins. Wi th 
cellulose sulfate the sum of the glucose and cellobiose formed accounted for 
only about 4 0 % of the total reducing substances; using cellulose dextrin as 
substrate , only about 70 %. The additional substances traveled more slowly 
than cellobiose on the chromatograms and were presumed to be higher 
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oligosaccharides of glucose. Kooiman et al.ez later detected a range of sugars 
from glucose to cellohexose in such hydrolyzates. A possible explanation of 
the presence of these oligosaccharides has been provided by Aitken et aZ., 6 4 

who showed t ha t cellulase preparations from Myrothecium verrucaria can 
build oligosaccharides from cellobiose by transglycosidation 

These results give some support to the idea of a separate cellulase which 
carries hydrolysis as far as a disaccharide and a cellobiase which completes 
hydrolysis bu t which may form higher oligosaccharides by transglycosida
tion. Fur ther evidence for the presence of a separate cellobiase in some 
cellulase preparations has been produced by Fes tens te in , 6 5 , 6 6 who prepared 
the crude enzyme from rumen organisms either by extraction with butanol 
or by grinding with alumina. He showed t ha t glucono-1,4-lactone, which 
is known to inhibit 0-glucosidases and in particular the o-nitrophenyl 
β-glucosidase present in the rumen microorganism preparations, was able, 
almost bu t not quite completely, to prevent the production of glucose from 
carboxymethyl cellulose (CMC) while it inhibited the hydrolysis of C M C 
to cellobiose by only 60 %. I t may be noted tha t cellobiose did not accumu
late in the presence of the lactone. Likewise there seems strong evidence 
for the presence of a cellobiase in cellulolytic preparations from the wood 
rott ing fungus Porta vaillanttii. I t is c l a imed e e a t ha t no glucose is formed 
from cellulose if the cellobiase in the preparations is first inactivated. 

Evidence contrary to the presence of separate cellobiase and cellulase 
enzymes in filtrates from the fungus Myrothecium verrucaria was produced 
by Whitaker, 6 7 a « b who purified cellulase from Myrothecium verrucaria by 
fractionation with ammonium sulfate and ethanol and obtained a prepara
tion which gave only a single peak when examined in the ultracentrifuge 
and a t three different p H values by electrophoresis. When tested against 
a variety of cellulose or substi tuted cellulose substrates and cellobiose the 
ratios of enzymic activity had not been changed from those in the crude 
filtrate, thus suggesting a single enzyme had been purified which rapidly 
hydrolyzed cellulose and slowly hydrolyzed cellobiose. However it must 
be noted tha t the extent as distinct from the rate of hydrolysis of the sub
strates was very low, being only of the order of 2 %. An observation by this 
author t ha t high concentrations of cellobiose inhibit the action of cellobiase 
may possibly suggest t ha t cellobiose may accumulate in enzymic hydroly
zates of cellulose because the disaccharide inhibits action of a single enzyme; 
the rate of hydrolysis of cellobiose is relatively very low compared with 
t ha t of cellotriose. This suggestion does not necessarily conflict with the 
greater inhibition of the hydrolysis of cellobiose than of carboxymethyl 
cellulose by glucono-1,4-lactone. T h a t hydrolysis of cellulose to glucose 
can be carried out by a single enzyme without intermediation of cellobiose 6 6 

does not, of course, exclude the possibility t h a t a separate cellobiase may 
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well be formed by some bacteria and sometimes play a role in the over-all 
process. Evidence, for example, presented by McBee 4 makes it seem highly 
probable t ha t hydrolysis of cellulose by his cultures of thermophilic bacteria 
involves a cellobiase. When he grew his cultures in the presence of excess 
cellulose and transferred them to a tempera ture of 68°C. a t a t ime when 
active fermentation was still going on, growth stopped bu t cellulose hydrol
ysis continued and the osazone of cellobiose was isolated, whereas from 
cultures a t 55°C. only glucosazone could be isolated. I t therefore seemed 
probable t ha t a cellobiase active a t 55°C. bu t not a t 68°C. was present and 
t ha t this normally hydrolyzed the cellobiose to glucose. Similarly Aitken 
et aZ.6 4 found t h a t the ability of Myrothecium verrucaria filtrates to hydrolyze 
cellobiose could be abolished by heating them to 60°C. for 10 minutes. 
When this was done and the filtrates were then allowed to act on either 
insoluble or soluble cellulose or on carboxymethylcellulose, the amount of 
glucose formed was reduced by about 70 % while cellobiose formation was 
scarcely affected. Some glucose, however, was still formed, which argues 
again t h a t cellulase or the cellulases present in the filtrates can themselves 
partially hydrolyze the polysaccharide to glucose without the intervention 
of cellobiase. Since the heated filtrates were inactive on cellobiose, the 
glucose presumably did not arise in these experiments via the 1-4 0-disac-
charide. This result is similar to t h a t obtained by F e s t e n s t e i n 6 5 ' 6 6 when 
cellobiase was inhibited by glucono-1,4-lactone. 

Although it seems likely t h a t cellobiase is often present, it seems unlikely 
t h a t it always plays a necessary role in the enzymic hydrolysis of cellulose to 
glucose, and it is clear t ha t a further type of complexity is present in prepa
rations of cellulase. I n an endeavor to overcome the difficulties of using 
insoluble substrates, a variety of part ial ly hydrolyzed and subst i tuted 
celluloses have been used. During their investigations of fungal and bacterial 
cellulases Reese et al.bl examined the hydrolysis of carboxymethyl cellulose 
by filtrates from a variety of organisms, of which some of the Aspergillus 
species were not able to hydrolyze nat ive cellulose. I t was found t h a t they 
were all able to hydrolyze carboxymethyl cellulose, irrespective of the chain 
length of the polymer within the limits of 125-200 glucose uni ts long, pro
viding the degree of substi tution was not above 1.0 (i.e., not more than one 
carboxymethyl group for each repeating uni t of glucose must be present) ; 
below this the rate of hydrolysis varied inversely with the degree of substi tu
tion. Likewise all the filtrates could hydrolyze hydroxyethyl cellulose bu t 
none could a t t ack methyl cellulose to yield reducing sugars. Examinat ion 
of some of the properties of the act ivi ty responsible for the hydrolysis of 
carboxymethylcellulose, such as p H opt imum and stability to p H and 
temperature , showed t h a t they were similar to those of the activity against 
nat ive cellulose. On the basis of these experiments Reese et aZ. 5 1 proposed 
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the presence of an enzyme, Cx, in the filtrates which hydrolyzed shorter 
anhydroglucose chains to ' 'soluble small molecules capable of diffusion into 
the cell," later shown to be cellobiose and glucose, 6 2 but proposed t ha t 
another enzyme, C i , must also be present before nat ive cellulose could be 
at tacked. Fes tens te in 6 5 has since claimed tha t enzyme preparations can 
readily be prepared from rumen organisms which will hydrolyze subst i tuted 
short-chain celluloses such as C M C without being able to hydrolyze nat ive 
cellulose. Likewise Halliwell 1 7 has found evidence for differences in the 
enzymic a t tack on nat ive cellulose and C M C . Again the evidence produced 
by Whi t ake r 6 7 a does not entirely agree with the suggestion tha t more than 
one enzyme is always involved in the hydrolysis of native cellulose. He 
tested both his enzyme, which showed only a single peak during electro
phoresis, and the initial crude culture filtrate from which it had been derived 
against unswollen cotton linters, ground cotton linters, and carboxymethyl 
cellulose having the low degree of substi tution of 0.5, and found t ha t the 
relative enzymic activities against the three substrates had not changed 
significantly during purification. I t may possibly be significant t ha t whereas 
Reese et al.bl grew these organisms on media containing carboxymethyl 
cellulose, Whi t ake r 6 7 a grew his on media containing cotton linters, bu t 
whether this difference had any influence is unknown. T h a t the enzymic 
a t tack on carboxymethyl cellulose and presumably cellulose itself may be 
carried out by a number of "cellulases" is suggested by the work of Grimes 
et a i . 6 8 and Miller and B lum. 6 9 Both groups of workers examined concen
t ra ted filtrates from Myrothecium verrucaria; the former by convection 
electrophoresis, the lat ter by electrophoresis on a starch block. Both sets 
of authors found tha t enzymic activity against soluble cellulose derivatives 
was scattered through several peaks. Miller and B lum, 6 9 using carboxy
methyl cellulose as enzyme substrate, found as many as eight peaks; Grimes 
et aZ.6 8 by more indirect methods recognized three components active against 
cellulose sulfate. The striking similarity of these observations to t ha t of 
Wannamaker ' s 7 0 for the multiplicity of deoxyribonucleases formed by 
streptococci is to be noted. Thomas and Whi t ake r , 7 0 a however, have sug
gested tha t the apparent multiplicity of cellulases may be due to complex 
formation, possibly with polysaccharides. These authors found only a 
single spot of cellulase activity during electrophoresis of preparat ions of 
this enzyme on paper. 

2. STARCH 

Like cellulose, starch consists essentially of glucose joined by 1-4 linkages, 
except t ha t the optical specificity of the linkage is a in starch instead of the 
β-linkage in cellulose. A further complexity is introduced into considera
tion of starch and the enzymes which act on it by the fact t ha t almost all 
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starches contain two polymers—one with the glucose uni ts joined head to 
tail in a straight line to give amylose, while in the other, amylopectin, a 
ramifying structure like glycogen, is built up by the presence of branching 
points a t the 6-positions in some of the glucose molecules. Apar t from the 
so-called waxy starches from sorghum, rice, millet, barley, and certain 
kinds of corn, most starches contain 15-27 % amylose and the rest is amylo
pect in; 7 1 the waxy starches are almost entirely composed of amylopectin. 
The separation and description of the properties of amylose and amylo
pectin have been given by Schoch. 7 2 The na ture of the starch grain itself 
is again, like the cellulose-containing fiber, complex. A review of this sub
ject and of the properties of the components is given by Greenwood. 7 1 I n 
brief, the granule is surrounded by a thin layer of protein and in some 
instances a thin cellulose-containing outer wall is present. Within the wall 
the granule appears to be built in layers around a focal point which has 
been called the hilum. In most laboratory studies the starch granules have 
been t reated in some way to break up this complicated structure and render 
the polyglucosans soluble. 

Jus t as starch consists of two polysaccharides, two enzymes are known 
tha t can hydrolyze both types of molecules; a ^-amylase which can hydro
lyze amylose completely to maltose, bu t which stops a t the 6 —•> 1 branch
ing points in amylopectin, leaving a residual unhydrolyzed dextrin, and 
an α-amylase of very much more complex action. The mammalian and 
plant α-amylases have been discussed in a review by Caldwell 7 3 and en
zymic hydrolysis of starch generally by Whelan. 7 4 I t seems certain t h a t 
these enzymes act as endopolysaccharidases, producing a rapid drop in 
viscosity and discharge of the capability of amylose to give a blue color 
with iodine, bu t their exact mechanism of action is unknown. The bacterial 
enzymes, apar t from those of Bacillus macerans, are α-amylases al though 
comparatively little detailed work appears to have been done on the mode 
of action of the highly purified enzymes available. 

a. a-Amyla.se of Bacillus subtilis. Meyer et alP first succeeded in crystal
lizing an α-amylase from Biolase, a German commercial amylase prepara
tion. I t is not clear from their short paper whether this preparat ion is made 
from B. subtilis or B. mesentericus. They say "L 'enzyme est socrotoe par le 
Bacillus subtilis ou mesentericus"; it is, however, usually assumed t h a t they 
were studying B. subtilis enzyme. The product obtained liberated 3.2 X 
10 3 mg. of maltose per milligram of to ta l nitrogen in the preparat ion during 
3 min. incubation a t 20°C. a t the p H opt imum of the enzyme. The crystals 
were homogeneous when solutions were examined electrophoretically. 
More recently Akabori et aZ.7 6 have examined the amino acid composition 
of crystalline α-amylase from Bacillus subtilis N, which was prepared by 
the method of Hagihara 7 7 and compared the results with those for swine 

http://a-Amyla.se
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T A B L E II 

AMINO ACID ANALYSES OF AMYLASES FROM DIFFERENT SOURCES0 

Amount of amino acid found (g./100g. protein) 

Amino acid Swine 
pancreatic 

amylase 

Human 
salivary 
amylase 

Taka-cx-
amylase 

Bacillus 
subtilis N. 

