Journal of Food Protection, Vol. 46, No. S, Pages 453468 (May 1983)
Copyng©, intemevonal Assoceton of Mk, Food, 8nd Ervirorvments! Saniariang

- 453

Determining the Safety of Enzymes Used in Food Processing

M. W, PARIZA and E. M. FOSTER

Food Research Instisute, Departmens of Food Microbiology and Toxicology, University of Wisconsin. Madison, Wisconsin 53706

(Received for publication October 18, 1982)

ABSTRACT

Enzymes are proteins that catalyze chemical reactions. They
are highly specific and needed in only minute quantities. Certain
enzymes have long been used to produce specific foods (e.g.,
cheese). Today they have numerous applications and are increas-
ing in commercial impontance. There has never been a health
problem traced to the use of an enzyme per se in food processing.
However, it is important that scientific data be provided to show
that enzyme preparations, particularly those lacking a long his-
tory of safe use, are in fact safe to consume. The purpose of this
repost is to proposc guidelines for assessing enzyme safety. We
conclude that the enzymes per se now used or likely to be used
in the fumre in food processing are inherently nontoxic. Safety
evaluation should focus on possible contaminants which could be
present. Assuming that current Good Manufacturing Practices
(CGMPs) are followed, toxic contaminants could only come from
the enzyme source itself (animal, plant or microbial). Hence, the
safety of the source organism should be the prime consideration.
Enzymes from animals or plants commonly regarded as food need
not be subjected to animal feeding studies. Some food plants pro-
duce toxins and chemical assays may be used in these cases to as-
sess safety. For enzymes from bacteria, it should be shown that
antibiotics and acute toxins active via the oral route (enterotoxins
and certain neurotoxins) are absent. Small molecular weight to-
xins (< 500 daltons) may be produced by certain fungi and ac-
tinomycetes. It should be shown that enzymes from such or-
ganisms are free of these materials. If it is established that a
microbial culturc does not produce antibiotics or toxins active via
the oral route, then enzymes manufactured from that culture using
CGMPs may be regarded as safe for use in food processing.

BACKGROUND

To understand and apply the proposed guidelines for de-
termining safety of enzymes used in food processing, it is
necessary to consider what enzymes are, how they act,
how they are prepared and how they are used. That is the
purpose of this section.

General considerations

Enzymes are proteins which catalyze chemical reactions.
Like all catalysts enzymes increase the rates at which reac-
tions achieve equilibrium. For example, there are instances
where certain enzymes increase the rates of specific reac-
tions by 10 million times (47). Enzymes act by lowering

activation energy. Since they cannot create energy, en-
zymes will only affect reactions which, because of a
“downhill’’ net energy flow, could occur spontaneously.
Like other catalysts, enzymes are not consumed by the
reactions which they catalyze. Hence, one enzyme
molecule can, through time, catalyze the transformation of
many molecules of substrate (47, 52).

Most complex chemical reactions not controlled by
catalysts produce a variety of products. However, in gen-
eral, enzymes accelerate specific reactions which result in
the generation of specific products. High degrees of
specificity and strong catalytic activities are the most im-
portant functional properties of enzymes. Clearly, without
enzymes DNA could not be replicated nor could RNA and
proteins be synthesized and degraded. The controlled and
orderly array of metabolic processes of living cells, which
in fact define life, would not be possible. Life on earth is
absolutely dependent upon enzymes. Every cell comprising
every organism alive at this moment contains enzymes
which are functioning in highly ordered and specific ways
to transform one chemical into another as dictated by
biological necessity.

Like all proteins, enzymes are synthesized inside cells
by a complex process involving DNA, RNA, cellular
structures called ribosomes, various small molecules such
as amino acids, energy-rich phosphorus compounds and
certain cations, and enzymes to catalyze specific reactions
(52). The fact that enzymes are a necessary component in
the biological mechanism which produces new enzymes
underscores the fundamental importance of these remarka-
ble biological catalysts.

After synthesis, enzymes may remain inside cells or they
may be secreted into the extracellular milieu. Secreted en-
zymes are hydrolytic and their purpose is to decompose
macromolecules into small units which then can be taken
up by cells and used (under enzymic direction) as needed
in metabolic processes. Enzymes which remain inside cells
(intracellular) are of all classes and may be involved in
synthesis or degradation of various substances. Economi-
cally important enzymes are found among both the intra-
cellular and extracellular groups (47).

The name given to an enzyme is determined according
to the reactions which is catalyzed. It is customary to at-
tach the suffix **-ase’* to the name of the principal sub-
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stratc upon which the enzyme acts; e.g., the sugar lactose
is acted upon by lactase, proteins are degraded by pro-
teases. intramolecular rearrangements (isomerizations)are
catalyzed by isomerases. Additionally, many well-known
and long-used enzymes have trivial (common, historical)
names, e.g., papain from papaya. To minimize confusion,
e2ch enzyme activity is assigned a four-part number (called
the 1UB' number) and a systematic name based on the
reaction. However, this system does not distinguish be-
tween different enzymes from different organisms which
catalyze the same reaction (47).

All living organisms produce and contain many en-
zymes, but no one organism has enzymes for all or even
most possible biotransformations. Organisms may produce
one specific enzyme to act on a given substrate. Organisms
may also produce two or more different enzymes which
catalyze the same reaction; such enzymes are called isoen-
zymes. The reasons for this are not known, but it is be-
lieved related to the apparent necessity of organisms to
maintain precise control over enzyme synthesis, degrada-
tion and activity (52). Although enzymes catalyzing the
same reaction but produced by different species may be
similar, it is also possible that they may be entirely differ-
ent (21, 52). Similarities and differences between enzymes
and other proteins is one way of estimating evolunonary
divergence among species (21, 52).

Catalytic activity is ultimately derived from the se-
quence of specific amino acids which comprisc an enzyme.
Amino acid sequence, in turn, determines the shape of the
enzyme molecule. The shape or configuration is all-impor-
tant. Disrupting the shape destroys activity.

Enzyme activity is operaticnally defined by kinetic pa-
rameters such as maximum catalytic rate and the affinity of
the enzyme for its substrate. Virtually any environmental
factor (pH, ionic strength, temperature, etc.) affects en-
zyme activity. Enzymes are also subject to inhibition by
various means (47, 52). These properties permit cells to
regulate the activities of enzymes which they synthesize
and contain. A thorough understanding of the properties of
individual enzymes also permits their optimal use in indus-

try.

Historical examples of enzyme use

Most of what we call “‘food’’ is really tissue derived
from living organisms (animals or plants); in some cases
(e.g., milk), food is a secretion from living cells. Many of
the enzymes in the cells of tissues remain active after cell
death. For example, meat is “*aged’” by hanging animal
carcasses in refrigerated rooms for several days after
slaughter. During this time cells in the tissues break down,
freeing various degradative enzymes, which then partially
digest the connective tissue to give a more tender product.
The tenderizing process can be accelerated by adding pro-
teolytic enzymes derived from other sources to the meat at
various stages before consumption, such as injecting pro-

e bty
'The enumcration system of the Enzyme Commission of the Third Inter-
national Congress of the International Union of Biochemistry (47).

teases into the vascular system of the animal beforce slauzh-
ter or sprinkling papain (protease from papaya) on the mzzt
before cooking. The tenderizing process is simply the first
step in digestion which continues in the gastrointestinal
tract of the consumer.

Enzymes have always been present in human food even
though they have only recently been recognized as such. In
addition to tissue-derived enzymes, microorganisms (be-
causc they are ubiquitous) also pervade the food supply,
and the enzymes in microorganisms can alter the characier
of food. It was discovered carly in the development of
human civilization that some microbial transformations are
desirable.

One of the first to be recognized was the souring of
milk, a necessary step in making cheese. According to
legend, cheesemaking was discovered several thousand
years ago when an Arabian merchant carried milk in a
pouch made of sheep’s stomach. Rennet in the lining of the
pouch caused the milk to curdle. We must assume that
microorganisms grew at the same time and produced cother
enzymic changes that came to be regarded as desirable.

During the intervening centuries, man has learned how
to make hundreds of kinds of cheese by controlling the ea-
vironment and by adding types of microorganisms that pro-
duce enzymes which can bring about desirable changes.
Lipases and proteases from various animal and microbizal
sources can also be added to achieve certain desired qual-
ities.

