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INTRODUCTION

Although Streptococecus lactis long has been recognized
primerily as being saccharolytiec, the results of various
investigations have shown that many strains of this organism
are capsable of bringing about protein degradation when
grown in milk. The breakdown of protein by mierobial
enzymes of the lactic acid bacteria as found in dairy pro-
ducts such as cheese and fermented milks may be important
for several reasons.

In cheese ripening the breakdown of proteln represents
one of the most important changes. The proteln hydrolysis
changes the tough rubbery curd of young cheese into material
with a smooth, waxy consistency. It generally 1s accepted
that the development of cheese flavor is associated with
conourrent proteolytiec and lipolytic changes.

The hydrolysis of cheese protein has been attributed in
part to the action of the natural proteinase in milk, to the
rennet proteinases and to the proteinases of microbial
origin, although different investigators have disagreed upon
the relative 1mpeftanee of the varilous proteinases in the
breakdown of cheese proteln.

8ince organisms such &s $. lactls and L. casel are pre-

dominant in cheese during manufacturing and ripening, these
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organisms are believed to be sources of mleroblal protelnases
which contribute to the breakdown of cheese proteln.
Although many investigators are of the opinion that the
proteolytic enzymes of 8. lactis, which possibly may contri-
bute to the breakdown of protein during the ripening process
of cheese, are endocellular in nature and that thelr acti-
vity may have to walt upon death and autolysis of the cells,
there 1s recently some indlication in the literature that &
substantial portion of the proteolysis caused by S. lactis
when grown in milk can occur during the first 2 hours when
autolysis 1s apparently negligible. Changes Iin milk protein
then can be expected to take place in dairy products in
which 8. lactls is grown for a relatively short time. Pro-
teolysis during the early phases of growth has received
little or no attention, mainly because techniques commonly
used, such as Kjeldehl analysis of acid-soluble nitrogen,
did not show definite changes which could be assoclated with
protein hydrolyais.

Little 1s known about the mode of action of the micro-
bial enzymes that are belleved to partieipate in the break-
down of milk pretein. It appears from the literature that
the proteolytic enzymes of microorganisms are exceedingly
numerous, yet our information concerning them is very sparse
as compared to the present knowledge of the animal enzymes.

In recent years purifleation and crystallization of a few
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proteinases important 1n industry and medicine has been
achieved.

The present investigation was Initiated to study the
characterlastics of the proteolytic enzyme system of S,
lactis. Investigation of the breakdown of milk protein by
mieroblal enzymes may be expected to yleld information in
regard to some problems importent to the dairy industry,
such as the ripening process of cheese and some of the

changes that may occur in proteins in other dairy products.



 STATEMENT OF PROBLEM

The purpose of this investigation was to study the
factors involved in the production of the proteinases of
S. lactis and some of the characteristiecs of this eniyme

system in regerd to the breakdown of milk proteins.



REVIEW OF LITERATURE

Proteolytie Aotivity of §. lactis and Cheese Extrasts

8. laetis long has been recognized primarily as being
saccharolytic. However, the results of various inveatiga-
tions have shown that many strains are capable of causing
slight protein degradation in milk. Early studies concern-
ing proteolysis by S. lactis in milk were reviewed by
Hemmer and Babel (34). In most bf these studies proteolysis
was determined by (a) Kjeldshl analysis of nitrogen soluble
in acetic acld, trlchlorocacetic acid or phosphotungstic
acid, (b) the determination of free amino acids by either
the Van Slyke method or the formol titration, or (c¢) ammonia
determinations. In most cases, milk inoculated with §.
lactis was incubated for periods ranging from several days
to months, with and wlthout calclum carbonate. Commonly
protein cleavage was greater when part or all of the acid
was neutrallzed by calelum carbonate. No attempt will be
made to present a detalled discusslon of the early investiga-
tions sinece they have been reviewed by others(l7,34,35,4k4,
60). However, attention will be given to more recent work
on the microbial protelnases, particularly those of 3.
lactis.

Collins and Nelson (18) studied the proteolytic activity
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of four strains of 5. lagtls. Grown in milk, thls organism
caussd a rapld inorease in trichloroscetic scid-soluble
nitrogen during the first day or two, followed by a gradual
but much smaller increase throughout the 15 day test period
until approximately 15 per cent of the total nitrogen was in
soluble form. The magnitude of the increase varied slightly
with different strains of S. lactis.

Zimmermen (60) reported that a cell-free extract of
S. lactis, using either casein or hemoglobin as substrate,
did not show proteolytiec sctivity. The same extract caused
hydrolysis of glyayluérleuaino and Qa-alanylglyeine. Mea-
surements of hydrolysis of glyaylagfleucine indicated an
optimum at pH 7.6 to 7.8. For the hydrolysis of
DL~alanylglycine an optimum was indicated at about pH 8.0.
Manganous lons increased the rate of hydrolysis of glycyl-
gfloueine. ‘No appreciable difference in the rate of ripening
was found when the cell~free extract was added to cheddar
cheese.

Amundstad (2) reported that cell-free extract of each
of two strains of 8. lactis grown in broth medium showed
optimum activity at pH 6.6 to 6.8 in both peptone broth and
caseinate solutions, as determined by the increase in acid-
soluble nitrogen and amino nitrogen. A cell-free extract of
8. cremoris showed optimum activity at pH 6.3 to 6.5 and
proved to have greater proteolytiec astivity than the extract
pr@paréd from S. lactis. Morgan and Nelson (45) studied the
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distribution of ten amino aclds in tungstie and lactic acid
filtrates of milk after lncubation with S. lactis for 15
days at 21° ¢. Microbiological assays for valine, leucine,
isocleucine, threonine, arginine, methionine, histidine,
tryptophan, tyrosine and phenylalanine revealed marked
increases over the values for the filtrates from the unino-
culated controls. Active strains of 5. lactis were able to
effect & marked ilncrease in leucine and phenylalenine during
the first three days of incubation with a slower increase
through the fourteenth day.

Baribo and Foster (8) determined some of the charac-
teristics of a cell-free extract of one strain of S. lactis
grown in carrot-liver extract broth. Proteolysis was
determined by Kjeldahl analysis of nitrogen soluble in tri-
chloracetic acid; sodium caseinate was used as substrate.
The cell-free extract was most active at 4O to 42° C. and at
pH values nsar neutrality; evidence of a second optimum was
observed at pH 5.0 to 5.5. The proteolytic activity was
relatively stable over a considerable pH range (3.4 to 8.6)
and was sctivated by reducing agents. Metalllc ions either
had no effect on the activity of the extract or were
inhibitory.

In recent years more attentlon has been given to the
proteinases of mierocorganisms that are predominant in cheese
during manufacturing and ripening, ineluding S. lactis and

L. casei. The breskdown of cheese protein has been



-8~

attributed to the natural proteinases in milk, to the pro-
teinases in rennet and to the proteinases of mieroblal
origin, although different investigators have disagreed upon
the relative importance of the various proteinases.

Peterson, Johnson and Price (49) showed the presence of
proteolytic activity in a water extract of cheddar cheese.
Proteoclysis was determined by the increase in non-protein
nitrogen in a digestion mixture with casein as substrate.

The optimum pH for casein hydrolysls by the cheddar cheese
proteinase system appesared to be 5.0; a secondary optimum
occurred at pH 7.0 to 8.0. The proteolytic activity at pH
5.0 was enhanced in the presence of reducing sgents, particu-
larly cysteine. These workers (50) also reported on the
proteinase content of raw and pasteurized milk cheddar

chesss at intervals during the makling sand ripening period.
The active proteinase in ripening cheddar cheese was con-
sidered to be largely of bacterial origin; only a small frac-
tion of the total activity was contributed by the milk and
the rennet. Pasteurized milk cheddar cheese was characterized
by a lower content of cysteine-activated proteinase.

Baribo and Fester (8) reported that an extract of
cheddar cheese showed maximum proteolytic activity against
casein at pH 5.0 and at near neutrality. It was most active
fbove ASQ C., showed a second optimum between 1l and 18° ¢.

and was stable over a considerable pH range. This
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proteolytic system withstood heating at 60° ¢. (pH 5.1) for
30 minutes and was stimulated by reducing agents; metallle
ions had no effect or were inhlbitory.

Microbial Proteinases

A review of the literature on microblal proteases up to
1929 was presented by Oppenheimer (48). The early work on
bacterial peptidases was reviewed by Berger, Johnson and
Peterson (12). HNo attempt will be made to discuss the early
investigations in detail. Instead, those investigations
will be reported in which progress has been made in the
study of the particuler system isolated. It appears from
the reviews of early work that numerous reports have ap-
peared in the literature on the proteclytic enzymes of
mleroorganisms, especlally on those enzymes which are
secreted into the medium by the living c¢ell or are present
as the result of autolysis. However, in most cases only a
few data illustrating proteinase and/or peptidase activity
are presented.

Berger, Johnson and Peterson (1ll) probably were the
firat ones to study systematically the bacterial peptidases.
Autolyzed cell preparations were used in a study of the

peptidases of Leuconostoc mesenteroides. Kvlidence was ob-

talned that at least two dipeptidases and two tripeptide-~
aplitting enzymes were present. Hydrolysis was activated by



& rather large number of metallic ions. The peptidases
possessed two pH optima for activity, one at pH 5.0 to 6.0
and the other at pH 7.0 to 8.0. The authors observed rapid
action on the g»fovmﬁ of & variety of peptides; gyleucyln
glyeylglycine was aplit about as fast as the enantiomorph.
The same workers (12) presented an excellent survey of the
peptidases present 1in cell-free extract of some common bac-

teria such as Escherichla coli, Bacillus megatherium, Proteus

vulgaris, Pg. fluorescens, B. mesentericus (B. subtilis)

Clostridium butylieum, Cl. sporogenes, Cl. acetohistolyticum,

L. pentosus, Proplonibacterium pentosaceum and Phytomonas

tumefaciens. In most cases, optimum hydrolysis occurred at

pH 8.0 to 9.0; the enzyme of L. pentosus &nd P. pentosaceum

had optimum activity at pH 5.0 to 6.0.
Metal aeotivation of peptidase preparations of P.
tumefaciens, B. megatherium, and P. vulgaris was studled by

Berger and Johnson (9). Laueyi?eptidase of P. vulgaris was
activated by manganous and magnesium lons. Hydrolysils of

glyeylglycine by peptidases of B. megatherium also was

activated by these lons. Berger, Johnson and Baumen (10)
studled the effect of D-peptidases from B, megatherium, L.

mesenteroides and & few other organisms. All seemed to

possess peptideases active against D-lesucylglyeine. Most of
these preparations were activated by manganous or cobalt

ions or with cystelne and these ions. Optimum pH for



gupaptidasa of L. mesenteroldes was found to be between pH

740 to 8:0:

Gorbach (29) reported on the proteolytic system of
Caseococcus Gorini (S. liquefacilens). The hydrolysis of

DL-leucylglycine showed optima at pH 4.8 and at 7.0 to 8.4.
Later Dudsani (20) determined some of the characteristics of

peptidases present in a cell-free extract of 5. liquefaclens.

The cell-free extract was active against glyoyl-g-leucina
and E&falanylglyuina; the latter was hydrolyzed more
readily. Two pH optims for peptidase activity agailnst
glycyl-L-leucine were found, one at pH 8.0 and the other at
pH 5.0. Two pH optima for géfalanylglyeine also were ob-
served, one at pH 6.9 and the other around pH 8.2. Hydroly-
sis at pH 8,2 was activated by manganous, cobalt and mag-
nesium ions. Zimmerman (60) reported that a cell-free
extract of §. cremoris showed optimum activity at pH 8.0
against both glycyl~§»l¢ueine and ggfalanylglyuine.
Tarnanen {56) reported that a cell-free extract of

Bacterium casel ¢ (Lactobacillus helveticus) was active

against casein, gelatin and peptone; the maximum activity
was at pH 6,0 and 42° C. Remon et 8l. (51) reported that
B, subtilis is a producer o an active gelatinolytic enzyme.
From culture filtrates of Cl. welchii, Bidwell and van
Heyningen (1l) have isolated & collagenase (K-toxin) whiech
attacks only gelatin and collagen. The partially purified
enzyme has its optimum activity at pH 6.8 to 7.5 and i3 free
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of other toxins of the organism, The enzyme appeared to
have clinical importance, since such culture filtrates
injected into rabblt muscle dlsintegrated the collagen frame
work. A similay collagenase was obtained by Kocholaty and
Krejei (40) as an electrophoretically homogeneous protein
from cultures of Cl., histolyticum. It was activated by iron
and sulfhydryl groups. The enzyme hydrolyzes gelatin and
¢lupein. Evans (25) has reported that extracellular col-
lagenase is produced by 30 strains of Cl. welchii.

Gorini and Promageot (30) have found that Mierococcus

lysodeikticus produces a proteinase which causes strong

liquefaction of gelatin and digestion of casein. It was
inactive in the absence of calcium lons. Additlon of phos-
phate, citrate or oxalate gave complete inaetivation which
was readily reversible by additlion of calcium ilons. Dudani
(20) studied some of the characteristics of an extracelluler
proteinase of S. liquefaclens. It had its optimum activity
at pH 7.4 for digestion of both casein and lactalbumin sub-
strates. The proteolytic sctivity proved to be adaptive;
casein was not proteolyzed to &ny great extent by the extraQ

cellular enzymes of S. liguefaclens unless caseiln was in-

c¢luded in the medlium used for growth of the organisms and
elaboration of the enzymes,.

In recent years a few workers have succeeded in the
ory&tallizatien of mlieroblal proteinases. Isolation and

cryatallization of a proteinase resembling papain and ita
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precursor has been reported by Elliott and coworkers (21,22,
23,2l4,446) from straina belonging to group A of the hemolytic
streptococei. Grown under certain condltions some group A
streptococci lost thelr type specific protein antigen
(M?substanoa). This temporary loss resulted from proteoly-
tiec activity in the bacterial culture during the later
stages of growth. The enzyme originated from a precursor by
autocatalysis or by the action of trypsin. Excellent charac-
terization was obtained by studying the resction of the
erystalline enzyme on a great number of synthetic subatrates
and derivatives, It proved to have & very broad side-chain
specifity. Crewther and Lennox (19), using fractional pre-
cipitation with ethanol and ammonium sulfate, prepared
needle-shaped crystals of proteinase from a culture fluid of

Aspergilius oryzae. Giintelberg and Ottesen (33) prepsred

erystals contalning the plakalbumin-forming enzyme from a
culture fluid of B. subtilis by precipitation with acetone.
This engzyme 1s able to convert egg albumin (needles) to
plakalbumin (platelets) in which process two peptides are
apllt off. From the reports reviewed here it is apparent
that except for the proteinase lsolsted by Elliott and
coworkers no adequate characterization of a mierobial pro-

teinase yet has been made.



Methods for Determining Proteolysis

A great number of methods are avallable for measuring
the aectivity of proteolytic enzymes. Only those methods
which were of most interest to the author in connection with
this Iinvestigation will be mentioned. Kjeldahl analysls of
nitrogen soluble in various fractions, the determination of
free amino acids by elther the Van Slyke method or the
formol titration and smmonia determinations are some of the
methods most frequently used. Digestion of milk, casein
and hemoglobin by the enzymes, followed by colorimetric
determination of tyrosine and tryptophan in a trichloro-
acetic &eid flltrate of the substrate using Folin-Clocalteau
reagent (26) also has been frequently employed (3,4,7,21,
36,39,60). Methods involving titration of carboxyl- or
smino groups have been used widely in tne study of hydroly-
sls of peptides and derivatives. Methods for titrating
carboxyl groups with ethanollic alkali were worked out by
Foreman (27), Wilstétter and Waldsehmidt-Leitz (59), and
Grassmann and Heyde (31). Linderstrgm-Lang (43) reported on
a8 titrimetric method for the determination of amino nitro-
gen, involving the titration of amino groups with ethanolic
HC1l, upon the addition of acetone, using naphtyl red as
indicator. A sensitive photometrlic ninhydrin method for

measuring proteolysis has been proposed by Schwartz and



Engel (52). Sensitive methods of determining proteolysis
based upon the abillity of native protein to bind dyes have
been reported. Grelf (32) used the dye bromsulfalein and

Carroll (16) used anionic dyes such as Orange I.



EXPERIMENTAL METHODS

Designation and Bources of the Cultures and

Their Propagation

8. lactis strains 18, 26 and 34 used in this study were
from a group of 13 pure cultures isolated from different
samples of rew cream and were selected on the basls of their
ability to produce the greatest incresse in non-protein
nitrogen when grown in milk. The astreptococcl were identi-
fied as §. lactis by the characteristics given by Sherman
(53). The stock cultures were transferred weekly and were
carried in sterile litmus milk. Cultures were transferred
every day for three transfers prior to each trial, using the
culture medlum employed in the experiment. Cultures were

incubated at 32° C.

Preparation of Media

In the course of this investigation the following media

were used for growing S. lactis.
Skim milk

Unless stated otherwise, fresh skim milk from the
College Creamery was heated at 185° ¥F. for 20 minutes to
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destroy as many undesirable organisms as posslble without
subjecting the milk constituents to changes that might ococur

during sterilization.

Niven and Sherman's medium

The simplified amino aeld medium of Niven and Sherman
(47) was used. Stock solutions for preparing the synthetic
medium were kept in brown bottles in & cold room at approxi-
mately 2° ¢. Toluene was added in & thin layer to all stock

solutions as a preservative.