Glycine 6.7 6,8 6.6 5.6 
Alanine 6.9 4.4 6.8 6.0 
Valine 7.8 6.9 4.7 5.5 
Leucine \ 11 £ (5.8 8.3 6.4 
Isoleucine J 11.0 \ 5 . 8 5.2 4.0 
Proline 3.6 3.6 4.2 4.1 
Phenylalanine 10.1 7.2 4.2 5.8 
Tyrosine 5.3 5.5 9.5 8.3 
Tryptophan 6.7 7.2 4.0 6.2 
Serine 4.1 7.8 6.5 6.2 
Threonine 3.9 4.5 10.9 6.4 
Cystine 2.3 4.4 1.6 0 
Methionine 2.1 2.4 2.2 1.3 
Arginine 5.8 8.7 2.7 6.8 
Histidine 3.9 3.2 2.0 3.8 
Lysine 4.9 6.3 5.9 7.3 
Aspartic acid 14.5 19.3 16.5 15.0 
Glutamic acid 10.5 9.6 6.9 13.5 
Ammonia 1.6 — 1.5 1.3 

α From Akabori et al.76 

pancreatic, 7 8 human sal ivary, 7 9 and Taka-a-amylase . 8 0 This comparison is 
reproduced in Table I I . The subtilis enzyme appears to be principally 
distinguished from the other enzymes by the complete absence of cystine. 
T h a t the cystine content must be very small is confirmed by the finding 
tha t the total sulfur content of the protein was 0.23 % which agrees well 
with the expected amount of 0.27 % calculated from the methionine con
tent . Mengi et al*1 have reported a comparison between two α-amylases 
isolated from a commercial product from B. subtilis. Each had the same 
specific activity, each showed a p H opt imum between 5.2 and 6.4, and they 
also agreed in their heat and p H stabilities. Junge et al.81& have examined 
two preparat ions of recrystallized α-amylase from B. subtilis and have con
firmed t ha t — S H and — S — S — groups are absent from the enzyme. 

b. α-Amylase of Pseudomonas saccharophila. This enzyme has been iso
lated and crystallized by Markovi tz et al.82 from cultures in which the source 
of carbon was maltose. The authors used the ingenious method designated 
by Thayer 8 3 for purification. In this the culture supernatant containing 
the enzyme is run through a column of starch and celite. The amylase re-
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maining on the column is then eluted with increasing concentrations of 
either soluble starch or enzymic hydrolyzate of starch. The remaining 
par t of the technique 8 2 involves orthodox ammonium sulfate and cold 
acetone fractionation. Final crystallization was from 7 5 % saturated am
monium sulfate a t p H 5.3. The crystalline product was homogeneous when 
examined a t "various p H values between 5.5 and 8.0" by electrophoresis 
and in the ultracentrifuge and the sedimentation constant /S2o,w was calcu
lated as 4.66. The specific activity measured in terms of the release of 
maltose from starch in 3 min. a t 37°C. and p H 5.5 by the method of Noelt-
ing and Bernfeld 8 4 was 6 X 10 3 mg. maltose per milligram of total nitrogen 
in the preparation. Allowing for the difference of experimental conditions 
this value is not dissimilar from t h a t found for the subtilis enzyme (i.e., 
3 X 10 3 mg. of maltose per milligram of to ta l nitrogen). The p H opt imum 
in M / 3 0 phosphate-ikf/30 succinate buffer was between 5.2 and 5.7; the 
Michaelis constant (Km) was about 0.6 g. starch per liter as calculated 
from the slope of a Lineweaver and Burk type of plot. Thayer 8 3 compared 
the action upon soluble starch, amylopectin, and amylose of his purified 
amylase prepared from the culture fluid of P. saccharophila, with a cell-
bound amylase. He measured the decrease in the color given by the hydrol-
yzates when iodine was added, using light of two different wavelengths. 
The actions of the two enzymes in liberating reducing sugars were also 
compared. He claimed t ha t " the extracellular enzyme is dextrogenic (an 
α-amylase) and t ha t the intracellular enzyme is saccharogenic (β-amylase) 
mixed with other enzymes which contribute to the act ivi ty observed." If 
this claim were proved to be t rue it would be of considerable importance, 
since to date no other 0-amylase of bacterial origin has been reported. 

c. The Amylase of Clostridium acetobutylicum. When maltose is present 
as principal carbon source for this organism only maltase and no amylase 
is formed, 4 8* an interesting contrast with the behavior of Pseudomonas sac
charophila which forms α-amylase under similar conditions. If, however, 
starch is added to medium for C. acetobutylicum both amylase and maltase 
are formed. Hockenhull and Herbert 4 8 * partially purified the amylase by 
adsorption on to starch from a solution containing 1 % Na2S04 and 50 % 
ethanol of an ammonium sulfate precipitate from the culture supernatant . 
The enzyme was eluted by 0.04M phosphate buffer a t p H 5.8. About 95 % 
of the maltase was removed by their process. In some ways this amylase 
appears to differ from both a- and 0-amylase. The ra te of liberation of 
maltose from starch was rapid unti l 100 % of the theoretical value had been 
reached; thereafter the rate of reducing sugar liberation was directly propor
tional to the maltase content of the preparations. This argues t ha t unlike 
other amylases this enzyme can hydrolyze starch completely to maltose. 
Also unlike other amylases there was no activation by chloride ions. 

d. Bacillus macerans Amylase. I n 1904 Schardinger 8 5 isolated an organism 
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which was contaminating a nutr ient broth medium and which rapidly 
hydrolyzed starch to dextrins; he called this organism B. macerans. Fur ther 
intensive chemical s tudy of these dextrins has shown t h a t they are quite 
different from those arising as a result of the action of a- or 0-amylase. 
They consist of glucose molecules joined together by 1-4 α-linkages into 
rings of various sizes. This subject has recently been very thoroughly re
viewed by Dexter F rench 8 6 and nothing further can yet be added. The 
enzyme preparations used to produce the cyclic dextrins are still relatively 
crude and no report of a homogeneous preparat ion is available. 

3. OTHER POLYSACCHARIDES 

a. Pectin. The substrate molecule consists of galacturonic acid molecules 
in which some of the carboxyl groups on the six positions of the galacturono-
pyranose structures are esterified with methyl groups. Two distinct enzymes 
exist: (a) a pectinesterase and (b) a polygalacturonidase. These two en
zymes are, as one might expect, interrelated in action, a subject well-
discussed by Lineweaver and Burk . 8 7 Although it is known t h a t many 
bacteria have the ability both to remove the methoxy groups and to hydro
lyze the polysaccharide chain, comparatively few studies have dealt with 
the enzymes concerned. Considerable evidence is available on the fungal, 
plant, and yeast enzymes. 1 3 · 8 7 

Mills 4 7 studied the pectin esterase formed by Pseudomonas prunicola, 
showing tha t it was adaptively formed in response to pectin and, interest
ingly* galacturonic acid. Half maximal velocity was a t ta ined by the en
zyme acting on pectin a t a substrate concentration of 0 .12%. I t splits off 
about 75 % of the methoxy groups. The crude preparat ion also hydrolyzed 
simple glycerides. 

A survey of organisms tha t produce what the author calls pectinglycosi-
dase (α, β, and 7) has been published together with an examination of the 
products formed from pectic materials during incubation with culture solu
tions from some of the active organisms. 8 7* Two anaerobic pectinolytic 
organisms have been s tudied. 8 7 b 

b. Alginic Acid. This substance obtained from seaweed consists of 1-4 
linked chains of mannuronic acid. I t is decomposed by a number of organ
isms first studied by Waksman et al.*8 who described four organisms to 
which they gave specific names. The hydrolytic ability was considerable, 
100 ml of culture destroyed up to 700 mg. of the polysaccharide in 21 days 
a t 30°C. Other observations on alginic acid-destroying microorganisms 
have been made by K&ss et al.89 and Thjo t ta and K&ss. 9 0 More recent ly 9 1 

the hydrolysis of alginic acid by an unidentified organism was studied by 
paper circle chromatography of nitrates from cultures which had contained 
the polysaccharide. In 2-week-old cultures a series of oligosaccharide rings 
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was obtained; bu t after 4 weeks' incubation only mannuronic acid itself re
mained. Enzyme preparat ions from the cultures were found to reduce 
rapidly the viscosity of alginic acid solutions. Cytophagas of marine origin 
are also known to hydrolyze alginic acid. 4 0 A strain of Aerobacter aerogenes 
has been claimed 9 1 * to form adaptively enzymes tha t hydrolyze alginic 
acid. Mannuronic acid and uronides were detected among the hydrolytic 
products. 

B. MUCOPOLYSACCHARIDES AND MUCOPROTEINS 

1. CHITIN 

a. The Substrate. This substance forms the major par t of the organic 
matr ix upon which calcium carbonate is deposited to form the exoskeleton 
of m a n y marine animals including crabs and lobsters. I t also forms an im
por tan t par t of the cell walls of fungi. Thus it is of common origin and it 
has been calculated 9 2 t h a t if t he shells of the copepods, merely a subclass 
of crustaceous plankton, alone accumulated unhindered, many billions of 
tons would be deposited on the sea floor every year. As it is, however, 
m a n y groups of organisms can produce active chitinases rendering the 
carbon and nitrogen available for further use. 