We now use the term *‘fermentation’” to describe milk
souring and similar processes invoiving mass growth of
microorganisms to produce useful products ( 52). Orizi-
nally, however, the term described the transformation of
grape juice into wine. Production of wine from grapes
through fermentation also has its origin in antiquity.
Among the treasures placed in the tombs of Egyptian
pharaohs were casks of wine. The ancient Greeks amwsi-
buted to the god Bacchus the discovery of fermentation
(52). We now know that it is not yeast per se, but rather
a system comprised of several enzymes contained in yeast
that is ultimately responsible for the production of ethanol
and carbon dioxide from the sugar in grape juice. This en-
zyme system was one of the first to be extensively studied
and characterized. In fact, the word *‘enzyme’”, introduced
by Kuehne, -means *‘in yeast,”” although it has been ex-
panded and now applies to all proteinaceous catalysts from
any biological source (52).

Other ancient processes of food alteration and’‘or preser-
vation involving enzymic action include breadmaking
(yeast) and the production of vinegar from wine (Acetobcc-
ter). Only within the past 100 years has it been recognized
that enzymes exist as discrete entities, and can, in fact,
function in isolated systems outside living cells (52). This
rcalization has led to remarkable advances through tech-
nological application of enzymes to many areas of human
need.

Modern uses of enzymes
Food processing. Fermentations involving living or-
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TABLE 1. Enzyme preparations used in food processing (3).
Trivial Systematic
name Classification Source nmame (IUB)* TUB No.?
a-Amylase Carbohydrase (1) Aspergillus niger, var. 1,4-a-D-Glucan 3.2.11
(2) Aspergillus ory:zae, var. glucanohydrolase
(3) Rhizopus ory:ae, var.
(4) Bacillus subuilis, var.
(5) Barley malt
(6) Bacillus licheniformis, var.
B-Amylase Carbohydrase Barley malt 1,4-a-D-Glucan 3.2.1.2
maltohydrolase
Bromelain Protcase Pineapples: Ananas comosus, None 34224
: Ananas bracteatus (L)
Catalase Oxidoreductase (1) Aspergillus niger, var. Hydrogen peroxide: 1.11.1.6
(2) Bovine liver hydrogen peroxide
(3) Micrococcus lysodeikticus oxidoreductase
Cellulase Carbohydrase (1) Aspergillus niger, var. 1,4-(1,3;1,4)-B-D- 3.2.14
(2) Trichoderma reesei Glucan 3(4)-glucanohydrolase
Ficin Protease Figs: Ficus sp. None 3.4.223
B-Glucanase Carbohydrase (1) Aspergillus niger, var. 1,3-(1,3;1,4)-8-D- 3.2.16
{2) Bacillus subiilis, var. Glucan 3(4)-glucanohydrolase
Glucoamylase Carbohydrase (1) Aspergillus niger, var. 1,4-a-D-Glucan 3.213
(Amyloglucosidase) (2) Aspergillus ory:ae, var. glucohydrolase
(3) Rhizopus oryzae, var.
Glucose isomerase ~ Isomerase (1) Actinoplanes missouriensis D-Xylose ketolisomerase $3.15
(2) Bacillus coagulans
(3) Streptomyces olivaceus
(4) Strepromyces olivochromogenes
(5) Streptomyces rubiginosus
Glucose oxidase Oxidoreductase Aspergillus niger, var. B-D-Glucose: oxygen 1.1.34
oxidoreductase
Hemicellulase Carbohydrase  Aspergillus niger, var. None None
Invertase Carbohydrase Saccharomyces sp. B-D-Fructofuranoside 3.2.1.26
(Kluyveromyces) fructohydrolase
Lactase Carbohydrase (1) Aspergillus niger, var. B-D-Galactoside 3.2.1.23
(2) Aspergillus oryzae, var. galactohydrolase.
(3) Saccharomyces sp.
Lipase Lipase (1) Edible forestomach tissue Carboxylic-ester 3.1.1.1
of calves, kids, and lambs hydrolase
(2) Animal pancreatic tissues Triacyiglycerol 3.1.1.3
(3) Aspergillus oryzae, var. acylhydrolase
(4) Aspergillus niger, var.
Papain Protease Papaya: Carica papaya (L) None 3.4.222
Pectinase® Carbohydrase (1) Aspergillus niger, var. Poly (1,4-a-D-galacturonide) 3.2.1.15
(2) Rhizopus ory=ae, var, glycanohydrolase
Pectin pectyylhydrolase 3.1.1.11
Poly (1,4-a-D-galacturonide) 4222

lyase
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Porcinc or other animal
stomachs

Pepsin Protcase

Protcase (1) Aspergillus niger, var.
(2) Aspergillus ory:ae, var.

(3) Bacillus subiilis, var,

Protease (general)

(4) Bacillus licheniformis, var.

Rennet Protcase
animals

(2) Endothia parasitica

(3) Mucor miehei, M. pusillus

Trypsin Protese Animal pancreas

(1) Fourth stomach of ruminant

None 3.4.23.1
None 34.21.14
3.4.24.4
None 3.3.23.4
3.4.23.6
34.23.6
None 34214

*Enzyme Nomenclature: Recommendations (1978) of the Nomenclature Commitiee of the International Union of Biochemistry, Academic

Press, New York. 1979.

®Usually a mixture of polygalacturonase, pectin methylesterase and pectate lyase.

ganisms are in wide use today, although it is now known
that enzymes produced by these organisms are the actual
agents responsible for the conversion of grapes to wine,
milk to buttermilk or yogurt, etc. In addition to modem ap-
plications of ancient discoveries, enzymes extracted from
living organisms also are widely employed in the food in-
dustry,

Enzymes used by food manufacturers are derived from
edible and nontoxic plants, animals, and nonpathogenic,
nontoxigenic microorganisms (47). Some of the enzymes
used in food processing are given in Table 1 along with the
sources of each. Because enzymes are catalysts, the
amounts added to food (usually at an early or intermediate
step in processing) represent only a minute fraction of the
total food mass (5). Even this small amount may be re-
duced by further processing. For example, heating to pro-
duce desired organoleptic properties enhance shelf-life and
ensure the absence of pathogenic microorganisms will de-
nature or destroy the activity of most enzymes. The protein
molecules which comprised the enzymes will still be pre-
sent, but their physical shape will have been imreversibly
altered by heating so that they no longer possess catalytic
activity. There are also other methods of enzyme removal
and’or inactivation such as raising or lowering the pH
beyond limits which the enzyme can tolerate (47). Every
enzyme exhibits a range of pH stability above or below
which inactivation occurs. Many enzymes are inactivated
by the acidity of the stomach.

The main organic constituents of foods are carbohyd-
rates, proteins and lipids. It is often desirable to alter one
or more of these constituents with enzymes during the con-
version of raw to finished product. An important example
of this involves the use of carbohydrases and isomerase to
produce com syrups from starch (29, 32, 47).

In one example of this conversion, alpha-amylase (1UB
3.2.1.1) first breaks long-chain starch molecules into
shorter chains. Then glucoamylase (IUB 3.2.1.3) cleaves
the individual glucose molecules from the chains. The re-
sulting com syrup has many commercial applications, but

) it is not as sweet as sucrose, the common table sugar ob-

tained from sugar cane and sugar beets.

This deficiency of com syrups has been overcome in re-
cent years by the discovery of glucose isomerase (IUB
5.3.1.5), which converts glucose into fructose. The result-
ing high fructose corn syrup (HFCS) approaches the sweet-
ness of sucrose and is less expensive. It is replacing the
disaccharide in many applications.

There are many other novel and important applications
of enzymes. For example, some foods and beverages do
not store well in the presence of oxygen. By use of the en-
zyme glucose oxidase (IUB 1.1.3.4), which adds molecu-
lar oxygen to glucose to produce gluconic acid, it is possi-
ble to remove atmospheric oxygen safely and effectively
from foods or beverages that are susceptible to oxygen.

Another interesting example is the production of juices
from certain fruits and vegetables, where pectin content
may become an important consideration (47). Pectin and
pectic substances occur in plants. They are complex car-
bohydrates which are insoluble-in water but nonctheless
absorb water and, when dispersed, greatly increase viscos-
ity. This is a desirable property for centain juices, such as
those made from tomatoes, apricots and oranges, but the
resulting lack of clarity is undesirable in apple and grape
juices. Unfortunately, nature does not necessarily accom-
modate human taste. Raw apple and grape juice can con-
tain considerable amounts of pectin even though most of us
may not like them that way. For this reason, it is usually
necessary to add pectic enzymes to raw apple and grape
juices during processing to hydrolyze the pectin. Addition-
ally, considerable amounts of juice can remain trapped in
masses of pectic material. Through the use of pectic en-
zymes, such trapped juice can be freed. This makes juice
extraction more efficient and economical, hence it lowers
the price for consumers. _

It is imporant to recognize that pectic enzymes (a mix-
ture of three enzymes — see Table 1), as well as pectin,
are naturally present in fruit juices, and where more en-
zyme activity is required, additional pectic enzymes may
be added as indicated above. However, where high pectin
content is preferred (e.g., apricot nectar, tomato and
orange juices) the juice may be heated at an early stage in
processing to denature native pectic enzymes and thereby
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preserve natural pectin content. Another variation is used
in jelly manufacture. Here, the native pectin is hydrolyzed
by pectic enzymes, and then, after heating to denature the
enzymes, commercial pectin possessing certain desirable
properties is added to produce jelly of consistent quality.

