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ABSTRACT 

14 C -Labe l led m i l k  prote i n s  and pept ide s wer e  requ i red for 

s tud i e s  on the n i trogen nutr i t ion and proteolyt i c  e n z yme s o f  

s t a r t e r  bacte r i a . There fore , a c ow wa s inje c ted w i t h  a m i x 

t u r e  o f  � C - l ab e l l ed amino ac ids ( 2mC i )  and milked at int e r 

va l s  over 2 8  h .  The f i r s t  m i l k ing ( 3 . 7 5 h )  con t a i ned the 

mo s t  act ive compon ent s w i t h  the c a s e i n s , B- l ac toglobu l i n  

and a- l actalbumi n  hav ing a spec i f i c  ac t iv i t y  o f  2 . 3  x 1 06 

d i s i ntegrat i ons per m i n  ( dpm ) I g wh i l e  lacto se and t r i 

g l y c e r id e s  had spec i f ic a c t iv i t i e s  o f  2 .  3 x 1 0  � dpm I g and 

3 .  4 x 1 0  4 dpm I g ,  r e s pe c t ive l y . T h i rteen amino a c i d s  i so

l ated from ac i d  hyd rol y z ed m i l k  prote i n  contained rad i o 

a c t i v i ty . On l y  6% o f  the labe l i n j ected wa s recove red i n  

m i l k  prot e i n  in  t h e  f i r s t  28  h .  

The n i trogen nut r i t ion o f  Streptococ c u s  c remo r i s  AM
2 

and E8 
wa s stud i ed by add ing �C - l abe l led mi l k  prote i n s , peptid e s  

and s ing l e  amino ac id s s eparate ly t o  un labe l l ed m i l k  and 

then d e t e rm i n i ng the i ncorpora t i on of rad ioactiv i t y  into 

bacte r ia l  prote i n  dur ing growth . A spe c i ally prepared low 

heat s k im milk powder hav i ng a content o f  potent i a l  n i t rogen 

sour c e s  s imi l ar to that of fre s h  m i l k , wa s recons t ituted for 

u s e  a s  the growth med i um .  At low c e l l  dens i t i e s , f r e e  ami no 

ac i ds and pept ide s were u s ed a s  n i trogen sou rce s .  As the 

c e l l  den s i ty i n crea sed , m i l k  prote in became an i nc re a s ing l y  

important n i trogen source and the c e l l s  bec ame dependent on 

t he i r  c e l l  wa l l -bound prote inase . All case i n s  t e s ted , 

B- lactoglobu l i n  and a- l ac ta lbumin were u sed a s  n i trogen 

s o urc e s  by both s t ra i n s . 

A prote inase a s s a y  was eval uated in which � C - labe l led c a s e i n  

( 2 .  3 x 10 6 dpm I g )  wa s u sed a s  t h e  s u b s trate . Thi s  a s s a y  

wa s u s e d  to s tudy the s pontaneous r e l e a s e  o f  c e l l  wa l l 

a s soc ia ted pro te i n a s e s  f rom m i l k-grown c e l l s  o f  l a c t i c  

s t reptococc i .  E ight s t r a i n s  o f  �· c r emo r i s  a n d  two strai n s  

o f  S .  l ac t i s  r e l e a s ed prote i n a s e  when ce l l s  were he ld in 

b u f f e r . An exc e p tion wa s S .  cremor i s  ML1 whi c h  d id not 

r e l e a s e  s ign i f i cant act i v i ty . The rate o f  prote i n a s e  r e l e a s e  

i ncrea s e d  w i th r i se i n  temperature ( 0  t o  3 4
°

C )  and pH ( 5 . 5  
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to 8 . 7 )  al though i n ac t i vation wa s apparent a t  3 4
°

C and pH 8 . 7 .  

W i t h  a l l  s tra i n s , r e l e a s e  o f  prot e i n a s e  wa s suppr e s s ed by 

the add i t ion of cac 1 2 to the bu f f e r , by lowe r ing the t emp e r 

atu r e  to 0
°

C ,  o r  by lower i n g  t h e  p H  to 5 . 5 . The rate o f  

prote i na s e  re l e a s e  var i ed marked l y  w i t h  d i f f erent s tra i n s . 

A po s s ib l e  mechan i sm f o r  the r e l e a s e  o f  pro t e ina s e  f rom t h e  

c e l l  wa l l  i s  d i s c u s s ed . 

Cheddar chee s e  wa s made w i t h  c u l ture s cont a i n ing d i f fe r e n t  

proport ions o f  prot e i na s e - po s i t ive ( Pr t
+

) and pLote in a s e 

negat i ve ( Prt ) ce l l s . T h i s  al lowed t h e  l eve l o f  s t a r t e r  

p rote i n a s e  to be var ied whi l e  the t o t a l  concentrat ion o f  

starter cel l s  i n  t h e  c u rd at s a l t ing wa s k e p t  constant . 

Chee s e s  w i th 4 5  to 7 5 %  P r t  c e l l s  deve l oped s ign i f icant ly 
+ 

l e s s  b i tterne s s  t h an c hee s e s  conta i n i ng only Prt ce l l s , 

thus prov id ing d i re c t  evidence that the l evel of  starter 

prote i na s e  ha s a r ole i n  b i tterne s s  deve lopment in Cheddar 

chee s e . The invo lveme nt of s tarter peptid a s e s  in  the r e 

moval o f  bi tter pept ide s  i s  d i scu s s ed . 
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P REFACE 

The manufac ture of Ched d ar c he e s e  and lactic c a sein invo l ve 

the fermentation o f  m i l k  by l ac t i c  s t reptococc i .  S in c e  

the se fermentat ion indu s t r i e s  a r e  o f  major importance t o  

N e w  Z ea l and an und e r s tand ing o f  t h e  g rowth and metabo l i sm o f  

l ac t i c  s t reptococc i i n  m i l k  i s  de sirab le . T h i s  the s i s  d e s 

c r i be s  r e s e arch c a r r i e d  out on a numbe r of top i c s  r e l a ted to 

the n itrogen me tabo l i sm o f  l ac t ic s t reptococc i .  A nov e l  

approach adopted i n  the se inve s t i g a t io n s  wa s the u s e  o f  

rad ioac tive m i l k , or  m i l k  frac t ion s , prepared bio synthe t i c a l l y  

i n  the mammar y  g l and o f  a cow a f ter 1''C - l abe l l ed amino ac i d s  

wer e  injec ted into t h e  blood s t ream . ·�he prepa r a t i on and 

a n a l y s i s  o f  t his mater i a l  is d e scr ibed in S e c t ion I. Rad io

act ive componen t s  wer e  i so l ated f rom this  milk and u s ed to 

eva luate the poten t i a l  n i trogen sourc e s  for g rowth of lac tlc 

s t reptococc i i n  m i l k  ( Sec tion II). Rad ioac t ive c a sein wa s 

u sed a s  s ub s t r ate in  the a s s ay o f  c e l l  wal l - a s soc i ated pro

te inase s , e nzymes wh i c h  catalyze t he fir st s tep in the br eak

d own of m i l k  pro t e i n  to the free umi110 acids reyuircd for 
s ynthe s is o f  bacte r i a l prote i n . An eva luat ion o f  the pro

te i n a s e  a s s ay and s tu d i e s on the r e l e a s e  of pro t e i n a s e  from 

the ce l l  wa l l  o f  intact c e l l s , are conta ined in S ec t i o n  III. 

P roteolyt i c  enzyme s y s tems o f  l a c t i c  s treptococci  are not 

only invo lved i n  supp lying e s s e n t i a l  nutr ients for ce l l  

g rowth dur i ng c hee s e  manu facture but a r e  a l so a c t ive d u r i ng 

subsequent chee se ripening . Sect ion IV dea l s  with the e f f e c t  

o f  t h e  leve l o f  ce l l  wal l -as soc i a ted prote inase o n  b i tterne s s  

deve lopment i n  Chedda r  chee s e . 

Part s  o f  th i s  t hes i s  have been pub l i shed in the f o l lowing 

paper s : 

Mi l l s , 0 E ( 1 9 7 6 ) . The preparat ion o f  �C - l abel led m i l k  

prote i n s . N Z J l  Da iry S c i .  Technol . 1 1 , 1 6 4  - 1 6 8 . 

Mi l l s , 0 E & Thoma s , T D ( 1 9 7 8 ) .  Re l e a s e  o f  c e l l  wa l l 

a s soc i a ted prote i na s e ( s )  f r om l a c t i c  streptococc i .  

N Z J l  D a i ry S c i . Techno l . g, 2 0 9 - 2 1 5 . 

Mi l l s , 0 E & Thoma s , T D ( 1 9 8 0 ) . B i tt e rne s s  deve l opmen t  in 



V. 