The structure of chitin is like t h a t of cellulose, a 1-4 ^-linked chain of 
hexose molecules, bu t in place of glucose, iV-acetylglucosamine occurs to 
give the following repeating un i t : 

CH 2 OH Η N H C O C H 3 

The shells of crustaceans from which chitin is usually prepared contain 
apar t from calcium carbonate considerable protein and some lipid. The 
purification of chitin involves t rea tment of the shells with acid and alkali, 
and lipid solvent extractions. 

b. The Organisms Hydrolyzing Chitin. Like the ability to hydrolyze cel
lulose and for t h a t ma t t e r other polymers, the dissimilation of chitin ap
pears to be a ra ther widespread proper ty of bacteria. T h a t they could use 
this intractable material was first recognized by Benecke, 9 3 who called the 
organism he isolated Bacillus chitinovorus. M a n y studies have since been 
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devoted to the utilization of chitin; particularly, of course, have the sea 
and sea mud been fertile sources of organisms. Zobell and Ri t tenberg , 9 2 for 
example, s ta te t ha t from 0.1-1 % of all bacteria in sea water are active to 
some extent. F rom these studies it is clear t ha t the property is not con
fined to one or even a few genera of microorganisms but is widespread 
throughout the microbiological kingdom. For example, Campbell and 
Will iams 9 4 isolated three species of Achromobacterium, two of Pseudomonas, 
a Flavobacterium, and a Micrococcus. Ben ton 1 0 had isolated 17 different 
types of bacteria, none of which would fit into the Bergey classification of 
t h a t t ime. Likewise Zobell and Ri t t enberg 9 3 isolated and gave some of the 
physiological characteristics of 14 "representatives of chitinoclastic bacteria 
most of which had been recovered two or more times from various marine 
mater ia ls ." No a t t empt a t classification was made but 31 different pure cul
tures were obtained some of which would grow on a mineral salts medium 
with only chitin present while others needed additional carbon sources and 
other organic nitrogen—possible evidence tha t organisms of different genera 
were involved. Some Myxobacteria can utilize chitin. 9 5* 9 6 A s tudy by Clark 
and Tracey , 5 8 already referred to in connection with cellulose decomposi
tion, again points to the danger of regarding the destruction of the material 
as in any way the hallmark of a distinct group of organisms. These authors , 
examining representative species from a fairly wide range of genera, most 
of the organisms not having previously been associated with chitin destruc
tion, found tha t the following were in fact chitinovorous: Chromobacterium 
ersayanum, C. indidum, C. prodigiosum (Serratia marcescens), one strain of 
Klebsiella aerogenes, K. cloacae, K. ozaenae, K. pneumoniae, K. rhino-
scleromatis, Pseudomonas hydrophilia, P. icthyosmia, (two were unidentified 
pseudomonads), C. septicum, C. perfringens type A, two out of the three 
Vibrio cholerae subgroup I strains examined, Vibrio el Tor, another uniden
tified species of Vibrio, and an unidentified Ervoinea; four strains of Escher
ichia coli tested were all negative. 

In these experiments the organisms were cultivated in a peptone broth 
medium and then treated with toluene overnight. The presumably killed 
and partially autolyzed cultures were then tested for their chitinase or 
cellulase act ivi ty. Therefore, the positive results obtained are for constitu
tive enzymes only. Any organism producing the enzymes adaptively might 
be recorded as negative and the t rue distribution of chitinase and cellulase 
production may be even wider t han is suggested on the face value of this 
work. 

c. The Enzymic Decomposition of Chitin. Enzymes destroying chitin were 
first recognized and studied in the digestive juices of snails (Helix pomatia) 
by Karrer and Hofmann 9 7 and Karrer and von Francois . 9 8 After 10 days ' 
incubation a t 36°C. and in phosphate buffer a t p H 5.2 almost all of 100 
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mg. of the insoluble chitin had been dissolved and about 85 % could be ac
counted for as reducing sugar est imated as iV-acetylglucosamine, which was 
isolated as a crystalline product . Zechmeis ter" and his colleagues, following 
these early observations, fractionated extracts from Helix pomatia gut on a 
column of bauxite recognizing one fraction which passed straight through 
the column and another which was adsorbed. By this means they showed 
tha t the hydrolysis by one enzyme system proceeded as far as the disac
charide chitobiose, and t ha t a second enzyme chitobiase was capable of 
hydrolyzing the disaccharide to iV-acetylglucosamine. Thus the situation 
is very similar to the classical idea of cellulose hydrolysis. Snail enzyme 
would appear a t first sight to be a far cry from bacterial enzymes. Work, 
however, by Jenn iaux 1 0 0 makes it plausible t ha t in fact the earlier authors 
might conceivably have been studying enzymes formed by bacteria growing 
in the digestive t rac t of the animals. He found, for example, some 500,000-
750,000 chitinolytic organisms per gram of the intestinal contents from 
Helix pomatia. Eleven different types of microorganism were isolated, all 
of them Eubacteriales. The abundance of chitinolytic t rue bacteria was, 
as the author pointed out, in contrast to the preponderance of chitinolytic 
Acetomycetales, Myxobacteriales and filamentous fungi which are such 
common chitin scavengers in other places, such as ear th and sea, where 
chitin destruction is taking place. More recently the action of what may 
be t ruly extracellular chitinase has been examined by Reynolds , 4 6 who 
isolated two strains of Streptomyces and one " t rue bacter ium' ' which would 
rapidly break down chitin powder added to a salts medium. The cultures 
were shaken to increase the accessibility of oxygen. Figure 3 shows the 
ra te of breakdown by the three strains. The supernatant fluids from centri-

• • • ι ι ι ι — ι — ι — ι — ι — ι 
3 6 9 12 

Days incubatio n 
FIG. 3. Aerobic decomposition of chitin by three soil microorganisms growing in 

submerged but agitated cultures; C-10 and C-14 are species of Streptomyces; C-25 is 
a bacterium. From Reynolds. 4 6 
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fuged cultures which had been grown for 5 days (Streptomyces) or 8 days 
(Bacterium), or filtrates from these cultures liberated reducing substances 
from powdered chitin when incubated for 48 hr. a t 25°C. a t p H 8.0. The 
presence of chitin in the culture medium was necessary if the fluids were 
to show chitinase act ivi ty; chitin could not be substi tuted by N-acetyl-
glucosamine, or by glucose and asparagine. The t ime course of the produc
tion of extracellular chitinase is shown in Fig. 4. Having reached a maxi
m u m activity a t about 7 days, further incubation of the culture led to 
destruction of the enzyme. The reducing substances obtained when the 
filtrates were allowed to react with chitin were examined by paper chroma
tography. The enzymic reaction was stopped before all the chitin had been 
solubilized. Two spots were obtained by paper chromatography in one direc
tion with phenol /water /ammonia , or collidine/water and in two directions 
with the solvent systems phenol /water /ammonia and bu tano l / e thano l / 
water /ammonia . These spots corresponded in their ra te of t ravel with 
markers of iV-acetylglucosamine and iV,iV-diacetylchitobiose. In another 
experiment only the spot corresponding to iV,iV-diacetylchitobiose was de
tected in the hydrolyzate. These observations made it seem very probable 
t ha t the enzymic hydrolysis of chitin followed the same course as t ha t by 
other polysaccharidases, and tha t like hydrolysis by enzymes prepared 
from Helix pomatia two stages are carried out by a "chi t inase" and a 
"chitobiase." In a later paper Berger and Reynolds 1 0 0 * confirmed the sug
gestion t ha t a chitobiase was present in the filtrates from Streptomyces 
and also succeeded in separating two chitinases both having the same speci
ficities for oligosaccharides prepared from chitin. This observation of more 
than one region possessing chitinase activity after gel-electrophoresis of 
preparations from Streptomyces filtrates, confirms earlier observations 
briefly reported by Jenn iaux . 1 0 0 b The chitinases, free of chitobiase activity 

10 12 14 4 6 8 
Days incubatio n 

FIG. 4. The production of extracellular chitinase by Streptomyces sp. strain C-10 
in submerged agitated culture in a chitin-mineral salts medium. From Reynolds. 4 6 
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formed both iV-acetylglucosamine and iV,iV'-diacetylchitobiose. Tracey , 1 0 1 

however, examining the action of an enzyme prepared from the fungus 
Lycoperdon, found t ha t no disaccharide accumulated and t ha t the most 
effective inhibitor of the hydrolysis of chitosan (a partial ly acid-hydrolyzed 
chitin) was iV-acetylglucosamine which may, as he points out , be evidence 
in favor of an unienzymic hydrolysis of the polysaccharide by chitinase 
from this organism. 

2 . HYALURONIC ACID 

This mucopolysaccharide is found in mammal ian synovial fluid, vitreous 
humor of the eye, Whar ton ' s jelly of umbilical cord, skin generally, em
bryonic bone, and capsules of streptococci. I n synovial fluid it exis ts 1 0 2 in 
the form of a protein complex which has the form of a long, randomly 
coiled, relatively easily penetrated skein. The mucopolysaccharide isolated 
from protein, which has been the form of the substra te chiefly used in 
enzymic studies, consists principally of an unbranched, or very little 
branched, polymer of the disaccharide 3-<3-glucuronido-iV-acetylglucos-
aminide which has the following s t ructure : 

COOH Η N H C O C H , 

CH 2 OH 

a. Organisms Hydrolyzing Hyaluronic Acid. i. Streptococcus hemolyticus. 
Representatives of almost all the types of Lancefield group A and m a n y 
group Β and C organisms have been shown to produce hyaluronidase, even 
many of those t ha t have capsules of hyaluronic acid, the enzyme sub
s t r a t e . 1 0 3 1 0 8 As might be expected, the noncapsulated organisms form very 
much more potent enzymes than the capsulated ones. Hyaluronidase is 
formed adaptively a t least by some strains of group A and group C strepto
cocci 4 8 , 4 4 ' 1 0 6 · 1 0 9 · 1 1 0 a and the organisms respond to the oligosaccharides in 
some enzymic hydrolyzates of hyaluronic acid, as well as to the whole 
mucopolysaccharide molecule. 4 3 * 4 4 Hyaluronidase of streptococci appears to 
be ext racel lu lar ; 4 4 * 1 1 0 b group Β organisms may form the enzyme constitu-
tively 

it. Staphylococcus aureus. A very high proportion of coagulase positive 
staphylococci form h y a l u r o n i d a s e . 1 1 1 , 1 1 2 I t is not formed a d a p t i v e l y , 4 8 , 1 1 1 
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t ha t is, addition of hyaluronic acid to a variety of growth media has no 
influence on enzyme formation. The enzyme is extracellular 2 9 and its forma
tion takes place in an accelerating fashion in relation to growth when the 
inoculum has been taken from a stat ionary phase cul ture . 2 9 - 3 0 Some cultures 
consist of var iants with different enzyme-forming abil i ty. 1 1 2 

Hi. Clostridium perfringens. M a n y strains of serological type A have 
been examined for hyaluronidase. For example, McClean et alllz examined 
20 strains grown in hyaluronic acid-containing medium of which 12 were 
positive. E v a n s 1 1 4 examined 30 selected strains also growing them in the 
presence of hyaluronate and found 7 positive; Kass et al115 examined 94 
freshly isolated strains and found 49 positive; and Oakley and War rack 1 1 6 

examined 14 strains in medium not containing hyaluronate and found 7 
positive. The enzyme is formed adaptively by this o r g a n i s m . 2 3 ' 4 3 - 4 5 · 1 1 5 

Some strains may, of course, be different since Oakley and Warrack , 1 1 6 

adding a low concentration (0.15%) of hyaluronate of unspecified pur i ty to 
rich media, failed to obtain an adapt ive effect with their seven strains. Less 
is known about hyaluronidase formation by the other serological types of 
C. welchii. Table I I I summarized Oakley and War rack ' s 1 1 6 examination of 
strains from B, C, D , E , and F types. 

iv. Clostridium septicum. McClean et al.m examined 20 strains; of these 
7 were positive. 

v. Pneumococci. Humphrey 1 1 7 examined 81 strains of freshly isolated or
ganisms belonging to 19 types ; a rough estimate of the potentialities of the 
strains was obtained by measuring the enzymic act ivi ty in the culture 
supernatants from 24-hour cultures in hyaluronic acid containing broth . 
His results are shown in Table IV. Earlier in their classical work Meyer 
et al.11*'119 had demonstrated hyaluronidase in preparations of cells grown 
with hyaluronic acid in the medium of types I, I I , I I I , and IV. 