Pharmaceuticalimedical applications. Because of the
great versatility of enzymes, their use is not restricted to
food processing. Enzymes also have gained importance in
the pharmaceutical/medical industry. For example, they
are used in rapid and highly reliable clinical diagnostic
tests. In one such test, the enzymes glucose oxidase and
peroxidase (TUB 1.11.1.7) have been combined in a specif-
ic and sensitive assay for glucose in urine (a2 symptom of
diabetes). The glucose oxidase/peroxidase test is superior
to urine-glucose tests based on chemical reduction of glu-
cose (9, 25). It has also recently been applied to the detec-
tion and quantitation of glucose in blood. Other enzymes
which catalyze different reactions with glucose also are
used in glucose determinations. Moreover, many phys-
jologically important substances, such as blood urea nitro-
gen (BUN), triglycerides and glycerol, cholesterol, uric
acid, and several physiologically important enzymes, can
be rapidly and specifically assayed with commercially
available enzyme-based tests.

Enzymes also are employed in antibiotic manufacture to
alter the chemical structure of antibiotics and thereby in-
crease the range of microorganisms which the antibiotics
can control. A related and particularly interesting example
is the therapeutic application of beta-lactamase (formerly
penicillinase) (IUB 3.5.2.6), an enzyme which destroys
penicillin. The gene which codes for penicillinase is found
on certain plasmids (extrachromosomal DNA) and the ac-
quisition of such plasmids by pathogenic bacteria confers
penicillin resistance. However, the purified enzyme can
also be used to treat people who are hypersensitive to
penicillin but were inadvertently exposed to the drug (47).
Thus, imaginative application has resulted in health benefit
from an enzyme which functions in nature to the detriment
of human health.

There are many other similar examples of the therapeutic
uses of purified enzymes from pathogenic microorganisms,
from the venom of poisonous snakes, from human urine
and from a variety of other plant, animal and microbial
sources (/9). Enzymes may be used in the treatment of
human maladies ranging from cancer and thrombosis to
prevention of tooth decay (79, 47).

Enzyme detergents. The addition of enzymes to laundry
products to aid in stain removal was developed by Rohm,
who patented the idea in 1913. Various improvements
were made on the original concept, and, by 1969, enzyme
detergents claimed 50% of the market in Europe and al-
most 45% in the United States (49). Then, following
widely circulated, unfavorable publicity concerning the
possible development of allergies to enzymes inhaled as a
result of dust formation, the use of enzymes in laundry
products in the United States declined dramatically. How-
ever, an expent committee, with support from the United
States Food and Drug Administration (FDA), has con-

cluded that irritation from enzyme detergents docs not ex-
ceed that of detergenis which do not contain enzymes (15).
In addition, methods have been developed to encapsulate
enzymes in polymeric matrices which are too large to be
dispersed in air as dust particles, yet retain enzyme cataly-
tic activity in the laundry product. Hence, it is now possi-
ble to produce an essentially dust-free enzyme detergent
“49).

The use of enzymes in laundry products offers prospects
for decreasing energy (heating) costs as well as minimizing
water pollution (diminishing the need for other chemical
additives). Enzymes are being used widely and success-
fully in laundry products without evidence of adverse
health effects in consumers (49).

Other uses. There are many other practical applications
of enzymes. For example, enzymes are used widely in the
textile and leather industries to remove undesirable sub-
stances from products during manufacture. Additionally,
commercial enzyme preparations are available for use in
septic tanks. Such preparations often contain many en-
zymes for decomposing complex carbohydrates, proteins
and lipids, as well as viable microorganisms which use the
enzyme-liberated products as nutrients and produce addi-
tional degradative enzymes to continue the cycle. Microor-
ganisms producing appropriate enzymes are also used to
detoxify pesticides, and other bacteria can remove nitrate
and nitrite from water supplies (47). Certain microor-
ganisms and their enzymes are gaining particular attention
in the production of alcohol as fuel as well as in the pro-
duction of food from inedible materials or by-procucts
7).

Future applications of enzymes

It is now apparent that additional useful and important
applications of enzymes to societal improvement are lim-
ited only by the depth of our imagination and our resolve
as a nation to encourage experimentation and innovation.
Technological application of enzymology is a direct out-
growth of our scientific preeminence, and once reasonable
safety has been established, new developments should be
allowed to proceed unfettered. Many problems which dis-
turb us and plagre much of the rest of the world, such as
unavailability of food, fucl, adequate medical and phar-
maceutical supplies, clean water and pollution control, are
amenable to enzyme technology. Enzymes are an im-
mensely valuable renewable natural resource, and their
imaginative use in improving human welfare should be
nurtured.

By way of specific example, one area of great potential
is enzymic nitrogen fixation. Nitrogen is an essential ele-
ment for life {indeed, all enzymes contain about 16% nitro-
gen (52)], yet atmospheric nitrogen cannot be utilized by
animals, plants and most microorganisms. Nitrogen can be
‘*fixed’* as ammonia ( a biologically usable form of the
element) by industrial processes which consume much en-
ergy (37). In contrast, blue-green algae and certain species
of bacteria can produce ammonia from nitrogen and hydro-
gen in a much more efficient manner, although energy is
still required (52). Hence, an important challenge is the
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hamessing of the enzymic process of nitrogen fixation for
industrial-scale production of ammonia. Such a develop-
ment would go far towards alleviating global food shor-
ages.

As the example given above illustrates, enzymes in the
broadest sense are really inexpensive alternatives to ener-
gy-requiring physical processes, such as the application of
heat and/or high pressure. This is because enzymes accel-
erate reactions which would proceed only very slowly, or
not at all, under ordinary conditions. Moreover, because
enzymes are so specific in the reactions which they
catalyze, many important and highly useful chemical trans-
formations could not be accomplished without them. For
these reasons, the future of enzyme technology seems ex-
ceedingly important and bright.

MANUFACTURE, COMPOSITION AND CONSUMPTION
OF ENZYME PREPARATIONS

Enzymes are manufactured because we need highly spe-
cific catalysts which are safe to use. Two considerations
are of primary importance: (a) catalytic activity must be
preserved during production and (b) the intended and prop-

- er use of enzyme preparations must pose no health risk for

plant workers or consumers. These two central principles
underlic enzyme manufacture and use.

Like all biological materials, enzymes are affected by
the conditions under which they are produced and handled.
Economically important enzymes are obtained from ani-
mals, plants and microorganisms. In the manufacture of
enzymes there must be strict adherence to current Good
Manufacturing Practices (CGMPs). (8).

Enzymes from animals

One of the first intentional developments by man of
what could be called an ‘‘enzyme preparation®® was rennet,
a crude extract of the lining of the fourth stomach of ru-

_ minants. This extract contains various proteolytic enzymes

which cause milk to curdle, a step essential for cheese pro-
duction. Rennet is still obtained from this traditional source
except that modern methods of enzyme manufacture and
quality control are applied to ensure a product of consistent
activity which is free of pathogenic bacteria and toxic sub-
stances (3, 4, 8).

Other crude enzyme mixtures are also obtained from ani-
mals at slaughter, such as pancreatin from the pancreas
(contains several proteolytic, amylolytic and lipolytic en-
zymes), pepsin from hog stomachs, lipase from the throat
glands of young ruminants and hyaluronidase from bovine
seminal vesicles (used medically to facilitate the diffusion
and adsorption of local anesthetics). An important perspec-
tive of enzyme production from animals is evident from the
fact that in 1975, in the Federal Republic of Germany
alone, pancreas glands from 13.3 million animals were re-
quired for the production of just 100 kg of pancreatin (44).
As in the manufacture of calf rennet, high standards of
quality arc maintained throughout the production process

. to ensure the safety and efficacy of the final enzyme prepa-

rations.

Enzymes from plants

Enzymes of commercial importance are also obiained
from edible nontoxic plants. The terms edible and nontoxic
are both imponant, since some edible plants can contais
toxic substances (e.g., potatoes and rhubarb) (/3). Howu-
ever, the plants used for food enzyme manufacture 2re ot
known to produce or contain such toxins. Three plant pro-
teases (bromelin, papain and ficin) are obtained, respzc-
tively, from the stalks of pincapple plants, the fruit of
papaya and the s2p of fig trees. Additionally, horseradisk:
roots serve as the source of horseradish peroxidase (an io-
portant analytical and research enzyme), and barley seeds
are the source of malt which contains amylase activity and
is used in brewing (47).