Cheddar chee s e : E f fe c t  o f  the l eve l o f  s t a r ter prote in

a s e . N Z  J l  D a i r y  S c i . Te chno l . 1 5 ,  1 3 1 - 1 4 1 . 

M i l l s , 0 E & Thoma s , T D (1 9 8 1 ) . N i t rogen sour c e s  for growth 

of l a c t ic s treptococc i in mi l k . N Z J l  Dairy S c i . 

Techno l . 16 ( i n pre s s ) . 
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SECTION I 

PREPARATION OF 1''C-LABELLED MILK 



C H A P T E R 1 

INTRODU CTION 

2 .  

T h e  prep aration of r adioacti ve bovine m i l k  was undertaken so 

th at the ind ividual prote i n s  could be isolated in 14C-labelled 

fo rm . It was antic ipated that if the proteins had suffici-

ently h i g h  speci fic activities then they could be used (i) 

to assess their role in the nitroge n  nutrition of lactic 
s treptococci growing in milk , and (ii) as substrates for the 

a s say of Jroteinases from lactic s+reptococci. 

Milk prote i ns are synthesized in the mammary gland f rom amino 
acids wh i ch are a bsorbed from the blood either as free amino 

acids or as amino acid precursors ( Linzell, 1974). Suffici
ent amino acids essential fo r the synthe sis of milk protein 

are absorbed from the blood to account for all the es sential 
amino acid s in milk. Some non-essential amino acids are 
absorbed from the blood with the remainder being synthesized 
i n  the mammary gland (Bickerstaffe et al., 1974). Although 

B arry ( 1 952 , 1956, 1958) found that the separate injection 

o f  14 C - l ysine , 14 C -tyros ine , 1'• c -g luta mic acid and 1'•c-prol ine 

i nto the jugular v e i n  o f a goat each resulted in radioactive 

case i n , no data was available to allow estimation of (i) t he 

r ecovery o f  i n j ected i sotope i n  bov ine m i l k  and ( i i )  the 

spec i f i c  activ i ty o f  m i l k  protei n . In an e f fort to obtain 

un i fo rm l abe l l ing of t h e  max imum numbe r  o f  amino ac ids du ring 

bovine m i l k  protein b i o synthe s i s , a mixture of 14 C - l abe l led 

amino ac id s  was i n j ected i n to the j ugular ve in of a Fr i e s ian 

c ow .  The cow , whi ch was i n  m id-lactat ion , wa s then m i l ked 

at i nt erva l s  and the m i l k  ana l y z ed to determine the e f f e c t

i vene s s  o f  t h i s  method i n  rad i o l abe l l ing m i l k  prote i n . 



C H A P T E R 2 

EXPERIMENTAL 

2 . 1  14C-Labelled Amino Acids 

3 . 

Algal protein hy dro lysate c on ta ining amino acids evenly 

label led with 1''c (specific activity 55 mCi/mg atom o f  c a rbon ) 

was obtained from The Radiochemical Centre (Amcrsham, 

England ) . The radioactivity of each amino acid as a pe r 

c e ntage o f  the total is given ln Tabl e  1 .  The hydroly sat e , 
containing a total of 2mCi14C, was dissolved in NaCl solution 

(20 ml, 0.9% (w/v)) and ad j usted to pH 7.4. The qua n t i ty of 

i s otope used was limited by its cost . 

2 . 2  Compositi�n of Scintillation Solutions 

The polar scintillation cocktail for aqueous samples contai ned 

naphtha] t"�ne (lOO 1)) and 2, 5- diphcnyloxazol0 ( 5 g) made up 
to 1 1 w i t h  1, 4- d i oxan .  The non- po lar scinLillation fluid 

for org a n i c  sample s contained 2, 5 - d i phenyloxazo lc ( 5 g / 1 )  

i n  to luene . Al l c hemica ls were of sc intillation grade. 

2.3 Rad ioac t i v i ty Determination 

Radioac t i vi ty wa s measured i n  a Beckman LS-l OOC Liquid 

Scintillation S y s t em ( Be c kman Instruments Inc . , I rv i ne , U SA) 

to an e rr o r  o f  ± 5 % . The quenc h i ng e f fect o f  water on the 

count r a t e  was d e t e rmined by measur ing the count r a te and 

external s tandard r a t i o  a ft e r  add i t ion o f  succ e s s ive ali 

quots o f  water to a known quant i ty of  � C-glyc in e  i n  the 

polar cocktail . T h i s  data wa s then u sed to convert counts/ 

min o f  any sampl e to d i s i ntegrations I min ( dpm ) . 

2 .4 I n f u s ion o f  14C -Labe l l e d  Amino Ac id Mixtu r e  and Mi l k  

S amp l ing 

A F r i e s i a n  cow i n  m i d - l a c t a t ion wa s milked out prior to in

f u s ion o f  the ami no a c i d  m i x tur e . The amino a c id mixture 



4 . 

TABLE 1: Distr i bution o f  Radioactivity in the Algal Protein 

Hydrolysate used to Inj e c t  into a Cow and the 

Relative Activities (see text ) of Total Amino Ac ids 

i� Mi lk from the First Milkin� 

Amino Acid 

a s part ic acid 

threon ine 

se rine 

glutamic acid 

proline 

glycine 

alanine 

cysteine 

valine 

meth ion i ne 

i sol euc ine 

l euc i ne 

tyro s i ne 

phenylalanine 

l ysine 

hi s t i d i ne 

argin i n e  

tryptophan 

a 
( 

dpm 
) 

A
4 40nm 

% of Tota l 
Radioactivity of 

Algal Protein 
H y drolysate 

9.0 

5. 8 
4 . 8 

ll. 8 

5 . 6 
4 .  6 
9. 3 

0 

6.8 

0 
4. 8 

11.8 

3. 6 

6. 7 

5. 1 

4.0 

6.3 

0 

b 
D e s t royed during hydrol y s i s  

Relative Activity in Milk 

( �m
-) 

A
570nm 

S tandard 
Mean 

Deviation 

1.4 0. 1 

5 0 . 5  ll. 0 

20.6 2. 1 

ll. 0 1.3 

46.5a 4 .  8 

0 

0 
0 

21.8 0. 5  

0 

21.0 1.6 

17. 2 3.0 

69.2 9. 0 

105. 2 18.5 

53.0 1. 4 

82.5 5. 0 

62.7 12.1 

b 



5 . 

( 2 0  ml ) was administered in a s ingl e  dose through a cannu l a  

into the j ugu lar ve i n . The cow was then machine-milked 3. 75, 

7 ,  1 1 , 2 2. 5  and 28 h after the injection. 

2 . 5 Treatment o f  Milk Sample� 

The m ilk was cent r ifug ed ( 2 500 x �· 1 5  min, 20°C) and the 
f at then removed. The s k im milk was frozen i n  a few s econd s  

by pouring thin layers into t rays wh1ch were p lac ed in a bath 

o f  liquid nitrogen. After freeze-drying the powder wa s 

s tored a t  -20°C. 

2 .  6 Compos i !;:ioE__ o.f Milk 

P rote in : 

Total nitrogen (TN , % ( w/v ) )  and non -protein n i t rogen (NPN, 
% ( w/v ) )  taken as the fraction sol�ble in J 2 �  (w/v) trichlor
a cet ic acid (TCA) were determined by the Kjel - Foss Automatic 
1 621 0 (Foss Electric, Hiller0d, Denmark) instrument using 
the K j eldahl method. Whey pro tein (WP, % (w/v)) was deter

m ined by the amido black method ( Roeper & Do l by , 1971). The 

c as e in concentrat ion ( C ,  % (w/v)) of reconstituted s k im m i l k  

w a s  calculated from the form u la 

C = (TN - NPU) x 6. 38 - WP 

where the factor 6.38 converts nitrogen concentration to 

prote in concentrat ion . 

Lacto se : 

La ctose concentra t i o n  wa s d e t e rmined by the Lane and E ynon 

method p receded by c l ar i f ic a t ion of t he milk with l e ad ace

tate and sodium f l uoride (McDowal l  & Dolby , 1 9 3 5 ). 

Mir.era l s: 

The tota l mineral content o f  the m i l k  wa s obta ined by 

c harr ing the powd e r s  ove r a b un s en burner t hen a s h ing in a 

mu f f le f urnace a t  5 5 0°C for 1 6  h .  



. 6. 