T A B L E I I I 
HYALURONIDASE PRODUCTION BY DIFFERENT SEROLOGICAL 

TYPES OF Clostridium perfringens9 

Serological No. of strains ~ . ± . 
type examined P o 8 l t l v e N e g a t l v e 

A 1 4 7 7 
Β 1 4 1 4 0 
C 9 0 9 
D 1 9 4 1 5 
Ε 6 0 6 
F 6 0 6 

β From Oakley and Warrack. 1 1 6 
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T A B L E I V 
HYALURONIDASE PRODUCTION BY SEROLOGICAL TYPES OP PNEUMOCOCCI0 · 6 

Hyaluronidase production Total 
Type of (units) 0 a . 

no. of pneumococcus . 
ι i - i o lo- ioo 100-500 s t r a i n s 

I 1 7 — 
I I 1 — 

I I I 2 8 
V 1 — 

V I I — 1 
V I I I 1 2 

I X — 1 
X — — 

X I I — 1 
X I I I — — 

X V I I 1 — 
X V I I I — 2 

X I X — 3 
X X — — 

X X I — — 
X X I V — — 

X X V — 2 
X X I X — 1 

X X X I I I — 2 
t I - X X X I I I 2 1 

1 — 1 8 
1 2 4 
6 3 1 9 
— — 1 
- 2 3 
2 2 7 
— — 1 
— 1 1 
— — 1 
— 1 1 
— — 1 
— — 2 
— 1 4 
3 — 3 
— 1 1 
— 1 1 
— 1 3 
— — 1 
— — 2 
2 2 7 

• Expressed in mucin-clot prevention units of McClean. 1 1 

h From Humphrey. 1 1 7 

vi. Bacillus subtilis. Very recently a single strain has been shown to form 
an active hyaluronidase. 8 

vii. Flavobacterium Species. An organism isolated by Payza and K o r n 7 

has been shown to hydrolyze hyaluronic a c i d . 4 9 , 1 2 0 

b. Mechanism of Action of Hyaluronidase. Hyaluronidases incubated with 
hyaluronic acid solutions lower their viscosity, destroy the ability to form 
acid-insoluble complexes with proteins and basic dyes, and liberate reduc
ing sugars and substances, giving a positive test for iV-acetylglucosamine. 

Ear ly work 4 3 , 4 4 · 1 2 1 · 1 2 2 showed t h a t the mammal ian hyaluronidase and 
bacterial hyaluronidase gave rise to different hydrolytic products . Meyer 1 2 8 

and his colleagues in a series of very beautiful papers have followed these 
early indications and shown t h a t whereas the testicular enzyme produces 
a series of oligosaccharides which by prolonged incubation with high con
centrat ions of enzyme is changed to a tetrasaccharide, and acts as a t rans-
glycosidase, crude enzyme preparat ions from streptococci, staphylococci, 
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C. perfringens and pneumococci appear to hydrolyze the mucopolysac
charide to a disaccharide. This disaccharide, however, differs from the 
repeating uni t in the substrate molecule itself by having an unsatura ted 
bond in the glucuronic acid between carbon a toms 4 and 5, giving the fol
lowing structure. 

COOH Η N H C O C H 3 

Η OH CH 2 OH 

Thus the evidence is t ha t the scission carried out by the bacterial en
zymes is not a hydrolysis in the ordinary sense in which water is added 
from the surrounding medium but one which involves a ra ther extraordinary 
shift of — Η radicals within the molecule. Fur ther work on this subject is 
obviously needed. Although a number of a t t empts a t part ial purification 
of the bacterial hyaluronidases has appeared, no claim has yet been made 
for a physically homogeneous product . 

3. CHONDROITIN SULFATE 

a. The Substrate. I t is now known t h a t chondroitin sulfate should be 
referred to in the plural sense ra ther than the singular since there are three 
different forms of the compound, called A, B , and C. I t mus t be assumed 
from the methods used by most workers for obtaining the mucopolysac
charide tha t they were studying the breakdown of chondroitin sulfate A. 
The structure of this substance is a more or less coiled chain with the fol
lowing repeating un i t : 

Γ COOH Η N H - C O C H , Ί 

Η OH CH 2 OSO,H 

3-/5-Glucuronido-6-sulfato-iV-acetylgalactosaminide 
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So far as present evidence goes it seems unlikely t h a t the protein-free 
molecule is extensively branched. 

b. Enzymic Attack. Ear ly work 1 2 4 * 1 2 8 showed t h a t bacteria produced en
zymes t h a t would both remove the sulfate as free inorganic sulfate and 
liberate reducing substances from chondroitin sulfate. The bacteria con
cerned appeared to be strains of pseudomonads; their definition, however, 
is not very precise. Later , in a paper concerned with the enzymic hydrolysis 
of sulfated ketosteroids, Buehler et al.127 ment ion very briefly t h a t filtrates 
from cultures of Pseudomonas nonliquefaciens, and Proteus vulgaris l iberate 
sulfate from chondroitin sulfate preparat ions. Very recently this subject 
has been tackled in a determined manner by Dodgson 1 2 8 * 1 2 9 and his asso
ciates. The situation revealed is one of considerable interest to many besides 
those interested in the biochemistry of mucopolysaccharides. They failed 
to obtain active enzyme preparat ions from two strains of Pseudomonas 
fluorescens or from two of Pseudomonas ovalis and one of Alcaligenes metal-
caligenes, b u t found t ha t all the strains of Proteus vulgaris which they tested 
desulfated chondroitin sulfate. These preliminary tests were carried out 
by incubating cell suspensions with solutions of the polysaccharide and 
measuring the liberation of inorganic sulfate. The enzyme could be ex
t racted relatively easily from the Proteus vulgaris cells to give an active 
preparat ion which was highly specific in t h a t it did not a t t ack some sixteen 
other sulfated substances including heparin, carrageenin, and a sub
stance claimed 1 3 0 to be uridine diphosphate iV-acetylgalactosamine sulfate. 
The preparat ion liberated both inorganic sulfate and reducing substances 
from chondroitin sulfate. Subsequently 1 2 9 the authors achieved a separa
tion of these two activities by adsorption on to well-washed calcium phos
pha te gel and elution with successive small volumes of 2 Μ sodium acetate 
a t p H 8.0. The later eluates contained sulfatase virtually free of ability 
to hydrolyze the glycosidic linkages (Fig. 5) . A point of major interest is 
t h a t the sulfatase is almost unable to remove sulfate groups from the 
whole polysaccharide, bu t if the chondroitin sulfate is first reduced to 
oligosaccharides, of the order of size of tetrasaccharide by the action of 
testicular hyaluronidase preparations, the sulfatase is then fully active. 
Contrariwise, however, the removal of sulfate groups does not appear to 
facilitate the action of the glycosidase—or as the authors call it, chon-
droitinase. A further s tudy of this model might be rewarding from the 
viewpoint of understanding the mechanism of enzyme action. Later 
s tudy 1 2 9 * of the chondroitinase from Proteus vulgaris has shown tha t after 
exhaustive digestion of chondroitin sulfate A with the enzyme, the prin
ciple product is a sulfated disaccharide; a t intermediate stages oligosac
charides are formed. These substances appear to be similar or identical to 
those formed when hyaluronidase of mammalian origin acts on chondroitin 
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FIG. 5. Elutions of chondrosulfatase, chondroitinase, and protein from calcium 
phosphate gel; # : chondrosulfatase, O: chondroitinase, X : protein. From Dodgson 
and Lloyd. 1 2 9 

sulfate. Bacterial hyaluronidases do not act on chondroitin sulfate, and 
from hyaluronic acid produce an unsatura ted disaccharide (see IV,B,2). 

4. PNEUMOCOCCAL POLYSACCHARIDES 

Several organisms have been isolated and s t u d i e d 8 ' 1 8 1 - 1 8 6 which decom
pose in a highly specific manner the capsular polysaccharides of the pneumo
cocci. The first was isolated from cranberry bogs in New Jersey. 8 The en
zyme responsible for the destruction of the capsular polysaccharide of 
pneumococcus type I I I , which was measured by making use of the im
munological properties of the substrate, was cell-bound and only liberated 
on autolysis of the cells. I t was formed adaptively in response to the pres
ence of either the whole pneumococcal polysaccharide or the aldobionic 
acid disaccharide repeating unit derived by part ial acid hydrolysis; a wide 
range of other carbon sources was inactive. Likewise the action, as well as 
the formation of the enzyme, was highly specific. I t was unable to affect 
polysaccharide from either type I or I I pneumococci or t h a t from Fried-
lander 's organisms, nor was it able to a t tack gum arabic al though this 
substance is sufficiently like pneumococcus type I I I polysaccharide to cross 
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react with antisera against the lat ter . Later organisms were also isolated 
by a somewhat similar technique which would hydrolyze capsular polysac
charides from types I, I I , 1 3 3 · 1 3 5 and V I I I 1 3 6 pneumococci. The only example 
of overlapping specificity 1 3 5 was the ability of the organism which a t tacked 
type I polysaccharide also to decompose the nonspecific pneumococcal 
polysaccharide; an organism specific for this substance alone was also iso
lated. I t is interesting to note t ha t the enzyme preparat ions which hydro
lyzed the capsular polysaccharide of type I I I pneumococci were also capable 
of protecting animals against infection by the organism. 1 3 7 

Unfortunately no reports have been forthcoming on the purification or 
further s tudy of the biochemistry of this interesting group of enzymes. 

In contrast to the exacting specificity of the organisms already described 
an organism with more catholic tastes was described by Morgan and Thay-
sen. 1 3 8 This organism was originally isolated by enrichment technique on a 
medium containing the O-somatic polysaccharide from B. dysenteriae. 
Shiga and the authors opined t h a t it was a species of Myxdbacterium. 
Apar t from the Shiga polysaccharide, this organism was able to destroy 
polysaccharides from B. dysenteriae Flexner, pneumococcus type I I , tuber
cle, and also the blood group A subs tance . 1 3 9 

5. BLOOD GROUP SUBSTANCES 

The s tudy of organisms and enzymes prepared from them which will 
a t t ack blood group substances has had a long and continuous history dat ing 
from 1934 1 3 9 u p to the present t ime. Apar t from the early paper to which 
reference has already been made, Chase 1 4 0 isolated an aerobic Gram-nega
tive coccus from leaf mold which was able to destroy the immunological 
act ivi ty of preparat ions of a reacting substance prepared from human and 
horse saliva, and pig stomach. About the same t ime Schiff1 4 1 described the 
act ivi ty of filtrates from a strain of C. perfringens which had been isolated 
from a case of lamb dysentery, and presumably of serological type B . 1 4 2 

The blood group substance which he chose to s tudy was t h a t natural ly 
present in the neopeptone used as a consti tuent of the growth medium for 
the organisms. The subject was reopened by Morgan 1 4 3 after World W a r 
I I ; he found t h a t filtrates from type A perfringens cultures were able to 
destroy the isoagglutinating properties of his more purified A, Β and, as i t 
was then called, Ο substances. The enzyme was concentrated and partially 
purified from collagenase b u t still contained a very wide range of other 
enzymic activities. I t was found t h a t the act ivi ty destroying Ο substance 
was more resistant to heat t han t h a t which destroyed the A and Β act iv
ities; the lat ter could be neutralized by the appropriate antibodies whereas 
the former could not . Some of the chemical changes induced by the enzyme 
in a physically homogeneous preparat ion, b u t which showed bo th A and Ο 
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activities, suggested a rather extensive breakdown with the liberation of 
most of the amino acid carboxyl groups in the free form. In a subsequent 
s tudy 1 4 4 ra ther more purified enzyme prepared from C. perfringens type Β 
was used because this serological type was found to be more active in this 
respect than type A. 2 2 When this enzyme had acted on serologically specific 
Η substance (previously defined as Ο activity) the hydrolysis products 
were fractionated through cellophane. The small molecular weight material 
which diffused freely contained the major par t of the fucose in the original 
mucoprotein and some of the iV-acetylglucosamine and galactose. Also 
present were a disaccharide and some small amino acid-containing residues. 
Even repeated t rea tment of the Η substance with the enzyme preparat ion 
did not render it entirely diffusible. The original culture filtrates from the 
type Β organisms, like the filtrates from type A, contained a heat-labile 
enzyme destroying blood group substance A. This enzyme had a p H opti
m u m of activity 5.5, the heat-stable Η-destroying enzyme had an op t imum 
of p H 6.5. Fur ther use of these enzymes may help to unravel the s t ructure 
of this complicated group of substances. 