Vitamin-test casein medium A

The composition of this medium waa;

Vitamin-test caseln 20 g.
Glucose 6.5 g.
K HPO, +3H,0 10 g.
Riboflavin 1l mg.
Caleium pantothenate 1 mg.
Nicotinle acid 1 ng.
Pyridoxine -HCl l mg.
Thismine 1 ng.
Biotin 1 Y
Folic acid 10 «
Vitamin B,, 20 f

Distilled water to 1000 mil.
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Twenty g. of vitamin-test caseln (Nutritionsal Biochemi-
cals) were suspended in 400 ml. 0.05 N NaOH and steamed for
10 minutes. An equal volume of distilled water was added
and at this stage Kéﬂ?oh'3ﬁzﬂ and glucose were added and the
pH was adjusted to 6.8 to 7.0. The vitamins then were
added, the volume was made up to 1 1. with distilled water
and the medium was autoclaved for 13 minutes at 15 lb.

pregsure.

Vitamin-test casein medium B

The composition and preparation of this medium are the
same as given for vitamin-test casein medium A, except that

the vitamins were replaced by 10 g. yeast extract.

Casein medium

The composition and preparation of thia medium are the
same a8 given for vitamin-test caseln medium A, except that
the vitamin~test caseln was replaced with an equal amount of

technical casein.

Tryptone medium

The composition &nd preparation of this medium are the
same as given for vitamin-test casein medium B, except that
vitamin-test casein was replaced with an equal amount of

Baeto tryptone.



Amundstad's medium

This medium was used by Amundstad (2) to grow $. lactis
for the preparation of cell-free extracts. This medium has

the following composition:

Peptone 20 g.
Glucose 10 g.
Lactose 10 g.
Mgﬁﬂu 1lg.
nénrsu 2 g.
NaCl 2g.
Yeast extract (infusion) 500 ml.
Water L4155 ml.

In the preparation of the yeast infusion, 1 part cake yeast
was bolled for 0.5 hour with 2 parts of water, followed by
settling for 12 hours. The clear supernatant was used in

the medium. This medium was adjusted to pH 6.8 to 7.0 and

autoclaved for 13 minutes at 15 1lb. pressure.

Iryptone glucose beef extract broth

The cemposition of thls broth was as follows: 3 g.
beef extract, 5 g. tryptone, 1 g. glucose and 1000 ml.,
distilled water. The medium was adjusted to pH 6.8 to 7.0

and autoclaved for 13 minutes at 15 lb. pressure.



Determination of Proteolysls by
8. lactls Grown in Milk

Procedure for trials with and without controlled pH

Milk for the trials without controlled pH conslsted of
fresh skim milk which was heated at 185° F. for 20 minutes
to destroy as many undesirable organisms as possible without
subjecting the milk constituents to changes that might occur
during sterilization.

Because of the absence of & rapld drop in pH in the
cultures with maintained pH (5.5 to 8.5), milk for these
samples and thelr controls was antoclaved for 12 minutes at
15 1b. pressure. Skim milk was chosen becsause the absence
of fat facllitated accurate sampling and analysis. This
milk (200 ml.) was pipetted into & sterile beaker covered by
a double layer of sterile aluminum foil with holes (covered
with sterile cotton) to fit the eleetrodes and stirrer of a
Beckman model K sutomatic titrator placed in a 32° C. incu~
bator. After additlion of 0.1l per cent inoculum, the sample
was kept at the desired pH by sodium hydroxide delivered
from the automatic titrator. The accuraecy of pH control
was checked at regular intervals by determining the pH of
the sample with a Beckman pH meter; deviations from the
desired pH valus were not more than 0.15 of a unit. Inocu~

lated samples (200 ml.), in acrew-top bottles, without
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maintained pH were run at the same time without agitation as
controls. Before inoculation, all samples were brought to
the desired initlal pH with sodium hydroxide or sulfuric
acid. At certaln intervals samples for analysis were with-
drawvm with sterile pipettes. Changes in volume were re-
corded carefully and naaaaéary corrections were made in the

controls with sterile distilled water.

Determination of nitrogen in skim milk fractions

Nitrogen fractions insoluble in trichloroacetlc acid
were preciplitated by the method developed for cheess serum
by Lane and Hammer (41), except that in this work a § g.
semple wag used, while Lane and Hammer used 1 ml. of cheese
serum, Portions of the coagulated culbtures were blended for
5 minutes in & sterile Waring blendor with a semi-miero
attachment. To 5 g. of sample were added 4O ml. of distilled
water and 5 ml. of a 20 per cent solution of trichloroacetic
acld, after which the mixture in each beaker was stirred
vigorously. After standing overnlght in a refrigerator, the
mixtures were flltered through paper and the precipltates
were washed with a 2 per cent solution of trichloroacetic
acid. All nitrogen determinations were made in dupliecate by
the Kjeldahl procedure. Digestion was carried out using 10
g« of sodium sulfate, 2 g. of copper sulfate gnd 20 ml, of
concentrated sulfuric acid. After digestion was complete

and the solution had cooled, 200 ml. of distilled water,



100 ml. of sodium hydroxide (480 g. of 76 per cent sodium
hydroxide per 1.) and a few zinc pellets were added to each
flask. Distillate was caught in 50 ml. 0.05 N hydrochlorie
acid containing 8 drops of methyl red-methylene blue indica-
tor (38); back titrations were carried out using 0.05 N
sodium hydroxide. For total nitrogen determinations,
duplicate © g. portiona were pipetted directly into 500 ml.
Kjeldahl flasks. All results were calculated on the basis
of 5 g. of original milk.

Determination of tyrosine and tryptophan

Proteolysis also was determined by the increase of the
amino aclds tyrosine and tryptophan in trichloroacetic acid
filtrates of the milk samples as described on page 28,
except that the acid was added directly to & 5 ml. portion
of the milk after incubation. Results are calculated as

increase of tyrosine per 5 ml. of original milk.

Determination of titratable acidity

Titratable aciditlies were run on 9-ml. samples using
5 drops of 2 per cent phenolphthalein as indicator and
titrating with 0.1 N sodium hydroxide.

Baocterial count

Bacterial counts were made according to Standerd Methods
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for the Examination of Dairy Produets (1), with incubation
at 32° c.

Determination of pH

A Beokman model ¢ glass electrode pH meter was used for

all pH determinations.

Preparation of Cell-Free Extracts of S. lactls

Growing and harvesting of cells

For the preparation of cell-free extracts, S. lactis
was grown in skim mllk and also in broth media, which were
dispensed in 6-1. quantities in pyrex carboys, The milk
used for growing S. lactis was heated at 185° F. for 20
minutes; the broth media were autoclaved for 13 minutes at
15 1lb. pressure. The media then were cooled rapidly to
32° C., adjusted to pH 6.8 to 7.0 and inoculated with 1 per
cent of & 2i~hour culture of $. lactis which had been trans-
ferrsd aaily for three transfers, using the culture medium
employed In the experiment. The inoculated medla were incu-
bated for 8 to 10 hours at 32° ¢., an incubation period
which gave a satisfactory yleld of young, metabolically
sctive cells of demonstrated high proteolytic activity.
During incubation the pH was kept at 6.8 to 7.0 by periodiec
addition of sodium hydroxide.

The cells from the broth media were collected in a
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Sharples Super centrifuge operated at 30,000 r.p.m. They
were washed twice with 1lce cold g/is phosphate buffer (pH
7.0), recovered by centrifugetion in a refrigerated centri-
fuge and stored in & refrigerator.

Following incubation, the milk was run through a
Sharples Super centrifuge at 30,000 r.p.m. The material
ecollected in the bowl of the centrifuge was cooled tmmodiQ
ately to 2° ¢., mixed with a few grams of sterile sea sand
and some sterile distilled water and ground in a chilled
mortar until all material had gone into & fine suspension.
Centrifugation at u,QGQ r.p.m. for 30 minutes separated this
material into distinet layers, the cells forming the top
layer. The cells were removed with a spatula, and washed

and stored as described above.

Estimating the yleld of eells

A count was obtained by dispersing a certaln welght of
wet cells {(usually 250 mg.) in a 100 ml. water blank.
Appropriate dilutions were prepared and counts were mede on
T. G. E. M. agar; the plates were incubated at 32° ¢. for L8

hours.

Freparation of cell-free extract by freezing and thawlng

Washed cells were frogen and thawed eight times in five
days. The cells then were mixed with two parts of M/15
phosphate buffer (pH 7.0) to one part of cells and stored
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overnight in a refrigerator. Cell debris was removed by

centrifugation. The clear supernatant was stored in a

freezer unit.

Preparation of cell-free extract by grinding

The method used for grinding cells was as described by
Utter and Werkman (57). Powdered pyrex glass. or alumina
powder were combined in the proportions of two parts of
powdered glass or alumina powder to one part of bacterial
cell paste. M/15 phosphate buffer (pH 7.0) to give the con-
sistency of a thick batter was added. The grinding was ac-~
complished by passing the mixture of bacteria and grinding
material between concentric glass cones. The inner cone was
rotated by a motor. The inner jJjoint and its length of
tubing was filled with crushed ice. The extruded material
was caught in a chilled Petri dish. The paste was extracted
with 1.5 ml. distilled water for each gram of bacteria used.
The debris was removed by centrifugation. The clear super-

natant was stored in & freezer unit.

Preparation of cell-free extract by sonic vibration

It soon was apparent that more uniform extracts could
be prepared using & Raytheon Magnetostriction oscillator.
Cell-free extracts were prepared as follows: seven ml.
M/15 phosphate buffer (pH 7.0) were added to 7 g. of wet

cells and the mixture was stored overnight in a freezer
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unit. Next day 7 ml. M/15 phosphate buffer (pH 7.0) were
added to the frozen suspension., After thawing, the suspen-
sion was poured into the chilled cup of a Raytheon 9 ke.
Magnetostriction oseillator. Disintegration was allowed to
take place for 90 minutes, during which the cup was cooled
by running ice cold water through the space between the two
walls of the ecup. Intact cells and cell debris were
removed by centrifugation. The clear supernatant was re-
moved with a medicine dropper. The debris was mixed with

7 ml. ice cold M/15 phosphate buffer (pH 7.0) and the
supernatant collected after centrifugation was added to the
first portion. The combined extracts were stored 1n a

freezer unit and used within a few days.

Determination of Total Proteolytie Activity

Preparation of substrates

S8kim milk and 2 per cent solutlions of casein and lace
talbumin were used as substrates. Pasteurlzed skim milk was
brought to the desired pH and stored at 2°¢., a2 per cent
solution of casein was prepared by suspending li g. of casein
(Fischer Scientifie Co.) in approximately 100 ml., distilled
water, adjusting to pH 10.0 with sodium hydroxide and heat-
ing in a steamer for 10 to 15 minutes. After cooling, the
solution was adjusted to the desired pH, followed by addi-
tion of 20 ml, of a 0.2 M composite buffer of that pH value,
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and made up to volume with sterile distilled water. Two per
cent solutionsof a, £ and vy casein were prepared as described
for casein, A 2 per cent solution of lactalbumin (Supplee
Research Co.) was prepared as described for casein, except
that lactalbumin was used. Merthiolate was added to all
substrates as e preservative at the rate of 1 mg. to {O ml.
substrate; this concentration had no adverse effect on the

enzyme actions studied. All substrates were stored at 2° ¢,

Modiflcation of & test for tyrosine and tryptophan

Hull (37) found the method of Anson (i), using a de-
natured hemoglobin solution as a substrate to messure pro-
teolytic activity, most adaptable for measuring the hydroly-
sis of milk protein. In this method proteolysis is deter-
mined by the lncrease of the amino aclds tyrosine and trypto-
phan in a trichlorocacetic acid filtrate of the hemoglobin
substrate by measuring the blue color In a photometer after
addition of Folin-Clocalteau resgent. When milk is sub-
stituted for the denatured hemoglobin solution, several
changes have to be made in the reagents. The method of
Anson (L)} calls for a 0.3 N trichloroacetic aclid solution to
precipitate the protein hemoglobin. The concentration must
be increased to 0.72 N in order to remove the milk proteins.
In preparing the protein-free filtrate for addition of Folin;
Clocalteau reagent, it 1s adviaable to use & 15 per cent

sodium carbonate solution containing enough polyphosphate to
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prevent precipitation of the calclum salts of milk during
| the addition of the e¢arbonate. This soiution can be pre-~
pared by dissolving 75 g. of anhydrous sodium earbonate and
10 g. of sodium tetraphosphate (Quadrafos) in distilled
water and diluting the solution to 500 ml. after the materli-
al has gone Iinto solution.

ﬁetanﬁinatian of proteolysis

 The digestion mixture, in sterlile screw-top teast tubes,
consisted of § ml. skim milk, plus cell-free extract and
sterile distilled water to make a total volume of 7 ml.
The cell-free extract was added when the substrate had
reached the temperature of incubation; incubation for the
deaired length of time was in a water bath at 3?.50 C. At
the end of the incubation perlod the enzyme sction was
stopped by adding 10 ml. of a 0.72 N trichloroacetic acid
solution to the digestion mixture,‘whila agltating the test
tube to mix the milk and the acid. The tube was allowed to
stand for 10 minutes before filtering through paper. One
ml. of protein-free filltrate was sdded to a 50 ml, Erlen-
meyer flask, followed by 4 ml. distilled water and 10 ml. of
the sodium carbonate~-quadrafos reagent. The contents of the
flask were mixed thoroughly before 3 ml., of the Folin-
Ciocalteau reagent waraﬂaddod under continuous shaking.
Pive minutes were allowed for the blue color to reach a

maximum before reading was performed in a Klett-Summerson
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photoelectric colorimeter, using a 645 my wave-length fllter.

Since the substrate and cell-free extracts used com-
monly contained some aalérnprodueing products, ss shown by
this test, blanks were run on them by adding the required
amount of a&llérrae extract to the substrate after the tri-
chloroacetic acid was added. Readinga of the blank were
subtracted from the test determinstion. Previously pre~
pared standard tyrosine curves, showing the colorimeter
reaéings for various tyrosine concentrations, then were used
to convert the sample reading into its tyrosine equivalent
(Pigure 1). The procedure used for color development of the
standard solutions was the same as that employed for the
milk samples. The tyrosine used in the standard solutions
was L-tyrosine (Merck), recrystallized and dried, A sample
was checked for purity by determining its nitrogen content
by the Kjeldahl-Gunning-Arnold (6) method and 98.85 per cent
of the calculated theoretical quantity of nitrogen was
found.

In calculating the results, the tyrosine content 1s
based upon its concentration in 1 ml. of filtrate used for
the production of the blue color. It 1s recognized that
these values represent not only free tyrosine and tryptophan
but alsoc some of the smaller peptides containing these amino
aclds in positions where they may react with the Folin-
Clocaltesu reagent. The procedure followed for the casein

and lactalbumin substrates was similer to the one used for
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milk, except that 0.6 N trichloroacetic acld was used,
whereas in the case of milk 0,72 N acld was used.

Hydrolysis of Peptides

Preparation of substrates

M/30 solutions of glyeyl-L-leucine, glycyl-L-tyrosine,
glyeylglyeine, glycylglyeylglycline and E/KE solutions of
gggalanylglyeina, g&-leueylglyaino and g&-l«ueylglycylglycine
were used as substrates. The substrates in 265 ml. quanti-
ties were prepsred by dissolving the required amount of pep-
tide in spproximately 15 ml. distilled water and 7.5 ml., of
a 0,05 M composite buffer of the desired pH. The solutlon
then was brought to the desired pH with dilute sodium hydrox-
ide or sulfuriec acid and made up to volume with distilled
water. Merthlolate was added to all substrates at the rate
of 0.6 mg. per 25 ml. substrate as & preservative; this con-
centration had no adverse effect on the setivity of the

peptidases. All substrates were stored at 2° C.

Determination of hydrolysis by sell-free extracts of

ﬁ. 1aetiu

The reaction mixture, in screw-top teat tubes, con-
sisted of 3 ml. 6: substrate plus cell-free extraet (usually

0.2ml.). The cell-free extract was added when the substrate
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had resched th@Atamgerature of incubation; incubation for
the desired length of time (usually 1 hour) was in & water
bath at 37.5° C. Hydrolysis of the peptides by the cell-
free extracts was determined by titration of the carboxyl
groups as described by Grassmann end Heyde (31). Both at
the beginning and end of the incubation perlod, 1 ml, of the
reaction mixture was titrated with 0.05 N ethanolic potas-
sium hydroxide, using & 0.1 per cent ethanolic solution of
thymolphthalein as indicator. Immediately after addition

of cell-free extract to the substrate, 1 ml. of the mixture
wag transferred to a test tube, followed by addition of §
drops of the indicator solution. A solution of 0.05 K
ethanolie potassium hydroxide then was run in from a micro-
burette until the contents turned blue. At this stage
absolute ethanol (9 times the volume of the mixture to be
titrated) was added, which was accompanied by a disappeer-
ance of the blue color. More ethanolic potassium hydroxide
was added untll the endpoint was reached as represented by
the bluish color of a 0.0025 M solution of cucla with excess
ammonia., The titration was carried out in 20 x 175 mm. test
tubes. This had the advantage that the color change when
approaching the endpoint in the titration is more gradusl,
proceeding from top to bottom; the color may be observed
through a depth of solution, which served to make slight
color differences more detectable.