2 . 7  D e t e rm i nation o f  Rad i oactivi ty i n  Milk Components 

Total c a s e i n , total whey protei n and a c rude lac to s e f r a c t ion 

were i so l ated by the procedure outlined i n  Fig. l .  Total 

c a s e in ( 0 .  05  g)  was dis s ol ved i n  l H Na.Oll ( 0 .  5 ml) , wa t e r  

( 4  ml ) wa s added a n d  the pH adjusted t o  7 . 0 wit h l M HC l,  

t he f in a l  volume being made up to 5 ml . Whey protein ( 0 . 0 5  g )  

was d i s so l ved in 0 . 0 01 H NaCl (5 ml}. These s olution s were 

counted by mix i ng aliquots (0.1 ml) of each solution with 

polar sc i n t i l l a t i on cockta i l  (8 ml) and the sp e c if i c ac t iv

ity ( dpm/g ) wa s calculated. The s p e c i fic act ivi ty of t h e  

c rude l ac tose f r a c t i o n  wa s determined by we igh ing dried 

mate r i a l  (3 mg} in to a count i ng v i a l  and di s so lvi ng in 0 . 1 M 

HCl ( 0 . 2  rnl} . This solution was then mixed with po l a r  

s c int illat ion cocktail ( 5  ml} .  The spec i f i c ac t ivity o f  the 

t r i g l y c e ride fract ion, wh i c h  comp r i s e s  95 to 96% of the t o t a l  

milk f a t  ( Kurt z ,  1 97 4 ) , wa s determ i ne d  a f ter isola tion o f  

t h i s  fr a c t ion . S e p ara ted fat was shaken wi th h exane and the 

solvent layer was h ed seve r a l  times with distilled w�tcr before 

evapora t i on . T r i g l ycer id e  (30 mg) was weighed into a cou n ti ng 
vial and dissolved in non-polar scintillation solution (8 ml). 

2 . 8  S ephade x  G-75 Chromatography of Whey Prote in from t h e  

F i r s t  Mi l k i ng 

A samp l e  o f  skim milk powder ( 2  g )  from the f i r s t  m i l k ing 

was d i s so l ved in d i st i l led wat e r  ( 1 0  ml). The casein wa s 

acid-pre c ip i tated and removed by c entrifugation. The supe r 

n atant was ad j us ted t o  p H  6 w i t h  NaOH and concentrated t o  

3 ml by imme r s ing a d i a ly s i s  s a c k  cont a i n ing t he whey i n  a 

bed o f  polyethylene g l ycol f l ake s . The sampl e  wa s t hen 

e l u te d  f r om a 2 . 5  cm x 4 6  cm c o l umn of S ephadex G- 7 5  w i t h  a 

0 . 0 4 M phosphate buf fer ( pH 6 . 0) .  The absorbance a t  2 8 0 nm 

( A
2 S Onm 

va l u e )  wa s determ i ned for each f rac t ion and an a l i 

quot ( 0 . 1  ml ) wa s mixed w i t h  p o l ar cockta i l  ( 5  ml ) and 

counted to an e r r o r  of ± 1 0 % . 

2 .9 DE 5 2  C e l l u l o s e  C hromatography o f  Total C a s e i n  f rom the 

F i r s t  M i l k i n g  

C a s e i n  ( 1  g )  \-vas d i s solved i n  0 .  0 1  H imida z o l e - H C l  buf f e r  
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8 . 

(15 rnl, pH 7.0) containing 4.5 M urea. The sample was 
eluted from a 2.5 ern x 4 5  ern column of Whatrnan DE52 cellu

lose with the urea - imidazole - HCl buffer and a 0 to 0 .  3 0 M 

NaC1 gradient. The A2BOnm value was d etermin ed for each 
fraction and an aliquot (0.1 rnl) was added to pol ar cocktail 

(5 rnl) and counted to an error of ± 10%. 

2.10 R�dioactivit.y of Individual Amino Acids in Milk Protein 

Skim milk powder (0.01 g) from the first milking was digested 

with 6 M HCl for 24 h at ll0
°

C while under vacuum. The 
hydrolysate was dried down to remove HCl and redissolved in 
0.2 M sodium citrate buffer ( l  ml, pH 2.2). This solution 

was loaded onto the 23 ern column of a Locarte Amino Acid and 

Peptide Analyzer (The Locarte Company, London, Engl and) . 

After reac t i on wi th ninhydrin , the effluent was collected 

(0.57 rnl fractions) after passing through the colorimeter. 

Three fractions from the top of each peak were se l ect ed and 
the "A-��1 011m values (A for proli ne ) were deteriL.ined in a ""J ,1 440nm 
2 mm pathleng·th cell. These values were corrected by divid-

ing by the appropria te colour constant. Aliquots from these 
fractions were added to polar cocktail (5 ml) and counted to 

an error of ± 7%. Dtte to high quenching by the ninhydrin -

amino acid complex, it was not possible to count more than 

0.1 rnl at a time. Relative activity values were determined 

by dividing the dprn value by the corres ponding corrected 

A570nm (or A4j0 ) value. A mean relative activity for each . nm 
amino acid was then calculated. 



C H A P T E R 3 

RESULTS 

3 . 1  Compo s i t i on o f  S k im Mi l k  Powders 

9 .  

T h e  concentrat i on s  o f  c a s e i n , whey prote i n , l a c to s e  a nd NPN 

we re determ ined in recon s t i tu t ed sk im mi l k  then c o nver ted to 

the corre spond i ng concen trat i o n s  in t h e  s k im m i l k  powder 

( Tabl e 2 ) . There was a d e c r e a s e  in  c a s e i n  a nd to t a l  pro t e i n  

c o n te n t  over t he f i r s t  f o u r  m i l k i ng s  whi l e , a t  the same t ime , 

the l acto se content i nc r e a s ed . The t o t n l  s o l i d s  content o f  
t h e  s k im m i l k  rema ined con stan t a t  9 .  5 %  ( w/ v )  over t he f i r s t  

three m i l k i n g s  ( no t  d e t e rmined f o r  t he fourth or f i f t h  

m i l k i ng s )  . 

The NPN l ove l decre a s ed s l i g h t l y  whil e  a peak i n  a s h  cont e n t  

o c c u r r e d  a t  t h e  fou r t h  mi l k i ng . 

3 .  2 Spe
_
c i f i c  Ac t i v i t i e s  o f  M i l k  Components  

The s pe c i f i c  a c t i vi t i e s  of  the c a se i n , whe y  prote i n  and 

c rude l ac t o s e  fraction we re h ig he s t  i n  m i l k  f rom t he f i rs t  

mi l k i ng ( Ta b l e  3 ) . I n  c o n t r a s t , the spe c i f i c  a c t iv i t y o f  

t h e  t r i glycer ide frac t i on peaked at the sec on d  m i l k i ng . 

C a s e in had t h e  h i ghe st spe c i f ic a c t iv i t y  even taking i n to 

account that the average c ontent o f  ca rbon by we i g h t  in  pro

t e i n , l actose a nd t r i g l yc e r ide i s  5 0 ,  4 0  and 7 5 % , r e spec t 

ive l y . The spec i f i c  a c t i v ity o f  the crude l a c t o s e  f ract ion 

may b e  i n f l u e nc ed by the p r e s ence of  sma ll  amoun t s  of  NPN 

compounds s u c h  as  urea and c r e a t in i ne . 

3. 3 S ephadex G-75 Chromatography o f  Whey Prote i n s  f rom 

the F ir s t  Mi l k ing 

The s eparation o f  radioact ive whey proteins on a S ephadex 

G- 75 c o l umn i s  s hown in F ig . 2 .  The A2 B Onm peak at f r ac t ion 

15 c o n t a ined immunoglobu l i n s , ident i f i ed by g e l  e l ec tro

phore s i s , but t he high turbidity of the samp l e s  i nd i c ated 



TABLE 2 :  Compo s i t i on o f  S k im M i l k  Powd e r  ( % , w/w )  

M i l k i ng C a s e i n  

1 2 8 . 5 4  

2 2 6 . 2 0  

3 2 3 . 8 7  

4 2 2 . 9 5  

5 2 3 . 7 8  

F o o t no t e : 

V>lhey 
.P r o t e i n  

6 . 9 4  

7 . 40 

6 . 6 0  

6 . 1 2 

5 . 5 4  

N o n - P ro t e i n  
N i t rogen 

0 . 3 4  

0 . 3 4 

0 . 2 9  

0 . 2 9 

0 . 3 0  

L a c t o s e  

5 2 . 3 4  

5 4. 7 6  

5 8 . 40 

5 9 . 2 3 

5 8 . 3 2 

1 0. 

As h 

7 . 3 8  

7 . 6 3  

7 . 7 3  

8 . 1 5  

7 . 6 8  

T h e  r elat ive s tandard dev i at i o n �  f o r  d e t G rm i n a t i o n  o £  t h e s e  

m i l k  c ompo n e n t s  b y  t he m e t ho d s  u s ed a r e  1 . 0 ,  5 . 0 ,  7 . 0 ,  1 . 0  

and 2 . 0 %  f o r  c a s ein , whey p r o t e i n , no n - p r ot e i n  n i t r o g e n , 

l ac t o s e  and a sh , r e spec t i ve l y . 