Imported raw materials are surveyed for possible insect-
derived contamination. If found, the product is processed
to remove the contaminant. Another consideration com-
mon to all agricultural products is possible pesticide re-
sidues or mycotoxins in plant-derived enzyme prepara-
tions. Enzymes often are separated from other plant coa-
stituents by precipitation with organic solvents such as
ethanol, acetone or isopropanol (47). Any organic toxics
initially present are likely to be separated from the enzyme-
contzining protein fraction which precipitates.

Enzymes from microorganisms

Microorganisms are the most important source of com-
mercial enzymes. Virtually any enzymic activity of indus-
trial importance may be produced by one or more species
of microorganism. This does not mean that microor-
ganisms naturally synthesize animal or plant enzymes. bz
rather that microorganisms may produce their own en-
zymes to catalyze reactions that are also catalyzed by strue-
turally different enzymes from animals or plants. Microor-
ganisms are readily grown and manipulated on an industri-
al scale, and the synthesis of specific products, includizg
enzymes by these organisms, can be regulated by using
selected or genetically-engineered strains and/or varying
growth conditions. Hence, the uniformity of composition
of microbial enzyme preparations can be maintained.

Organism selection. Manufacturing 2 microbial enzyms
begins with well-characterized pure cultures isolated from
various sources. There are many cultures currently in use
(Table 1). Microbial cultures used in food enzyme man-
ufacture should have been tested to establish that they are
nonpathogenic, nontoxigenic and do not produce antibio-
tics (3, 4, 7, 45, 47). Specific cultures often will have been
subjected to many tests, and there should be little doubt
that the microorganisms listed in Table 1, when handlad
under CGMPs, are safe for food enzyme manufacture. Cal-
tures of the same or different species isolated anew from
natural sources may also be of potential importance in focd
enzyme mamfacture. The guidelines and procedures which
we present below can be used to assess the safety of new
isolates.

A culture (currently in use or isolated anew) will have
been selected on the basis of its ability to synthesize a de-
sired enzyme. However, the enzyme may be produced at
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only relatively low rates. Moreover, the culture may also
produce other undesired enzymes. For example, microbial
renncet preparations often contain unwanted enzymes which
can produce off-flavors in cheese on prolonged aging (47).
Hence, it is common practice to attempt to improve the de-
sirable qualities of the isolate by altering growth condi-
tions, usually in conjunction with strain selection by muta-
tion or other types of genetic manipulation. The result can
be a special strain that will not survive in nature but is very
uscful from a commercial standpoint.

Laboratory-generated mutant strains characteristically
lack cenain functional or regulatory properties.? While the
primary structures of proteins can be altered within limited
ranges by mutagenesis, mutants possessing enzymes with
improved catalytic activity for their normal substrates have
not been reported (30). Moreover, no one has ever reported
a mutation which transformed an otherwise nontoxic en-
Zyme or protein into a toxin. It is now possible to introduce
foreign genes into microorganisms by using DNA cloning
techniques so that entirely new proteins are produced, but
this should not be confused with mutagenesis where the in-
trinsic DNA of an organism is altered.

A uscful mutant strain might be one which has lost a
regulatory function that limits the synthesis of a desirable
enzyme so that the mutant cannot stop synthesizing the en-
zyme and continues to produce it in great excess of biolog-
ical need. The mutant may also have lost the ability to syn-
thesize one or more unwanted enzymes. Additionally, it
may have been manipulated genetically so that more than
one copy of the gene coding for the desired enzyme is pre-
sent, hence, there are more *‘blue-prints’® available (47).
Such organisms are really genetically impaired and are
maintained in the laboratory or industrial setting by using
specific, well-controlled growth conditions. These micro-
organisms have not been found in nature probably because
they cannot compete successfully with the wild-type (non-
mutant) parent or other microorganisms. It is also impor-
tant to note that when the parental isolates are pathogenic,
the derived mutant strains are characteristically less haz-
ardous. Of course cultures used for food enzyme manufac-
ture are not pathogenic, but by way of example, mutant
strains of Salmonella typhimurium developed for routine
mutagenesis testing are far less virulent than S. typhir-
murium found in nature (I). Therefore, in choosing in-
nocuous isolates for enzyme production, the process of en-

e —————

2Under cenain conditions an inducible enzyme can be made constitutive
by mutation in the regulator, operator or (more rarely) the promoter re-
gion of the genctic operon. The enzyme will then be expressed in the ab-
sence of the inducer. Thus, under fermentation conditions used to produce
an enzyme, production of “‘new’* enzymes or proteins can be made to
occur. These proteins or enzymes were originally present in the genetic
material of the parent and would be normally synthesized under the right
fermentation conditions without mutation. In addition, mutation induces
minor changes in base sequence of DNA encoding for proteins and en-
Tymes (base change, deletion, etc.). Thus, minor changes in protein
Structure are possible as a result of mutations affecting the structural gene.
These changes can lead to increased enzymic activity or they may de-
€rease or destroy enzymic activity (18).

zyme manufacture from microorganisms becomes inhe-
rently safer.

The nonpathogenic, nontoxigenic microbial cultures
traditionally used in enzyme manufacture are also ideal
candidates for cloned DNA. For example, the gene for 2
uscful enzyme that is not synthesized by Bacillus subiilis
could be introduced into the organism. The new *‘strain”*
would then produce the new enzyme product and would
not present a pathogenic or toxigenic risk greater than that
of its “‘parents,” the nonpathogenic B. subrilis and the
gene for the useful enzyme.

Large-scale growth. There are two ways to grow micro-
organisms on an industrial scale. One way is to use liquid
medium which is agitated and aerated, and the other way
is to use solid or semi-solid medium held in large trays or
drums (16, 47). In both cases, it is necessary to control en-
vironmental factors such as temperature, pH and degree of
acration. Equipment must be designed for easy cleaning
and sterilization. Conditions must be employed which
minimize the growth of contaminating microorganisms that
will ruin the fermentation. During growth, culwres are
routinely sampled and tested for possible contamination
(16, 47). . .

All ingredients used to formulate the growth medium
should be free of toxic contaminants (7, 8, 16, 45, 47). It
is important that any ‘*carry-over’’ of growth medium into
the final enzyme preparation not bring with it possible
toxic substances, especially when the enzyme being man-
ufactured is intended for food processing.

Enzyme extraction, concentration ard standardization.
The desired enzyme may be present in the medium or in-
side the cells. Enzymes secreted into solid or semi-solid
medium, and most intracellular enzymes, are extracted be-
fore further processing. In this context, extraction means to
“‘wash out’ and solubilize the enzyme in an aqueous solu-
tion (16, 47). Where the enzyme is secreted into a liquid
growth medium, an extraction step is not necessary.

Enzymes secreted into solid or semi-solid media may be
extracted directly into water solutions using a counter cur-
rent system which filters as well as extracts (16, 47). Alter-
natively, solid or semi-solid media containing the microor-
ganisms may be dried, ground and treated with water solu-
tions to solubilize the desired enzyme. This method can be
used to recover both intra- and extracellular enzymes. In
the case of intracellular enzymes from microorganisms
grown in liquid media, the cells are first collected by cen-
trifugation or filiration and then ruptured by any of a
number of physical and/or chemical procedures (16, 47).
The enzymes are then extracted from ruptured cells with
aqueous solutions. 3

After extraction, enzyzme solutions are usually concen-
trated to reduce volume. It is common to use ultrafiltration
to reduce the amount of water and substances below
specified molecular weights (e.g., salts, small organic
molecules and peptides). Sometimes enzymes are concen-
trated by precipitation with salts or organic solvents, but
because of organic solvent cost this method is not as com-
mon today as it was 10 years ago (47). In other cases, con-
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centration is accomplished simply by removing water
througch evaporation. Prescrvatives arc almost always
added during processing, and optionally in the final prepa-
ration, to prevent microbial growth and to stabilize and
maintain the desired enzymic activity. Proper and appro-
priate use of preservatives and stabilizers serve to protect
the consumer from unsafe or ineffective enzyme products
(7. 8. 16, 47). When the enzyme is intended for addition
to food, all such additives and diluents must be acceptable
to the FDA for usc in food. They must be of food grade
quality and the levels used must not exceed specified
limits.