Per cent hydrolysis was calculated, after subtracting
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the initial titration value from the value obtained at the
end of the incubation pericd, from the number of moles of
substrate present at the beginning of the experiment and the
alkall used. The results are expressed as per cent hydroly-
ais of one linkage; in case of the ggftorm, per cent
hydrolysis of one linksge of one optical component (g-) was

caleoulated.

Protein nitrogen determination by the biuret test

In the course of purification of the cell-free extract,
protein determinations were ecarried out using the biuret
test as proposed by Welchselbaum (58). Color was developed
by adding the biuret reagent to & physlologlcal saline solu-
tion of the extract containing 0.004 %o 0.14 g. protein per
100 ml. of solution containing the biuret complex. Since
proteins vary with source, it 1s advisable to standardize
the test with protein similer in nature. A standard curve
was constructed using the protein of & cell-free extract of
8. lactis. The amount of protein nitrogen was determined by
the Kjeldahl method. The amount of proteln nitrogen was
read from the standard curve (Figure 2) after a blank deter-
mination had been subtracted. The color was measured in a
Klett-Summerson photoselectric colorimeter, using a filter
of 555 my wave-length.
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Purification of commercisl ksolin

Commercial keolin was purified by several treatments
with hot concentrated HCl. The iron containing solution was
removed by washing with distilled water (13).

of Al(ﬁﬂ)é Cyw

S

Preparation

This adsorbent was prepsred according to the directions

given in Bertho-Grassmann's Bilochemisches Praktikum (13).

Chromatography

Preparation of protein-free filtrates of milk

Protein-free fractions of skim milk after incubation
with §. laetis for different lengths of time were investi-
gated for their content of amino aclds in the free~- and
peptide forms by papsr chromatography. Proteln-free fil;
trates of the cultures were prepared with trichloroacetic
aeld and processed for chromatography as described by
Block (15)., One 1. of the sample was treated with 100 g.
of trichloroacetic acid, The precipitate was allowed to
form in & cold room (2° C.) for 1 hour and then was removed
by centrifugation and thoroughly washed with 1 1. of cold
trichloroacetiec acid (2 per cent). The last traces of pre~
cipitate were removed by filtration., The combined filtrate

and washings were extracted five times with ether to remove



«36-

the exaeas'triohlaraaeehie acid, The aqueous layer then was
passed through a 200 g, column of the catlion exchange resin
Duolite 043 in the H' ¢ycle at the rate of 10 ml. per minute.
The resin was washed with distilled water until an sliguot
of the w&shingé was devoid of lactose, as indlicated by a
negative Molish test. The column then was washed withnl 1.
more of distilled water as a precautionary measure. The
adsorbed amine aclds were eluted from the ion exchange resin
with 1 1. of L} per cent aqueous HEB, followed by 1 1. of
distilled water. This elutriate was concentrated in vacuo
to 200 ml., slightly alkalinized with Ba(aﬁ)a and again con-
centrated in vacuc to remove all the bound ammonia. The
ammonia~free solution (negative Nessler's test) was slightly
seldified with dilute Hzﬁah, the precipitate of Baaou wWas
removed and washed, and the flltrate and washings were
evaporated to dryness. The residue was taken up in 10 ml.
of 10 per cent isopropancl. An aliquot of the solution con-
taining amino acids and psptides was hydrolyzed for 2l hours
by adding 20 ml. 6 N HCl per ml. solution. The excess acid
was removed by concentration In vacuc and the residue was
diluted with a 10 per cent solution of isopropanol to give
the same concentration of nitrogen as in the unhydrolyzed

solution.

Paper chromatography procedure

Two dimensional paper chromatograms using Whatman no. 1



filter paper (7.5 in. by 7.5 in.) were carried out. The
amino acid solution (0.01 ml.) was applied on the paper with
a 0,01 ml. pipet on a spot in one of the corners 1 in. from
the edges of the paper. The paper then was thoroughly driled
with cireulating ailr supply. Following drying, the paper
was rolled into a cylinder and stapled so that the edges
would not touch, Phenol (80 parts phenol and 20 parts
water) and a mixture of butyl alechol, butyric acid and
water (BABW 2:2:1) were used as developing media (5). Phenol
was the developing medium in the first dimension and BABW

in the second dimension; development in the second dimension
was repeated once. Each chromatogram was immersed 2 em.
into the developing medium, which was allowed to reach the‘
top of the paper. Development was carried out in widee-mouth
reagent bottles at room temperature. After the run in the
firat dimension the paper weas dried and re-stapled to pre-
pare it for the run in the second dimension. All chromato-
grams were run in duplicate; one wes used for color develapQ
ment with ninhydrin, the other was viewed under ultraviolet
light after heating at 100° C. for 15 minutes. Color de-
velopment was carried out by spraying the paper with a& solu-
tion of 1 per cent acetic acid (v/v) in 0.1 per cent ninhy;
drin in butyl aleohol. The paper then was dried in & hood
and heated at 85° ¢. for 10 minutes. Xnown amino acids were
run under the same conditions.

Colorimetric eastimation of the differences in the
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amount of an amino acid present in different chromatograms
was performed as follows (15,28). The spots on the paper
viewed under ultravioclet light were cut out and put in test
tubes, followed by the addition of 1.5 ml. of ninhydrin
reagent and were shaken for 5 to 10 minutes. The tubes then
were placed in bolling water for 25 minutes, followed by
cooling of the contents by placing the tubes in cold uatorf
Distilled water (2.5 ml.) then was added, the tubes were
shaken and acetone was added to make the volume to 10 ml.
The color was measured in a Klett;Summeraon photoelectric
colorimeter, using a filter of 570 mp wave-length. Dir;
ferences in color extracted from spots of identical amino
acids then were used to compare seml-quantitatively the

amounts present.



EXPERIMENTAL RESULTS

Proteolysis by 8. lactis Grown in Skim Milk

Selection of suitable strains

Thirtesn pure cultures of §. lactis were isoclated from
diffsrent samples of raw cream. All strains were inoculated
in heated askim milk and incubated at 33° C. for 24, hours.
eneétenth of 1 per cent of a 2j-hour milk culture was used
as inoculum in all cases. Titratable acidity, plate count,
nitrogen socluble and insoluble in trichloroacetic acid and
total nitrogen determinations were run on each of the inocu-
lated samples and also on an uninoculated semple (Table 1).
Variations in the production of soluble nitrogen between the
different strains employed were evident. Strains 18, 26 and
3l were selected for use in subsequent experiments on the
basis of thelr abillity to produce the greatest increase in

acid-soluble nitrogen when grown in milk.

Increase in soluble nitrogen by three strains of S. lactis

grown in milk without controlled pH

Proteolysis by three strains of S. lactls growing at
32° C. in heated skim milk for periods up to 72 hours was

studied. One-tenth of 1 per cent inocculum was used in all



Table 1.

Proteolysis by Different Strains of S. lactis Grown in Heated Skim M1k
{average of duplicate determinations)

o o e """‘_»’" tratab "“'”' e “;“"' L il Kityﬁgﬁn P .  a—— ""“‘ e """" —o e e T T e
Culture aeldity plate count {expressed ss ml. G‘GS N NaQOH) psr eaz:t; of

(per cent) (millions/ml.) Eol. W Insol. N Sum Total N total W
1 0.8g 1900 5.50 33.68 39.18 39.30 13.99
2 0.85 1600 .98  34.26 39.24 39.16 12.72
0.79 2000 .80 34.50 39.30 39.45 12.17
17 0.77 1400 5.2l 34.16  39.40 39.56 13.25
18 0.85 2600 5 .66 33.40 39.06 39.14 1. 56
26 0.89 3400 5.82 33.70  39.52 39.36 1.7
27 0.91 2000 5.50 33.70 39.20 139.26 il. eu
28 0.90 2300 5.28 33.92  39.20 3942 13.39
3 0.88 1700 5.02 32; 31; 39.36 39.50 12.71
3 0.88 1900 5.58 5 39.%3 39.26 m
Il 0.75 900 .8L 31;.92 38.86 39.02 12.40
Control 0.15 -- 4.70 34.20 38.90 39.12 12.01

% Ttneubated for 24 hours at 32° c.

- Q“?n
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cases, In Table 2 are presented representative results
showing nitrogen soluble and insoluble in trichloroacetic
acid, titratable acidity and plate count. In all instances
the production of soluble nitrogen was fairly rapid during
the first day when the cell population reached & maximum and
acid production was at the mosat rapid rate. Later when the
number of viable cells was declining and little or no acid
was produced, the rate of production of soluble nitrogen
also declined; however, there was a gradual inorease in
soluble nitrogen throughout the 72-hour test period, result-
ing in a conversion of 2.8 to 3.8 per cent of acid-insoluble
nitrogen into the soluble form. In all cases the production
of soluble nitrogen during the first 12-hour incubation
period was very slight. Verlations in soluble nitrogen pro-
duction were evident between the three strains of S. lactis

used.

Effect of calcium carbonate on proteolysis by S. lactis

grown in milk

Proteolysis by two strains of 8. lactis growing in
heated skim milk at 32° C. with and without calcium carbonate
(10 g. per 100 ml., milk) for periods up to 36 hours was
studied. Calecium carbonate was added to neutralisze part of
the lactic acld formed by S. lactis. One;tenth of 1 per

cent inoculum was used in all cases. The cultures with



Table 2.

Proteolysis by Three Strains of S. lagtls Grown in
Heated Skim Milk for Different Times

(average of duplicate determinations)

S e S el it et

Vo Ao A AP SR R S

Standard Hitrogen g. mil} ]

cult Age Titratable plate count (exprsssed as ml. 0.05 N NaOH) per cent

uiture  4n acidity  (millions/ of
hours {(per eent) ml.) Sol. N Insol. H Sum Total N total ¥

18 3] 0.15 5.7 4.60 35.16 39.76 39.86 11.54

6 0.23 640 k.60 35.12 39.72 39.80 11.56

2% 0.83 4600 5.35  34.29 39.62 39.92 13.40

3 0.88 3000 508  34.38 39.86 39.85 13.75

L8 0.91 2600 5.55  34.13 39.68 39.75 13.96

72 0.92 18 5.60 33.99 39.59 39.70 14.11

26 o 0.15 8 L.80 34.8 39.6l 39.72 1z2.08

6 0.18 213 4.80 34.7 39.58 39.70 12.09

12 0.53 1620 4.83 34.69 39.52 39.62 12.19

36 0.91 2i;00 5.85 33.71  39.56 39.70 .7l

48 0.92 91 5.91 33.59 39.50 39.55 14.95

34 .0 0.15 7 14.60 35.12 39.72 39.82 11.55

6 0.25 1300 L.60 35.12 39.72 39.70 11.59

12 0.65 3000 L.71 §£.09 39.80 39.90 11.80

2k 0.81 3700 5.50 .30  39.80 39.94 13.77

36 0.86 2500 5.60  3,.08 39.68 39.82 114.06

L8 0.87 1000 5.65  33.87 39.52 39.68 1.2l

72 0.88 20 5.95 33.69 39.64 39.70 14.99
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calcium carbonate were shaken (120 shakes per minute)
throughout the incubation period by an automatie shaking
device to keep the calcium carbonate suspended through the
milk; one of the cultures without calcium carbonate (strain
18) also was shaken. In Table 3 are presented represents-
tive results showing increases in soluble nitrogen caused by
8. lectis grown in milk with and without calcium carbonate.
Addition of calcium carbonate prevented the pH from dropping
below 5.0; the pH of the cultures without calocium carbonate
was l.1. Increased proteolysis was observed in the samples
with ealelum carbonate. After incubation for 36 hours, the
inerease in soluble nitrogen in culture 26 with calcium car-
bonate was approximately 2.5 times greater then without
ealelum carbonate. Shaking of the samples wlthout calelum
carbonate did not affect proteolysis. Some differences in
the number of viable cells between the samples with and
without calcium carbonate were found but they appeared to be

only of minor importance.

Increase in tyrosine and tryptophan by three strains of
S. laectis grown in milk |
RS SONEGSIRRERIS ———

Proteolysis during the early phases of growth has re-
ceived little or no attention, mainly because techniques
. commonly used such as Kjeldahl analysis for nitrogen in

various soluble fractions dld not show definite changes



Tabls 3.

Effect of Caleium Cerbonate on Proteclysis by S. lactis Grown in Heated Skim Milk
{&varaga or dnplieate detaxmiaatians}

Age Standard Nitrogen in § g. milk Sel. N as

Culture in pH plate count {expressed as ml. 0.05 N Saaﬁ) per cent of
hours {millions/ total N
ml.) Sol. X Inscl. ﬁ Sum Total N

Shaken and Ga603 Added

18 0 6.5 7.7 h.25 35.67 39.92 j0.10 10.60
12 5.5 3500 .77 35.38 }0.15 jo.25 11.85
22 5.35 3600 6.15 33.85 }0.00 40.01 15.37
3 5.1 2000 6.30 33.49  39.79 39.89 15.79

Shaken Without Saﬂqé
0 6. 6.7 4.22  35.98 40.10 40.05 10.5)
£ i oaet bm B BERE O
§% ol 1900 5.36  34.4l, 39.80 39.86 13.45
Without Shaking and Without Gacﬁé
0 6.5 6.1 1120 35.82 [0.02 }0.10 10.47
12 g6 3300 48 35.64 40.12 L}40.1s 11 %6
2l [HN 3200 5,28 3,.60 39.88 }0.02 13.19
36 .1 1300 5.38 34.44 39.82 39.90 13.48

{Continued on next page)
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which could be associated with protein hydrolysis. The need
to detect smaller degrees of protein hydrolyais in milk has
led to use of a modifled test for tyrosine and tryptophan
discussed under Experimental Methods. This test haa proved
to be extremely senslitive for determining the breakdown of
milk protein.

Proteolysis by three strains of §. lactis growing in
heated skim milk at 32° C. for periods up to 90 hours was
studied by determlning the inereases in tyrosine and trypto-
phan in trichloroacetic acid filtrates of the milk culture
at certain intervals. Representative data showing pH, plate
count and increases in the free tyrosine and tryptophan con-
tent of milk caused by 5. lactls growing without pH control
are presented in Table 4. In all cases increases in tyrosine
and tryptophen were observed after & l-hour inecubation
period. Approximately 35 (strain 18), 4O (strain 26} and
57 (strain 3l) per cent of all tyrosine and tryptophan
liverated during the full period of examination was freed
during the first l2-hour incubatlion period, during which
bacterial population and rate of acld production reached
maxima, although some acld production continued subsequently.
Definite inereases in tyrosine and tryptophan were found
when the production of soluble nitrogen, as determined by
the Kjeldahl procedure (Table 2), was still negligible.
Although a gradual increase in tyrosine and tryptophan was
found throughout the 90-hour incubation period, a



Table k.

Proteolysis by S. lactis Grown in Heated Skim Milk for Different Times™

Age 3. - Fx:ag . Tyrosine g. FA 1:&613 ~ Tyrosine TR ::n ' Tyrosine

in pH (millions/ (v/5 mi. pH (millions/ (v/S ml. pH (millions/ (¥y/5 ml.
hours ml.) milk) ml.) milk) ml.) milk)
0 6.60 5.8 0 6.65 31 0 6.60 L 0
L 6.30 640 30 6.25 510 30 5.95 75 50
8 4.75 2500 65 4.80 2200 90 4.30 1100 135
12 4.35 4000 95 40 3000 140 4.20 1600 190
24y L.20 2600 165 4.15 1800 225 4,10 640 265
36 L4.10 2000 205 4,10 1600 280 4,10 560 295
48  L.10 320 230 L4.05 175 315 4.10 56 32%
72 h.10 0.9 250 4.10 0.6 340 4.08 0.2 330

90 4.10 - 270 4.10 - 350 k.10 - 335

a 225 y free tyrosine was present in 5 ml. milk.



progressive decline in rate of productlon was noticed after
number of viable cells and acid production reached or &ap-
proached maximum levels. By ocalculation from average
values (15), from 2.0 to 2.7 per cent of the total tyrosine
and tryptophan was liberated in 72 hours, whereas the same
figures relative to soluble nitrogen were 2.8 to 3.8 per
cent (Table 2).

Effect of adding lactle acid to milk on the amount of

soluble nitrogen snd tyrosine and tryptophen

Sterile lactic acid added to heated skim mllk to give
titratable acidities ranging from 0.2 to 1.0 per cent, fol-
lowed by incubation at 32° ¢. for 2l hours, failed to show
any increase in elither aoluble nitrogen or tyrosine and
tryptophan, indicating that the proteln breakdown was not
due to the leetlc acid produced by 8. lagtis.

Proteolysis by 5. lactis grown in milk with controlled pH

Strain 26 of 8. lactis wes grown in milk controlled at
various pH levels (5.5 to 8.5) and without pH control, as
outlined in the section under Experimental Methods. In
Figures 3 and li are presented representative results showing
inecreases in soluble nitrogen and tyrosine and tryptophan of
comparable samples with and without controlled pH. The
milk used contained 3.36 mg. trichloroacetic acid-soluble
nitrogen and 2l .4}y mg. trichloroacetic aecid~insoluble



PER CENT INCREASE IN SOLUBLE N

100

80

60

40

20

. pH

- pH
CONTROLLED '

NOT CONTROLLED

7.5
6.0 |
B 7.0
| /8.5
8.0
B / —O
~ 7.5
[ 5
0 6
55
| ) ] 1 | | I 1 |
o . 20 40 60 80 O 20 40 60 80

INCUBATION TIME (HR))

Figure 3. Increases in Soluble Nitrogen per 5 g. Sample in Milk by
S. lactis 26 at Various pH Levels with and without Controlled pH
13.36 mg. Acid-Soluble Nitrogen was Present in 5 g. of the Original
Milk).
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nitrogen per 5 g; 215 ¥ free tyrosine was present in 5 ml.
milk.