TABLE 3 :  S p ec i f i c  Ac t i v i t i e s  o f  M i l k  C ompon e n t s  ( d pm/g ) 

1 1 .  

M i l k ing C a s e i n  
Whey 

P r o t e i n  
C r ude 

Lac t o s e a T r i g l y c e r id e s  

a 

1 2 , 3 4 9 , 0 0 0  

2 9 7 9 , 9 0 0  

3 3 1 3 , 9 0 0  

4 1 2 6 , 3 0 0  

5 4 4 , 8 0 0  

1 , 4 7 8 , 0 0 0  

7 9 1 , 1 0 0  

2 5 6 , 1 0 0 

1 0 1 , 8 0 0  

8 5 , 3 0 0  

2 2 5 , 6 0 0  3 3 , 8 0 0  

1 3 9 , 7 0 0  3 5 , 4 0 0  

4 6 , 2 0 0  2 5 , 4 0 0  

1 9 , 2 0 0  1 1 , 5 0 0  

2 0 , 4 0 0 6 , 8 2 0  

P r e p a r e d  from p r o t e i n - f ree d e io n i z e d  m i l k  s e rum ( F i g . l )  



----------------·--- · -----

3 . 0  

7 00 

600 
B-lactoglobul i n  

g g 2 . 0  E 0.. 
5 00 '0 N 

� 

Q) 
u 
c 
rO 

..0 
1-1 
0 
Ul � 

1 . 0 

inununoglobul i n s , 
fat and l ipo
pro t e i n s  

s e rum al bumin 

1 0  2 0  

' 
' 
\ 
\ 

3 0  

a- l ac t. a J. bum ln 

- -

4 CJ  

I 
/ 

, 
J 
I 

" 

/ \ l actose 

I \ 
\ 
\ 

5 0  

F r 3 c t ion n umber 

u G  7 0  

;>, 
.;J 
. ,..; :> 

4 0 0  .,..; .;J u rO 0 
• --'  '0 

3 0 0  &. 

l O O  

F I GU RE 2 :  S e ph adex G- 75 chromatograph i c  separa t i on o f  whey prote in ( f i r s t  m i l k i ng )  i n  0 . 0 4 H pho sphate 
b u f f e r  ( pH 6 . 0 ) . The A 2 s onm curve ( -- )  a n d  d. pm curve ( - - - )  of O . l ml s amp l e s  are g iven . � 



1 3 .  

that fa t  a nd l ipop r o t e i n  were proba b l y  a l s o pr e s e n t . The 

f i r s t  � C ac t i v i t y  peak may be due to o n �  of t h e s e  c ompon e n t s  

wh ic h w a s  e l uted a t  t he l e ad ing ed g e  o f  t h e  A
2 B O nm pea k . 

T h e r e  w a s  no o bv i ou s 11' C  ac t i v i t y p e a k  for s e r um a l bumi n .  

S amp l e s  f rom the c e n t r e  o f  the l a s t  l '-t c  ac t i v i t y p e a k  

( frac t i o n  4 6 ) and t h e  l a s t  A2 8 0 nm p e a k  ( f r a c t io n 4 9 )  w e r e  

ana l y z e d  f o r  ami no ac i d s  ( a f t e r ac i d  hyd ro l y s i s ) a nd f o r  

l ac to s e . Both s amp l e s c on t a i ned ami no a c i d s in t r a c e  amou nt s 

wh i l e  the 1'' c ac t i v i ty peak s amp l e  c o ntai ned s e v e n  t im e s  a s  

much l ac to s e  a s  the 11.2 8 Onm peak s u.mp l e . 'l'h i s  1'' C a c t iv i t y 

peak a p p e a r e d  t.o co n s i s t  ma i n l y  o f  l ct c to s e wh i l e  t h e  A2 8 0 nrn 
p e a k  mate r i a l  wa s c ompr i s ed o f  NPN . 

The spe c i f i c a c t iv i t i e s  o f  a - l a c t a l bum i n  a nd e - l ac tog lobu l in 
6 

we r e  s im i l ar to the c a s e  i n s  a t  a bou t 2 .  3 x 10 dpm/g bu t t h a t  

o f  se rum a l bum i n  appe a r e d  t o  b e  o n l y  a hou t 2 0 %  o f  t h i s  va lue . 

The spec i f i c ac t i v i t y o f  t he immuno g l o bu l i n  f r ac t i o n  c o u l d  

n o t  b e  d e t e rm i ned b u t  i s  l i k e l y  to be l ow s i n c e , l i k e  s e r um 

a l bumi n , i mmunog lo bu l i n s  are no t s y n t he s i z ed .i n  t� h e  mammary 

g l and . 

3 . 4  DE 5 2  C hr oma t o g r a phy o f  To t a l  C a s e i n  f rom the F i r s t  M i l k i n g  

T h e  separa t i o n  o f  rad i oac t i ve c a s e i n s  o n  a DE 5 2  i o n  exc hange 

c e l l u l o s e  c o l umn i s  s hown i n  F i g . 3 .  The i nd iv idua l c a s e i n s 

we re i d e n t i f i ed by e l e c t r o pho r e s i s . A l thou gh t he u r e a  i n  the 

e l u t i ng bu f fe r  c a u s e d  s ome p r ec i p i ta t i o n  o f  napht h a l ene in 

the s c i n t i l l a t i on c o c k t a i l , the e f f i c i e ncy o f  count i ng w a s  

only s l i ght l y  impa i red . T h e  s pe c i f ic a c t iv i t i e s  we re 

a pprox imate l y  the s am e  for a l l  c a s e i n s  at about 2 . 3  x 1 0 6  
dpm/g . 

3 . 5 Rad io a c t i v i t y  i n  I nd iv i d u a l  Ami no Ac i d s i n  M i l k  P r o t e i n  

( dpm 
Re l a t ive a c t iv i t y  va l u e s  A5 7 0 n� w e r e  d eterm i ned f o r  a l l 

ami no ac i d s  t h a t  c o n t a ined 14 C ( Tabl e l ) . There wa s no r a d i o 

a c t iv e  c y s t e i n e , meth i o n i n e  and t r y pt ophan i n  t h e  a l g al 

p ro t e i n  hyd r o l y sate n o r  i n  ·th e  mi l k  powd e r . The g l y c i n e  and 

a l an ine p re s en t in t h e  s k im m i l k  powd e r  d i d  no t c o n t a i n  

any 14 C .  
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DIS CUSSION 

1 5 . 

M i l k  compo s i tion changed dur i ng the 2 8  h af ter the i n j ec t i on 

o f  the � C - l abe l led ami no ac id mixt u re ( Ta b l e  2 ) . The se 

c h ange s c ou l d res u l t  f rom any one o r  a comb ination o f  the 

fol lowing fac tor s ; ( i )  the cow ' s reac t ion to c on f i nement , 

( i i) the i n sert ion of the cannula , and ( i i i) the change i n 

d i et .  De sp i te t hese changes , compos i tonal data were s t i l l  

wi th i n  the l imi t s  o f  norma l m i l k . The A
2 8 0  

curves ( F ig s  
nm 

2 and 3 )  were a l so t y p i cal o f  norma l c asei n  ( C reamer , 1 9 7 4 )  

and whey p ro t e i n ( D avie s , 1 9 7 4 ) . 

The in j ec t ion o f  a mi x t ure o f  14 C - l a be l led am ino a c i d s  into 

the j ug u l ar ve i n  o f  a cow wa s e v a l u a t e d  as a method for pro

duc ing un i forml y  l abe l led m i l k  p r o t e i n . Of the total J l ,  C

l abe l i n j ec ted , o n l y  9 %  wa s recovered i n  the f i r s t  f ive 

mi lk .ings ( 1 8 1 mi l k ) und 7 0 %  o f th i s  recovered i sotope wa s 

pre sent i n  m i l k  prote i n . The spec i f ic a c t i v i ty of those m i l k  
p roteins which a r e  synthesiz ed i n  the manunar y  g l and wa s abou t 

2 . 3  x 1 0 6 dpm/g wh i c h  was c on s iderab l y  les s than tha t ob

t a i ned by �C -me thy lat ion of c a sein ( 4 0  to 5 0  x 1 0 6 dpm/g ; 

Exterkate ( 1 9 7 5 )  s e e  S e c t ion III, page 4 8 ) . The pre sen t 

method , however , r e s u l ted i n  the labe l l ing o f  at l e a s t  

thi rteen o f  the e i ghteen amino ac ids without c hem i c a l  mod i 

f ic at ion o f  the mo l ec u l e s . An incre a s e  i n  s pec i f ic ac t i v i ty 

o f  milk prote in may have been obtained by m i l k ing ear l ie r  

( at the expen se o f  prote in y i e l d )  o r  b y  i n f u s ion o f  the 14 C 

label led amino a c i d s  into t h e  mammary artery . The latter 

p rocedure may also improve total recove ry of � c  but wou ld 

r equire extens ive surgery . 