An enzyme from a Bacillus species, probably B. cereus, which hydrolyzes 
Ο substance has been studied. 1 4 4 * Enzyme formation was increased by the 
presence of galactose, fucose, or melibiose in the medium bu t not by glu
cose, glucosamine, or lactose. The activi ty of the enzyme (by inhibition of 
hemagglutination) was inhibited by fucose (0.025 M), galactose, and galac-
tosamine (0.1 M). 

6. HEPARIN 

Until very r e c e n t l y 7 , 4 9 · 1 2 0 · 1 4 5 no very satisfactory enzyme preparat ions 
had been described t ha t would rapidly hydrolyze the complex mucopolysac
charide, heparin. Despite the medical importance of heparin as an ant i 
coagulant and the considerable amount of chemical work which has been 
done, its s tructure is still far from certain. I t is known to contain approxi
mately equimolar amounts of glucosamine and glucuronic acid, and one 
to three moles ot sulfate per disaccharide uni t . One of the sulfate groups 
is bound in an amide linkage to the amino group of glucosamine. The re
mainder of the linkages between the sugar molecules appear to be glycosidic 
in na ture bu t their whereabouts on the molecule is uncertain. 

Payza and Korn, 7 turning their a t tent ion to the problem of producing 
a bacterial heparinase, isolated an organism thought to be a species of 
Flavobacterium which appears to be a veritable "mucosolvent ." The act ivi ty 
against heparin seems to be due to an adapt ive 7 cell-bound enzyme system 
relatively easily extracted from the acetone-dried cells by dilute, alkaline 
(pH 8) phosphate buffer. 1 2 0 Ext rac ts from the unadapted strain, however, 
will also hydrolyze hyaluronic acid and chondroitin sulfate A and C ; 
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pectic acid, polygalacturonic acid, and chitin sulfate were also slowly 
h y d r o l y z e d . 4 9 , 1 2 0 If the cells are adapted to chondroitin sulfate Β (i.e., 
0-heparin of Winterstein), the extracts will also hydrolyze this polysac
char ide 4 9 which contains iduronic acid in place of the glucuronic acid of 
chondroitin sulfate A. 

The hydrolysis of heparin was measured by the disappearance of the 
metachromatic color given when the mucopolysaccharide is mixed with 
the dye Azar A. Fur ther examination of the r e a c t i o n 7 ' 4 9 showed tha t re
ducing sugars, amino sugar, and periodate reactive groups were liberated 
and tha t an unsatura ted disaccharide was formed which is sa id 4 9 to be 
different from tha t derived from the hyaluronic acid. 

Examina t ion 4 9 of the course of the hydrolysis of β-heparin by extracts 
from cells adapted to this mucopolysaccharide showed tha t the reaction 
was complicated. During the first stages the ultraviolet absorption band 
a t 230 τημ appeared, which is characteristic of the unsatura ted Δ4 ,5 -
glucuronic acid and the carbazole reaction for hexuronic acids increased. 
As the reaction proceeded, however, the ultraviolet absorption declined 
and it seems t ha t free iV-acetylgalactosamine was formed. Thus it is likely 
t ha t a second enzyme system is present in the extracts which can hydrolyze 
the unsatura ted di- or oligosaccharides, first formed, to free sugars. This 
second activity could be abolished by warming the extracts to 56°C. for 5 
min. 

The enzyme system hydrolyzing heparin itself is very sensitive to salt 
concentration as are many enzymes hydrolyzing polysaccharides. Phosphate 
act ivates when glycylglycine buffer is used bu t this effect does not appear 
to be in any way specific either to the cations or anions ; 1 2 0 greater concen
trat ions of salt are strongly inhibitory. The p H opt imum of extracts from 
acetone powders is about 7.2. 

C. PROTEINS 

Inspection of a book dealing with the classification of microorganisms is 
sufficient to give some indication of their widespread ability to hydrolyze 
proteins such as gelatin, casein, and heat-denatured serum albumin. Tests 
for breakdown of these substances have long been par t of the routine proce
dure for the classification of microorganisms and as a result we have much 
more thorough knowledge of the potentialities of microorganisms in this 
respect than we have when, say, cellulose or chitin hydrolysis is considered. 
Although thus more complete, our knowledge about the mechanism of ac
tion of the proteases and even about the properties of the enzymes them
selves is remarkably poor. Very few have been purified and in most instances 
the specificity toward peptide bonds has not Been tested, nor is it clear 
how many proteases or peptidases the organisms produce. This section will 
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be confined to describing some instances of protease formation tha t have 
been examined in greater detail than others. Even here, however, great 
restriction has been made in tha t only a carefully selected amount of the 
total published work on each subject is quoted. 

1. T H E PROTEASES AND PEPTIDASES OF Clostridium histolyticum 

In laboratory-induced infections with C. histolyticum the most outs tand
ing symptom is the extensive digestion of the tissue proteins. Such are the 
powers of the organism tha t when it is injected into the thigh, the muscles 
of a guinea pig can be so digested tha t bare bone is left with threads of 
tissue hanging to it. I t is, therefore, perhaps not surprising tha t considerable 
effort should have been devoted to studying the proteases produced by 
this organism. In 1937 Weil and Kochala ty 3 7 studied the course of produc
tion of an enzyme tha t hydrolyzed gelatin, clupeine, and casein. The en
zyme or enzymes concerned increased rapidly and appeared to be extra
cellular. The gelatinase, measured by liberation of free — N H 2 groups, was 
somewhat activated by sulfhydryl compounds such as cysteine. On the 
other hand, activity against clupeine sulfate and casein was greatly 
activated by —SH, particularly if F e ^ ions were also present. Iron could 
be replaced by Μη* - 1", Ni"1-*, Cu - 1 ^, and Co**. Iodoacetate did not inhibit 
the enzyme. Peptidases hydrolyzing DL-leucylglycylglycine were released 
slowly into the fluid phase of the culture, apparent ly from the autolyzing 
organisms. 2 8 Also associated with the bacteria as well as in the filtrates were 
small amounts of protease activity. A similar s tudy 1 3 8 of this organism con
firmed the rapid production of a very active gelatinase bu t showed tha t 
it was not activated a t all by — S H reagents, whereas the clupeine enzyme 
required activation. This work also reported a casein-hydrolyzing enzyme 
which did not require activation. Maschmann also disagreed with Weil 
and Kochalaty in finding a slow release from cells in cultures ra ther than 
a fast appearance of activity against clupeine. Again peptidases were re
ported, and again according to this work they were only released very 
slowly into the culture fluid. La te r 1 4 6 the peptidase both in intact and dis
rupted cells was claimed to be strongly activated by Mg" 1^. van Heynin-
gen 1 5 abandoned gelatin as a substrate and the liberation of — N H 2 groups 
as a measure of protease action. He pointed out, quite rightly, the complica
tions introduced by the possibility of peptidase action in this method, and 
came to the conclusion tha t two variants of the organism existed, one of 
which produced an extracellular protease inhibited by cysteine and an 
intracellular protease which was activated by —SH, and another var iant 
which produced an extracellular proteinase activated by cysteine. Undoubt
edly much confusion was introduced into this early work by the a t t emp t 
to describe protease specificity by the typfe of protein hydrolyzed. Proteins, 
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with a few exceptions, are too complex in s tructure and contain too great 
a variety of peptide bonds for enzyme specificity to be directed to the whole 
molecule. Recently a new approach has been made to the problem, using 
the available methods of protein separation and knowledge of protease 
specificity. De Bellis et al.147 have fractionated culture filtrates by stepwise 
addition of (NH 4 )2S0 4 . Four fractions were obtained and each was tested 
against a variety of substrates. They contained enzymes with the following 
specificities: 

1. Hydrqlyzed collagen, azocoll, and gelatin—presumably this can be 
said to contain a collagenase. 

2. After cysteine activation, hydrolyzed benzoylarginine amide and 
arginine methyl ester, i.e., it showed esterase activity. 

3. Hydrolyzed the peptides leucylglycine, leucyldiglycine, and valine 
decapeptide. 

4. Hydrolyzed proteins generally, including azocoll, gelatin, casein, 
hemoglobin, egg albumin, fibrin, and bovine plasmin. 

A similar separation between the collagenase activity and the cysteine-
act ivated general protease has also been achieved 1 4 8 by different methods, 
and other confirming evidence has come from immunological s tudies . 1 4 9 

Thus much of the early confusion over whether or not gelatin hydrolysis 
could be act ivated by —SH reagents seems comprehensible in terms of the 
production of two enzymes, one which is a general protease and one which 
is not bu t is a specific collagenase. Variants producing more or less of these 
two enzymes may well exist; whether the general protease activity is also 
due to more than one enzyme cannot ye t be stated. If van Heyningen 1 6 

was right it may be. The collagenase has since been shown to be act ivated 
by C a + + . 2 1 A number of st imulating ideas are suggested by a s tudy 
t h a t has been made of what is claimed to be a homogeneous protein from 
the organisms. 1 5 0 The enzyme isolated from culture filtrates gave a single 
peak during electrophoresis a t p H 5 and 8 and a t three different ionic 
strengths a t p H 7 bu t still hydrolyzed both gelatin and clupeine. I t gave 
only negligible absorption of ultraviolet light of wavelengths from 250 to 
290 ιημ and, therefore, has presumably a very low content of aromatic 
amino acids thus resembling only gelatin and collagen among the known 
proteins. I t contained no demonstrable — S H groups bu t was act ivated 
in its hydrolysis of gelatin and clupeine by cysteine and Fe++. A s tudy of 
the action of the nonactivated and act ivated enzyme on gelatin and clupeine 
showed t ha t — S H reagents not only increased the ra te of hydrolysis bu t 
also the extent of breakdown of the protein molecule (see Table V). If this 
is t rue then the specificity of the enzyme would appear to have been changed 
and the ratios of — N H 2 to —COOH groups liberated suggested to the 
authors t ha t the nonactivated enzyme m a y be able to open only imido groups 
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TABLE V 
HYDROLYSIS OF GELATIN BY Clostridium histolyticum PROTEINASE* 

Increase of free amino and carboxyl groups in 
200 mg. gelatin (as ml. 0.1 Ν KOH) 6 

Incubation 
(hours) 

A 
Before addition of 
activator: initial 

enzyme 

Β 
Activator added 

when hydrolysis by 
initial enzyme was 

complete 

C 
Enzyme and acti

vator added simult
aneously: fully 

activated enzyme 

Amino c Carboxyl d Amino 0 Carboxyl d Amino c Carboxyl* 

1 
4.5 
6 

Additional enzyme 
added 

0.47 
0.65 
0.65 
0.65 

0.64 
1.28 
1.28 
1.28 

0.86 
1.21 
1.22 
1.22 

0.98 
1.29 
1.30 
1.30 

1.35 
1.79 
1.79 
1.79 

1.95 
2.64 
2.68 
2.68 

α Reaction Mixture A: 70 ml. acetone-purified enzyme (initial proteolytic activ
ity = 0.89, full activity = 1.52 ml. 0.1 Ν KOH; no peptidase or polypeptidase ac
t ivity) , 30 ml. 6.6% gelatin solution adjusted to pH 7. 