All cultures with cantrclled pH showed greater increases
in soluble nitrogen, except for the sample held at pH 8.5;
the same was true for tyrosine and tryptophan, except for
the samples held at pH's 8.0 and 8.5. The maximum increase
was at pH 7.0. More soluble nitrogen and tyrosine and
tryptophan were found in the samples held at pH values
ranging from 6.0 to 7.5 than at pH 5.5, 8.0 and 8.5. A
somewhat delayed but marked increase in soluble nitrogen was
observed at pH 5.5. Although the differences between the
control samples at various pH levels seemed to be only of
minor importance, the amount of soluble nitrogen was great-
est in the sample adjusted to pH 8.5 and decreased progres-
~ sively az the medlum dropped to pH 5.5, presumably because
the more alkaline samples required a longer time to reach
low pH levels, In the sample maintained at pH 7.0 for 70
hours (Figure L), 18.5 per cent of the tyrosine and trypto-
phan present in milk proteins (15) was liberated, whereas
the same figure for soluble nitrogen was 14.8 per cent
(Figure 3. However the relatlve closeness of these figures
probably is fortultous.

In Figure 5 are presented the bacterial counts of the
samples with controlled pH and their comparsble controls
when soluble nitrogen was determined. After the viable

bacterial population had reached a maximum, little or no



LOG OF COUNT PER ML.
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Figure 5. Population Changes of S. lactis 26 at
Various pH Levels (Soluble N Expts.).
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deeline wes observed in the samples with controlled pH;
comparable controls showed & falrly rapid decline after
approximately 2L hours incubatlion, Some differences in num-
ber of viable bacteria at different pH levels were found.
The number of viable cells in the culture maintained at pH
8.5 was throughout the experimentsal perilod much lower than
at the other pH values, probably because of thls high pH.
Some portion of the low enzyme activities may be attributed
to reduced cell populations at some pH levels.

Similar results were obtalned for the samples in which

tyrosine and tryptophan was determined (Figure 6).

Exemination of eell-free culture medis for proteolytic

activity

8inee marked evidence of proteolysis was found in cul-
tures of S. lactls after a short incubetion period, the
aasontialiy cell-free culture medlum was tested for proteo-
lytic ectivity. Strains 18, 26 and 34 of 8. lactis were
grown in (a) skim milk, (b) simplified amino acid medium of
Niven and Sherman, (¢) vitamin-test casein medium B,
(d) casein medium and (e) tryptone glucose beef extract
broth. 8. lactls was grown in these culture media for
periods ranging from l to 72 hours at 32° ¢., both without
controlled pH and maintained at pH 6.5, followed by removal
of the cells in a high speed centrifuge. In the cultures
maintained at pH 6.5 the growth medium was kept at the
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Figure 6. Population Changes of S. lactis 26 at
Various pH Levels (Tyrosine Expts.).
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desired pH by sodium hydroxide dellvered from a Beckman
sutomatic titrator as described previocusly.

Supernatant in quantities up to 5 ml. was added to 5
ml. skim milk followed by incubation at 32 and 37.5° C. for
12 to 36 hours., The skim milk was adjusted to pH values
ranging from 5.0 to 8.0. Toluene, and in later experiments
merthiolate (1 mg. per 4O ml. substrate) was used to prevent
bacterial growth during the Iincubation perlod. Blanks were
prepared by adding the supernatant to the substrate after
the triochloroacetic acld has been added. No inerease in
soluble nitrogen or tyrosine and tryptophan was found using
any of the supernatant fluid from the various cultures. If
an extracellular enzyme system ls produced under these
experimental conditions, it obvliously either 1as not stable

or is insetive under the conditions used for determination.

Studies on the Endocellular Proteinsase Activitles of
8. lactis Grown in Milk

Activity of cell-free extracts prepared by freezing and

thawing , and grinding

Cell-free extracts of strain 26 of 8. lactis grown in
milk were prepared by alternate freezing and thawing and
also by grinding with ground pyrex glass and alumina as
described under Experimental Methods. Proteolytic activity

of these extracts was determined against a casein solution
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by determining the ineresse In tyrosine and tryptophan in

1 ml. protein-free filtrate of the digestlion mixture &s out-
lined under Experimental Methods. In order to find the pH
of optimum activity, cell«free extract (1l ml,) was incubated
with caseiln substrate adjusted to pH values ranging from
5.5 to 9.0, with incubation at 37.5° ¢. for 18 hours. In
all cases (Figure TA) maximum actlivity against casein was
found at pH 7.0; & sharp decline in astivity occurred on
either side of the optimum pH. Greater activities were ob-
served at aeld (pH 5.5 and 6.0) than at the more alkaline pH
valuaé {pH 8.0 to 9.0).

The effect of increasing quantitlies of cell-free ex-
tract on the digestion of casein was studied by adding vary-
ing amounts of cell-free extract up to 1.2 ml. to casein
substrate, followed with incubation at pH 7.0 and 37.5° c.
for 18 hours. A direct relationship between the quantity of
cell~-f'ree extract used and digestlion of casein was apparent
at least up‘to 1 ml. of cell-free extract (Figure 7B). The
extract prepared by grinding the cells with alumina showed
& somewhat greater activity than the one prepared by grind-
ing with ground pyrex glass. The extract prepared by
alternate freezing and thawing of cells showed the smallest
activity; this may be due, at least in part, to the greater
amount (approximately 30 per cent) of phosphate buffer used

in the extraction process.
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Figure 7. Proteolytic Activity (Expressed as Increase in Tyrosine) against
Casein of Cell-Free Extracts Prepared in Three Different Ways from S.
lactis 26, Grown in Milk. A = 1 ml. Enzyme Preparation per 5 ml. Substrate
Tncubated at 37.5° C. for 18 Hours; B = ml. Enzyme Preparation per 5 ml.
Substrate Incubated at 37.5° C. and pH 7.0 for 18 Hours.
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Preparation of gell-free extracts of S. lactis by sonile

vibration

Although data in the preceding section showed that
satisfactory calléfree extracts could be prepared by alter-
nate freezing and thawing and also by grinding the cells
with alumina and ground pyrex glass, more uniform extracts
could be prepared by disintegration with a Raytheon Magneto-
striction oscillator &8s described on page 25. This proce~
dure has the addlitional advantage of being lesa complicated
than the previous methods. The elfect of the time of vibra-
tion on the proteoclytlc activity of the cell-free extract
was studied. Cells of §. lactis (strain 26) were grown in
heated skim milk, harvested and prepared for sonic vibration
as described on pages 24,-26., Identical samples were vi-
brated for 30, 48, 60, 75, 90 and 120 minutes. One ml. of
each cell-fres extract was tested for proteolytic activity
against skim milk end casein (Table 5). Disintegration for
‘& 90-minute period produced extracts with greater proteoly~
tic activity than when shorter or longer perlods were used.

- In all subsequent preparations vibration for & 90-minute
period was used.

In the followling section some of the characteristics of
& cell-free extract prepared from cells of S. lactis (strains
18 and 26) grown in skim milk were studied. Cell-free

extracts of S. lactis (strains 18 and 26} were prepared by



- 59-

Table 5.

Effect of Time of Vibration on the Aectivity of
the Cell-Free Extract on Skim Milk and
Casein as Substrates®

e

Vibration Tyrosine (y per ml. filtrate)
(min.) Skim milk Casein

30 39 13

45 62 26

60 82 L7

75 95 52

90 105 62

120 98 59

89 ml. enzyme preparation (3tra1n 26) per
5 ml., substrate incubated at 37.5 . 8nd pH 7.
for 18 hours.

sonie vibration as discussed in the section under Experimen-
tal Methods. Proteolysis was determined by the increase in
tyrosine and tryptophan in trichlorocacetic acid filtrates of
the substrates., Unleass stated otherwise, 1 ml. of cell-free
extract was added to the substrate and incubsted at 37.5° C.

eand pH 7.0 for 18 hours.

Determination of optimum pH for proteclytic activity

In order to find the pH of optimum activity, cell-free



extract (1 ml.) was incubated with substrates which were
adjusted to pH values ranging from 5.5 to 8.5. In Figures
8A and 8B are presented representative data showing the
effect of pH on the digestion of skim milk, casein and
lactalbumin by cell-free extracts of strains 18 and 26 of

8. lactis. Maximm activity against skim milk and casein was
found at pH 7.0, with some indication of & second optimum at
pH 8.5, Optirmum pH for lactalbumin was found at pH 6.5.

Effect of varylng amounts of gell-free extract on digestion

of substrates

Relationship of enzyme concentration to proteolysis of
the sakim milk, casein and lactalbumin substrates was astudled.
Different quantities of cell-free extraet (up to 1.2 ml.) of
both strains 18 and 26 of $. lactls were added to the sub-
strates. Contents of each tube were made up to 7 ml. by the
addition of sterile distilled water (see Experimental
Methods). In Figures 9A and 9B are presented representative
data showing the incresases in tyrosine per ml, of protein-
free fllirate by varying amounts of cell-free extract.

There appesred to be & direct relationship between the
quantity of cell-free extract used and digestion of skim
milk, casein and lactalbumin, at least up to 1 ml, of cell-

free extract.



140

® )
o o

TYROSINE (7Y/ML.FILTRATE)
o
o

CASEIN

\

/1/
LACTALBUMIN
} i 1 | i 1 { ] 1 ] L }

LACTALBUMIN

5.0 6.0 7.0 8.0 5.0 6.0 7.0 8.0
PH PH

Figure 8. pH Optima for Proteoiytic Activity (Expressed as Increase in Tyro-

sine) against Skim Milk, Casein and Lactalbumin (1 ml. Enzyme Preparation per

5 ml. Substrate Incubated at 37.5° C. for 18 Hours). A = Strain 18, Grown
in Milk; B = Strain 26, Grown in Milk.

-“[9—



160
—_ A B
w p— —
-
<
Ti20 |- =
=
T
| — -
=
N
}“ 80 |- -
w
z - -
n
@)
C>f_ 40 |- CASEIN —
i %
LACTALBUMIN
< LACTALBUMIN
0 ) | | | i | l { 1
@) 0.4 08 .2 O - 0.4 0.8 .2

ENZYME PREPARATION (ML.) ENZYME PREPARATION (ML.)

Figure 9. Effect of Increasing Quantities of Enzyme Preparation on Proteolysis
(Expressed as Increase in Tyrosine) of Skim Milk, Casein and Lactalbumin (ml.
Enzyme Preparation per 5 ml. Substrate Incubated at 37.5° C. and pH 7.0 for
18 Hours). A = Strain 18, Grown in Milk; B = Strain 26, Grown in Milk.

-29—



“"63"

Effect of time of incubation on digestion of substrates

One ml., quantities of cell-free extract of strains 18
and 26 of 8. lactis were incubated with the substrates skim
milk, casein and lactalbumin for different lengths of time
up to 30 hours. In Figures 10A and 10B are presented repre-
sentative data showing the increases In tyrosine per ml.
protein-free filltrate after incubation for diff&fent lengths
of time. Up to 20 hours of incubation & direct relationship
between the time of incubation and amount of digeation of
all three substrates existed under the conditions of these

studies.

Effect of temperature of incubation on digestion of

substrates

In this cese 1 ml. quantities of cell-free extract of
both strains 18 and 26 of §. lactis were incubated with the
substrates skim milk, casein and lactalbumin for 18 hours at
temperatures ranging from 2 to us° c¢. Representative data
in FPlgures 11A and 11B show that optimum activity ageinst
skim milk, casein and lactalbumin, within the temperature
1imits studied, was found at MSQ C.; however, the increase
in values per degree of temperature increase was somewhat

less above 37Q C.
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Deriving a sultable medium for growing S. lactis cells for

the preparation of cell-free extracts

As shown in the previous section, cell-free extracts of
satisfactory proteolytic activity could be prepared from
cells of S. lactis grown in milk. However, difficulties
sometimes were encountered in sepsrating the cells from the
material collected in the bowl of the centrifuge and at-
tempts were made to derive a broth medium for growing S.
lactis cells from which extracts could be prepared with a
proteolytic activity comparable to that of an extract from
cells grown in milk. Straein 26 of S. lactls was grown in
the following media, which were dispensed in 6 1. quantitiles
in pyrex carboys: {(a) the simplifled amino acid medium of
Niven and Sherman, (b} Amundstad's medium, (¢) vitamin-test
cagsein medium A, (4) vitamin-test casein medium B,

{e) tryptone medium, (f) casein medium, and (g) tryptone
glucose beel extract broth. All media were autoclaved for
13 minutes at 15 1b. pressure, rapidly cooled to 32° ¢.,
adjusted to pH 6.8 to 7.0, and inoeculated with 1 per cent of
8 culture of 8. lactls (strain 26), which had been trans-
ferred dally for three transfers in the culture medium em-
ple&ed. Incubation at 32° C. for 10 hours gave a satisfae-
tory yleld of young, metabolically active cells. During
incubation the pH was kept at 6.8 to 7.0 by periodic addi-
tion of sodium hydroxide. Following incubation, the cells
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were harvested and cell-free extracts were prepared as

described in the section under Experimental Methods. Ome
ml. of each cell-free extract, representing approximately
3x 1010
skim milk at pH 7.0 with incubation for 18 hours at 37.5° ¢.

cells, was tested for proteolytic activity against

The number of viable cells per ml. medium after incubation
for 10 hours and the proteoclytic sctivity of the extracts
against skim milk are presented in Table 6. The extracts
prepared from cells harvested from vitamin-teast casein
medium B showed a proteclytic actlvity comparable to that

of an extract prepared from $. lactis grown in milk. When

Table 6.

Proteolytliec Aetivity of Cell~-Free Extracts® of
5. lactls 26 Grown in Different Mediab

(skim milk test substratum)

| %tanaard N
plate count Tyrosine

Medium (millions {y per ml.

per ml.) filtrate)
Niven and Sherman 570 29
Amundstad 1100 35
Vitamin-test casein A 1200 65
Vitamin-teat casein B 2000 99
Tryptone medium 1800 L2
Casein medium 1400 61
T.6.E. broth 900 38

& 1 ml. extract represents 3 x 1610 cells.,

b 1 ml. 3nzyma preparation per 5 ml. substrate incu~-
bated at 37.5° €. and pH 7.0 for 18 hours.
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cagsein was present in the growth medium, greater proteolytle
activities wore found in the c¢ell~free preparationa than
when peptone or tryptone were used; the smallest activity
was found when proteins or peptides were omitted from the
medium,. All growth medla containing casein supported excel-
lent growth, a&s shown in Table 6. These results seem to
suggest that whole protein (casein) in the growth medium
stimulated the proteolytic activity of the cell-free extract.
Numbers of cells growing in each of the various media also

undoubtedly had an effect on final enzyme activity level.

Effect of digestion of ecasein in the growth medium on the

sctivity of the ¢ell~-free extract

The results obtained in the previous section seemed to
suggest that the endocellular proteinase was partially
adaptive, since replacement of casein with breakdown pro=-
ducts of protein caused definite decreases in the proteoly-
tle activity. The possible effect of the digestion of the
casein in vitamin-test casein madium A with trypsin on the
proteolytic setivity of the cell-free extract was investi
gated. Sterlile 2 per cent solutions of vitamin-test casein
were adjusted to pH 8.0 and digested with 0.05 per cent
trypsin for periods of 10,‘20 and 40 hours, followed by
sterilization for 15 minutes at 15 1lb., pressure. The other
components of vitamin-test cesein medium A then were added

and the medlium inoculated with S. lactis (1 per cent),
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followed by incubation at 32° C. for 10 hours. Vitamin-test
casein medium without tryptic digestion of casein which
received the same heat treatment as the medium with
digested caseln was used as control. Cell-free extracts
were prepared from equal volumes of cells (1 ml. of cell~
‘free extract represented approximately 3 x 1010 cells) and
tested (1 ml. quantities) for proteolytic activity against
skim milk at pH 7.0 with incubation at 37.5° C. for 18
‘hours. The number of wviable cells per ml. medium after
incubation and the proteolytic activity of the cell-free

extracts against skim milk are presented in Table 7.

Table 7.

Effect of Tryptic Digestion of Casein in Medium on the
Proteolytic Activity of the b
Cell-Free Extract® of S. lactis 26

{skim milk test substratum)
Stanﬁarﬁ

Tyrosine
plate count
Medium (millions (gigzr ml.
per ml.) rate)
No digestion 1900 60
Digestion for 10 hours 1800 25
Digestion for 20 hours 1800 25
Digestion for 40O hours 1700 22

010

21 ml. extract represents 3 x 1 cells.

b 1 ml. enzyme preparation per 5 ml, substrate incu-
bated at 37.5° C. and pH 7.0 for 18 hours.



Approximately the same number of viable cells (1800 x 106

per ml.) was harvested from the media with the tryptic
digested and the undigested casein. The cell-free extracts
prepared from cells grown in the medium with tryptlec
digested casein showed less than 50 per cent of the proteoly-
tle activity of the extract prepared from cells grown in the
vit&min#toat cageln medium without digested casein (Table

7). These results seem to support those of the previous
section which suggested that the presence of whole protein
in the growth medium stimulated the proteolytic activity of

the cell-free extract.