A l l  mi l k  prote ins synth e s i z ed in the mammary g l and ( ca s e in s , 

S - J actog l o bu l in and a - l ac t albumin )  had approximat e l y  the 

s ame spec i f i c  act iv i ty . The s pec i f ic a c t i v i ty of total whey 

p r o t e i n  f r om the f ir s t  m i l ki n g  ( Table 3) wa s l ower than e x 

p e cted s in c e  8 0 % o f  whey prote in normal ly con s i st s  o f  8 -
l a ctoglobu l in and a - l a c t a l bumi n  ( Jenn e s s ,  1 9 7 0 ) . Th i s  



16 . 

s ugge s t s  t h at t h e r e  w a s  a l ower propor t i o n  o f  B - lac tog l o bu l i n  

and a - l ac t a l bumin i n  th i s  m i l k c ompa r ed w i t h  the s u b s e q u e n t  

m i l k . S erum a l bumi n ,  a n d  t h e  immu no g l obu l i n s , have much 

l ow e r  s p e c i f i c  a c t i v i t i e s  p r e s umab l y  bec au s e  th ey are s y n 

t he s i z e d  i n  the l i ve r , s p l e e n , l ymph node s a n d  bon e  ma r r ow 

( B u t l e r , 1 9 7 4 )  and have a much s lowe r r a t e  o f  t u r nove r . 
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The re qui reme n t for a p r o t eo l y t i c  e n z yme s y s tem ,  c a p a b l e  o f 

d e grad i ng mi l k  p ro t e i n  to t he ami n o  ac id s e s s ent i a l  f o r  

growth o f  l ac t i c s t r eptococc i ,  i s  demo n s t rated b y  t h e  l im i t e d  

growth o f  p ro t e i n a s e - n ega t ive ( P r t
-

) va r i a n t s  i n  s k im m i l k . 

T h e s e  P r t  o rg a n i sm s , which l a c k  c e l l wa l l - a s s o c i a t ed pro 

te inase ( Pe a r c e  e t  a l . ,  1 974 ; E x t e r k a t e , l 9 7 6 a ) , g row a t  l o w  

cell den s i t i e s  in mi l k  at the s ame r a t e  as t h e  p a r e n t  s t r a i n  

( C i t t i  et  a L1 1 9 6 5 )  bu t growth s to p s  a t  1 0 to 2 5 %  CJ f  t h e  max i -

mum c e l l d e n s i t y  reac hed b y  t h e  p a r e n t  c u l t ur e . T h i s  g rowt h 

l im i t a t i o n  i s , p r e s uma b l y , due to d e p l e t i o n  o f  a n  e s s e n t i a l 

amino a c id i n i t i a l l y p r e s en t  e i t h e r  a s  a f r ee ami n o  a c id o r  

i n  l o w  mo l e c u l ar we i g h t  p e pt ide s . Thi s e x p l a n a t i o n  i s  con 

s i s t e n t  w i th the o b s e rva t io n  t h a t  add i t ion o f  ca s e i n d ig e s t  

t o  m i l k  abo l i s hes t h e  g rowth l im i tation o f  P r t  o r g a n i sm s  

( Garvie & Mabb i t t , 19 5 6 ; P e a r c e  �� a l . ,  1 97 4 ) . 

There i s  a s u b s t an t i al amount o f  pub l i s he d  data on t he pro

t e o l y t ic e n z yme s y s t em o f  l ac t i c s t r e ptococ c i  b u t  muc h o f  

t h e  e ar l i e r  work i s  o f  l im i ted va l u e  i n  e s tab l i sh i ng t he 

p hy s io l og i c a l  role of t h i s  s y s t em f o r  g r o w t h  o f  the s e  o r g a n 

i sms in  mi l k .  Ce l l s  we re u s ua l l y  g r own i n  med i a  c o nt a i n i n g  

h i g h  concentr a t ions , r e l at ive to mi l k ,  o f f r ee aQino a c i d s  

and I or pep t i d e s wh ich s uppr e s s the l eve l o f  c e l l  wa l l 

a s soc iated prote i na s e  ( Exterkate , 1 9 7 9 ;  s e e  a l so Appendix I ) . 

I n  add i t ion , t he r i g i d  c r i te r i a  requ ired for the c e l l u l a r  

loca l i z at ion o f  e n z yme s ( Po l lock , 1 9 6 2 )  w e r e  not met ( Van 

de r Z an t  & N e l son , 1 9 5 3 , 1 9 5 4 ;  W i l l iamson et al . ; 1 9 6 4 ; 

Cowman & Spec k , 1 9 6 7 ; Cowman e t  a l . , l 9 6 7 ; C owman e t  a l . t  

1 9 6 8 ) .  These i nve s t iga t ion s , howeve r ,  d i d  indicate that 

l a c t ic s treptococci have proteo lyt i c  act i v i ty with c a s e in a s  

t h e  subs trate and the l ong as s ay t im e s  w i t h  l arge quant i t i e s  

of  c e l l s  o r  c e l l  extracts imp l ied that the act i v i ty w a s  low . 

A more r igorous approach has been adopted i n  r ec ent inve s t i 

g a tions and a mecha n i sm for the a s s im i l a t ion o f  n i trogen by 

c el l s  has b e e n  propo sed ( se e  Lawr e n c e  & T homa s , 1 9 7 9 ) . P r o -



teinases  capable o f  hydro lyz ing prote ins to low mol ecular  

we ight pept ide s appear to be located in  the  cel l wa l l  

( Thomas e t  a l . , l 9 7 4 ; Exterkat e , 1 9 7 5 ) . La r g e  pept i d e s  

may b e  further hydrolyzed b y  pep t i d a s e s  l ocated i n  the 

plasma membrane ( Exterk ate , 1 9 7 5 ) . Pept ide s w i th up to 

1 9 .  

five or s ix r e s idue s can be tran sported t hrough the c e l l  

membrane ( Law �� a l . ,  l 9 7 6b ;  Rice e t  al . 1  1 9 7 8 ) and hydro

l y z ed to amino acids by cy top l a sm i c  pept ida s e s  ( l\1ou et �� 
1 9 7 5 ; Law , 1 9 7 7 ; Schm i d t  e t  _9-1 . ,  1 9 7 7 ) . S <Pr haug & S o l be r g  

( 1 9 73)  f i rst s howed that son ic ex t ra ct s o f  cel l s  cont a i ned 

pept idases  with a wide r ange of s pe c i f ic it i e s but , mor e  

importantly , Mou et:_ a l . ( 1 9 7 5 )  s howed the presence of pep t i 
da s e s  having the spec i f i c i t ies nec e s sary f o r  t h e  release  

from casein  of  a l l  t h e  am i no ac i d s  e s s en t i a l  for  g r o w t h  o f  

lactic  streptococc i .  I n  addi t ion to the se membr a n e - bound 

and c ytoplasmic peptidases , Law ' 1 9 7 7 ) ha s reported the 

release  o f  a d ipept id a s e i nto t he med i um d u r i n g gr owth . 

Recent studies  have inve s t i gated t h e  t r a n s p o r t  o f  �m i no 

acids  and low mol e c u l ar we ight pept ide s t h r o u g h  t h e  mem

brane ( Law , 1 9 7 8 ; Ri ce e t  � . , 1 9 7 8 ) . 

The potent i a l  sources o f  n i trogen for the g rowt h o f  lac t i c  

streptococc i i n  skim m i l k  a r e  c a s e i n , whey prote i n ,  pep

t ide s and free amino ac ids . The present s tudy was und er
taken to determine  the ind iv idual con tr i bu t ions o f  the s e  

sources  t o  bacterial  prote in . Such a n  as s e s sment requ i res  

that thP potent ial  n i trog e n  sou r c e s  b e  i nd iv idu a l l y label led 

and that the i r  concentrat ions are known . Ther e fore , 14 C 

labe l led prote ins , pept ide s  a nd s ing le amino ac ids were 

added separately  to unl abe l l ed mi l k  and the i ncorporation 

of rad ioactivity into bac terial  protein determined dur ing 

growt h . The amount of ma ter i a l  added was such t hat there 

was only  a sma l l  change in m i l k  compo s i tion . Label l ed pro

teins and pep t i de s  were i so l ated from radioac tiv e  milk ( s ee 

Sec tion I)  whi l e  s ingl e  rad ioact ive amino ac id s  were obta ined 

from a commercial  source . The  choice  o f  r ad ioac t ive amino 

acids  wa s l imited to tho se f ound in milk  in free  form . A s 

partic  a c id , g l utamic a c id , a lanine and l y s ine were exc luded 

becaus e  t hey are components of the c e l l  wal l  pept idoglycan 

of l a c t i c  streptococc i ( Schle i f e r  & Kandler , 1 9 6 7 ) a s  we l l  

a s  being components o f  bacter ial  protein . Threon ine was ex-
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e l uded becau s e  i t  i s  me tabo l i z ed t o  a c e t a l d e hyde and g lyc ine 

by l ac t i c  streptococc i ( Le e s  & Jago , 1 9 7 6 ) . Two e s se n t i a l  

amino a c i d s  ( i so leuc ine a nd va line , Re i t e r  & Oram , 1 9 6 2 )  and 

one non- e s sent i al amino acid ( g lyc ine ) w e r e  f i n a l l y  c h o s en . 