Most industrial enzymes are not purified to any signifi-
cant extent because purification is not necessary to achieve
safe and useful products (3, 4, 16, 47). However, it is
sometimes desirable to remove or destroy unwanted en-
zyme activities which would otherwise interfere with effec-
tive use of the desired enzyme preparation. For example,
rennet produced by some microorganisms contains lipase
activity which will make the finished cheese rancid. By
carefully exposing the crude rennet to heat or low pH, the
lipase can be inactivated without affecting the proteasc ac-
tivity. In this example, the unwanted lipase is not phys-
jcally removed (as in purification); the protein remains but
is no longer catalytically active (47). Because of expense,
physical separation normally is accomplished only when
there is a market for the individual separated enzymes, al-
though some manufacturers do highly purify certain en-
zymes of particular economic importance. For example,
one company produces a very pure, crystalline glucose
isomerase preparation for its own use (47).

Following extraction, concentration and stabilization,
enzyme preparations are standardized (3,4,47). Because
enzymes are catalysts, they are marketed in terms of units
of catalytic activity rather than by weight or volume. A
unit of catalytic activity for an enzyme preparation is de-
fined in terms of the transformation of a given amount of
substrate during a specified period of time under stated
reaction conditions. Biochemists often use a unit defined
by international convention, which is the amount of en-
zyme required to transform one micromole of substrate per
minute under specific reaction conditions. However, this
definition is not applicable to many commercial uses where
the substrate is part of food (e.g., Swift's hamburger test
for papain; 47). Hence, many assays for industrial enzymes
are based on specific application rather than uniform con-
vention.

The standarization procedure consists of using a specific

quantitative assay to determine the level of enzyme activity

per milliliter or gram of the final enzyme preparation and
then adjusting the activity (usually by dilution of the en-
zyme preparation) to conform with a desired level of activ-
ity which is convenient to use. Unstandardized enzyme
prepzrations may also be sold, and, in this case, total activ-
ity is stated and will vary between lots.

Given that enzymes are marketed on the basis of activity
rather than weight or volume per se, it follows that the ac-
tivities and amounts of other enzyines, as well as the levels

of nonsnzymic catelytically incrt materials, may vary from
lot to lot and almost certainly from source to source (47).
Morcover, sincc enzyme preparations are almost always
relatively crudc mixtures, it is apparent that anything pro-
duced by the source organims, and anything purposely or
inadventently introduced into the system during enzyme
manufacture, may end up in the final enzyme preparation.
For this reason, it is important that the source organism not
produce or contain toxins. To avoid inadvertent contamina-
tion with unsafe substances, it is necessary that CGMPs be
followed during enzyme manufacture. There are strict
limits on the levels of heavy metals which will be toler-
ated, and there are requirements for demonstrating micro-
biological safety (absence of salmonellae, etc.) (3, 4, 16,
45,47). i

Immobilized enzymes

Some enzymes are sold in an immobilized form, i.c.,
products containing enzymes that have been immobilized
by adsorbtion, entrapment, reaction with cross-linking
agents or covalent attachment to insoluble supports (29).
The safety evaluation of products such as these may re-
quire consideration of factors other than the safety of the
enzyme, its source and the by-products of the production
methods. For this reason, safety evaluation of immobilized
enzymes will not be included in this paper.

Consumption levels

Total Organic Solids (TOS). Enzymes are marketed by
units of activity rather than by weight or volume, and en-
zyme preparations always contain other substances (salts,
preservatives, stabilizers, carriers, nonenzymic organic
material, etc.) (I6, 45, 47). Further, some enzymes 2
added to food and remain there, although they may be in-
activated by heat or other treatment in the finished food
product. On the other hand, some enzymes only comc in
contact with the food (immobilized enzymes) but do not
stay there. For these reasons, it is not an easy matter to es-
timate total enzyme use and consumption.

The most logical means currently available for armriving
at a reliable estimate of enzyme use and consumption was
developed by the Ad Hoc Enzyme Technical Committiee
(AHETC), a trade group representing companies that pro-
duce or distribute enzymes for food use. AHETC set forth
the concept of Total Organic Solids (TOS; 5) as a means
of determining the toxicological significance of material
derived from the enzyme source. TOS is defined as the
sum of the organic compounds, excluding diluents, con-
tained in the final enzyme preparation. It is derived experi-
mentally as follows:

TOS(%) = 100 - A — W - D

where A = % ash contained in the extract or isolated en-
zyme, W = % water in the extract or isolated enzyme,
D = % diluents (if any, or carrier if enzyme is im-
mobilized).

The 1978 Enzyine Survey. The Food and Nutrition Board
(FNB) of the National Research Council’s Assembly of
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TABLE 2. Selected enrymes and their maximum use in various foods bused on TOS (Total Oreanic Solids) (5).

Enzyme Food category Maximum usc®
Papain Baked goods 0.0078%
Mecats/meat products 0.0044%
Beer/ale/malt beverages 0.0045%
Rennet (and other milk Cheese 0.036%
clotting enzymes)
Gelatins/puddings’/custards 0.0040%
Bromelain Candy 0.000016%
Fats and oils 0.000084%
Snack foods 0.00056%
Pectinase Baked goods 0.00000026%
Fruits/juices 0.0035%
Non-creamed soups 0.060%
Invertase Candy 0.0078%
a-Amylase Breakfast cereals 0.0030%
Sugars/frostings 0.052%
Gelatins/puddings/custards 0.0000020%
Com syrup 0.052%
*Percent of food based on TOS.

Life Sciences has undertaken several surveys of industrial
use of food additives. In 1977, the FNB’s Committee on
GRAS List Survey — Phase III was asked by the FDA 10
organize an extensive survey of enzyme use in food pro-
cessing. The Commirttee worked closely with AHETC and
the FDA in developing questionnaires; then the AHETC
distributed the survey forms to users and manufacturers of
enzymes on a confidential basis. The FNB Committee re-
ceived the completed forms directly for the respondents,
reviewed and analyzed the data, and submitted a report to
the FDA. The document is entitled The 1978 Enzyme Sur-
vey (5).

The survey report contains extensive information on 23
enzymes and an analysis of their use in a detailed list of
specific food items. Average and maximum use levels are
estimated by TOS. Removal and inactivation of the en-
zymes by further processing is also tabulated. Table 2 con-
tains some examples from this survey demonstrating the
low levels at which enzymes are added to foods.

ENZYME SAFETY
Current status

Exhaustive literature reviews commissioned by the FDA
for food enzymes from microbial (43) and nonmicrobial
(11, 44) sources support the proposition that enzyme prep-
arations from nontoxigenic, nonpathogenic organisms are
safe to consume. This conclusion is strengthened by the re-
Port of the Joint FAO/WHO Expert Committee on Food
Additives, which evaluated both published and unpub-
lished data (/2). There are numerous GRAS affirmation
Petitions currently before the FDA which also contain
safety data on enzyme preparations (46).

It is not surprising that the enzymes used in food pro-
cessing have proven to be nontoxic when tested in animals.
In fact, very few toxic agents have enzymatic propenies
and those that do, e.g., diphtheria toxin and certain en-
zymes in the venoms of poisonous snakes catalyze unusual
reactions which are completely unrelated to the kinds of
catalytic transformations that are desirable in foods.
Hence, the only relevant issue is whether enzyme prepara-
tions contain toxic contaminants. It follows that, if the
source organisms do not produce toxins and if CGMPs are
followed during manufacture, then the resulting enzyme
preparations will not contain hazardous materials.

In practice, industrial enzymes have a strong record of
safe use in food processing. However, as with all food
components, it is important that scientific data be provided
to show that enzyme preparations, particularly those lack-
ing a long history of safe usc, are safe to consume. To
develop a logical approach to this issue, we shall first con-
sider the factors which bear on the safety of enzymes and
then present guidelines for assessing enzyme safety.

Safety considerations

Safety of source organism. The safety of the source or-
ganism should be the prime consideration in assessing the
probable degree of safety of an enzyme preparation in-
tended for use in food. For example, if the source or-
ganism is a food animal, an edible and nontoxic plant, or
a nontoxigenic and nonpathogenic microorganism which
does not produce antibiotics, then it follows that enzyme
preparations obtained from that source organism using
CGMPs (8) will be safe to consume at the low levels en-
countered in processed foods. Moreover, in other instances

.
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where toxic contaminants arc present, they may be re-
moved during manufacture.

With regard to microorganisms used in enzyme man-
ufacture, we have discussed previously our contention that
mutagenesis in the laboratory does not result in the acquisi-
tion of new gencs, so it is not possible for an isolate to ac-
quirc 2 new toxin gene by mutation. It may be theoretically
possible for a mutation to alter the structure of an other-
wise nontoxic enzyme in such a way that the enzyme bc-
comes toxic (/0), but there is no experimental basis for this
notion and we consider it to be remote. Advances in DNA
sequencing may ultimately be useful in providing defini-
tive proof of nontoxicity.