Effect of omission of individual vitamins from the growth

medium on the activity of the cell-free extract

A study of the effect of omission of individual vita-
mins from vitamin-test casein medium A on the proteolytiec
actlivity of the eailufree extract was made by omitting one
vitamin at a time and determining the proteolytic activity
of the cell-free extracts prepared from equal quantities of
¢ells collected from these media, The media were inoculated
with 1 per cent of a culture of 3. lactis (strain 26) which
had besen transferred dailly for three transfers in the cul-
ture medium employed. The media were incubated for 10 hours
at 32° C.; the pH was kept at 6.8 to 7.0 by periodic addi-
tion of sodium hydroxide. Proteolytic activity was deter-
mined agalinst skim milk at pH 7.0 with incubation at
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37.58% C. for 18 hours. One ml, of cell-free extract repre-
sented approximately L x 1013 cells, The number of viable
cells per ml. of medium after incubation and the proteolytic
activities of the cell-free extracts againat skim milk are
presented in Table 8. Except for nicotinic acid, the omis-
slon of one vitamin at & time did not affect appreciably

the proteolytic activity of the cell-free extract. The
omission of individual vitamins from vitamin-test casein

mediumn A affected the growth greatly.

Table 8.

Effeect of Omission of Vitamins from Vitamin-Test
Casein Medium A on the Preteolytic Aetivity
of the Cell-Free Extract® of 8. lactis 26b

(skim milk test substratum)

Standard

Vitanmin plate sount Tyrosine

-omitted (millions per ml.) (v per ml, filtrate)
All 0.1 -
Riboflavin 720 79
Ca-pantothenate 110 78
Nicotinic aecid 170 59
Pyridoxine 200 76
Thiemine 710 79
Blotin sS40 73
Polle acid 790 17
Vitamin Bla 87G 78
None 1260 80

010

% 1 ml. extract represents 4 x 1 cells.

b 1 ml. gnzyme preparation per 5 ml. substrate incu-
bated at 37.5 C. and pH 7.0 for 18 hours.
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In order to verify that nicotinic acid was not merely
acting as an actlvator for the enzyme system, varying
amounts of nicotinic acid up to 1 mg., were added to a diges-
tion mixture consisting of milk (5 ml.) and cell-free
extract (1 ml.) prepared from S. lactis (strain 26) grown in
nicotinic acid~deficlent vitamin-test casein medium A. The
digestion mixture was incubated at pH 7.0 and 37.5° C. for
18 hours. No inerease in proteolytic activity was found in
the mixtures with added nicotiniec acid. Thls suggests that
nicotinic acid is involved in some manner in the production

rather than activation of this proteolytic activity.

Studies on the Endocellular Proteinase Activities of
8. lactis Grown in Vitamin-Test Casein Medium B

Cell-free extracts of strain 26 of S. lactis were pre-
pared as usual. Proteolytlc activity was determined by the
inerease in tyrosine and tryptophan in trichloroacetic acid
flltrates of the subastrates skim milk, casein and lactalbumin
after incubatlion with cell«free extract. Unless stated
otherwise, 1 ml. of cell-free extract was added to 5 ml.
substrate with incubation at pH 7.0 and 37.5° ¢. for 18

hours.

Determination of optimum pH

Substrates adjusted to pH values ranging from 5,0 to



9.0 were incubated with cell-free extract. Proteolytie
activity was determined as described previously. In Figure
12A sre presented representative data showing the effect of
pH on digestion of skim milk, caseln and lactalbumin by a
cell~free extract of strain 26 of 8. lactis. Maximum acti-
vity against skim milk and casein was found at pH 7.0; optl-
mum pH for lactalbumin was at pH 6.0 to 6.5.

Activity of cell-free extraot against o, p and y casein

Two per eent solutions of a, § and ¥ cagseln were ad-
justed to pH values ranging from 5.5 to 9.0, One ml, of
cell-free oxtract of S. lactis (strain 26) was added to 5
ml., of each substrate &t the various pH values, at 37.5° C.
for 18 hours. A somewhat greater hydrolysis of a casein
than of § and vy caseln was observed at pH 6.0 to 7.0 (Figure
12B). Maximum activity against a and ¥ casein was found at
pH 6.5, Tor B casein at pH 6,5 to 7.0.

Effect of varying amounts of cell-free extract on digestion

of substrates

Representative data showing the effect of varying
amounts of cell-fres extraet up to l.4 ml. on the digestion
of skim milk, casein and lactalbumin are shown in Figure 13.
There appeared to be & direct relationship between the
quantity of cell-free extract used and digestion of all
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three substrates, at least up to 1 ml., of cell-free sxtract.

Effect of time of incubation on digestion of substrates

In this experiment 1 ml. quantities of cell-fres ex~
tract were incubated with the substrates for different
lengths of time up to 30 hours. In Figure 1L4A are presented
representative dats showing proteolytic activity of cell-free
extract against skim milk, casein and lsctalbumin when incu-
bated for different lengths of time. Up to 20 hours of
ingubetion, a direct relationship between the time of incu-
bation and emount of digestion of all three substrates

exiasted.

Effect of tempereture of incubation on digestion of

substrates

In this case 1 ml. quantities of cell-free extract were
incubated with the substrates for 18 hours at different
temperatures ranging from 2 to 45° C. Optimum activity
against skim milk, casein and lactalbumin, within the tam;
perature limits studied, wes found at 45° C. (Flgure 14B);
howsver, the lnerease with inereasing temperature was some-
what less above 37° ¢.

The data in Figures 12, 13 and 1ll;, showing the effect
of pH, inecreasing quantities of cell-free extract and time
and tempsrature of Incubation on the digestion of skim milk,

cagein and lactalbumin by a cell-free extract of 8. lactis
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for 18 Hours. .



-78-

(strain 26) grown 1n vitamine-test caseln medium B parallel
closely those of ecells grown in milk (Pigures 8, 9, 10 and
11), except for the lack of an inflection in the curvesz at
PH 5.5 to 6.0. The proteolytic activity of the cell-free
extracts prepared from cells of $. lactis grown in vitamin-
test casein medium B was somewhat less than that of an
extract prepared from cells grown in milk.

Previous results (Figures 9, 10 and 11) indicate that
more proteolysis wes found when skim milk was used as sub-
strate than the sum of the activities against 2 per cent
solutions of casein and lactalbumin, Another study showed
that the proteolysis found when c¢ell-~free extract (1 ml.) of
strain 26 of S. lagctis was incubated for 18 hours at 37.5°
¢, with & substrate (5 ml.) containing casein and lactalbu-
min in the proportions commonly found in milk, was smaller
than when milk (5 ml.) was used as substrate., Following
incubation, 1 ml, of protein-free filtrate of milk con=
tained 132 % of tyrosine and tryptophan, whereas the filQ
trate prepared from the solution containing casein and

lactalbumin contained 92 y of tyrosine and tryptophen.

Effect of reducing agents on aectivity of cell-free extract

Some proteolytic enzymes are known to be activated by
reducing agents. The effect of some of these compounds on
the digestion of skim milk by a cell~free extract of S.
lactis (strain 26) was studied. One ml. quentities of
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thioglycollate, Na,80;, KCN and ascorbic aeid in 0.1, 0.01
and 0.001 M concentrations were incubated with 1 ml. of
cell-free extract at 37.5° C. and pH 7.0 for 1 hour. Fol-
lowing addition of substrate (5 ml. skim milk), the proteo-
lytic activity was determined after incubation at 37.5° C.
and pH 7.0 for 18 hours. The data (Table 9) show that all

Table 9.

Effect of Reducing Agents on the Proteolytle Aetivity
of a Cell-Free Extract of $. lactis 265

{skim milk test substratum)

Reducing agent was added in concentration of:
agent 0.1 M | 0.01 ¥ 0,001 M
None 96 96 98
Thioglycollate 140 118 100
332893 151 132 110
ECN 111 106 100
Ascorbic acid 116 102 100

% 1m, gnzyme preparation per 5 ml, substrate incu-
bated at 37.5° C. &and pH 7.0 for 18 hours.

reducing agents used in 0.1 and 0.01 M concentration in-
creased the proteolytic activity of the extract, whereas a
0.001 M concentration, except for Na2803, did not show any
appreclable activation. Ha2363 proved to be the best acti~
vator. No reducing sgents were used in subsequent

experiments.
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Effect of metallic lons on activity of cell-free extract

Some proteolytlic enzymes are known to be both activated
and inhibited by several different metallic lons. The ef-
fect of some of these on the activity of a cell-free extract
of 8. lactis (strain 26) against skim milk was studied. One
ml. of the following solutions in 0.1, 0.01, and 0.001 M
concentrations were used: ca(03ﬂ5&3)2'5H29, F‘E(SGM)B’
FeS0,, *TH,0, MnSO), *hjH,0, MgS0) *TH,0, ZnS0) *TH,0, CuS0) *5H,0,
and caaau*?HQO, The cell-free extracts (1 ml.) were incu-
bated with these solutions for 1 hour at 37.5° C. and pH
T+0, followed by incubation with skim milk at pH 7.0 and
37.5° ¢. for 18 hours, For the most part (Table 10) the
ions had either essentially no effect (Ga**) or were slight-

ly inhibitory.

Effect of heat on actlvity of cell-free extract

Twenty ml. portions of & cell~free extract of S. lactis
(strain 26) were adjusted to pH values ranging from 5.0 to
9.0 with dilute sodium hydroxide or sulfuric acid and care-
fully adjusted to the same volume (23 ml.). For each trial
3 ml, of extract were placed in a test tube and heated at
50, 55 and 61.7° ¢. for different lengtha of time., After
the heat treatment, the tube was plunged in ice water to
cool the contents. One ml, portions were used to test for

proteolytic actlvity and to prepare the blank. Proteolytic



Table 10.

Effect of Metalllic Ions on the Proteolytic Activity of a
Cell-Free Extract of §. lactis 26%

{skim milk teat substratum)

Tyrosine (y per ml. filtrate) when ion was added

Metallie in coneentration of:
ion 01M 0.01L ¥ 0.001 ¥

None 100 100 100
catt 10l 100 98
Fettt 87 | 90 92
Fe't 98 98 90
Mantt 90 90 90
Mgt 86 92 90
zntt 85 91 92
cutt 8l 90 9l
co** 88 88 96

& 1 m. gnzyme preparation per 5 ml, substrate incu-
bated at 37.5°% ¢. and pH 7.0 for 18 hours.

activity was determined sgainst skim milk with incubation at
pH 7.0 and 37.5° C. for 18 hours. Maximum stability of the
activity (Table 11) at all three temperatures sesmed to
oceur at pH 7.0. Heating at 61.7° ¢. for only 2 minutes
inactivated the preparation. The extract was inactivated
quite rapidly at pH 5.0 and 9.0, even at the lower

temperatures.



Table 1l.

Effect of Heat at Different pH Levels on the Prataelytie Aetivity of a
Cell-Free Extract of S. lactis 26%

{skim milk test substratum)

?yresiﬁe {Y per . w1, filtrateb) after heating enzyma at:

pH of ‘
Sxtract T min, @ggmin. 2o min.  Dmin, 1%2&13. 15 min. 1 m§§17 Egéin.

5 34 3¢ 24 18 6 ¢ 0 0

6 62 48 38 30 18 6 0 0

7 78 64 58 Lo 27 10 5 o

8 68 L2 4o 28 12 0 0 0

9 36 34 26 iy 10 0 0

- .

1 ml. enzyme preparation per 5 ml. substrate incubated at 37.5 C. and pH
7.0 for 18 hours.

b Unheated extract: 100 vy tyrosine per ml. filtrate at pH 7.0.

_Zgu



Stability of the proteolytic sctlvity when held at different
pE levels at 2 and §2° C.

8911§£rea extracts of strain 26 of $. lactis were ad~
justed to pH values ranging from 5.0 to 9.0 with dllute
sodium hydroxide or sulfuric secid, carefully adjusted to the
same volume, and stored at 2 and 32° ¢. for different
lengths of time up to 4 days. Following storage, the pro-
teolytic activity of the cell-free extract (1 ml.) was
determined against skim milk with ineubation at pH 7.0 and
37.5° ¢. for 18 hours. The activity (Table 12) appeared to

Table 12,

Stabillity of Proteolytic Activity at Different pH Levels
when Held at 2 and 32° ¢. for Various Lengths of Time®

{skim milk substratum)

Tyrosine (y per ml. filtrateD)
Time after holding enzyme at pH:

(hours) 5.0 6.0 7.0 8.0 9.0
2° ¢.

12 107 120 128 117 112

2% 100 117 12y 117 107

9 96 112 123 104 95
32° ¢.

12 46 102 129 98 30

2l 40 83 123 102 26

96 32 80 112 83 20

& 1 ml. enzyme preparation per 5 ml. substrate incu-
bated at 37.5° C. and pH 7.0 for 18 hours.

b control = 128 ¥ tyrosine per ml. filtrate.
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be quite stable between pH 5.0 and 9.0 when stored at 2° ¢.
A considerable destruction was noted at pH 5.0 and 9.0 when

stored at 32° C., and & somevwhat smaller destruction at pH

6.0 and 8.0 at 32° c.

Studies on the Endoocellular Peptidases
of 8. lactis Grown in Milk

In & previous section it was shown that the proteolytie
activity of a cell-free extract of 5. lactis against skim
milk was destroyed at pH 7.0 by heating at 61.7° C. for only
2 minutes. Subsequent experiments showed that these heated
extracts were active agalnst various diQ and tripeptides. A
study of some of the characteristies of these peptidases was
undertaken. Cell-free extracts of cells of 5. lactis grown
either in skim milk or in broth medla were prepared by sonic
vibration of the harvested cells as described under ExperiQ
mental Methods. Unless stated otherwise, 0.2 ml. of cell-
free extract was added to 3 ml. of peptide substrate and
incubated at pH 8.0 and 37.5° C. for 1 hour. Hydrolysis of
the peptides was determined by titrating the liberated car-
boxyl groups with ethanclic KOH, as described under Experi-

mental Methods.
Influence of the pH of substrate on peptidase activity

The effect of the cell-free extract (0.2 ml.) on the
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buffered solutions of five dipeptides and two tripeptldes at
pE walues ranging from 4.0 to 10.0 was studied. In Figures
15 and 16 are presented representative data showlng the
effect of pH of substrate on the hydrolysis of seven pep-
tides by cell-free extracts of stralns 18 and 26 of 8.
lactis grown in milk. In all cases optimum activity was
found between pH 7.0 and 9.0, Great differences were ob-
served in the activity of the cell-free extract against the
various peptides; the hydrolysis between pH 6.0 and 8.0 was
greatest with glyayl-grleucine, g&—alanylglyeine and glycle
éfcyrasina, and smallest with glycylglyeylglycine as sub-
strate, In moat cases a rather sharp decline in activity
was noticed on either side of the optimum pH; optimum aectl-
vity against glycylwg-lauclnn in one instance however was
over & somewhat wider pH range of 6.0 to 8.0 (Figure 16).
There seemed tc be some tendency of the glyesine peptides,
when glycine carboxyl group was free, to have thelr optimum
PH &t & somewhat higher pH value than the leucine or tyro-
sine peptides (Figures 15 and 16). A comparison of the pH
optima of the extracts from strains 18 and 26 (Figures 15
and 16) reveals that the pH for optimum activity of the
extract from strain 26 against both glycyl-g-leucine and
glycylglya;ne has shifted somewhat to the acid aside and that
againat gg«leucylglyaina somewhat to the alkaline side as
compared with the optime of the extract from strain 18,

These deviations were conflirmed in duplicate experiments.
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Effect of varying amounts of cell-free extract on hydrolysis
of peptides

Increasing quantities of cell-free extract of streins
18 and 26 of . lactis grown in milk were added to the sub-
strates glyeyl-L-leucine and ggralanylglycina. Hydrolysis
was determined at pH 8.0 and 37.5° C. after 1 hour. As
shown in Figures 17A and 17B there appeared to be a direct
relationship between the guantlty of cell-free extraot used
and hydrolysis of glycy1~gmlaucina and gkyalanylglycino, at
Jeast up to 0.2 ml. of cell-free extract. The sctivity
agelinst glyayl—g»léuaine wes somewhat greater than against

ngalanylglyains.

Effect of time of inocubation on hydrolysis of peptides

Two-tenths ml. of cell-free extract of atrains 18 and
26 of 8. lactis grown in milk were incubated with glyoyl-L~-
leucine and ggyalanylglycina as substrates for different
lengths of time up to 3 hours, Up to at least 1 hour of
incubation (Figures 18A and 18B) a direct relationship be-
tween tha time of incubation and amount of hydrolysis of
glyey1~gwlaua1ne and g&~alanylglyaina existed,.

Effect of temperature of incubation on hydrolysis of peptides

Two-tenths ml. of cell-free extract of strains 18 and
26 of S. lactls grown in milk were incubated with
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glycyl-L-leucine and g&ralanylglyaine as substrates at tem-
peratures ranging from 2 to uso C. Optimum activity against
both peptides, within the temperature limlts studled, was
found at 45° ¢. (Figures 194 and 19B); however, the increase
in hydrolysis with rising temperatures was somewhat less
above 21° C. (strain 26) and above 30° C. (strain 18). The
activity against glyeyl-L-leucine was somewhat greater then
against géualanylglyaino; no activity was found at 2° ¢,

Study of the effect of some components of the growth medium

on the production of peptidases

Cell-free extracts from strain 26 of S. lactis grown in
seven different broth media employed in & previous study
(page 66) were used in this experiment. Two-tenths ml. of
each aell~frae extract was tested for activity against
glycyl-&»l&ugina and'ggralanylglyeine with incubation at pH
8.0 and 37.5° ¢, for 1 hour. Representative data showing
the activity of each extract against both peptides are pre-
sented in Table 13. Cell-free extracts prepared from cells
of 8. lactis grown in seven different media (with and with-
out whole protein) possessed peptidase activities against
glyeyl-L~leucine and DL~alanylglycine compsrable to those
of an extract preparaa‘fram cells grown in milk.