B ecause o f  seasona l var i at io n  in the compo s i t io n  o f  m i l k  and 

t h e  l en g t h  o f  t ime r e q u i red for the p r e s e n t  inve s t iga t i on , 

i t  wa s not p ract ic a b l e  to use f r e s h  m i l k  a s  t he growth 

med i l® .  The al ternat ive wa s to reco n s t i t u t e  s k im m i l k  f rom 

spray dr ied powde r .  However , hea t treatme n t  d u r ing dry ing 

causes protein i nterac t ions wh i c h  r e s u l t  i n  poor c h roma to 

graphic separa t i on o f  t h e  i nd i v idua l m ilk pro t e i n s  and c o n 

s equent l y  e r r o r  i n  de t e rm i nat ion o f  t h e  m i l k  pro t e in com

po s i t ion . Heat t r e a tmen t can a l so r e l ea s e  l ow mo l e c u l a r  

we ight n i trogen compounds f r om pro t e i n  ( Re i t e r  & M� l le r 

Mad s e n , 1 9 6 3 ; Bra cguart e t  a l . , l 9 7 4 )  thus c hang ing the 

nutr i t io n a l  chara c ter i s t i c s  for Jrowth o f  l ac t ic s tr eptococc i .  

There fore , a spray d r i ed s k im m i l k  powder wa s s pec i a l l y  

p repared for this i nve s t i g a t i o n b y  om i t ti ng the u su a l  evapor 

a t i on s tage and thus m i n imi z i ng h e a t  t r e a tment . 
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EXPERI MENTAL 

6 . 1  Bacte r i a  and Stock C u l tu r e s  

2 1 . 

S treptoc?ccus cremor i s  2 6 6 , AM
2 

and E 8 were obt a i ned from the 

N e w  Z e a l a nd Dairy Re s e a r c h  I n s t i tu te c o l l e c t ion . S tock cu l 

t u re s were prepared f rom s ing l e  c o l o n i e s  i so l a ted from m i l k 

b a s ed agar ( �AG) p l at e s  ( L imsowtin & Ter z agh i , 1 9 7 6 ) . C u l 

ture s der ived f r om l arge co lon i e s  which coagul ated au toc l aved 

( 1 2 1
°

C ,  1 5  m i n  ) recon s t i tuted s k im mi l k  ( RS M )  w i t h i n  24 h 

a t  2 2 °C ( 0 . 1 % inocu l um )  were des ignated prote i na s e -po s i t ive 
+ 

( Pr t  ) . C u l tu r e s  d e r ived f rom sma l l  c o lon i e s  wh i c h  requ i red 

more than two d ay s  incubation a t  2 2
°

C to coagu late auto c laved 

s k im mi l k , but wh i ch coagu l ated with i n  2 4  h upon add i t ion of 

ca s e i n  hydro l y s ate ( 5  mg/m l Trypt i ca s e , BBL ) , were d e s ignated 

Prt . The Prt
+ 

cu l tu r e s  were mainta ined i1 1  autoc l aved RSM 

wh i l e  thi s med 1um was s up p l emen ted w i t h  5 mg/ml Trypt i c a s e 
f o r  ma i ntenance o f  P r t  c u l tu re s . For each exper iment , a 

f ro z e n  stock cu lture w a s  incubated at 3 0
°

C fo r 1 6  h and then 

inocul ated ( 0 . 2  to 8 . 0 % )  i nto a ser i e s  o f  tube s conta in ing 

RSM whi c h  had been autoc l aved ( l l 6
°

C ,  2 0  m i n  ) , c entr i fuged 

( 1 0 , 0 0 0  x �' 5 m i n  and b u f f ered w i t h  a -g lyceropho sphate 

( f i nal con centrat ion 0 . 0 73 M and pH 7 . 1 ) . After 1 6  h at 

2 2 °C the c u l ture near e s t  pH 5 . 1  was u sed to i nocu l a t e  ( 1 % )  

the exper imental med i um . 

6 . 2  Low Heat Skim M i l k  P owder 

0 
S k im m i l k  from a F r i e s ia n  herd was pasteur i z ed ( 7 2  C ,  1 5  s )  

and dr ied without pr ior evaporat ion in a spray d r ier ( Anhydro 

A/S , Copenhagen , Denmark ) .  The i n l e t  and exhaust tempera

tures were 2 0 4°C and 9 3
°

C ,  re spe c tive ly . Thi s powder was 

u s e d  t o  prepare low heat recons t i tuted s k im m i l k  ( LH RSM)  

med ium whi c h  was used a s  the exper imental med ium for inve s t i 

g a tions d e s c r i bed in th i s  s ec t io n . The propo r t i o n s  of the 

ind ividual �a se ins in tdt a l  c a s e i n  were determined by ion

exchange c hromatography o n  Whatman DE 5 2  ce l lu l o s e  ( page 6 )  
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wh i l e  the propo r t io n s  o f  the ind i v idual whey p ro t e i n s  in  the 

tota l  whe y  prote in were d e t e rm ined by ge l f i l t r a t ion c h roma 

tography o n  Sephad e x  G- 7 5  ( page 6 ) . 

6 . 3  LHRSM Med i um , Mon i to r ing o f  Growth and Harve s t ing o f  

Ce l l s  

The LHRSM med i um wa s prepared b y  recon s t i t u t ing the s k im 

m i l k  powder in  auto c l aved d i s t i l l ed water ( 1 0  g I l O O  ml ) a t  
0 

4 0 to 4 5 C .  T he m i l k wa s ce n t r i fuged ( l 0 , 0 ·) 0 x 9:_ , S m i n )  to 

reduce the l eve l o f  contami nant bacteria and to remove p a r 

t ic u l ate mater i a l  w h i c h  wou l d  otherw i se sed iment with s ta r te r  

bac t e r i a  dur i n g  harve s t ing ( Thoma s & Turner , 1 9 7 7 ) . 

The turbid i t y  a t  4 8 0  nm { T
4 B O nm

; I< ana s ak i e t  a l . 1 1 9 7 5 )  o f  

LHRSM cultures o r  c e l l  s u spen s io n s  was u s ed t o  det ermi ne 

ce l l  den s i ty ( Thomas & Turner , 1 9 7 7 ) . The T va l ue s  
4 8 0 nm 

( 1  cm l i ghtpath )  o f  s u s p e n s i o n s  o f  AJ1
2

, E
8 

and 2 6 6  at a ce l l  

den s i ty o f  1 . 0  mg ( dry we ight ) bac ter i a/m ! , were 5 . 5 9 ,  5 . 6 9 

and 5 . 2 7 ,  re spect ive l y . The exper imen t a l  c u l ture s we r 2  i n 
cubated a t  3 0

°
C un t i l  the T 4 B O nm va l ue o f  a t e n - f o l d  d i l u t i o n  

of the growing c u l ture , reached a max i mum o f  0 . 3  ( pH � 5 . 0 ) . 

At t h e  harve s t  t ime the c u l ture wa s ad j u s ted to pH 7 . 0  w i t h  

2 M NaOH and 2 5 % ( w/v)  sod ium c i t ra t e  s o l u t i on wa s added 

( 6 ml I 1 0 0  ml c u l tu r e )  . 1'\fter 5 m i n  s t i rr ing , the c u l ture 

wa s c e n t r i fuged ( 1 0 , 0 0 0  x 9:_ ,  5 min and t he c e l l s  wa shed 

f ree o f  mi lk con s t i tuen t s  by twice r e s u spend ing in  an equa l 

vo lume o f  d i s t i l l ed wate r . 