Proving that a new microbial isolate does not produce a
toxin claborated by other strains in the same species is
complicated by the fact that toxin production may be af-
fected by growth conditions. Under some conditions, toxin
synthesis may be high, whereas under other conditions, it
may be low or undetectable. Hence, to establish that an
isolate is nontoxigenic in an absolute sense may not be
possible strictly from data on toxin expression. By assay-
ing toxin production under a variety of growth conditions,
the probability of demonstrating toxigenic potential is in-
creased. Moreover, if an isolate is grown under conditions
where other closely related organisms elaborate a toxin, the
reliability of a negative result is strengthened even further.

In practice, enzyme preparations will not contain all of
the substances that a source organisms is able to produce.
For example, enzymes which are concentrated by ultrafilt-
ration or precipitation will contain far fewer low molecular
weight components than are present in crude enzyme ex-
tracts. For this reason, even if an organism produces low
levels of a potentially hazardous substance, the amount of
a finished enzyme preparation needed to produce a de-
leterious effect in animals likely will be far above the low
concentrations at which enzyme preparations are employed
in food processing. Published animal feeding studies and
summaries of unpublished experiments reviewed by expert

3t is important to recognize that the process of carcinogenesis as now un-
derstood consists of two stages. The first stage is called inifiarion, the sec-
ond promotion (39). Some animal products, e.g., certain fats and hor-
mones, may at high doses and in cenzin well-defined experimental sys-
tems promote specific types of cancers. However, it has not been shown
that these substances can initiate cancer, and it is commonly accepted
among experts in this ficld that they are not complete carcinogens. Ani-
mals exposed to carcinogens may metabolize them to other forms which
retain carcinogenic activity, e.g., aflatoxin M; in the milk from cows ex-
posed to aflatoxin B, in their diets; (42). Animals may also generate nit-
rosamines from nitrite and secondary amines in their gastrointestinal tracts
(35). However, mammals are not known to produce substances as normal
body constituents which experts would classify as carcinogens.

“It is possible for certain enzymes that act on nucleic acids, such as DNA-
dependent DNA ploymerase, to be altered by mutation in such a way as
to become error-prone, thus resulting in further mutation in the organism
cont2ining the error-prone polymerase (48). However, such enzymes
would not be produced for use in food processing. Moreover, should such
enzymes be present in food enzyme preparations, they would almost cer-
tainly not enter human cells and produce an adverse effect. They are also
produced by some Strepromyces sp. antibiotic proteins with mutagenic

, and DNA-damaging activities due to the presence of nonprotein prosthetic

chromophores, i.e., the apoproteins themselves are without such activity
(25a, 39a).

committees (/2, 43, 44) fully suppon this conclusion.

Pathogenicity. If an isolate is known to be or suspected
of being a human pathogen, it will almost certainly not be
further considered for commercial enzyme production ua-
less it is the singular source of a unique and useful enzyme.
The problems inherent in maintaining and handling cul-
tures of pathogenic organisms on an industrial scale make
it unlikely that they will ever be used in the manufacture
of enzymes for food processing, and there are federal regu-
lations concemning this issue (7). However, high purified
enzymes from pathogenic bacteria are produced commer-
cially and used with medical supervision in the treatment
of disease (19).

Carcinogens and mutagens. No one has ever reporizd aa
enzyme which when fed was mutagenic or intitzted car-
cinogenesis.? Given our current understanding of the pro-
cesses of carcinogenesis and mutagenesis (34, 51), it is im-
plausible to expect that the protein component of 2n en-
zyme or protein with such activity will ever be disco-
vered®. Rather, attention should be directed towerds the
relatively small organic molecules (in general, MW <500
daltons) that possess carcinogenic or mutagenic aciivity
and which might reasonably be expected to contaminate a
given enzyme preparation.

Enzymes from mammals commonly used as food in the
United States will not contain mutagens or subsiances
which can initiate ? carcinogenesis as long as CGMPs are
followed. Some plants are known to produce carcinogens
(13, 34), but the pineapple, fig, barley and papaya zre not
among them. The fungal and bacterial enzyme sources
listed in Table 1 also are not known to produce carcinogens
or mutagens. However, fermentative yeasts, such as Sac-
charomyces cerevisiae, may produce low levels of urethan
(37), a carcinogen which is not mutagenic in the Ames test
(1), as a natural by-product of fermentation. For this
reason bread, wine and beer often contain low levels of
urcthan (37). There are no reports of urethan in veast en-
zyme preparations. Morcover, where yeast enzyme prepe-
rations are concentrated by ultrafiltration or precipitation,
small molecular weight compounds, such as urethan, will
be removed or greatly decreased in concentration. For this
reason it is uniikely that urethan levels in yeast enzyme
preparations would exceed the levels found naturally in
bread, wine and beer.

Several long-term animal studies (>90 days) have besn .
conducted with enzyme preparations from microor- -
ganisms, and none showed evidence of carcinogenicity or
chronic toxicity (12, 43). It is necessary to conduct such
long-term tests for each new microbial culture, or for each
new enzyme? We think not. For example, we have been
unable to locate 2 single confirmed report of a carcinogea
or mutagen produced by bacteria, other than certain Ac-
tinomycetales, particularly Streptomyces, when grown in
ordinary culture media. When nitrite and secondary amines
arc added to culture media, a few bacterial species appear
capable of generating nitrosamines through unkpown
mechanisms (35). However, there is no reason for nitrite
and secondary amines to be added to culture media in-

tended for use in food enzyme manufacture. Nitrosamines,
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or any other classes of carcinogenic or mutagenic chemi-
cals, should not be considered either a real or potential
problem area in enzyme manufacture from bacteria (other
than cenain Actinomycetales).

In contrast, some antitumor agents and antibiotics pro-
duced by Actinomycetales, particularly certain Strep-
tomyces, are weakly carcinogenic, e.g., azaserine (34).
Moreover, some mycotoxins have carcinogenic and
mutagenic activities (33, 34, 42). If there is reason to be-
lieve that such substances might be produced by a new cul-
ture under test, then specific chemical, biochemical or
biological tests for the substances should be conducted.

Teratogens and reproductive effects. Various dietary de-
ficiencies and excesses, hormones, drugs, agricultural and
industrial chemicals, naturally-occurring toxins, and phys-
ical and biological agents produce, under some cir-
cumstances, teratogenic effects or reproductive deficien-
cies in experimental animals (20, 27). Some of these
agents or conditions, such as German measles, alcohol
abuse, and certain drugs and antibiotics, produce similar
effects in humans. However, enzymes are not among the
substances which have been shown to cause teratogenesis
or reproductive deficiency. In fact, in a four-generation
study in rats, a rennet preparation from Mucor pusillus pro-
duced no evidence of teratogenicity or toxicity towards the
reproductive system (72), and similar negative data have
been obtained for various enzymes from other microbial
(43) and nonmicrobial (/1) sources. Those microbial
metabolites which could pose such a risk should be de-
tected either as certzin specific antibiotics (20, 27) or as
acute/subchronic toxins (42).

Antibiotics. Antibiotics are chemicals produced by vari-
ous species of microorganisms which kill or inhibit the
growth of other microorganisms. They are really a special
class of toxic agents which are useful to man in the control
of disease. It is well-documented that a sensitive microor-
ganism can acquire plasmids which confer antibiotic resis-
tance on the host (40). For this and other reasons enzyme
preparations intended for use in food processing should not
contain antibiotics. There are methods for assessing en-
zyme preparations for antibiotic activity (4).

Allergies and primary irritations. Industrial enzymes are
foreign (nonhuman) proteins, and as such, may be al-
lergenic for humans under certain conditions. The group
most likely to be affected are plant workers (11, 15, 47,
49). There are methods and procedures for protecting
workers from this potential hazard and it is considered to
be a manageable problem (15, 47, 49).

There are no confirmed cases of allergies or primary irri-
tations in consumers caused by enzymes used in food pro-
cessing. This is probably due, in part, to the low levels of
enzymes added to foods. Foods naturally contain a wide
variety of foreign (nonhuman) proteins, many of which are
present at levels far higher than the industrial enzymes
added as processing aids. Allergies and primary imitations
from enzymes used in food processing should be consid-
efcd a low priority item of concern except in very unusual
Circumstances. There is no justification for requiring

routine testing of enzyme preparations for allergic re-
sponses or primary irritations relative to consumer safety.

Toxins involved in food posioning. A few bacienal
species produce toxic proteins or peptides which can cause -
food poisoning. These include both enterotoxins and
neurotoxins (47). There are immunological assays or ani-
mal systems for detecting such toxins. Within a bacterial
species known to cause food poisoning via a toxin, usuaily
only some, but not all, strains produce the toxin. Hence,
nontoxigenic strains can be isolated (47). Some bacterial
toxins are actually coded for in bacteriophage DNA which
has become integrated into the bacterial genome as a
prophage. *“Curing’* the organims of the prophage results
in loss of toxicity (41).