In another &xperimanu, the possible effect of digeation
of casein in vitamin-test casein medium A with trypein on

the production of peptidases was Inveatigated. Cell-free
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Table 13.

Peptidase Aotivity of a Cell-Free Extraet® of
8. laetis 26 Grown in Different Mediad

pizg: :gént “Por cent hydrolyais
Mediun (milliona Glyoyl-- DL-alami-

per ml.) leucine glycine
Niven and Sherman 570 56 L2
Amundstad 1100 56 40
Vitamin-test casein A 1200 58 2
Vitamin-test casein B 2000 62 L6
Tryptone medium 1800 58 48
Cagein medium 1900 8 2
T.G6.E. broth 900 56 50

& 1 ml. extract represents 3 x 1@16 cells (strain 26).

®o.2 ml. enzyme prngarutian per 3 ml. substrate incu-
bated at 37.5° ¢, and pH 8.0 for 1 hour.

extracts, from strain 26 of §., lactis grown in vitamin-test
casein medium A with and without tryptic digestion of the
casein, as used in a previous experiment (pages 68 and 69),
were employed in this study. Two»tentha‘ml. of each cell~
free extract was tested against glycyl~£~l¢uelne and
DL-alenylglyoine, with ineubatlon at pH 8.0 and 37.5° ¢. for
1 hour. Representative data in Table 1l show that the di-
gestion of casein in vitamin-test casein medium A did not
affect the peptidase activities greatly. No indication was
found that the presence of wholorpratoinA(easoin) in the
growth medium stimulated peptidase production or activities

of the cell-free extract.
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Table 1&- .

Effect of Digestion of Casein in Medium by Trypsin on the
Activity of a Cell-FPree Extract® Againgt
Glyoyl-L-leucine and ggfalanylglyaine

SLANnAYS '
Medium late count . °T cent hydrolysis
used {millions Glyeyl-L- gafalunylw
per ml.) leucine glycine

No digestion 1900 60 6
Digestion for 10 hours 1800 52 8
Digestion for 20 hours 1800 60 48
Digestion for 4O hours 1700 56 48

% 1 ml. extract represents 3 x 1010 cells (atrain 26).

b 0.2 ml. enzyme preparation per 3 ml. substrate incu-
bated at 37.5° ¢, and pH 8.0 for 1 hour.

A study of the omission of individual vitamins from
vitamin~test casein medium A on the peptidase activities of
the eell;froa extracts was made by omitting one vitamin at a
time and determining the actlvity of the cell-free extracts
prepared from equal quantities of ealla collected from these
media against glyeyl-L-leucine and gg:alanylglyoine. Por-
tions (0.2 ml.) of cell-free extraocts from these medlia used
in & previous study (page T70) were used. Hydrolysis was
determined at pH 8.0 and 37.59v6. after 1 hour. Representa-
tive data (Table 15) show that omission of bilotin, nilcotinie
acld and pyridoxine decreased the activity against glycyl-g-
leucine somewhat; the same was true for the omission of

biotin, nicotinle aclid and caleium pantothenate when



Table 15.

Bffect af Omission of Vitamins from Vitamin-Test Casein
Medium A on the Aetivity of Cell-Free Extract?
Against Glyoyl-L-leucine and DL-alanylglycineP

vitamin p;;;ﬁiggént Per cent hydrolysis
omltted {millions Glyeyl-L- DL-alanyl-
5 per ml,) leucine "Eiyeins
A1l 0.1 - -
Riboflavin 720 60 Lé
Gaépantothenate 110 56 ¥
Nicotinic acild 170 50 1o
Pyridoxine 200 52 52
Thiamine 710 70 46
Biotin 540 50 L3
Polie acid 790 60 52
Vitamin B, 870 62 46
None 1260 62 50

b | ml. extract represents L x 1010 cells (strain 26).

b 0.2 ml, enzyme pragaratiun per 3 ml. substrate incu-
pated at 37.5° C. and pH 8.0 for 1 hour.
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ggnnlanylglyaina wag used as substrate, although some of
these may be borderline cases, so far as the differences

being real is concerned.

Studles on the Endocellular Peptidases of S. lactis
Grown in Vitamin-Test Casein Medium B

Cell-free extracts of strain 26 of S. lactis grown in
vitamin;haat casein medium B were prepared as deacribed
under Experimental Methods. Unless stated otherwlse, 0.2
ml. of cell~-free extract was added to 3 ml., of peptide sub-
strate with incubation at pH 8.0 and 37.5° ¢. for 1 hour.

Influence of the pH of substrate on peptidase aectivity

In Figure 20A are presented representative data showing
the effect of pH of substrete on the hydrolysis of six dif-
ferent peptides by a cell-free extract of strain 26 of
3. gggggg. In all cases optimum activity was found between
pH 7.0 and 8,0. In most cases & rather sharp decline in
ectivity was noticed on either side of the optimum pH; opti-
mam setivity against gly¢y1~£~1aueine and gggalanylglycino
were over a somewhat wider pH range. Great differences were
observed in the activity of the aallérrea extract against
the various peptides; the hydrolysis between pH 6.0 and 8.0
was greatest with glycyl~§~louoino and smallest with glycyl-
glycylglyeine as substrate. Optimum pH for gg~1eucylglycine
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and glycylglyeine was 0.5 of a unit lower than the values
found for an extract prepared from strain 26 of 8. lactis

grown in milk.,

Effect of varying amounts of gell-free extract on hydrolysis
of peptides

inareaaing quantities (up to 0.5 ml.) of cell-free
extract of strain 26 of 5. lactls were incubated with glycyl-
L-leucine and DL-alanylglycine as substrates. As shown in
Pigure 203, there appeared to be a direct relationship be-
tween the quantity of ecell-free extract used and hydrolysis
of both peptides, at least up to 0,2 ml. of ¢ell-free

Effect of time of incubation on hydrolysis of peptides

Cell-free extract of strain 26 of §. lactis was incu-
bated with glycyl-&~1¢uaine and géealanylglyaine a3 sub-
strates for periods up to 3 hours. Up to at least 1 hour of
ineubation (FPigure 21A), a direct relationship between the
time of ineubation and amount of hydrolysis of both popQ
tides existed.

Effect of temperature of incubation on hydrolysis of
peptides

Cell-free extract (0.2 ml.) of strain 26 of S. lactis
was lnocubated with gly@yl«%—laucine and ggfalanylglyaine as
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Figure 21. Effect of Time and Temperature of Incubation on Hydrolysis of Pep-
tides by Enzyme Preparation from Strain 26, Grown in Vitamin-Test Casein
Medium B, A = 0.2 ml. Enzyme Preparation per 3 ml. Substrate Incubated at
37.5° C. and pH 8.0. B = 0.2 ml. Enzyme Preparation per 3 ml. Substrate
Incubated at pH 8.0 for 1 Hour. :
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substrates at temperatures ranging from 2 to 45° ¢. Optimum
activities againat both peptides, within the temperature
1imits studied, was found at 45° C. (Pigure 21B); however,
the inecrease in hydrolysis rate with rising temperatures was
somewhat less above 21° ©.

The data in Figures 20 and 21, showing the effeect of
pH, increasing quantities of cell-free extract and time and
temperature of incubation on the hydrolysis of peptides by a
ecell-free extract of strain 26 of §. lactis grown in vitamin-
test casein medium B parallesl closely those obtained with
extracts from cells grown in milk (Figures 15, 16, 17, 18,
and 19).

Effect of heating the ensyme preparation on hydrolysis of
peptides

Preliminary experiments showed thet a cell-free extract
of 8. laetis could be heated at 55° C. for 30 minutes at pH
7.0 without loas of activity against the different peptides
used in this study when tested at pH 7.0, whereas the
proteinase activity was almost completely destroyed by heat-
ing at 58° ¢. for 15 minutes (Table 11). Portions of the
cell-free extract were adjusted to pH values ranging from
4.0 to 9.0 and heated at 61.7%° C. for different lengths of
time as deseribed in a previous sxperiment (pages 80 and
81). The extracts then were tested ageinst glycyl-L-leucine
and g&raianylglyaine; incubation was at pH 7.0, because both
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peptidase and proteinase activities weres determined. Maxi-
mum stability of the peptidase activity (Table 16) occurred
at pH 7.0. Heating at 61.7° C. at pH 4.0 for only 1 minute
destroyed the peptidase activities. Considerable destruc-
tion of activities against both peptides took place when
heated for more than 3 minutes at pH levels of 5.0 and 9.0.

Table 16.

Effect of Heating at 61.7° C. at Different pH Levels
on the Peptidase Activity of a Cell-Free
Extract of S. lactias 26%

i

pH of " Per cent hydrolysis after hesting f
cell-free Control or eent aydroly ver ing for:

extract 1 min. 3 min. 5 min, 10 min.
Glynyl~§—loucina
I 0 0 0 )
5 62 %3 36 30
6 70 8 62 56
7 Th Th 70 70 68
8 70 65 52 48
9 67 51 32 28
gkualanylglyainn
b 0 0 0 0
2 %6 i 3
7 60 62 %2 60 5
8 66 51 ko 39
9 56 L2 35 20

& 0.2 ml. enzyme preparation per 3 ml. substrate incu-
bated at 37.5° ¢. and pH 7.0 for 1 hour.
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Stability of the peptidase activities when held at different

pH levels at 2° ¢,

Coell-free extracts of strain 26 of S. lactis were ad-
justed to pH values ranging from .0 to 9.0 and stored at
2% ¢. for various lengths of time up to L days. Following
storage, the activity was determined et pH 8.0 againat
glyayl~§-1auaina and 2&-alanylglycinn. The peptidase acti-
vities (Table 17) appeared to be quite stable between pH 6.0
and 9.0, Considerable destruction of activities was ob-
served when stored for l} days at 2% ¢. and pH 5.0; holding
at pH 4.0 for 12 hours destroyed the peptidase activities
completely.

Effect of metallie ions and cysteine on hydrolysis of peptides

The following solutions in 0.01, 0.001 and 0.0001 M
concentrations were used: Mnsou-uaao, Cusou°5320, Znsou'7néo,
Mg&@h‘Tﬁaﬁ, Nicl, and Go&ﬂu'7ﬁaﬂ, Cell-free extracts of
strain 26 of §. laetls (0.2 ml.) vwers incubated with 1 ml.
of the metal solution for 1 hour at 37,5° C., followed by
incubation with peptide substrate for 1 hour at 37.5° C. and
pH 8.0. As Table 18 shows, when glyeyl-L~leucine was used
as substrate there was increased activity at all three eon;
centrations of Mn** tested, cu™*, zZn** ana N1** were inhibi-
tory in all three concentrations, whereas Mg**, co*t ana

eysteine did not show any great effect, When
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Table 17.

Stability of Peptidase Activity at Different pH Levels
when Held at 20 ¢. for Various Lengths of Time®

Per cent hydrolysis after holding
for:

12 hr. 24 hr. 48 hr. 96 hr.

pH of cell-free
extract (strain 26)

Glyeyl~g~1euainnb
N 0 0 0 0
5 50 50 42 30
6 60 50 46 42
7 70 60 50 45
8 72 65 65 60
9 60 62 60 50
Q&}alanylglycinae
==
N 0 0 0 0
5 50 52 L5 32
6 62 60 60 50
7 70 65 62 50
8 70 70 72 60
9 60 62 60 52

% 0,2 m1. enzyme pregaratinn per 3 ml. substrate incu-
bated &t 37.59 C. and pH 3.0 for 1 hour.

b Hydrolysis without holding at 2° ¢ = 72 per cent.
@ Hydrolysis without holding at 2%¢ = 74 per cent.



Table 18.

Effect of Metalllic Ions and Cysteine on the Peptidase
Activity of a Cell-Free Extract of S. lactls 268

Per ecent hydrolysls when idn was added in

Metal concentration of:
1072 M 10 ¥ 107 M
Glycyl-L-~leucine

None 52

Mnt* 75 69 61
cutt 25 32 39
Znt 10 20 35
Mg+t 50 | 48 50
N1t 16 3 43
cot* L5 50 55
Cysteine b7 50 52

gg*aianylglyeins

None 57

Mn** 55 50 52
cutt L6 51 56
zn*t 32 50 52
Mg*t 67 60 60
21 45 50
cot** 71 70 65
Cystelne 50 50 S5

& 0.2 ml. enzyme pragaration per 3 ml. substrate inocu-
bated at 37.5° C. and pH 8.0 for 1 hour.
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g&ralanylglygina was the substrate, co™ in all three con-
ecentrations used increased the activity, and Mg'M~ gave some
activation but only in the highest concentration tested.
cu*+, zntt and W1** showed inhibitory effect in the 0.01 M
concentration; Mn** and gysteine did not show much effect on
peptidase activity; the latter possibly was slightly inhibi-
tory at the highest concentration tested.

Purification of the Cell-Free Extract

The results obtained in previous sections indicate that
there are at least ?W? different proteolytic systems present
in & cell-free axtrgéi of 8. lactis; a proteinase inactl-
vated when heated at 61.7° €. and pH 7.0 for 2 minutes and
peptidases which could withstand this heating without appre-
ciable loss of activity. Besides & multipllieity of enzymes,
the cell-free extract contains much inactive material. In
subsequent experiments, attempts were made to remove inactive
endocellulaer material and separate some of the proteolytic
activities from each other. It was found that both proteo-
lytic systems could be precipitated from the cell-free
extract with ammonium sulfate in the range of L0 to 75 per
cent saturation. The following procedure has been used with
some sucecess. For convenlence, the procedure has been pre-
sented in FPigure 22. All steps in this procedure were per-

formed in & cold room at approximately 2° ¢.
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Cell-free extract of strain 26 of 8. lactis,
grown in vitamin-test casein medium B

4
Adjusted to pH 7.0 with 1 N NaOH

4
Satrd. (KHA)QSO& gol. (pH 7.0) wes added
up to 4O per cent sat.

Let stand overnight at 2° C.
¢
Centrifugation

+ ¥
Precipitate I Superﬁrtant I

(discarded)
was added up to 75 per cent sat.

Let st?nd overnight
Centrifugation

J B
Precipiﬁate II Supernatant II

Dissolved in 0.05 M phosphate
buffir (pE 7.0)

Dialyzed againft distilled water
Refractionated by 75 per cent sat. with (NHM)ZSOu

¥ 1
Precipitate III Supernatant
I (discarded)

Dissolved in 0.05 M phosphate
buffer (pH 7.0)
)

Dialyzed agﬁinst distilled water

pH adjusted to 6.0 with 0.05 M
Na-acetate-acetic acld buffer

v
Adsorbent addad-wgent%e stirring for 20 min.

(Continued on next page)

Figure 22. Fraotional Precipitation and
Adsorption of Proteolytic Actlvities.
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Gentrifggation

Adsorbent: alﬁ%icn with 0.2 M Supurndxant ITX
phosphate buffer (pH 7;0)
Centri@ugation
Adaorgént , Snpern%tant IV

Adsorbent added--gentle stirring for 20 min.

cantrif:égtion
Adaorbeﬁ%: elution with 0.2 M Superﬁntant
phosphate buffer (p? 7.0) © (discarded)

Centrifugation
Adaar%ent Supernézant IVAa

(discarded)

Figure 22. (Continued)
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Cell-free extract of strain 26 of §. lactlis adjusted to
pH 7.0 was saturated up to 4O per cent with ammonium sulfate
by adding gradually under stirring a se&turated ammonium sul-
fate solution, which had been adjusted to pH 7.0 with
ammonium hydroxide. After standing overnight the precipitate
I was removed by centrifugation. Fractions were tested for
proteolytic activity agalnst caseln, glycyl-&»laueina and
ggfalanylglyaine a8 described under Experimental Methods.
Precipitate I was in all cases inactive and was discarded.
Supernatant I was brought to 75 per cent éaturation with
respect to ammonium sulfate., After standing overnight, the
precipitate II was collected by centrifugation and the inac-
tive supernatant II was discarded. Preciplitate II was taken
up in a minimum emount of 0.05 M phosphate buffer (pH 7.0),
dialyzed against running distilled water for 6 hours and
rafractiom&tadQ Precipltate III1 was dissolved in a minimum
amount of 0.05 M phosphate buffer (pH 7.0), dialyzed as
described above and tested for proteolytic activity. The pH
then was adjusted to 6,0 with 0.05 M sodium acetate-acetic
acld buffer. At thls stage an adsorbent was introduced in
the procedure, either kaolin or AI(GH)B Cy. The preparation
of Al(QH)B Cy and the purifiecation of commercial keolin are
discussed in the aection under Experimental Methods. Either
one volume of Al(Oﬁ)3 Cy solution (20 mg. per ml.) was used
per & volumes of dialyzed materisl or 25 mg. kaolin per 10

ml, Adsorption was allowed to take place for 20 minutes



-109-

under gentle stirring, followed by removal of the adsorbent
by eentrifugation. The supernatant III was saved and
tested. Elution was performed by gentle stirring with 0.2 M
phosphate buffer (pH 7.0) for 20 minutes. The adsorbent was
removed by centrifugation and the supernatant IV was saved
and tested. Supernatant IV was treated with adsorbent as
described above, followed by elution, and removal of the
adsorbent by centrifugation. Supernatant IVA was saved and
tested. Removal of impurities and inert material can be
followed by expressing the proteolytic activity in activity
per mg. of protein nitrogen present in the material tested.
Data In Tables 19 and 20 show that & considerable amount of
inactive material could be removed from the cell-free extract
by fractional precipitation with emmonium sulfate as is
shown, for example, by comparing the proteolytic activity of
the cell-free extract and precipltate II per unit protein
nitrogen (Tables 19 and 20).