Reaction Mixture B: 20 ml. of A, completely hydrolyzed, and 2 ml. of F e + + — S H 
activator (27.4 mg. FeS(>4 and 30 mg. cystine-HCl) adjusted to pH 7. 

Reaction Mixture C: 70 ml. enzyme (same as for A), 30 ml. 6.6% gelatin solution, 2 
ml. Fe+ +—SH activator (27.4 mg. F e S 0 4 , 30 mg. cysteine-HCl) adjusted to pH 7 
(from Kochalaty and Krejci 1 6 0 ) . 

6 These figures include the KOH added to compensate for the continuous drop in 
pH which begins immediately after addition of the substrate, and maintain a con
stant pH of 7. 

c Determination in Van Slyke micro apparatus, using 2 ml. of reaction mixture. 
d Titration with alcoholic KOH, using 5 ml. of reaction mixture. 

in gelatin, whereas after activation other peptide bonds can be broken. 
Table V shows the type of results the authors obtained. Unfortunately the 
specificity of the enzyme preparat ion is not given bu t from its ability to 
hydrolyze clupeine and its activation by — S H reagents it probably corre
sponds to the general protease of De Bellis et aZ. 1 4 7 ra ther than to the specific 
collagenase. Other w o r k , 1 5 0 a however, suggests t h a t there are likely to be 
a number of proteases in C. histolyticum filtrates besides the collagenase 
and —SH activated enzyme. 

Fur ther s t u d y 1 5 0 b of collagenase from C. histolyticum has shown it to be 
a protein of molecular weight about 100,000 the enzymic act ivi ty of which 
is inhibited by sulfydryl compounds, by diisopropyl fluorophosphate and 
by sequestrating agents. Examinat ion of 1 6 0 c the bond specificity of t he 
enzyme has shown tha t out of many different kinds of synthetic peptides 
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only those of the type -Pro-R-R'Pro- , or -hypro-R-R'-pro- are rapidly 
hydrolyzed. For example, Cbzy- hypro-gly-gly-pro-OCH 3 was split to give 
Cbzy-hypro-gly and g ly-pro-OCH 3 . Similarly the peptide gly-pro-leu-gly-
p r o N H 2 was hydrolyzed to give gly-pro-leu and gly-pro-NH2 . This type of 
specificity demanding closely situated proline or hydroxyproline residues 
m a y well explain why only collagen or gelatin are hydrolyzed by collagenase. 

A detailed examination of the peptidase fraction of De Bellis et al.ul 

has been published by Mandl et aZ.3 9 They claim no activation by metal 
ions bu t t ha t the enzymes contain "metal-aet ivators in t ight l inkage." 
Co* 4" appeared to be inert with tr ipeptides as substrate bu t act ivated when 
dipeptidase was studied. Other metal ions such as F e 4 4 " inhibited a t rela
tively high concentration, with the exception of Mg++ which inhibited the 
hydrolysis of DL-leucylglycine even a t a concentration of 5 X 1 0 ~ 5 M 
whereas it was ineffective with L-leucylglycylglycine a t 0.2 Μ. The prepara
tions were inactivated by sodium ethylenediamine te tra-acetate (10~ 3 M) 
when tested against any of the substrates examined. I t is on this basis t ha t 
the authors deduced the presence of bound metal activators. Such discrep
ancy as exists between this work and earlier work about the activating 
effect of metal ions could possibly be explained by the presence in earlier 
workers ' preparations of chelating agents such as nonhydrolyzed peptides 
or amino acids which would lower the concentration of ions available for 
combination with the enzymes. 

The activity of several peptidase preparations made by fractionation of 
culture filtrates with ammonium sulfate was tes ted 3 9 against a number of 
peptides and a summary of some of the results is reproduced in Tables VI , 
VI I , and V I I I . Clearly several peptidases were present in the original 
filtrates. 

2. SUBTILISIN—A PROTEASE FROM Bacillus subtilis 

Linderstr0m-Lang and Ot tesen, 1 5 1 "when working up slops of salt-free 
isoelectric ovalbumin solutions from half a year of experiments ' ' observed 
a protein crystallizing as plates instead of "flat cigar-shaped needles." "A 
further perusal of our stock of old dialyzed ovalbumin solutions in the 
refrigerator revealed six samples, one to two years old, three of which had 
been stored with toluene, three without . Only the lat ter were infected, two 
with bacteria and one with moulds (and bacteria?) upon crystallization 
they gave a good (60%) yield of p la tes ." Thus began the history of a most 
interesting enzyme. I t was found t ha t Bacillus subtilis formed the enzyme, 
giving protein from ovalbumin which crystallized as plates. A soluble en
zyme preparation could be obta ined 1 8 2 by growing the organism in a casein 
digest glucose medium for 25-30 hr. when it appeared in the culture filtrate. 
Subsequent ly 1 5 3 it was crystallized in 6 4 % yield on the basis of enzymic 
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T A B L E V I 

RELATIVE ACTIVITIES OP VARIOUS AMMONIUM SULFATE FRACTIONS 
PREPARED FROM Clostridium histolyticum FILTRATES 

ON PEPTIDE SUBSTRATES" 

Peptide 
Ammonium sulfate fraction (% saturation) 

Peptide 
27-28 26-30 28-30 35-40 32-40 

DL-Leu-gly 0.07 0.22 0.11 0.34 0.77 
L-Leu-L-ala — — — — 1.24 
L-Leu-L-leu 0.17 0.20 0.18 0.20 0.50 
L-Leu-L-try 0 0.09 0.03 0.39 1.10 
L-Leu-L-tyr 0 0.40 0 0 1.20 
L-Leu-NH 2 0 0 0 0 0.30 
DL-Ala-gly 0.08 0 0.05 0.1 0.30 
L-Ala-L-leu 0 0 0 0 0.19 
DL-Ileu-gly 0 0 0 0.36 0.22 
DL-Met-gly 0.24 0 0.22 0.16 0.17 
L-Phe-gly 0.24 0 0.16 0.20 0.35 
L-Pro-gly 0 0 0 0 0.08 
DL-Val-gly 0.11 0 0 0.22 0.11 
Gly-L-ala 0.14 0.22 0.11 0.07 0.14 
Gly-gly 0 0 0.62 0.70 0 
Gly-L-leu — — — — 0 
Gly-L-pro 0.14 0.05 0.10 0.05 0.20 
Gly-L-try 0 0.14 0.17 0.17 0.17 
Gly-L-tyr 0 0.70 0 0 0.11 
Gly-L-val 0 0 0 0 0.12 

α The values given represent zero-order constants divided by enzyme concentra
tion (from Mandl et al.i9). 

TABLE V I I 
HYDROLYSIS OF PEPTIDES BY SOME OF THE FRACTIONS 

LISTED IN TABLE V I 0 · 6 

Hydrolyzed Weakly or rarely split Not hydrolyzed 

Gly-L-leu-gly Cl-acetyl gly-L-leu L-Ala-L-glu (also LD and DL) 
Gly-L-ala-gly Gly-L-phe-NH 2 acetate L-Glu-L-ala (also LD) 
DL-Ala-DL-nor-val L-Leu-L-phe-L-pro ester L-Ala-L-glu-D-ala (also DLL and DLD) 
L-Ala-L-phe — L-Glu-D-ala-L-ala 
L-Phe-L-ala — L-Cys-gly-gly 
L-Pro-L-val — — 
L-Leu-L-phe — — 
L-Leu-L-phe-L-pro 
L-Leu-L-phe-L-pro-L-val 

β From Mandl et al." 
b These tests were qualitative only. 
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TABLE VIII 
PEPTIDES NOT SPLIT BY ANY OF THE PREPARATIONS 

FROM Clostridium histolyticum FILTRATES0 

Cl-acetyl-L-tyr 
Bzl-L-ala 
Cbzy*-gly-L-phe-NH 2 

Gly-gly ester 
D-Leu-L-tyr 
D-Leu-gly 

L-Tyr ester 
Gly ester 
DL-Val ester 

a From Mandl et al.39 

b Cbzy = carbobenzoxy group. 

activity. At p H 5.3 and 6.5 the preparat ion gave a single symmetrical peak 
during electrophoresis with an isoelectric point of 9.4. Calculations sug
gested tha t the enzyme accounted for as much as one-third of the bacterial 
nitrogen. This amazingly high proportion of the organism appearing as a 
single enzyme is a ma t t e r of the very greatest physiological interest when 
it is considered tha t in one strain of staphylococci, for example, the total 
extracellular protein which contains several enzymes only amounts to 
about 3 % of the bacterial prote in . 2 9 

The platelike protein formed from ovalbumin was called plakalbumin 
and the enzyme which forms it subtilisin. Subtilisin does not seem to be 
in any sense specific for ovalbumin since it can break down casein, hemo
globin, ovalbumin, gelat in , 1 5 3 and act ivate chymotrypsinogen. 1 5 4 During 
the course of hydrolysis of the proteins about the same number of peptide 
bonds are broken and the p H opt imum is about the s ame 1 5 3 as for trypsin, 
al though trypsin itself cannot form plakalbumin from ovalbumin. 1 5 1 Sub
tilisin is inhibited by triisopropyl fluorophosphate153 and hydrolyzes methyl 
b u t y r a t e , 1 5 3 also in common with trypsin. The ra te of activation of chymo
trypsinogen is very much lower 1 5 3 t han when trypsin is employed. 

Plakalbumin itself was found not to be very much smaller in size than 
the original ovalbumin; nitrogen equivalent to six a toms was found as non
protein nitrogen after enzyme ac t ion . 1 5 5 Analys is 1 5 6 of ultrafiltrates from 
the hydrolyzates suggested the presence of two or three peptides, one a 
dipeptide and either one te t ra- or two tripeptides. Subsequent w o r k 1 5 7 * 1 5 8 

showed tha t , in fact, three peptides were present, a dipeptide, a te t ra-
peptide and a hexapeptide. These peptides were separated and the amino 
acid sequence determined by a modification of the phenylisothiocyanate 
m e t h o d 1 5 9 and it was concluded t h a t they had the following s t ructure : A. 
alanylglycylvalylaspartylalanylalanine; B . alanylglycylvalylaspartic acid; 
C. alanylalanine, Β and C thus both being par t s of A. 