Bacterial toxins which cause food poisoning are, by def-
inition, substances which produce acute toxic responses
following introduction into the gastrointestinal tracts of
sensitive anaimals. The nature and severity of the toxic re-
sponse may vary among animal species under test, as well
as the amount of toxin required to produce 2 measurable
effect.

Products of enzymic reactions. Enzymes are used in
food processing because they produce desirable changes in
the natural food constituents. They are usually inactivated
or removed before the final food product is marketed. As
such, enzymes should be classified as processing aids or
secondary direct additives. Declaring their presence on the
label of a food product, in most cases, would be incorrect,
since only. rarely is the active enzyme present in the final
product. This unique status of enzymes can lead to a new
question, however. Are the products of the enzymic reac-
tion safe? Developing an answer to this question requires
an understanding of what the enzyme is doing in producing
an apparently favorable transformation in the food.

Most of the enzymes used in food processing are de-
gradative enzymes which split macromolecules, i.e., pro-
teins, complex carbohydrates and lipids, into smaller sub-
units. Another important example is glucose isomerase,
which catalyzes the conversion of glucose into its isomer
fructose. Both glucose and fructose are nutritive and nonto-
xic. Only one enzymic reaction used in food processing is
known to yield a potentially toxic product. Pectic enzymes
increase the methanol content of treated fruit products, but
the amount produced is far below the hazard level (47).
There are reliable and rapid assays for methanol in food.

The question of hypothetical, potentially hazardous en-
zyme reaction products is difficult to evaluate, but proba-
bly its importance is marginal. For example, proteases
from all sources degrade proteins into peptide fragments
and amino acids. However, different proteases attack pro-
teins at different sites and may produce different sets of
peptide fragments from the same protein substrate (52).
There are many biologically active peptides in nature
which serve in various metabolic regulatory capacities.
One may wonder if the peptides produced by proteases
have any biological properties of their own. Until recently,
most biochemists would have considered as highly remote
the possibility that toxic peptides might be generated from
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otherwise nontoxic proteins, and, indced, it should still be
considered speculative. However, a recent report (53) indi-
cates that peptides with neuropharmacological propertics
are generated by the action of the natural animal digestive
enzyme, pepsin, on wheat gluten or casein, i.c., the major
protein of milk. The peptides are called **exorphins’’ be-
cause they mimic in vitro the action of opioid-like pep-
tides, the endorphins, which are produced naturally by ani-
mals. It is suggested that such peptides may form during
digestion of some food proteins in the human gastrointesti-
nal tract, and could have physiological significance (53).
The possibility of such peptides forming in processed foods
treated with proteases was not considered.

This example illustrates the difficulty that arises when
one attempts to establish absolute safety. Such a goal
would be extremely difficult for a static system, and is
clearly impossible when dynamic forces, such as basic sci-
entific inquiry, continually expand our understanding and
knowledge. However, there is also no reason, on the basis
of available information, to fear that processed foods
treated with proteases might pose a hazard, especially one
that is greater than that posed by our own digestive sys-
tems. This is clearly a research area which deserves further
support, especially as it relates to human physiological sig-
nificance and development of specific and relevant assays.

Interactions between enzymes and other food compo-
nens. It is well-known that certain drugs are not compati-
ble with one another and that combinations of such incom-
patible drugs can result in interactions which are toxic
(28). It has been suggested that such interactions might
also occur between enzymes and other components of bev-
erages or food products (6). However, there is no scientific
basis for such speculation. It is extremely unlikely that en-
zymes, which are used at very low concentrations and are
almost always inactivated or removed before the finished
food or beverage is marketed, could produce a toxic effect
due 10 interaction with another substance. Given the high
specificity of enzyme action, it is difficult to imagine such
an occurrence. The highly improbable possibility of toxic
interactions involving food enzymes should not be afforded
serious consideration unless supporting data appear in re-
spected and well-refereed scientific journals.

Direct effects of food enzymes on consumers. Under the
usual conditions of use in foods, enzymes do not pose a
hazard for consumers. For example, ingesting an active
protease at relatively low levels could hardly affect the
human gastrointestinal tract, where many potent proteases,
such as trypsin and pepsin, already are present at levels
sufficient to digest food. This view is supported by the re-
Port of an expert committee (17). Proteases may adversely
affect the skin, mucous membranes of the nose and throat,
and lungs, and such effects are sometimes seen workers
who handle large quantities of proteases. However, such
occurrences are extremely rare in consumers who use much
lower levels of active enzyme (17, 15), and it is not possi-
ble for heated foods containing inactive proteolytic en-

zymes to posc such a threat. Active protcases arc, of
course, widcly distributed in fresh fruits, vegctables,
cheeses and other uncooked foods which may be con-
sumed. ‘

We know of no reported adverse effects on humans from
lipase/estcrases or carbohydrases in foods. Moreover,
many enzymes are inactivated in the gastrointestinal tract
and digested as protein.

Concept of relative safety

The terms nontoxigenic and nonpathogenic should not

be considered in an absolute sense. In the real world they
are relative concepts which convey certain probabilities. A
nontoxigenic organism is one which does not produce in-
jurious substances at levels that are detectable or demon-
strably harmful under ordinary conditions of use or expo-
sure. In the same vein, a nonpathogenic organism is one
that is very unlikely to produce disease under ordinary cir-
cumstances. Thus, Aspergillus oryzae should be consid-
ered nontoxigenic because it does not produce detectable
levels of aflatoxin (23, 50) and is not listed with molds
known to produce other mycotoxins (42). Strains in com-
mercial use did not produce detectable levels of beta-nit-
ropropionic acid (36) and there are no freports of this or-
ganism producing adverse effects in animals. Likewise, .
cerevisiae should be considered nontoxigenic even though
low levels of the carcinogen urethan are produced during
fermentation (37) because, as far as we can tell, the
amount of urethan is too low to be significant. Applying an
absolute definition in this case would result in the banning
of bread, wine and beer. There is no reason to believe that
such an extreme measure would make our lives safer! As
long as the levels of urethan in fermentative yeast enzyme
preparations do not exceed those found in fermented foods
and beverages, they should not be a cause of concern.

Aspergillus niger produces low levels of toxic sub-
stances (22), but it is only after such substances are ex-
tracted and concentrated that toxicity can be demonstrated.
This example points up the important distinction between
foxin, a chemical entity, and ftoxic effect, a biological
phenomenon produced by toxins only at effective doses.
Synthesizing low levels of toxins per se should not be suf-
ficient to support redefining A. niger as a toxigenic or-
ganism, and it should remain classified as nontoxigenic. In
the same way B. subtilis should be considered non-
pathogenic even though one could imagine an individual
with an extremely compromised immunological system
succombing to a B. subiilis infection. Under more ordinary
circumstances, B. subtilis does not cause disease.

These concepts are important in considering safety as-
sessment. Absolute safety is not achievable and cannot be
our goal. Rather, we should think in terms of probabilities
tempered with common sense.

Animal testing for toxins

The purpose of animal testing is to assure that toxic ef-
fects are not produced by non-enzyme substances in en-
Zyme preparations under realistic projections of use. There
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is no basis for concern that the enzymes under consider-
ation in this report arc themselves toxic. Acute and sub-
chronic oral toxicity studies (to be proposcd) should be
conducted with two animal species (24). This is nccessary
to compensate for possible species variation in toxic rc-
sponse. For example, rats are much more sensitive to af-
latoxin B, than mice, whereas dogs are more sensitive than
rats 1o ochratoxin A (42). Therc are also specics variations
in response to the protein/peptide enterotoxins and neuroto-
xins of bacteria (47). Additionally, some animal species
are capable of emesis, e.g., dogs and pigs, whereas others
are not, c.g., rodents. Selection of appropriate test animals
should be based on two criteria: (a) which toxins could be
produced by the source organism and (b) which toxins
have already been eliminated from further consideration by

 the use of specific chemical/biochemical assays. In many
instances, rats and dogs may be the most appropriate test
animals (24).

Guidelines for determining enzyme safety

Basic premises. In developing guidelines to assure the
safety of enzymes used in foods, we have adopted the fol-
lowing basic premises to guide our thinking. The rationale
for each of these premises can be found in preceding sec-
tions. )

1. Enzymes are naturally occurring proteins. Only a
very few, highly unusual enzymes are toxic and
they would not be used in foods.

2. There is no basis for concemn that enzymes acting
on otherwise wholesome food constituents will
generate harmful products. Hence, there is no
reason to test enzyme-treated foods for toxicity.

3. New enzymes could be derived from animals,
plants or microorganisms. However, for technical
reasons it is likely that most new enzyme prepara-
tions will be derived from microbial sources, in
many instances new microbial species or strains.