In the adsorption process, both adsorbents showed a
preference for the aativ;ty against ggfalanylglycina over
the one against glyayl~§~1euc£ae; this is demonstrated by
the greater actlvity against g&-alanylglycins per unit pro-
tein nitrogen of supernatant IV a&s compared with supernatant
I11. The activity against glycyl-L-leucine was divided over
both supernatants III and IV. Supernatant IVA did not show
any activity against glyaylwg—lauuina; this may have been

because sither the adsorbent showed preference for the
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Table 19.

Results of Fractional Precipitation with Ammonlum Sulfate
and Adsorption with Ksolin

Proteolytic Protein-nitrogen

Material tested Substrate

activity (mg.)

Cell-free extract cL® 81° 1.37
AG g5¢ 1.37

casein 65d 6.86
Precipitate III GL 90 0.228
AG 117 0.228
casein 16 1.140
Supernatant III GL 92.5 0.196
AG 15 0.196
casein Lo 0.392
Supernatant IV GL 15 0.045
AG 87.5 0.045
casein 0 0.225

Supernatant IVA GL 0 0.04
AG 75 0.04

casein 0 0.40

oL = glyeyl-L-leucine
b AG = g&~alanylglycine

¢ per cent hydrolysis (incubation at 37.5° C. and pH
8.0 for 1 hour).

d v tyrosine and tryptophan per ml. trichloroacetic
acid ?iltrata (incubation at 37.5° C. and pH 7.0 for 18
hours) .
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Table 20.

Results of Fractional Precipitatlion with Ammonium Sulfate
and Adsorptlion with Al(Oﬁ)3 Cy

Prataalytia Protein-nitrogen

Material tested Substrate

asctivity (mg.)
Cell-free extract oL? 70° 1.12
AgP 8¢ 1.12
cagein 2d 5.60
Precipitate III GL 81 0.179
AG 50 0.179
casein 54 0.895
Supernatant III GL 71 0.154
AG 12 0.15
casein Ll 0.30
Supernatant IV GL 3 0.0476
AG 6l G.Oh?é
cagein 0 0.238
Supernatant IVA GL 0 0.035
AG 56 0.035
casein 0 0.350

& oL = glycyl»Q*leucine
b AG = DL~alanylg1ycine

¢ per cent hydrolysis (incubation at 37.5° C. and pH
8.0 for 1 hour).
d ¥ tyrosine and tryptophan per ml. trichlorcacetic
scid filtrata {(incubation at 37.5° ¢C. and pH 7.0 for 18
hours).
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activity against 2&~alanylglyeine or for some other reasons
such &8 Iinactivation or loss in the process of adsorption
and elution. The proteolytic system active against casein
was not adsorbed by the adsorbents.

Addition of absolute ethanol to cell-free extract of
strain 26 of 8. lactis showed that the activities against
casein, glycyl-&«laucina and g&~a1anylglycina were present
in a fraction obtained by increasing the ethanol concentra-
tion from i5 to 60 volume per cent; other fractions were
inactive against these substrates.

The supernatants III, IV, IVA, and the active fraction
obtained by ethanol precipitation were adjusted to pH values
ranging from 5.0 to 8.0 and ammonium sulfate was added
gradually in steps as to produce 20, 4O, 60, and 80 per cent
saturation with respect to ammonium sulfate. These attempts
to obtain one or more active fractions in erystalline form
wers not successful. All precipitates were amorphous in
nature. Subsequent experiments with supernatant IVA showed
that the optimum pH for the activity against DL-alanylgly-
eine was at pH 8,0, The supsrnatant could be heated for 10
minutes at 61.7° C. (pH 7.0) without loss of activity
against g§~alanylglycine; co** increased the activity.
Supernatant III showed optimum activity against glycyl-L-
leucine at pH 7.0; heating the extract for 10 minutes at
61.7° ¢. (pH 7.0) did not affect its activity. Manganous
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ions increased the activity against glycyl-£~loucine. These
characteristics agree very well with those found for the

crude extracts.

Amino A¢lds and Peptides in the Protein-Free Fraction
of Milk with and without Incubstlon with S. lactis

Little 1s known about the changes that take place in
milk protein as the result of the action of mierobial pro-
telnases. In most cases proteoclysis is determined by
Kjeldahl analysis of the acid-soluble nitrogen, which does
not glve any information as to the manner in which the
changes in the protein take place, In this section the
protein~free fractlion prepared from skim milk after incuba-~
tion with 8. lactis for different lengths of time without
controlled pH was Investigated for its content of amino
acids in the free and peptide form by paper chromatography.

Milk for these trials conslsted of fresh skim milk
which was heated for 20 minutes at 185° F., to remove as
many undesirsble organisms a&s possible without subjecting
the mllk constituents to changes that might occur during
sterilization. One liter quantities of heated milk were
inoculated with 0.1 per cent of a 2i~hour culture of S.
lactis (straln 26) grown in milk and incubated for 0, 2§ and
96 hours at 33° C. Following ineubation, a protein-free

filtrate was made of each culture by adding trichloroacetic
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acid (100 g. per l.milk); the protein was removed by centri-
fugation and filtration through paper. The amino acids and
peptides in the protein-free filtrate kero recovered by
adsorption and elution from the lon exchange resin Duollte
C-3. A portion of the solution containing amino acids and
peptides was hydrolyzed with HCl. Two dimensional chromato-
grams of the unhydrolyzed and hydrolyzed fllirates were
carried out. A detailed description of the preparation of
the protein-free filtrates for chromatography 1s presented
in the seection on chromatography under Experimental Methods.
In Table 21 are presented data showing the amino acids
present in unhydrolyzed and hydrolyzed protein-free fil-
trates of cultures of S. lactis incubated for 0, 24 and 96
hours. Free alanine, glutamic acid, glyeine, leucines and
valine were present in'the protein-free filtrate at O hour
incubation. Incubation with S. laetls for 24 hours resulted
in the appearsance in the protein-free filtrate of free
lysine, phenylalanine, proline, serine, threocnine and
tyrosine; an increase was observed in free alanine, glutamic
acid, glycine, leucines and valine which already were pre-
sent at O hour incubastion. As the period of incubation was
extended to 96 hours, free aspartic acid appeared in the
protein-free flltrate; increases also were detected in free
alanine, glutamiec acid, leucines, lysine, phenylalanine,
proline, serine, threonine and tyrosine over the amounts

found after incubation for 24 hours.
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Table 2l.

Amino Acids in Unhydrolyzed end Hydrolyzed Protein-Free
Fractions of Milk Incubated with S. lactis
for O, 2l and 96 Hours

Amino asld vnher?r.Hydr. Unhyzi.hréydr. thyZi.hréydr.
Alanine +2 ++2 o+ 42 44 P,
Arginine +
Aspartic acid +(7) + +
Cystine +
Glutamiec acid + 4+ ++ 44 44 ++ed
Glyeine + ++ ++ ‘ ++ ++ ++
Leucines + +4 ++ 44 +4+ 4t
Lysine + ++ ] ++4+
Phenylalanine + ++ +4++ 4
Proline 4 +++ +44 44
Serine + + ++ ++ +4
Threonine + ‘ + ++ b e
Tyrosine +4 ++ +44 ++4
Valine + ++ ++ bt ++ +4+4

a

+ wealk, ++ medlum, +++ strong, ++++ very strong (on
paper).
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Hydrolysis of the protein-free filtrate caused in some
instances the appearance of amino acids which were not pre-
sent in the frés form before hydrolysls, and caused in- |
creases of some of the amino acids present in the free form
before hydrolysis. A two dimensional chromatogram repre-
senting the amino acids found in a hydrolyzed protein-free
filtrate of & culture of 8. lactls incubated for 2l hours
is presented in Figure 23.

The solution containing amino acids and peptldes was
fractionated by placing 20 0.01 ml. aliquots equidistant
from each other and 1 in. from the bottom of a 12 in. by
16 in. sheet of Whatman no. 1 filter paper. Five sheets
were used. These chromatograms were developed using phenol
as developing medium in pyrex glass jars with tight fitting
1id; each chromatogram was immersed 2 em. in the solvent,
which was allowed to reach the top of the paper. Following
development , the sheets were dried in a hood and washed
twice with redistilled ether, dried, heated at 100° ¢. for
15 minutes and viewed under ultraviolet light to locate the
amino acids and peptides. The bands were cut out and
thoroughly extracted with hot water, concentrated to dryness
in vacuo and each residue was dlssolved in 1 ml. of 10 per
cent agqueous isopropanocl. Aliquots of these solutlions were
hydrolyzed as described oarliaé. Two dimensional chromato-
grams were carrled out of the unhydrolyzed and hydrolyzed
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Figure 23. Chromatogram of Hydrolyzed Protein-Free
Filtrate of a Culture of S. lactils 26 Incubated
at 32° C¢. for 24 Hours.
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meterials as described in the sectlion on chromatography
under Experimental Methods.

Fractionation showed evidence of at least the following
peptides. In the filtrate from the culture at O hour inocu-
bation: glutamic acid - glyeine; alanine - glutamic acid -
glyeine - leucines; glutamic acid - leucines - proline -
serine -~ valine.

In the filtrate from the culture incubated for 2l
hours: alanine ~ glutamic acid - glyeine; glutamic acld -
leucines - valine; aspartic acid (%) -~ glyeine - leucines -
tyrosine - valine; alanine - leucines ~ lysine - proline -
threonine - tyrosine; alanine - glycine - leucines ;
phenylalanine - serine.

In the filtrate from the culture incubated for 96
hours: glyeine -« tyrosine; glycine - leucines - phenylala-
nine; alanine ~ lysine - t{yrosine - valine; leucines -
lysine-proline - threonine; glutamlc aecid ~ glyclne;
glutamic acid « glycine -~ leucines - proline - valine.

The order in which the amino aclds in the peptides are
written is arbitrary snd does not imply their amounts or
structural arrangement in the peptlde. Threonine was pre-
sent in the hydrolyzed aliquot of the protein-~free filtrate
(O hour) but not in the peptides, wheress proline was found
in one of the peptides and not in the hydrolyzed filtrate.

Arginine, aspartic acid, cystine and serine were found in
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the hydrolyzed filtrate of a culture that was incubated for
96 hours but these amino scids could not be traced in the
peptides of this filtrate.
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DISCUSSION

The results obtained in this study seem to indicate
that the proteolytic activity of S. lactls 1s associated
closely with the bacterial cell. The marked proteolysils
observed in milk cultures of S. lactis during the first 24
hours of incubation would suggeat the presence of an enzyme
system produced early in the growth phase and excreted in
the growth medium. However, attempts to demonstrate pro-
teolytic sctivity in culture medla of various types after
the cells had been removed by centrifugation falled. If an
enzyme is produced in the early growth phase and excreted
in the growth medium, fallure to find the enzyme in detec-
table quantities in the cell-free culture after organism
growth might be due to several reasons. First, the enzyme
might be unstable or inactive under the conditions used for
determination. However, 1t would be difficult to explain
why the enzZyme would produce changes in skim milk in the
presence of the cells and now show activity when the cells
were removed, although in both cases the same substrate
(skim milk) was used. A possible factor might be the rela-
tive reducing conditions of the medium in pressnce and
absence of actively metabolizing bacterial cells. Secondly,
the enzyme might be assoclated closely with the bacterial
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cell. It may be that the enzyme 13 associated with the sur-
faca‘af the cell and is removed with the cell during centri-
fugatlion; this would explain the absence of proteolytic
activity in the cell-free culture media. The responsible
enzyme system also might be endocellular in the strict
sense. Cell-free extracts prepared from S. lactis by sonic
vibration showed proteolytic activity against milk, casein,
lactalbumin and various peptides. The inabllity to detect
proteolytic activity in culture media after the cells had
been removed prevented & direct study of the cheracteristics
of the proteolytlc activity assoclated with the sarly growth
phase 1n milk. For this reason, the present study has mnot
shown definitely that the proteolytic activity assoclated
with the early growth phase is elther identical with or
different from that found in a cell-free extract. However,
some Indication of simlilaritles between the two activities
has been found. The greater proteolytic activity in milk
cultures of S. lactis at pH levels of 6.0 to 7.5 may be due
to greater enzyme production, activity or stabllity at these
levels of reactlon. Data on the activity at various pH
levels and stability of the proteolytic activity of a cell-
free extract of §. lactls indlcate that optimum activity and
stabllity occurred at pH values near neutrality. The pre-
sent work, however, does not enable us to separate definite-
ly production of proteolytic setivity from differences in

activity at various pH levels.
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T™he patterns of the increases in soluble nltrogen and
in tyrosine and tryptophan in milk cultures of S. lactis
show & very slight increase in aclid-soluble nltrogen during
the first 12 hours of incubation, which is in agreement with
earlier reports, but definite increases in tyrosine and
tryptophan in the protein-free filtrates of these cultures
were found within l hours. The more rapid early appesrance
of tyrosine and tryptophan than of incressed soluble nitro-
gen would indicate either that two enzyme systems are
involved or that freeing of compounds giving tyrosine and
tryptophan reactions with the Folin-Clocalteau reagent is an
early phase of the proteolytic activity. The greater rates
of increase in soluble nitrogen at pH 5.5 and, to some
degree, at pH 8.0 than of increase in tyrosine and trypto-
“phan at these pH levels indieate ‘the possibility of two
systems, Storrs (55) reported increases in tyrosine and
tryptophan in protein-free filtrates of milk when a proteo-
lytic enzyme extract (pancreatlic) was allowed to react for a
short time on this substrate. He attributed the early
appearance of tyrosine and tryptophan to chdnges caused by
the enzyme on the surface of the protein molecules, changes
that are expected to involve degree of hydration as well as
the electrical charge of the partlcles, properties which
are of primary importance with respect to the stability and

coagulating characterlstics of the protein. Liberation of



tyrosine and tryptophan from milk protein by this pancreatic
enzyme was &ccompanied by decreases in curd tension and pro-
tein stability. No other changes in the milk could be ob-
served. Lembke et al. (42) recently reported that tyrosine
and tryptophan were freed during the early stages of break-
down of milk protein by pepsin and trypsin.

The reaction of the growth medium greatly affected the
proteolysls caused by S. lactis. As the pH of the system
(skim milk) begins to drop and the metabolis activity of the
cells presumably begins to decline in the system without
maintained pH, the rate of proteolysis, as determined by
elther procedure, declines. In the samples held at main-
tained pH levels from 6.0 to 7.5, both determination proce-
dures indlicate a continuing proteolysis. Obviously, the
decline in proteolysls as pH drops 1s not due to exhaustion
of available substrate, for when the pH is maintained near
neutrality substrate continues to be attacked. The possibi-
lity exists that the substrate would be not as avallable for
enzyme action at the lower pH levels. Whether or not the pH
is maintained, there is little probabllity that the cells
are destroyed by sutolysis; although the number of viable
cells declines more rapldly in the runs without meintained
pH, this need not lead to rapld cell autolysis.

Except for the work by Dudani (20) on the proteineses
of 8. liquefaciens, little attention has been given to the

relationship between nutrition and production of this type



-12)y-

of enzyme by the dairy streptococeci. In the present work
the production of the proteinase activity demonstrable in
the cell-free preparation obtalned by soniec vibration was
influenced to some degree by certain components of the
growth medium. This system appears to be partially adaptive,
since replacement of whole protein (cassein) in the growth
medium wilth breakdown produets of protelins caused definite
decreases of the protelnase activity. A similar requirement
was found by Dudani (20) for the proteinase produced by

8. liquefaciens. Zimmermen (60) was not able to demonstrate

proteolytic activity against hemoglobin and casein with a
cell-free extract of 8. oremoris growing in & medium lacking
in intact protein.

In the present atudy, cell-free extracts prepared from

S. lactis grown in skim mlilk showed some indication of a

secondary optimum agalnst milk and casein at pH 5.5, but
this eoptimum was not found when the cells were grown in
broth media, This may be due to an adaptive enzyme activity
responding to some milk constituent or breakdown product

not found in the broth media. However, Baribo and Foster
(8) reported that a cell-free extract of cells of S. lactis,
grown 1in carrot-liver extract broth showed a second optimum
against casein at pH 5.0 to 5.5, using increase in acid;
soluble nitrogen as a measure of activity. Differences in

the growth medlia and strains of 5. lactls used may be
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responsaible, at least in part, for thls discrepancy. Since
the more detailed studies in the present work were made on
enzyme preparations from cells grown in non-milk media, data
which characterized the system active at the lower pH levels
were not obtained.

