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ABSTRACT

“C-Labelled milk proteins and peptides were required for
studies on the nitrogen nutrition and proteolytic enzymes of
starter bacteria. Therefore, a cow was injected with a mix-
ture of MC-labelled amino acids (2mCi) and milked at inter-
vals over 28 h. The first milking (3.75 h) contained the
most active components with the caseins, B-lactoglobulin

and a-lactalbumin having a specific activity of 2.3 x 10°
disintegrations per min (dpm) /g while lactose and tri-
glycerides had specific activities of 2.3 x 10" dpm /g and
3.4 x 10" dpm /g, respectively. Thirteen amino acids iso-
lated from acid hydrolyzed milk protein contained radio-
activity. Only 6% of the label injected was recovered in
milk protein in the first 28 h.

The nitrogen nutrition of Streptococcus cremoris AM2 and E8

was studied by adding "“C-labelled milk proteins, peptides

and single amino acids separately to unlabelled milk and
then determining the incorporation of radioactivity into
bacterial protein during growth. A specially prepared low
heat skim milk powder having a content of potential nitrogen
sources similar to that of fresh milk, was reconstituted for
use as the growth medium. At low cell densities, free amino
acids and peptides were used as nitrogen sources. As the
cell density increased, milk protein became an increasingly
important nitrogen source and the cells became dependent on
their cell wall-bound proteinase. All caseins tested,
B-lactoglobulin and a-lactalbumin were used as nitrogen

sources by both strains.

A proteinase assay was evaluated in which "™C-labelled casein
(2.3 x 10° dpm / g) was used as the substrate. This assay
was used to study the spontaneous release of cell wall-
associated proteinases from milk-grown cells of lactic
streptococci. Eight strains of S. cremoris and two strains
of S. lactis released proteinase when cells were held in
buffer. An exception was S. cremoris MLl which did not
release significant activity. The rate of proteinase release

increased with rise in temperature (0 to 34OC) and pH (5.5
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to 8.7) although inactivation was apparent at 34°C and pH 8.7.
With all strains, release of proteinase was suppressed by

the addition of CaCl2
ature to OOC, or by lowering the pH to 5.5. The rate of

to the buffer, by lowering the temper-

proteinase release varied markedly with different strains.
A possible mechanism for the release of proteinase from the

cell wall is discussed.

Cheddar cheese was made with cultures containing different
proportions of proteinase-positive (Prt+) and piroteinase-
negative (Prt ) cells. This allowed the level of starter
proteinase to be varied while the total concentration of
starter cells in the curd at salting was kept constant.
Cheeses with 45 to 75% Prt cells developed significantly
less bitterness than cheeses containing only Prt+ cells,
thus providing direct evidence that the level of starter
proteinase has a role in bitterness development in Cheddar
cheese. The involvement of starter peptidases in the re-

moval of bitter peptides is discussed.
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PREFACE

The manufacture of Cheddar cheese and lactic casein involve
the fermentation of milk by lactic streptococci. Since

these fermentation industries arc of major importance to

New Zealand an understanding of the growth and metabolism of
lactic streptococci in milk is desirable. This thesis des-
cribes research carried out on a number of topics related to
the nitrogen metabolism of lactic streptococci. A novel
approach adopted in these investigations was the use of
radioactive milk, or milk fractions, prepared biosynthetically
in the mammary gland of a cow after C-labelled amino acids
were injected into the bloodstream. ‘''he preparation and
analysis of this material is described in Section I. Radio-
active components were isolated from this milk and used to
evaluate the potential nitrogen sources for growth of lactic
streptococci in milk (Section II). Radioactive casein was
used as substrate in the assay of cell wall-asscciated pro-
teinases, enzymes which catalyze the first step in the break-
down of milk protecin to the frece amino acids reguired for
synthesis of bacterial protein. An evaluation of the pro-
teinase assay and studies on the release of proteinase from
the cell wall of intact cells, are contained in Section III.
Proteolytic enzyme systems of lactic streptococci are not
only involved in supplying essential nutrients for cell
growth during cheese manufacture but are also active during
subsequent cheese ripening. Section IV deals with the effect
of the level of cell wall-associated proteinase on bitterness

development in Cheddar cheese.
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ase. N Z Jl Dairy Sci. Technol. 15, 131 -141.

Mills, O E & Thomas, T D {(1981). Nitrogen sources for growth
of lactic streptococci in milk. N Z J1 Dairy Sci.

Technol. 16 (in press).



vi.

ACKNOWLEDGEMENTS

I wish to thank the New Zealand Dairy Research Institute for
employment and the use of facilities during the course of

this work.

I am grateful to Dr T D Thomas, New Zealand Dairy Research
Institute, for invaluable guidance and encouragement, Dr R C
Lawrence, New Zealand Dairy Research Institute, for continu-
ing interest and helpful discussions and Professor E L

Richards for overall supervision.