4. Enzymes are added to food at very low levels.
Failure to demonstrate harmful materials in, or
toxic effects from, concentrated enzyme fractions,
which when diluted yield finished enzyme prepara-
tions for marketing, gives reasonable assurance of
their safery. Alternatively, failure to demonstrate
harmful materials in, or toxic effects from, cul-
tures or crude extracts of a proposed source micro-
organism, gives reasonable assurance of safety for
any enzyme preparation which may be produced
from that source organism using CGMPs.

5. If a microbial culture does not produce known to-
xins and if its metabolites are nontoxigenic in the
sense that they do not produce food poisoning, in-
toxication or illness when ingested, then enzymes
derived from that culture using CGMPs will be
safe for use in food processing.

6. If there are toxigenic strains of the species to
which the new culture belongs, then growth condi-
tions under which those strains produce toxins
should be tested. The condition(s) to be used for

enzymc manufacture would, of course, be in-
cluded. It is also prudent to test mutants for toxins
produced by other strains of the same species even
if thc parent culture is negative for such sub-
stances.

7. Centain microbial species produce antibiotics,
which are detectable in appropriate bioassays.

8. Some of the filamentous fungi and Ac-
tinomycetales produce toxins. A few of these sub-
stances are carcinogenic, e.g., aflatoxin, and some
also possess antitumor and antimicrobial activity,
e.g., azaserine. Such metabolites may be detected
with specific chemical, biochemical or biological
assays.

9. Bacteria other than Actinomycetales may also pro-
duce acute toxins. Of specific concern are the pep-
tide/protein toxins that act via the oral route, e.g.,
enterotoxins and certain neurotoxins. Toxins as-
sociated with foodborne illness can be detected
with serological or animal assays.

10. Bacteria as a group (other than Actinomycetales)are
not known to produce carcinogens or mutagens
when grown in ordinary culture medium which
does not contain nitrite and secondary amines.

11. Yeasts as a group are not known to produce toxins,
although some yeasts are pathogenic. The carcino-
gen urethan may form at very Jow levels in yeast
fermentations. Urethan can be detected by chemi-
cal assay.

Microbial enzymes. Guidelines for determining safety of
microbial enzymes are shown in Table 3. These guidelines
may be applied to concentrated enzyme fractions which are
diluted to produce finished enzyme preparations. Alterna-
tively, the guidelines may be applied to crude culture ex-
tracts or whole cultures from which enzymes are manufac-
tured. If the crude culture extracts or whole cultures are
judged to be safe, then enzymes can be manufactured from
these sources without further testing.

It is important to note the following features concerning
the guidelines in Table 3.

1. AH test materials must be evaluated for antibiotic ac-
tivity.

2. No test material can pass through the Decision Tree
without being tested for toxic constituents.

3. Two animal bioassay systems are proposed. The
first is a single oral challenge. The purpose of this
assay is to evaluate the test material for food poison-
ing toxins, specifically enterotoxins and certain
neurotoxins, which are protein or peptide toxins pro-
duced by a few bacterial species. The second pro-
posed bioassay is a subchronic feeding study in two
appropriate animal species. The purpose of this pro-
cedure is 1o detect mycotoxins and other toxic sub-
stances which might not produce acute toxicity. All
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TABLE 3. Guidelines for determining the sofery of microbial enzymes”.

A. Decision Tree

1.
2.

3.

Is the test material free of antibiotics?®

a. For bacteria and veast, is the test material:

i. Free of toxins® known 1o be produced by other strains of the same species?

ii. If there are no known toxins®® produced by other strains of the same species, is the no-adverse
effect level in a single oral challenge at least 100 times greater than the estimated mean human
consumption level 7

b. For molds, is the test material free of detectable levels of aflatoxin B,, ochratoxin A, sterig-
matocystin, T-2 toxin, zearalenone and any other toxins known to be produced by strains of the
same species?® )

Is the no-adverse effect level in subchronic (90-d) feeding sutdies at least 100 times greater than
the estimated mcan human consumption level?’

B. Special considerations for ceriain yeasts and bacteria

2.

If the source culture is well-known, widely distributed, nonpathogenic yeast, c.g., centain species
of the genus Saccharomyces. or if it belongs to a bacterial species that is well-characterized, com-
monly present in foods, has a history of safe use in food enzyme manufacture, and has never been
implicated in foodbomne disease, e.g., Bacillus coagulans, Bakcillis licheniformis, Micrococus
lysodeikticus, and Bacillus subtilis (17}, the test material can be ACCEPTED at this point.

Test material from other bacteria and yeasts must be considered under part A,3.

C. Special considerations for certain molds

1.

If the source culture is well characterized, commonly present in food, has a history of safe use
in food enzyme manufacture, and has never been implicated in foodbome intoxication or discase,
e.g., Aspergillus ory=ae, Apergillus niger and Rhizopus ory:zae (16,23,36,41,42,43,45.47,50), the
test material can be ACCEPTED at this point.

2. Test material from all other species of molds must be considered under A,3.
D. Disposition of marerials that fail any Decision Tree requirement

A negative answer to questions 1, 2 or 3 signifies the presence of an undesirable substance and
the material is not acceptable for use in food. If the undesirable substance can be removed, the
purified material must be passed through the system again beginning at the point of the original

If yes I no
~procced to—
A2 D
A3 D
B D
C
ACCEPT D

negative answer.

*These guidclines are intended for crude culture extracts, for whole cultures, and for concentrated enzyme fractions which, when diluted,
become enzyme preparations suitable for marketing. '
®As determined by (4) or comparable methods.

“For the purposes of these guidelines, the term *‘toxin™" refers to a substance whichi is regarded by experts as a cause of food poisoning,
intoxication or iliness when ingested. Examples are staphylococcal enterotoxins, botulinal neurotoxins and mycotoxins.

in cultures in this category are acceptable on the basis of a single scute oral toxicity test, as explained in pant B,1. Cultures that
fall under part B,2 can go directly to part A,3 without an acute oral toxicity test. This is permissible because the subchronic feedizz
specified in part A,3 is more rigorous and more meaningful than the acute oral toxicity test embodied in part A,2,aii.

*Expressed as mg/kg body weight and determined using two appropriate animal species.

Estimated mean consumption level is caiculated from the sum of the intakes for each food category in which the material is expectzd
to be used. An example of such determination is: (USDA mean portion size) X (Maket Research Corporation of America eatcg fre-
quency for the entire population) X (the usual level of use expressed as TOS for the enzyme in question)(2,/4).

As determined by (38) or comparable methods.
"Expressed as mg/kg body weighvday, and determined using two appropriate animal species.

known microbial toxins active via the oral route and
present at effective levels will be detectable by these
procedures. It should be pointed out that prepara-
tions will be tested in these proposed feeding studies
only after first being assayed for toxins which might
reasonably be expected, using chemical, biochemi-
cal or biological methods. For example, all test ma-
terial from fungal sources should be assayed for cer-
tain known mycotoxins (4, 38).

. In establishing an Acceptable Duily Intake for

microbial enzymes based on the animal feeding
studies which we have proposed, there should be no
adverse effect at a dose which is 100 times the esti-
mated mean human exposure (based on TOS). This

criterion applies 1o the single oral challenge and to
the subchronic feeding study, and is based on the
traditional 100-to-1 safety factor for food chemicals

(26).

- The only test materials which can pass throush the

Decision Tree without a subchronic feeding study
are those which satisfy the criteria of B.1 or C.1,
i.e., certain bacteria, yeast and molds, which are
well-known and have never been associated with
foodbome illness or disease. However, as stated
above, bacteria and yeast that meet these criteria still
must pass the single oral challenge test, and molds
must give negative test results for a batery of
known mycotoxins.
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Nonmicrobial enzymes. As indicated previously, meat
animals, c.g., cattle, swine and sheep, and edible and non-
toxic plants, e.g., papaya. pineapple, barley and fig, have
long histories as sources of enzymes used in food process-
ing (3, 4, 16, 45, 47). These traditional sources need not
be subjected to toxicity testing.

For the purposes of this paper, it is assumed that only
animals commonly regarded as food will be employed in
enzyme manufacture. As long as CGMPs are followed dur-
ing manufacture, enzymes derived from food animals may
be assumed to be safe for use in food processing. Animal
testing for possible toxicity is not warranted.

With regard to new plant enzyme sources, it is assumed
that only edible plants will be considered. If the edible
plant has been well-studied, is widely consumed without
apparent harm, and does not produce toxic substances,
then no animal testing should be required. However, if the
plant is known to produce toxins, then care should be taken
not to concentrate the toxic substances during enzyme
manufacture. The final enzyme preparation should not con-
t2in toxic substances in quantities that might represent a
hazard to health.
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