Presence of nicotinie acid in the growth medium seems
to be invalved in some manner in production rather than
activation of the protelnase sctivity. Continued growth and
production of proteinsase activity after omission of one
vitamin at & time might be attributed, although very unlikely
to (a) the ablility of the organism to synthesize these
nutrients of (b) the vitamin may not be needed. However,
the vitamin-test casein, as usually employed in animal
experiments, may contain these compounds in such amounts
that growth and production of proteolytic activity, at least
in part, continues.

Produstion of the endocellular peptidases of S. lactls
does not seem to be affected by the absence of whole protein
(casein) in the growth medium, in contrast to production of
endocellular proteinase activity, which was stimulated hy
the presence of whole protein (casein) in the growth medium.
Faillure of omission of one vitamin at a time from the
medium to influence activity’uf elther of the two peptidases
tested for unless growth was affected adversely may be

attributed to the same reasons &s described for continued
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production of proteinase activity after omission of
vitamins.

Most of the characteristics of the endocellular pro-
teinase activity of S. lactis, such as effects of pH, tem-
perature of incubation, reducing agents and metallic lons on
the hydrolysis of caseln agree well with those reported by
others (2,8). Baribo and Foster (8), however, found that
part of the proteinase activity could withstand heatling at
60° ¢, (pH 5.1) for 30 minutes when the activity was deter-
mined against casein at 30° c. In the present study, the
aotivity of the cell-free extract against casein was de-
stroyed by heating at 61.7° C. (pH 5.0) for 1 minute.

In all cases where milk was used as substrate in deter-
mining proteinase activity, more proteolytic asctivity could
be demonstrated than with the combined fractions of casein
and lactalbumin. The greater proteolysis may have been due
to (a) breakdown of one or more non-casein, non-albumin
nitrogen fractions of milk or (b) factors inherent in milk
which promote the activity of the enzyme system., 1In addiQ
tion, in an impure system such as this in which there may be
a multiplicity of enzymes, peptldases may act on some of the
peptides and be partially responsible for the increased
hydrolysis, as demonstrated by determinations of tyrosine
and tryptophan. Such activiiy would not be detected by the
soluble nitrogen determination.

There is little opportunity to compare the results on
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the characteristics of the endocellular peptidases of S.
lactis with the findings of other workers, since little
attention haa been given to the endoecellular peptidases of
S. lactis. The activity of a cell-free extract of 8. lactis
against glycyl-L-leucine was somewhat greater than againat
ggfalanylglyaina, in contrast to the findings of Zimmerman
(60) who reported that DL-alanylglycine was split much
faster than glycyl-L-leucine. It should be mentioned, how-
ever, that the extract used by Zlimmerman was prepared from
cells of 5. cremoris and the cells were grown in a quite
different medium from that used in the present study. The
effect of metals on hydrolysis of the peptides glyeyl-£~
leucine and ggfalanylglyeina by a cell-free extract of S.
lactis are simllar to those reported by Zimmerman (60) for
8 cell-free extract of S. cremoris. The characteristics

of the endocellular peptidases of $. lactis integrate well
with those reported for a great number of bacteria other
than 3. lastis by Bergsr et al. (12).

The differences observed in the effect of pH and
metallic lons on the hydrolysis of two or more peptides seem
to indicate the presence of different peptidases; thls also
would be supported by the results of the adsorption experi-
ments which effected a separation of the activities against
glyeyl-L-leucine and g&;alanylglyoina‘ Although fractional
precipitation with ammonium sulfate or ethanol and subse-

quent adsorption on kaolin or Al(OH)3 Cy resulted in
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separation of the activities against glyeyl-L-leucine and
ggualanylglyﬁine, it should be kept in mind that other pep-
tidases still may be present in both fractions. Additional
work on fractional precipltation followed by selective
adsorption may ald in the separation of the various proteo~
lytiec sctivities of the cell-free extract of S. lactis.

With respect to the results obtalned with the various
peptides, it should be pointed out that in an impure system
such as a cell-free extract of §. lactis, a multiplicity of
peptidases probably exlsts and the actlon observed against
a certaln peptide may be the result of the action of
several enzymes.

The results obtained in the study of the amino acids
and peptides present in & protein-free Iraction of milk with
and without incubation with 8. lactis are difficult to
Interpret. It is too much to hope that a single study would
reveal the pattern followed in the breakdown of milk protein
by the proteolytic enzyme system of 8. lactis. The free
amino acids (alanine, glutamic acid, glycine, leucines and
valine) found in the protein-free filtrate of a milk culture
of 8. lagtis at O hour incubation alsoc were reported by
Bloeck (15) in & protein-free fraction of skim milk. Aspar-
tic acid and serine were reported by Block to be present
in very small quantities but were not found in this study

at 0 hour incubation. Following incubation with S. lactls
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for lj days at 32° ¢., increases in the protein-free filtrate
in alanine, glutamle acid, glycine, leucines and vallne were
observed; aspartic acld, lysine, phenylalanine, proline,
serine, threonine, and tyrosine also were found in this
filtrate. Morgan and Nelson (45) reported also increases

in arginine, histidine, methionine, and tryptophan. However,
there was conslderable difference between the time and tem-
perature of incubation of the milk cultures, preparation of
the protein-free filtrates and method of determination of
amino acids, used in theilr study and in the éresent one.
Block (15) reported the presence of at least four peptides;
in this study three peptides were reported, of which one was
made up from the same amino aclds as was one reported by
Block (15). The amino acids which occur in the peptides
found by Bloeck also were found in the peptides (at O hour)
in this study with the execeptlion of aspartic acld, which was
present in one of the peptides reported by Block. Morgan
and Nelson (45) presented evidence that unhydrolyzed fil-
trates prepared from 8. lactis cultures contained intermedi-
ate products of protein degradation which possessed amino
acid activity. Determination of the order in which the
amino acids ococur in the peptides found in the various pro-
tein-free filtrates undoubtedly would contribute to the
knowledge of the mode of action of the proteolytic enzyme
system of S. lactis. It seems advisable in future experl-

mentas of thls type to use a less complex substrate than



«130-

milk; the complexity of this substrate increases the diffi-
~ecultles in the interpretation of the results. A similar
study employing pure fractions of caseln as substrate and
purified enzyme extracts probably would eliminate some of
the difficulties encountered with milk.

In recent years some attentlion has been given to the
proteolytic activity of water extracts of cheddar cheese
(8,49,50). Although some similarity exists between the
characteristics of the proteinase sctivity of c¢sll«free
extract of 8. laectis, as found in this work, snd those re-
ported for cheese extracts (8), such as effect of metallic
ions and reducing agents, major differences between these
activities were observed. These differences were in the pH
values for optimum asetivity, effect of temperature of lncu-
bation and effect of heating on the proteolysis of the sub-
strate, Peterson et al. (49) and Baribo and Foster (8)
found optimum aetivity for cheese proteinase at pH 5.0, with
a second optimum near neutrality, whereas the endocellular
proteinase of S. lactis in the present study showed optimum
actlivity against caseln at pH 7.0. This seems to suggest
that a large part of the proteinase extracted from the
cheese appérently did not come from S. lagtis, otherwise the
cheese extract would have been more active near pH 7.0.
There are two possible sources of enzymes most active at pH

5.0 to 5.5. One of them is rennet, the other is orgaenisms
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with proteolytic enzymes which have lower pH optima. The
active proteinase in ripening cheddar cheese was considered
by Peterson et al. (50) to be largely of bacterial origin
on the basis of the increase of cysteine-activated proteinase
during ripening. Amundstad(2), however, reported results
vwhich he felt showed that rennet causes the greatest part

of the breakdown of protein. L. casel can not be consldered
among the organisms with proteolytic enzymea which have
lower pH optima since cell-free extracts of this organiam
showed optimum asotivity against casein at pH 6.5 (8).
Tarnanen (56) reported that cell-free extracts of Bacterium

casel ¢ (L. helveticus) were most actlive at approximately

pH 6.0 at 42° ¢. against casein, gelatin and peptone.
Assuming that these organisms were present in cheese made of
pasteurlized milk, it still would be difficult to account for
the pH optimum &t 5.0 to 5.5. Whether there are other
microbial proteinases in milk or cheese with reaction optima
at pH 5.0 to 5.5 18 not known. In the present study,
however, it was found that a somewhat delayed but marked
increase in soluble nitrogen occurred in & milk culture of
S. lactls at pH 5.5. It may be that this component of the
proteolytic activity has greater stability at the pH of
ripening cheddar cheese than the component active at pH 7.0,
and may be part of the proteolytic activity of cheese
extracts with optimum at pH 5.0 to 5.5.
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The low level of proteinase activity at pH 5.0 found in
this study would seem to limit the proteolytlis sctivity of
S. lactls in cheese of most common types; the enzyme might
be more active on the surface of cheese such &s limburger
where the pH is ralsed. However, it should be kept in mind
that the breakdown of protein in cheese is the result of the
action of enzymes from different sources such as rennet and
& variety of mieroorgenisms; each type of organism may con-
tribute s system of proteolytic enzymes. In such case any
set of conditions used in the determination of proteolytic
sctivity will select those enzymes whlch have their optimum
activity under these conditions. In addition, the products
of the action of one eniyme may act as substrate which would
stimulate production of another enzyme. The presence of
rennet might give substrates upon which enzymes active at pH
5.0 $0 5.5 could bs formed and sct.

No matter how close the conditions in the test tube
experiments approach those prevailling in cheese, extreme
caution should be observed in the use of these results to
explain changes that take place In cheese during ripening.
The conditions that exist in cheese are very complex and
undoubtedly differ in many polnts from those present in the
digestion mixtures used in this study. Some of the pepti-
dases present in a cell-free extract of S. lactls proved to

be atill active at pH valuses that prevall in cheese of most
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sormon types and could contribute to the hydrolysis of some
of the smaller proteln fragments.

The inhibitory effect of copper on the hydrolysis of
glyﬁyl«%—lauains and gg—alanylglyeine is interesting since
very small amounts of copper &re known to be effective in

retarding normal flavor development in cheddar cheese (54).
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SUMMARY AND CONCLUSIONS

l. 8. lactis when grown in milk caused & rapid in-
erease in both soluble nitrogen and tyrosine and tryptophan
during the first 24 hours, followed by & smaller but gradual
increase during the rest of the experimentél period (70 to
90 hours}.

2. 'The increases in scid-soluble nitrogen during the
firat 12 hours of incubation were very slight but definite
inereases in tyrosine and tryptophan in the protein-free
filtrates of milk cultures of S. lactis were found within
i hours.

3. 8. lactis grown in milk with maintained pH (5.5 to
8.5) produced at pH values ranging from 6.0 to 7.5 consid-
erably more soluble nitrogen and tyrosine and tryptophan
than comparable samples without maintained pH.

. Addition of calcium carbonate to milk cultures of
S. laetis caused in all instances greater proteolysis than
in cultures wlthout added ealclum carbonate.

5. Lactic acid added to milk to give titratable
acidities up to 1.0 per cent, followed by incubation at
32° ¢. for 2 hours did not cause any increase in either
soluble nitrogen or tyrosine and tryptophan, indicating that

the protein breakdown in milk cultures of S. lactis is not
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due to the lactie acid produced by this organism.

6. No proteolytic activity of elther type (increase in
soluble nitrogen or in tyrosine and tryptophan) was detected
in culture media of various types after the cells of S.
lactis had been removed by centrifugstion, indicating
absence of & true extracellular proteinase.

7. Cell-free extracts prepared from 8. lactls grown
in elther milk or broth media showed proteolytic activity
against milk, casein and lactalbumin.

8. Produetion of proteinase activity of S. lactis
appeared to be partially’aéaptmve. Replacement of whole
protein (casein) in the growth medium with breakdown pro-
ducts of protein caused definite decresses of the proteinase
activity.

9. Omlission of individual vitamins from vitamin-test
casein medium A affected organism growth. Omission of
nicotinic acld from the growth medium caused a definite
decrease of the proteinase activity of the cell-free eox-
tract. The presence of this vitamin in the growth medium
seemed to be invelved in some manner in the production
rather than sctivation of the endocellular proteinsase
activity.

10. The endocellular protelnase activity had its opti-
mum pH agalnat milk and caseln at pH 7.0; optimum pH for
lactalbumin was at pH 6.5. When milk was used as growth

medium some indication of a second optimum against milk and
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casein as subatrate was found at pH 5.5; this however was
not found when the cells were grown in vitamin-test casein
medium B.

11. Maximum activity of the endocellular protelnase
against a and y casein was found at pH 6.5, for B casein at
pH 6.5 to 7.0. a casein was digested somewhat more than
and ¥ casein at pH 6.0 to T7.0.

12. Optimum activity of the endocellular proteinase
against milk, casein and lactalbumin, within the temperature
limits studied, was found at 45° ¢C.

13+ Reducing agents activated the endocellular
proteinase.

1. Metallic ions elther had no effect on the protein-
ase sctivity or were slightly inhibitory.

15. The effect of heating at 50, 55 and 61.7° C. for
different lengths of time was tested at varlous pH levels of
the cell-free extract. Maximum stabllity of the proteinase
activity was found et pH 7.0. Heating at 61.7° ¢. for only
2 minutes inactivated the preparation. The extract was
inasctivated quite rapidly at pH's 5.0 and 9.0, even at the
lower tempersatures.

16. The proteinsse activity was quite stable bestween
pH 5.0 and 9.0 during i days of storage at 2° C. A con-
siderable destruection took place &t pH 5.0 and 9.0 when
stored at 32° C. and & somewhat smaller destruction at pH

6.0 and 8.0 at 32° ¢.
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17. A cell-free extract of $S. lactis grown in elther
milk or broth medla was found to be active against seven
different peptides.

18. Production of endocellular peptidases active
against glyayl»&~louelne and Ekyalanylglyeino was not af-
fected by the absence of whole protein (casein) in the
growth medium, in contrast to the production of the endocel-
lular proteinase activity which was stimulated by the pre-
sence of whole protein (casein) in the growth medium,

19. Omission from vitemin-test casein medium A of
blotin, nicotiniec aeid and pyridoxine decrsased the activity
of the cell-free extract of S. lasctis against glycyl-g—
leucine somewhat; omission of biotin, nicotinle acid and
calclum pantothenate decreased the activiiy against
g&:alanylglyaine.

20. The optima for the activitles against seven dif-
ferent peptides were found at pH values ranging from 7.0 to
9.0. There was some tendency of the peptides in which the
glycine carboxyl group was free to have the pH of maximum
activity at a somewhat higher value than the leucine or
tyrosine peptides.

21, Optimum activity against glycyl-L-leucine and
g&~alanylglyaine, within the temperature limits studied, was
found at 45° c.

22. The effect of heat on the peptidase activity
against glycyl-&«l@ueine and g&—alamylglycina was tested by
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heating the cell-free extract at 61.7° C. for different
lengths of time at various pH levels (4.0 to 9.0). Maximum
stabllity of the peptidase actlivities was at pH 7.0; the
extract could withstand heating at 61.7° C. (at pH 7.0) for
10 minutes without any serious loss of sctivity. Heating at
61.7° ¢. at pH 4.0 for 1 minute destroyed the peptidase
activities. Consliderable destruction of asctivitles agalnst
" both peptides took place when heated for more than 3 minutes
at pH's 5.0 and 9.0.

23. The activities agsinst glyeyl-&-leucins and
g&f&lanylglysins were quite stable between pH's 6.0 and 9.0
during li days of storage at 2° C. Considerable destruction
of aotivities occurred when stored at pH 5.0 and 2° ¢. for i
days., Holding at pH L.0 for 12 hours destroyed the pepti-
dase activities completely.

2. Hydrolysis of glyeyl-L-leucine at pH 8.0 was acti-
vated by Mn**; cu*t, zn™* and N1 were inhibitory, Mg*t,
co** and ocysteine did not have much effect.

25. 1In the case of gé-alanylglyoine, co*t activated
the hydrolysis at pH 8.0, Mg** in 0.1 M concentration gave

some activatlion, cu*+, zntt

Mn** and cysteine dld not show mueh effect.

and Ni*" were inhibitory and

26, Both the proteinase astivity and the peptidase
activities against glycyl«&«l&ucina and DL-alanylglycine

were precipitated from a cell-free extract of S. lactis with
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ammonium sulfate in the range between [0 and 75 per cent
saturation, and also by absolute ethanol between L0 and 60
volume per cent at pH 7.0.

27. PFractional precipitation and adsorption experi~-
ments removed & great portion of the inactive material from
the aoll?free extract and resulted in some separation of
the activity agalnst gayalanylglycine from that against
glyeyl-L-leucine and from the proteinase activity.

28. The protein-free fraction of milk incubated with
S. lactis for 0, 24 and 96 hours was investigated for the
presence of amino acids and peptides by paper chromato-
‘graphy. Free alanine, glutamic acid, glycine, leucines and
valine were present in the protein-free filtrate at 0 hour
incubation.

29. Incubation with S. lactis for 2j hours resulted in
the appearance of free lysine, phenylalenine, proline,
serine, threonine and tyrosine; an increase was observed in
free alanine, glutamie acld, glycine, leucines and valine,
which already were present at O hour ineubation.

30. As the incubation period was extended to 96 hours,
free aspartic acld appesared; increases also occurred in free
alanine, glutamle acld, leuecines, lysine, phenylalanine,
proline, serine, threonine and tyrosine over the amounts
found after incubation for 24 hours.

31. Evidence was found for the presence in the



protein-free filtrate of three peptides at O hour, five
peptides after 2l hours of incubation and six peptides after

96 hours of incubatlion.
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