I am indebted to Professor D S Flux and Dr G F Wilson of the
Dairy Husbandry Department and Mr A C Lowe of the No. 3 Dairy
Unit for procuring the cow, injecting the radioactive amino

acids and collecting the milk.

I wish to thank the following people at the New Zealand Dairy
Research Institute:

Cheese Technology Section for assistance in cheesemaking;
Product Evaluation Section for setting up the tasting trials;
Taste panellists for their services;

Mr A R Matheson for assisting with the amino acid analyses;

Mrs G F Stinson, Mrs J S Cleland and Miss F D Kirk for

technical assistance;
Many of my colleagues for helpful discussions;
Miss J M Watson for typing the manuscript;

Miss C E Thomasen for reproduction of figures.



TABLE OF CONTENTS

ABSTRACT

PREFACE

ACKNOWLEDGEMENTS

LIST OF FIGURES

LIST OF TABLES

SECTION I PREPARATION OF "C-LABELLED MILK

Chapter 1 1Introduction

Chapter 2 Experimental

2.1

"“C-lLabelled amino acids
Composition of scintillation solutions
Radiocactivity determination

Infusion of “C-labelled amino acid mixture and

milk sampling

Treatment of milk samples

Composition of milk

Determination of radioactivity in milk components

Sephadex G-75 chromatography of whey proteirs

from the first milking

DE52 cellulose chromatography of total casein

from the first milking

Radioactivity of individual amino acids in milk

protein

Chapter 3 Results

Composition of skim milk powders
Specific activities of milk components

Sephadex G-75 chromatography of whey proteins from
the first milking

vii.

Page
ii
iv
vi

xiii

XV1



viii.

3.4 DE52 chromatography of total casein from the first

milking 13
3.5 Radioactivity in individual amino acids in milk

protein 13
Chapter 4 Discussion 15

SECTION II NITROGEN SOURCES FOR GROWTH
OF LACTIC STREPTOCOCCI IN MILK

Chapter 5 Introduction 18
Chapter 6 Experimental 21
6.1 Bacteria and stock cultures 21
6.2 Low heat skim milk powder 21
6.3 LHRSM medium, monitoring of growth and harvesting

of cells 22
6.4 The separation of low molecular weight peptides

and free amino acids in the NPN fraction 22
6.5 Preparation of C-labelled peptides 2.8
6.6 Preparation of C-labelled total milk protein and

isolation of individual proteins 23
6.7 Plate counts 25
6.8 Free amino acids in milk as a nitrogen source for

growth 215
6.9 Milk protein as a nitrogen source for growth 25
6.10 Individual milk proteins as nitrogen sources for

growth 26
6.11 Protein content of bacterial cells 26
6.12 Extraction of bacterial protein for specific

activity determinations 27
6.13 Nitrogen determinations 27
6.14 Amino acid analyses 27
Chapter 7 Results 28
7.1 Free amino acid and peptide content of LHRSM 28



7.2 Protein composition of LHRSM

7.3 Protein content of cells and amino acid compo-
sition

7.4 Free amino acids in milk as a nitrogen source for
growth

7.5 Low molecular weight peptides in milk as a nitro-
gen source for growth

7.6 Milk protein as a nitrogen source for growth

7.7 Individual milk proteins as nitrogen sources for
growth

7.8 Growth of S. cremoris 266 Prt+ and Prt

Chapter 8 Discussion

SECTION III ASPECTS OF CELL
WALL-ASSOCIATED PROTEINASES

Part 1 Evaluation of Proteinase Assay
with C-Labelled Casein Substrate

Chapter 9 Introduction

Chapter 10 Experimental

10

10

lo.
10.
10.
l0.
10.

10.

.1

.2

6
7

8

Bacteria

Experimental RSM medium, growth and harvesting

of cells

Release of cell wall-associated proteinase
Proteinase assay with C-labelled casein
Proteinase assays with non-radioactive casein
Effect of pH on activity

Effect of proteinase concentration on prcteolysis

Assay of thermolysin, subtilisin and chymosin

using C-labelled casein substrate

Chapter 11 Results

11.1 Effect of pH on proteinase activity

. 2

Effect of temperature on stability of cell-free

proteinase

ix.