6 . 4  The Separat ion o f  Low Mo lecular Weight P e p t i d e s  and 

Free Amino Ac i d s  in the NPN Frac t ion 

The TCA in an a l iquot of NPN f raction was extrac ted by 

shak ing twice w i t h  a n  equa l vo l ume of d i e th y l  ether . The 

re s u l t i n g  solution wa s evaporated to dryne s s  in  a rotary 

evaporator , red i s so l ve d  in ace cic acid ( 5  m 1 , 1 0 % ( v/v) ) and 

app l ied to a 2 cm x 8 6  cm c o l umn con ta i n ing Sep hadex G - 1 5  

( fract i onat ion r ange up to 1 5 0 0  d a l tons ) .  Mater i a l  wa s 

e l uted f rom the column w i th 1 0 %  ( v/v ) aceti c  ac id a t  a f l ow 

rate o f  1 4 . 3  ml/h . E f f luent fractions ( 2 . 9  m1 ) were a s sayed 

for amino groups us i n g  the f luor e s c am i ne r e a c t ion ( P earce , 
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1 9 7 9 ) . The a s s ay solut ion con s i sted o f  borax bu f f er { 2 . 3  

ml , 4% ( w/v ) , pH 8 . 0 ) and samp l e  ( 0 . 2  ml ) mixed w i th 4 -

pheny l spiro { fu ran- 2 ( 3H )  , 1 -phtha l an ) - 3 , 3 ' -d ione ( f luore s c a 

min e ) s o l ut ion ( 0 . 5  ml , 0 . 4  mg/ml acetone ) .  F l uo r e scence 

mea s u r emen t s  were made a t  2 0
°

C w i th an H i tach i  MPF - 2A 

f luor e scence spe c trop ho tometer ( H i tachi Ltd , Tokyo , Japa n ) 

s e t  at excitat ion and emi s s io n  wave l en g t h s  o f  3 9 5  nm and 

4 8 0  nm , r e spe c t ive l y , and ex c i t a t ion a nd em i s s io n  s l i t s  o f  

5 nm and 2 0  nm , r espec tive ly . 

6 . 5  P r e p a r a t ion o f  � C -Labe l l e d  Pep t i des 

The prote i n  f rom 14 C - l abel l ed milk ( l O O  ml ) wa s pr e c i p i t a ted 

by the add i t i on of TCA ( 1 2 g) and s e parated , a f t e r  1 5  min , 

by ce nt r i fuga t i on ( 1 0 , 0 0 0  x � �  5 m i n ) . The TCA wa s extrac

ted from t he supe rnatant and the r e s u l t ing s o l u t i on pa s s ed 

down a 1 cm x 7 cm ca t i on exchange c o l umn ( B io - Rad AG 5 0W - X 4 ) .  

Non - cat ion i c  r a d i o a c t i ve mate r i a l ( mo s tly l a c to s e )  wa s wa s hed 

from the c o l umn w i th d i s t i l l e d  wa t e r  be f o r e  e l ut i on of am i no 

a c id s and pe p t ide s w i t h  2M NH 4 0H . The e f f lue n t  wa s evapo r a 

ted to d r yn e s s , red i s s o l ved in a c e t i c  a c i d  { 1 0 ml , 1 0 % ( v/v ) ) 
and the amino a c id s  a n d  peptide s s ep a r ated by S e p h a d ex G- 1 5  
c hromatography . Samp l e s  f rom c o l umn f ract ions wer e  sub j e c t ed 

without pr ior hydro lysis  to ami no ac id ana ly s i s . U s i n g  th i s  

p rocedure f r e e  amino a c i d s  wer e  found to be e l u ted from 

f ract i o n  6 6  onwards ( F ig .  4 ) . Frac t i ons 4 0  to 6 5  we r e  com

bined , evapo r a t ed to dryn e s s w i th a rotary evaporator and 

red i s so lved in 1 0  ml water . 

6. 6 Preparat ion o f  � C-Label led Total Milk Prote in and I so 

l at ion o f  Ind ividual Prote i n s  

Total mi l k  prote in free o f  lac tose , amino a c i d s  a n d  l ow mo l e 

cular we i ght pept ides was prepared from 14 C - l abe l l ed m i l k  

powder ( 2 . 3 5 x l 0 6 dpm/g casein ) c Mi lk  powder wa s d i s so lved 

( 1 0 % , w/v) in sod ium c itrate ( 1 . 5 % ,  w/v) and the pH wa s ad

j usted to B . O . The solut ion ( l O O  ml ) was d ia ly z ed f o r  2 4  h 

again s t  d i s t i l l ed water ( 2  1 ) w i th one change o f  water . 

Because the so l u t ion ga i ned water during d ialys i s , it then 

had to b e  c oncentrated to 3 . 5 % (w/v ) prote i n  by imme r s ing 

the d i a ly s i s  bag in a bed of po l yethylene g lycol f l akes . 

The prep a r a t ion o f  pure individual 14 C - labe l led m i l k  prote in s  
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F I GURE 4 :  Sephadex G - 1 5  chromatographic separation of  the 

amino acids and pept ide s in the NPN fract ion o f  
� C - l abel led mi l k . 
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has been d e s c r i b ed e l s ewhe re ( p age 6 ) . 

6 . 7  P l ate Counts 

C u l ture samp l e s  ( l  m l ) were added to s te r i l e 0 . 0 1 M B -g l y c e r o 

pho sphate bu f f er ( l O O  ml , pH 7 . 0 ) a t  4 ° C  and b l ended for l m i n  

a t  ful l speed i n  an Ato M i x  B l ende r ( Mea s ur ing and S c i e n t i f ic 

Equ ipment Ltd , London , E n g l and ) to reduce t he s t re ptococ c a l  

c ha i n s  t o  un i form s i z e ( Ma r t l e y , 1 9 7 2 ) . S u i t ab l e  d i l u t i c n s  
were made w i t h  the s ame bu f f e r . A l i quo t c w e r e  p l a t e d  in 

Ml7-agar med i um ( Te r z a g h i  & Sand i ne , 1 9 75 ) . 

6 . 8  Fre e Amino Ac ids i n  Mi l k  a s  a N i t rog en S o u r c e  f o r  Growth 

U n i form l y  14 C - l abe l l ed g l yc i n e , va l in e  and i so l euc ine ( The 

Rad i ochemic a l  C e n tre , Ame r s ham , E n g l and ) were ad d ed ind i v i du 

a l l y to d i f f e r e n t  a l i quot s o f  LHRSM so t hat t h e  t ot a l  concen 

trat ion o f  e ach fru; amino a c id ( Ta b l e  'i ) wa s i n c r e a s ed by on l y  
0 . 5 % ,  2 . 0 % and 6 . 4 % , r e sp e c t i ve ly . The s pe c i f i c a c t i v i t i e s  

o f  the amino ac i d s i n  LHRSM \vc r e  0 .  0 5 , 0 .  2 0 and 0 .  6 7  mC i /  

mmo le for g l yc ine , va l i ne and i so l e uc i n e , re s pec t. i ve l y . The 
LHRSH a l i quo t s  wc�re inocul ated ( l % ) w i t h  AM

2 
o r  E

8 
a n d  i n 

cubated at 3 0
°

C .  S amp l e s  we re removed a t  interv a l s ,  t he 

c e l l s  ha rve s ted and wa shed be f o r e  pro t e i n  e x t r a c t ion and 

mea s urement o f  r ad ioac tive s pe c i f i c ac t i v i t y . Rad i oac t iv i ty 

i n  the c u l t u r e  s up e r n a t a n t s  was also de te rmined . Ce l l  den

s i t ie s , wh i c h  were i n i t i a l ly too low for turb idime t r i c  

me a suremen t , w e r e  d e t e rmi ned a s  b l ended p l a t e  count s .  

6 . 9  Mi l k  P r o t e i n  a s  a N i trogen Source for Growth 

A s o l ution of � C - l abe l l ed tot a l  mi l k  prote i n  was added to 

LHRSM med ium ( 4 %  ( v/v ) ; f in a l  spec i f i c  ac t iv i ty 8 9 x 1 0 3 

dpm/g mi l k  pro t e i n )  . The add i t ion o f  � C - l abe l led prot e in 

i ncreased the total prote i n  concentrat ion by about 4 % . 
A f t e r  inocu l a t i on ( 1 % )  with AM2 or E 8 , the c u l tu r e s  were 

incubated at 3 0
°

C and c e l l s  were harve s ted at interva l s .  

The c e l l  den s i t y  was determ ined a f t e r  washing , c e l l  prote in 

wa s extracted and the rad i oac t i v i ty counted . 