Thus , when the enzyme acts on ovalbumin, the bond split is likely to 
be t h a t between aspartic acid and alanine. Acting on oxytocin, 1 6 0 it has 
also been found to split the —Glu(—NH 2 )—aspar ty l and the leucyl— 
glycyK—NH2) bonds. In other proteins, such as r ibonuclease , l e 0 a subtilisin 
a t tacks a wide range of peptide bonds. 
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3 . Clostridium perfringens PROTEINASES AND IN PARTICULAR COLLAGENASE 

Early work 3 8 > 1 6 1 - 1 6 2 had shown tha t C. perfringens produced a very active 
gelatinase which was ra ther specific in tha t the filtrates would not a t tack 
ovalbumin, casein, or fibrin. Presumably on the basis of this specificity 
Maschmann suggested the name "collagenase" bu t later withdrew. With 
the increasing interest brought by the possibility of infected war wounds 
in the Second World War C. perfringens filtrates were intensively studied 
by a number of groups of workers. Macfarlane and MacLennan 1 6 3 observed 
t ha t slices of rabbit and human muscle disintegrated when they were incu
bated with filtrates from C. perfringens cultures, bu t did not dissolve. When 
they were incubated with trypsin they became gelatinous, bu t the fibrous 
material still seemed to be intact . If both C. perfringens filtrate and trypsin 
were combined, complete solution of the slices could be achieved. The 
authors deduced tha t the filtrates were at tacking the collagen in the slices, 
a supposition confirmed by orthodox histological s tudy . 5 The muscle-
disintegrating action of the filtrates was shown 1 6 4 to be distinct from the 
α-toxin (lecithinase), hemolysin, and hyaluronidase also present and desig
nated as due to κ toxin of C. perfringens. There is, of course, no evidence 
tha t collagenase is toxic. Biochemical studies were then directed toward 
the s tudy of this enzyme. 1 6 5 " 1 6 7 The first s tud ies 1 6 5 were undertaken using 
commercial hide powder, coupled to form a dye complex and called "azo-
coll," as substrate. This formed a very convenient assay system since with 
the colored powder, enzymic activity could be assayed by measuring the 
amount of the dye solubilized. Unfortunately, collagen being exceedingly 
labile, the product was subsequent ly 1 6 6 shown to be a t tacked by nonspecific 
proteases which do not a t tack nat ive collagen. Nevertheless, using this 
substrate considerable purification of collagenase was achieved, al though 
the final product was far from being physically homogeneous. This par
tially purified product had no action on normal horse serum proteins or 
clupeine sulfate, and only a trace of activity against urea-denatured 
hemoglobin, casein, or heat-denatured serum albumin. I t also failed to 
hydrolyze prolylglycine, O-acetyl-L-hydroxyproline, L-glycylproline, and 
hippuramide as other peptide materials relevant to collagen. Subsequent 1 1 6 

s tudy of preparations of this type revealed what appears to be either an 
interesting change in enzymic specificity or an activation. I t was found 
tha t if the enzyme preparations were t reated in alkaline solution a t p H 1 0 
and a t 2 ° C , the activity against fresh collagen was labile and decreased, 
bu t far from inactivating the enzymes hydrolyzing "dena tu red" collagen 
alkali t rea tment made these more active. When the specificity of this en
zyme, called the secondary enzyme, was tested, it was found not to hydro
lyze casein, seracin, hemoglobin, or clupeine. This activity, apparent ly 
specific for par t ly damaged collagen, was also act ivated by heating a t p H 



5. DISSIMILATION OF LARGE MOLECULES 305 

7.0 a t 50°C. in borate buffer, bu t was destroyed a t 60°C. (10 min.) . The 
activi ty against nat ive collagen was destroyed in 10 min. a t 56°C. La te r 1 6 7 

at tent ion was turned to the protease production by other serological types 
of C. perfringens, all the previous work having been done with type A, t h a t 
usually associated with wound infections in human beings. In filtrates from 
types Β and D organisms another nonspecific protease was demons t ra ted 1 6 7 ' 
lee which hydrolyzes casein, hemoglobin, and seracin, bu t not nat ive col
lagen; this enzyme was called λ. Thus , type D resembles C. histolyticum, 
producing collagenase as well as the nonspecific protease. Nei ther col
lagenase nor the nonspecific protease of type Β was inhibited by soybean 
trypsin inhibitor, bu t the nonspecific protease was strongly (75 %) inhibited 
by 0.1 Μ citrate. Table I X summarizes the results obtained from these 
more recent studies of C. perfringens proteases. 

4. A N AMINO POLYPEPTIDASE OF Clostridium botulinum T Y P E Β 

A brief description of this enzyme seems justified in view of the evi
dence 1 6 9 t h a t this organism produces only one protease. The organism was 
grown for 14-18 hr. a t 34°C. and the enzyme isolated from the culture 
filtrate by fractionation with ammonium sulfate and ammonium sulfate 
plus sodium chloride. Examinat ion of the solubility curve of the material 
in ammonium sulfate showed a single sharp break and only one peak 
could be seen during ultracentrifugation, indicating t ha t only one major 
component was probably present. Again, like the purified protease from 
C. histolyticum obtained by Kochalaty and Krejc i , 1 5 0 the enzyme showed 
no peak in the ultraviolet a t 260 or 280 ταμ after t rea tment with ribonu-
clease. I t therefore presumably contained only a very low concentration 
of aromatic amino acids. Examinat ion of the actions of the original super
n a t a n t and the purified enzyme on a number of substrates showed t ha t they 
both acted a t the same ra te on the same substrates, as can be seen from 
the Table X . I t would thus seem possible t ha t this organism grown under 
these part icular conditions liberates into the medium as an extracellular 
product , a single proteolytic enzyme with limited specificity. 

5. STREPTOCOCCAL PROTEINASE 

The origin of the s t u d y 1 7 0 * ' b ' 1 7 1 a of this enzyme lay in work concerned with 
strains of streptococci which could not readily be classified by the Lance-
field technique because no Μ pro te in 1 7 1 b could be extracted from them. I t 
was observed 1 7 0 * tha t if the organisms were grown a t room tempera ture 
instead of a t 37°C. an active Μ preparat ion could be made ; furthermore, 
the culture filtrate from cultures grown a t 37°C. was able to destroy Μ 
substance, suggesting t ha t an M-destroying enzyme was formed a t 37°C. 
Since Μ substance is a protein capable of being destroyed by trypsin it 
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T A B L E IX 

COMPARISON OF THE PROPERTIES OF THE PROTEOLYTIC 
ENZYMES PRODUCED BY Clostridium perfringens0 

Observation Collagenase "Secondary" 
enzyme λ-Enzyme 

Occurrence in filtrates A, C, E, and ? Β, E, some D 
from different sero some D 
logical types 

Action on substrates 6 

Native collagen + - — 
Hide powder and gela + + + 

tin 
Casein, hemoglobin ( - ) - + 
Seracin ( - ) (-) + 
Clupeine - - -Optimum pH 6.5 (collagen) 5.0-7.5 6.0-7.5 

6.5-7.5 (hide 
powder) 

Effect of acid Unstable pH < Unstable at pH Unstable at pH 
ca. 5 ca. 5 < ca. 5 

Effect of alkali Unstable pH > Appears at pH 9- Unstable pH > 9 
ca. 8.5 10.5. Unstable 

at pH > 10.5 
Effect of heat Destroyed 10 Appears at 95% Destroyed in 

min. at 56°C. 50°C; de 10 min. at 
stroyed 10 60°C. 
min. at 60°C. 
in borate 
buffer 

Inhibition b y c 

Cysteine + ? + + 
Cyanide — ? + 
Citrate — — + 
Normal horse serum — — + 
• From Bidwell." 7 

6 Symbols: + = hydrolyzed, — = not hydrolyzed, (—) = trace of activity. 
"Symbols: -+- = inhibited, — = not inhibited. 

seemed reasonable to suppose t h a t when growing a t 37°C. the organisms 
formed a protease. If the amount of ni t ra te used was much reduced it was 
able to solubilize Μ protein from organisms grown a t room tempera ture 
without destruction. Crude enzyme preparat ions from the filtrates after 
t rea tment with reducing agents were able to hydrolyze other proteins such 
as casein, gelatin, and fibrin, and also benzoyl-L-arginineamide, al though 
they were inactive toward the tr ipeptide L-leucylglycylglycine. Iodoacetate 
inhibited the action of the enzyme preparations. I t was suspected, from 
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the action of reducing agents, t h a t the proteinase might be liberated from 
the organisms in the form of an inactive precursor. Later w o r k 1 7 0 b con
firmed this and showed tha t very small amounts of trypsin were able to 
act ivate the enzyme, thus providing a model for autocatalytic activation in 
normal cultures such as occurs with the t rypsinogen-trypsin conversion. 
Chymotrypsin was not able to act ivate . Whether or not autocatalyt ic 
activation took place in the cultures depended 1 7 0 b upon the growth medium 
and conditions of growth; a t 22°C. the precursor was not act ivated, which 
explains the original observation t ha t Μ substance could be isolated from 
cells grown a t room temperature . 

Both the inactive precursor and the active enzyme have been crystal
lized 1 7 1* and the results for activation by either reducing reagents or trypsin 
confirmed. Both were studied immunologically by the precipitin reaction 
and the interesting observation made t h a t while only one antigen could be 
demonstrated in the active protease, two were found in the inactive pre
cursor, one of which was identical with the active protease. Ei ther the 
immunological test is very much more sensitive than the enzymological 
one, or some intermediate form between the protease and the precursor 
exists, which cannot be distinguished immunologically from active enzyme 
bu t nevertheless is not itself active. 

D . NUCLEIC ACIDS 

T h a t nucleic acids are broken down when bacteria "auto lyze" has been 
known for very many years , 1 8 0 bu t only within the last ten years have 

T A B L E X 
A COMPARISON OF THE ACTION OF THE PURIFIED PROTEASE FROM 

Clostridium botulinum TYPE Β WITH THAT OF THE INITIAL 
CULTURE FILTRATE0 

Rate of hydrolysis 1 

Substrate Culture Purified Ratio (b)/(a) 
supernatant enzyme 

(a) (b) 

Casein 5.0 21.4 4.28 
Denatured pepsin 4.5 20.1 4.46 
Denatured egg albumin 1.8 8.0 4.40 
Denatured serum albumin 0 0 — 
Denatured egg albumin 0 0 — 
DL-Ala-phe-gly 0.75 3.20 4.27 
DL-Ala-gly-gly 0.63 2.75 4.36 

a From Millonig. 1 6 9 

6 Calculated from the initial slope of the hydrolysis curve. 
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specific bacterial nucleases been studied. Little work has been done as yet 
on the mode of action of these enzymes. 

1. STREPTOCOCCAL DEOXYRIBONUCLEASE AND RIBONUCLEASE 

The production of deoxyribonuclease (DNase) by streptococci was re
ported simultaneously by M c C a r t y 1 4 and Tillet et al.m M c C a r t y 1 4 examined 
the ability of 3 6 strains of Lancefield group A streptococci, one strain of 
Bacillus subtilis, one of Escherichia coli, and one of type I I pneumococcus 
to liberate both deoxyribonuclease and ribonuclease (RNase) into the 
culture fluid. All the strains of streptococci were active in this respect, 
although the pneumococcal culture showed a trace of activity and the 
other two organisms were inactive. The deoxyribonuclease activity in the 
streptococcal cultures was very much greater than tha t of the ribonuclease, 
being equivalent to about one-third of t ha t of a beef pancreas extract 
made with two to three volumes of 0 . 2 5 Ν H2SO4 . The ribonuclease action, 
on the other hand, was equivalent to only about 0 . 0 1 /*g./ml. of crystalline 
pancreatic ribonuclease. The deoxyribonuclease activity was liberated rap
idly into the culture fluid and appeared to be truly extracellular. The in
teresting observation was made during the course of this work, t ha t deoxy
ribonucleic acid could not replace a supply of free purines in initiating the 
growth of small inocula, presumably either because insufficient enzyme is 
carried over with the inoculum or because the products of enzyme action 
cannot diffuse into the cell. Tillet et al.m also surveyed streptococci for 
formation of deoxyribonuclease and showed tha t Mg++ act ivated the en
zyme. They found the following distribution of enzyme formation among 
the organisms examined: group A streptococci, 8 / 8 positive; group B, 1 / 1 
positive; group C, 1 / 2 positive; group E, 1 / 1 positive; Streptococcus viridans, 
6 / 6 negative; pneumococcus, one strain each of types I, I I , V I I I , and X I X , 
all negative. Within a year a repor t 1 7 3 appeared of a streptococcal prepara
tion containing deoxyribonuclease being used to liquefy purulent pleural 
exudates. Subsequent surveys, 1 7 4 the results of one of which are reproduced 
in Table X I , have confirmed the universality of the production of both 
nucleases by group A streptococci. The production of deoxyribonuclease 
by washed suspensions of these organisms has been studied. 1 7 5 * 

Deoxyribonuclease was partially purified by ammonium sulfate frac
tionation by McCar ty 1 4 until it was about 2 . 5 t imes as active as the amor
phous beef pancreas enzyme. This preparation did not show protease or 
streptokinase activity. I t s action was shown 1 7 5 b to be inhibited by antisera 
prepared by injection of the enzyme into rabbits and by sera from human 
beings who had had certain streptococcal infections. 