28

33

33

33

39

39

39

43

48

50

50
50
51
51
52

52

5P

53

53

53



11.3 Effect of temperature on activity and stability

of cell-bound proteinase
11.4 Effect of substrate concentration on proteolysis
11.5 Effect of proteinase concentration on proteolysis

11.6 Comparison of ™C-labelled casein assay with

Folin-Ciocalteu and fluorescamine assays

11.7 Assay of thermolysin, subtilisin and chymosin

using “C-labelled casein

Chapter 12 Discussion

Part 2 Release of Cell Wall-Associated

Proteinase(s) from Lactic Streptococci

Chapter 13 Introduction

Chapter 14 Experimental

14.1 Bacteria and stock cultures
14.2 Experimental RSM, growth and harvesting of cells
14.3 Proteinase assay

14.4 Release of proteinase from intact cells incu-

bated with lytic enzymes in a hypertonic medium

14.5 Spontaneous release of proteinase from intact cells

14.6 Stability of proteinase
14.7 Estimation of lysis

14.8 Cell wall preparation

Chapter 15 Results

15.1 Release of proteinase from intact cells in

hypertonic media

15.2 Spontaneous release of proteinase from intact

eells; et 5. cremoris 266

15.3 Survey of a range of lactic streptococci for
spontaneous release of proteinase from intact

cells
15.4 Proportion of total cell wall proteinase released

15.5 Location of proteinase in the cell

57

57

61

61

67

70

72

72

72

2

73

74

74

74

75

75

75

84

86



Chapter 16 Discussion

SECTION IV EFFECT OF THE LEVEL OF
STARTER PROTEINASE ON BITTERNESS
DEVELOPMENT IN CHEDDAR CHEESE

Chapter 17 Introduction

Chapter 18 Experimental

18.1 Bacteria
18.2 Cheese starter preparation for cheesemaking
18.3 Cheese manufacture

18.4 Determination of the Ratio of Prt+ to Prt cells

and starter colony counts
18.6 Bacteriophage assay
18.7 Analysis of cheeses
18.8 Determination of free amino acids and peptides

18.9 Bitterness evaluation

Chapter 19 Results

19.1 Proteinase activity of starter cultures
19.2 Cell densities in curd at salting

19.3 Proportions of Prt” and Prt” cell types
19.4 Cheesemaking times

19.5 Compositional analysis

19.6 Free amino acids and peptides in cheese

19.7 Bitterness evaluation

Chapter 20 Discussion

20.1 Role of starter proteinase in bitterness

development
20.2 Cheesemaking with cultures containing Prt~ cells

20.3 Role of starter peptidase in bitterness

development

X1i.

88

92

94

94

94

94

95

96

96

96

97

98

98

98

101

101

101

104

104

106

106
106

107



APPENDIX I EFFECT OF GROWTH MEDIUM ON THE
PROTEINASE ACTIVITY OF INTACT CELLS

Introduction

Experimental

Proteinase activity of cells grown in broth

Effect of amino acid and peptide addition to experi-
mental RSM on tre level of proteinase activity of
intact cells

rroteinase activity of cells transferred from broth
to experimental RSM

pH stat cultures

Results

Proteinase activity of cells grown in broth or milk

Effect of amino acid and peptide addition to experi-
mental RSM on the level of proteinase activity of
intact cells

Proteinase activity of cells transferred from broth
to experimental RSM

Effect of the addition of calcium to broth on the
level of proteinase activity of intact cells

Discussion

APPENDIX II HYDROLYSIS OF NATIVE AND METHYLATED

CASEINS BY CHYMOSIN AND TRYPSIN

Experimental

Preparation of methylated caseins

Hydrolysis
Results

APPENDIX III HYDROLYSI5 OF B-CASEIN WITH CELL

WALL-ASSOCIATED PROTEINASE FROM S. CREMORIS 266

Experimental

Results and Discussion

References

xii.

109

110

N1

110

110

110

lplaile

111

111

F.J
;-—J
(%

18

120

120
120

121

124

124

127



10.

11.

12y,

LIST CF FIGURES

Scheme showing the isolation of total casein,
total whey wmrotein and c¢rude deicnized lactose

from radioactive milk powder

Sephadex G
protein {first milking) in 0.04 M phosphate
buffer (pH 6.0)

DE52 Chromatcgraphic separation of casein (first

milking) at pH 7.0 in 0.01 M imidazole-HCl-4.5
urea with a sait gradient of 0 to 0.3 M NaCl

Sephadex G-15 chromatographic separation of the
amino acids and peptides in the NPN fraction of
“C-labelled milk

Amino acid anaiyzer chart showing the relative
concentration of free amino acids in the NPN

fraction of LHRSM

Amino acid analyzer chart showing the relative
concentration of amino acids in acid hydrolyzed

NPN fraction of LHRSM

Removal of ™C-labelled free amino acids from
culture medium during growth of S. cremoris AM2
and E8

Specific activity of bacterial protein with S.

cremoris AM, and E;, growing in LHRSM containing

8
“Cc-glycine, “C-valine and “C-isoleucine
Sephadex G-15 chromatographic separation of the
amino acids and peptides in the NPN fraction

from LHRSM and after growth of S. cremoris_E8

Specific activity of bacterial protein with S.
cremoris AM2 and E8 growing in LHRSM containing
added C-labelled milk protein

Growth of S. cremoris 266 proteinase-positive

and proteinase-negative in RSM

Effect of pH on the activity of cell-free pro-

tainase

-75 chromatograghic separation of whey

xiii.

~)

12

29

3 l?}

38

40

42

54



13. Effect of pH on the proteinase activity of intact
cells

14. Effect of substrate concentration on activity of
cell-free proteinase from S. cremoris 266

15. Cell-free proteinase concentration versus proteo-
lysis

16. Cell-bound proteinase concentration versus protec-
lysis

17. Comparison of methods for determining TCA-soluble
material in assays of cell-free proteinase from
S. cremoris 266

18. Activity of thermolysin, subtilisin and chymosin
using C-labelled casein as substrate

19. Release of proteinase from intact cells of S.
cremoris 266 and S. lactis ML3 in the presence of
added lytic enzymes

20. Release of proteinase from intact cells of 5.
cremoris Pz and S. cremoris L,

21. Effect of pH on the release of proteinase from
S. cremoris 266

22. Effect of temperature on the release of proteinase
from S. cremoris 266

23. Effect of Ca?’ and Mg?*' on the release of pro-
teinase from S. cremoris 266

24. Effect of NaCl on the release of proteinase from
S. cremoris 266

25. Effect of sucrose on the release of proteinase
from S. cremoris 266

APPENDIX T

1. Effect of added Trypticase on the level of pro-

teinase activity of intact cells of S. cremoris
266 growing in experimental RSM

2. Level of proteinase activity of intact cells of

S. cremoris 266 transferred from M17 broth into

experimental RSM

xXiv.

55

60

63

66

76

77

78

80

81

82

83

115

117



3. Effect of CaCl2 on the level of proteinase

activity of S. cremoris E, and AM2 grown at 30°C

8
in experimental broth with pH control

APPENDIX II

1. Disc gels showing time-course for trypsin hydro-
lysis of Uy~ and 3-casein and their methylated
derivatives

2. Disc gels showing time-course for chymosin hydro-
lysis of a4 .- and R-casein and their methylated

sl
derivatives

APPENDIX ITI

1. Polyacrylamide disc electrophoresis showing tne
hydrolysis of B-casein by cell wall-associated

proteinase of S. cremoris 266

XV.

118

122

123

126



11.

1L 2] 8

153¥.

14.

LIST COF TABLES

Distribution of radioactivity in the algal prctein
hydrolysate used to inject into a cow and the
relative activities of *total amino acids in milk

from the first milking
Composition of skim milk powder
Specific activities of milk components

Free amino acids in NPN fraction of LHRSM medium
and amino acid composition after acid hydrolysis

of this fraction

Protein composition of LHRSM

Concentration of amino acids contained in bacterial

protein in coagulated milk cultures of S. cremoris
AM2 and E8 containing 500 ug (dry weight) bacteria/
nl

Specific activity of bacterial protein from S.
cremoris AM, and E8 cells growing in LHRSM corn-

taining added “C-labelled peptides

Specific activity of bacterial protein from §.

cremoris AM, and E, cells grown for 5.5 genera-

8
tions in LHRSM containing pure “C-labelled milk

proteins

Effect of temperature on stability of cell-free

proteinase

Effect of assay temperature on the proteinase
activity of intact cells of S. cremoris 266 and

Eg

Effect of temperature on the stability of cell-

bound proteinase of S. cremoris 266 and E8

The effect of CaCl2 and temperature on the re-

lease of proteinase from lactic streptococci

Proportion of total cell wall proteinase re-
leased after 4 h in 0.05 M Tris buffer (pH 7.8)
at 25°C

Proteinase activity at pH 6.5 and 30° of Prt+ and

Prt  cells grown in skim milk

xvi.

1C

R

56

58

59

85

87

99



xvii.

15. Composition and cell density of starter during
. . +
Cheddar cheesemaking with mixtures of Prt and
Prt  r=2lls 100

16. Manufacturing times and salt-in-moisture value
of Cheddar cheese made with mixtures of pret and
Prt starter cells 102

17. Level of 12% TCA-soluble amino acids and peptides

during ripening of Cheddar cheese made with mix-

tures of Prt+ and Prt starter cells 103
18. Bitterness comparison of control and experimental
cheeses after six months ripening 105

APPENDIX T

1. Effect of growth medium on the proteinase activity

of intact cells of lactic streptococci 112

2. Effect of added Casamino acids on the level of
proteinase activity of intact cells of lactic

streprococcli growing in experimental RSM 114
3. Effect ef added Trypticase on the level of pro-
teinase activity of intact cells of lactic

streptococci growing in experimental RSM 116