The bond specificity of streptococcal deoxyribonuclease has been found 1 7 5 0 

to be for the 3 ' -phosphate linkages in deoxyribonucleic acid leaving 5 ' - sub-
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T A B L E X I 
THE PRODUCTION OF NUCLEASES BY SEROLOGICAL TYPES OF STREPTOCOCCI" 

No. of strains producing 

Grou or s ecies N ° ' ° f 

roup or species strains RNase and RNase DNase Neither 
DNase only only 

Group A 42 42 0 0 0 
Group Β 73 20 1 0 52 
Human C 7 0 0 6 1 
Animal C 5 0 0 5 0 
Streptococcus equi 1 0 0 1 0 
Group F 6 0 0 3 3 
Nonminute G 2 0 0 1 1 
Minute G 2 0 0 1 1 
Group L 2 0 0 2 0 

β From Brown. 1 7 4 

s t i tu ted fragments of variable length, including traces of mononucleotides 
and dinucleotides. The pyrimidine-purine bonds appear to be preferentially 
split. 

An impor tant observation has been made by Wannamake r 7 0 who sub
jected ammonium sulfate-precipitated deoxyribonuclease prepared from 
five strains of group A streptococci to electrophoresis on a bed of starch a t 
p H 9.0. He found t h a t three components could be recognized with deoxyri
bonuclease activi ty. The relative proportions of these components varied 
according to the strain. When antisera were prepared against the com
ponents it was found t ha t they were immunologically specific, ant iserum 
to component A reacting with the enzyme in band A, and so on. Moreover 
the enzymes differed in their p H opt ima and the inhibition caused by 
citrate. The parallel between this observation of multiple bands of enzymic 
act ivi ty during electrophoresis of deoxyribonuclease with similar observa
tions made on cellulase and chitinase (cf. Sections IV,A, 1 and B , l ) is 
striking. I t will be of the greatest interest eventually to see whether the 
enzymic activities are due to t ru ly different proteins or to the same pro
tein in loose complex with either other proteins or some other substances. 

2. DEOXYRIBONUCLEASE OF Staphylococcus aureus 

The enzyme formed by staphylococci 1 7 6 seems to differ from the strepoto-
coccal enzyme principally in being act ivated by Ca++ and not M g ^ , 
which far from act ivat ing actually inhibited the viscosity-reducing action 
of a concentration of 0.01. M. I t was optimally act ivated by a concentration 
of 0.01 Μ calcium chloride and its p H opt imum was about 8.6. Other 
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workers, 1 7 6 * however, have not been able to confirm the Oa4"*" activation of 
staphylococcal deoxyribonuclease and find tha t the addition of ethylene-
diaminoacetic acid does not inhibit the enzyme. I t is a remarkably heat-
stable enzyme, 1 7 6 resisting a temperature of 95°C. for 15 min. when heated 
in the presence of bacterial cells. Par t ia l purification of heated enzyme was 
achieved by ammonium sulfate, trichloroacetic acid and ethanol fractiona
tion. The final preparat ion was about Koo a s active as crystalline pancreatic 
deoxyribonuclease. 

An examination of the hydrolytic products formed by digestion of 200 
mg. of deoxyribonucleic acid (DNA) with a total of 15,000 viscosity-re
ducing uni ts of enzyme showed t h a t 50-60 % of the secondary phosphoryl 
groups were released. This hydrolyzate was then fractionated on a column 
of Dowex-1. Four mononucleotides were isolated, the total yield of the four 
being equivalent to 28 % of the original D N A . Since phosphorus was not 
liberated from them by the 5'-nucleotidase of snake venom it was concluded 
t ha t they were likely to be 3 ' substi tuted. Thus it appears probable t h a t 
the micrococcal deoxyribonuclease differs from most of the other enzymes 
at tacking D N A , both in its properties and in the extent and type of a t tack 
on the molecule. Comparat ive work on the biochemistry of this and the 
streptococcal enzyme should prove of interest. 

In a further paper Weckman and Cat l in 1 7 7 surveyed a large number of 
staphylococci and concluded t ha t deoxyribonuclease formation was ra ther 
well correlated with coagulase formation. I t should perhaps be pointed out 
t h a t the formation of many active substances by staphylococci is also 
correlated with coagulase formation. 1 1 1 

3. DEOXYRIBONUCLEASE OF Clostridium perfringens AND Clostridium septi-
cum 

Robb-Smith 5 first suggested t ha t the damage to the nuclear material in 
polymorphonuclear leucocytes t h a t he noticed when directly observing the 
action of toxic filtrates from C. perfringens cultures upon tissues might be 
due to a nuclease. Oakley and War rack 1 1 6 then tested three type A strains, 
three type B, one type C, one type E , and two type F strains of C. per
fringens. All the strains were positive. Unfortunately the authors used the 
so-called ACRA tes t 1 7 8 which depends upon the formation of a distinct 
" b l o b " when a drop of a mixture of an anionically charged polymer and 
congo red is dropped into acid ethanol; if the polymer has been broken 
down by enzymes a "b lob" no longer forms. The activi ty of the enzyme 
can be calculated from the dilution a t which the " b l o b " formed by the 
hydrolyzate just s tar ts to spread. Such end point methods are excellent for 
measuring combination between ant ibody and enzyme bu t have disadvan
tages in the precise measurement of enzymic activi ty. I t is, therefore, not 
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yet possible to compare the activities of the enzymes formed by the Clos
tr idia with those of the enzymes formed by streptococci or staphylococci. 
I n another paper Warrack et al.m found t h a t deoxyribonuclease act ivi ty 
was also present in filtrates from C. septicum. I n this work a viscosity 
method was used and a more direct comparison is possible which suggests 
t ha t these filtrates were of the order of ten- or twentyfold less active than 
those handled by M c C a r t y 1 4 from group A streptococci. The enzymes from 
both C. perfringens and C. septicum were specifically neutralized by their 
antibodies. 

4 . RIBONUCLEASE OF Bacillus subtilis 

At least one strain of B. subtilis has been s h o w n 1 7 9 a to produce a very 
active ribonuclease. This enzyme was like the amylase of this organism, 
formed after rapid bacterial growth had ceased. The maximum activi ty 
obtained in the culture supernatant was equivalent to about 20 Mg./ml. 
of crystalline pancreatic ribonuclease. After preliminary purification by 
ammonium sulfate fractionation, examination of the material on columns 
of Amberlite IRC-50 equilibrated with 0.2 Μ sodium phosphate a t p H 5.9 
showed one major and one minor peak of ribonuclease activity. The spe
cific act ivi ty of the material in the major peak was about the same as tha t 
of crystalline pancreatic ribonuclease. The opt imum for enzymic act ivi ty 
was p H 7.5. 

E . BACTERIAL CELL WALLS 

T h a t certain bacteria could be rapidly lysed by some component present 
in tissue secretions and particularly in egg white was first observed by 
Fleming. 1 8 0 He gave the name lysozyme to this ent i ty . Subsequent work 
has shown 1 8 1 t h a t lysozyme will also dissolve the isolated cell walls of sensi
tive organisms. Other enzymes and enzyme-like substances formed by 
bacteria which also have the same sort of action as lysozyme have now been 
recognized. N o collective n a m e has ye t been found for these activities. 

1. LYSIS BY Bacillus subtilis 

Historically, B. subtilis was the first organism recognized 1 8 2 as having 
the ability to lyse other bacteria such as pneumococci and it has been sub
jected to a number of later studies. An autolysin was s tudied 1 8 3 in am
monium sulfate precipitates prepared from autolysates of the organism 
which could lyse isolated cell walls of B. subtilis itself; it also hydrolyzed 
a polysaccharide obtained by alkaline t rea tment of the cells. An enzyme
like substance formed extracellularly has been s tudied 3 1 · 1 8 4 which will 
lyse either living cells or dissolve cell walls prepared from Micrococcus lyso
deikticus, Sarcina lutea, S. flava, B. megaterium, and B. subtilis a t about the 
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same relative rates as can crystalline lysozyme from egg white. The p H 
opt imum is higher for the bacterial than the egg white enzyme; the prod
ucts formed by both from cell walls appear to be similar al though the 
criteria a t present available are rather vague. 

2. OTHER Bacillus SPECIES 

A number of organisms of this group, for example, B. cereus, B. mega-
terium, and B. anthracis spores, conta in 1 8 5 active principles of enzymelike 
nature which are able to lyse vegetative cells both of the same and other 
species. Again soluble material of a mucopeptide na ture (i.e., containing 
amino acids, amino sugars, and other sugars) was detected as a soluble 
product formed by the enzyme. 

3. LYSIS BY Staphylococcus aureus 

A logarithmically growing culture of these organisms diluted in distilled 
water shows cell lysis; diluted in hypertonic solutions, such as strong su
crose or salt solution, it shows the formation of protoplas ts . 1 8 6 Lysates of 
the cells were able also to lyse Micrococcus lysodeikticus. One strain of this 
organism has now been shown 3 1 to form a potent extracellular act ivi ty 
against Micrococcus lysodeikticus. For example, 1 ml. of supernatant a t the 
end of the logarithmic growth phase of a shaken broth culture contains the 
equivalent of 8-10 μg. of crystalline egg white lysozyme. This enzyme will 
not , however, lyse living staphylococcal cells bu t it will lyse cell walls 
prepared from them, liberating products similar to those obtained from 
Micrococcus lysodeikticus cells by the action of egg white lysozyme. 

4. LYSIS BY Streptomyces albus 

Welsch 1 8 7 found t ha t many strains of actinomycetes produced a soluble 
substance which lysed many heat-killed Gram-negative organisms and 
living Gram-positive forms. This substance he called actinomycetin. 
Examinat ion 1 8 8 of filtrates from one strain, Streptomyces albus, showed a 
principle very active against either cells or cell walls from Streptococcus 
hemolyticus. Solution of the walls appeared to be due to a polysaccharidase 
ra ther than to a protease which was also present. 

In contrast, a system tha t appears to hydrolyze peptide bonds has been 
s t u d i e d ; 1 8 9 , 1 9 0 this lyses a variety of organisms including staphylococci and 
dissolves cell walls prepared from them. The active principles have been 
purified and two enzymes with synergistic action recognized. During action 
on cell walls small dialyzable peptides are liberated and either alanine, 
glycine, or both, apparent ly according to the organism from which the cell 
walls have been prepared. 
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5 . A LYSIN ASSOCIATED WITH Streptococcus haemolyticus 

The ability of phage lysates of a Lancefield group C streptococcus to 
lyse streptococci of the same and other serological groups (A, C, and E) 
has been demonst ra ted . 1 9 1 As the au thor says, " I t is not ye t clear whether 
the lytic factor is produced by the phage alone or whether it is a streptococ
cal product t ha t act ivates some substance liberated by the phage, it is, 
however, only demonstrable when phage lysis has taken place. ' ' 
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