The po s s ib i l i ty that mi l k  pro t e i n s  ad sorbed to the c e l l  s u r -
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f a c e , there by caus ing e r ro n e o u s  r e su l t s  i n  the above e x 

p e r iment � wa s e xamined . A c u l ture ( l O O  ml ) o f  s train 2 6 6  

was grown i n  RSM a t  3 0
°

C .  J u s t  pr ior to coagu l a t i on ( pH � 

5 . 0 ) , c h l or amph� n icol ( 1 0 . 8 mg ) was added to s to p  p ro t e i n 
synthe s i s  ( H arvey , 1 9 6 5 ) . After 3 0  m i n  , a s o l ut ion ( 3 . 7  

m l ) o f  � C - l abe l l ed c a s e i n  wa s added ( spec i f ic ac t iv i t y  i n  

R S M  of 2 8 0 x l O
"

d pm/ g , 3 4  m g  c a s e i n,lml). A f t e r  0 ,  1 0 ,  2 0  and 

4 0  min a s amp l e  ( 2 5 m l ) was removed and the c e l l s  harve s ted 

by c entr i f ugat ion a f ter pH ad j u s tmen t to 7 . 0  and d i sp e r s i o n  

o f  m i ce l l e s  b y  add i t ion of  sod i um c i t ratc ( 1 . 5 % ,  w/v ) . 

W a s hed ce l l s  we re suspended in l ml d i s t i l l ed wat e r  and t h e  

radioac t i v i ty coun ted . 

6 . 1 0 I nd i vidual Mi l k  Pr o t e i n s a s  N i trogen S ou r c e s  for Gr owth 

S o l u t ion s ( 5  m l )  o f  14 C - l abel led pu re m i l k  prote i n s  ( K - c a s e i n , 

6 - c a s e in , a - l acta lbumin and B - l ac t o g l o bu l i n )  or a - c a s e i n s 
f r ac t i ons we re added to the LHRSM cul tures  ( l O O  ml ) o f  AM2 
and E 8 . I n  the s o l u t i o n s  o f  a 1 - a nd a - c as e i n s ( f r a c t i o n s  

s so 
1 0 7  to 1 1 5 , F i g . 3 )  and a

s 2 - ,  a s 3 - and a
s 4 - c a s e i n s  ( f r a c t i o n s  

9 2  ·to 1 0 3 , F i g . J ) , t h e  j nd j v i cl. u a l c a s e in s  we re i n  the same 
propo r t ion s a s  found i n  t he o r i g i n a l  mi lk . The add i t i o n  o f  

14 C - l abe l l ed m i l k  pr o te in · nc r e a sed the tot a l  conc entrat ion 
o f  t hat milk prot e i n  in LHRSM med ium by 5 % . The s pec i f ic 

a c t iv i ty of each prote in i n  t he med i um wa s 1 1 8 x 1 0 3 d pm/g 

whi l e  the c oncentration o f  e a c h  pro te i n  in LHRSM be fore the 

add i t ion of rad ioact ive p rote i n  i s  g iven in Table  5 .  The 
c u l t. u r e s  we r e  grown for 5. 5 genera t ions and t he c e l l s  harve s te d  

j u s t  p r i o r  t o  coa g u l at ion . T h e  c e l l  ma s s  w a s  d e t e rmined 

a ft e r  wa sh i n g , c e l l  prote i n  was extrac ted and the r ad i o 

a c t i v i ty c o u n te d . 

6 . 11 P rotein Content o f  B a c te r i a l  Ce l l s  

Was he d  c e l l s  we re r e s u sp ended i n  d i s t i l led water ( 0 . 2  m g  ( dr y  

we i ght ) bac t e ria/m! ) ,  m i x e d  w i t h  an equa l volume o f  2M NaOH 

and heated for 10 min in a bo i l ing water bath ( Herbert et a l ., 

19 71 ) . The protein content wa s then de term i n ed by the Fo l in 

C io c a lt e u  me thod ( Lowry e t  a l . , 1 9 5 1 )  u s ing bov ine s erum 

a lbumin as the reference s tandard . Thi s  va l ue was d e t e rm i n e d  
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for e a c h  strain  and wa s sub s eque n t l y  used to c a l c ul a te the 

amount of bac t e r i al pro t e i n i n  suspe n s i o n s  of known c e l l  
density . 

6 . 1 2 Extr a c t i on of B a c ter i a l  P r o t e i n  for S p e c i f i c  Act i v ity 

De termin at ions 

A n  e qua l vo l ume o f  1 0 %  ( w/ v )  TCA wa s add e d  to wa s h e d  c e l l s  
i n  d i sti l l ed water and the s u s pe n s i on heated for 3 0  m i n  a t  

9 0°C ( Ma r c he s i  & Kenn e l l , 1 9 6 7 ) . The pr e c ip ita t e  w a s  c en t i 

fuged ( 4 3 0 0  x � '  l m i n  ) a nd wa s h e d  twice w i t h  5 %  ( w/ v ) TCA 

( 2  ml ) and o n c e  w i t h  l %  ( v/v ) ac e t i c ac i d  ( Thoma s  & B a t t , 

( l 9 6 9 b ) .  The pre c ip i t a t e  wa s f i na l l y  suspended i n  d i s t i l l ed 

wate r ( l  ml ) , m i xed w i th po l a r  s c i n t i l l a t ion c o c k t a i l  ( 8  m l ) 

{ page 3 ) c o n t a i ning C a b - 0- S i l  ( 0 . 3  g )  a nd c oun t e d  ( pa g e  3 ) . 

6 . 1 3 N i t ro gen D_<?t e rm i n a t i o n s  

The n itrogen c o n te n t  o f  the m i l k  f r a c t ion s o l ub l e  i1 1  0 . 1  M 

a c e t ate bu f fe r  ( pH 4 . 7 ) w a s  def i ned a s  n on - c a s e i n  n i t rogen 

( NC N ) . T h e  n i t roge n c o n t e n t s  of the TN , N C N  a nd NPN f r a c 

t ion s were d e t e rm i n ed a s  prev ious l y  d e s c r i bed ( page 5 ) . 

6 . 1 4 Amino Ac id An a l y s e s  

T o  de termine t he f re e  ami no a c i d  c o n t e n t  o f  LH RS M , a known 

amount of nor l euc i ne was added a s  a n  i n t e r n a l s t andard and 

the N PN frac t ion prep ar e d . Af t e r  TCA e x t r ac t io n , the s o lut ion 

wa s evapora t ed to dryne s s  and r ed i s s o l ved in 0 . 2 M sod i um 

c itrate buf f e r  ( pH 2 . 2 ) before app l i cation to the ami no 

acid  analyzer ( page 8 ) . To det e rmi n e  the t o t a l  ami n o a c i d  

con tent o f  t h e  N P N  fraction and bac ter i al protein , sa�p l e s 

were hydro l y z ed by d i s solving the dry  mate r i a l  �n 6 M H C l , 

and heating for 2 4  h at  l l 0°C under vacuum . The hyd ro ly s a te 

was d ried in  the rotary evaporator and red i s so lved in  the 

sodium c i trate bu f fe r  be fore app l i ca t i on to the amino acid  

ana l yz e r . 
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7 . 1 Free Ami no Ac id and Pept ide Content of LHRSM 

A typ ical ami no acid  an21 l y z e r  trace for the NPN frac t i o n  
LHRSM i s  shown in F i g . 5 . Cys t e ine and me th ionine we re 
de tec t ab le and tryptop h an cou l d  not be determ i ned a s  i t  

2 8 . 

o f  
not 
i s  

e l u ted wi th ammo n i a . The two sma l l  peaks that e l uted bet
wee n  the  b u f f e r  change and nor l e uc ine are  i n  the region 
where tyro s i ne and phe n y l a lan i n e  �o rma l l y  e l ute but t he 
peaks are un l ike ly  t o  be due to am i no acids  bec ause o f  t he i r  
i r r egular s h ape . Concen tra t ion s o f  amino ac id s ranqed f rom 
'V 0 .  8 �g/m l for prol i ne and i s o l e uc ine to 3 5 . 9  )J g I ml f o r  
g l u tamic ac id ( Ta b l e  4 ) . 

An i nd i cat i o n  o f  the concentra t i on o f  low mo l ecular  w e i ght  
pept ides was obta ined by  ac i d  h yd ro ly z i ng t h e  N P N  f r a c t i on . 
Th i s  l ed to a t hree - fold incre a s e  in  t o tal am ino ac i d s  and 
the appearance of met hionine ( Tab l e 4 ) . A t yp ica l ana l y z e r  
t r a c e  i s  shown i n  F i g . 6 .  Other d i f ferences  w i t h  t h e  unhydro
lyzed frac t io n  are the c h a nge in pat tern of the peaks e l uted 
be f o re aspartic  acid and the appeara nce of the l a rge unknovm 
peak between the buf fe r  change and nor l euc ine . T h i s  peak 
wou l d  obscure any tyro s i ne and pheny l a lan i ne p r e s ent . 

7 . 2  Prote in Compo si ton o f  LHRSM 

The p e rcentage compos iton o f  the individua l c a s e i n s  and whey 
p rote i n s  i n  the  total prote in f r a c t ion o f  LHRSM wa s c a lcula ted 
from DE 5 2  and G- 7 5  column e lut ion pro f i le s  and the me a sured 
value s for TN , NCN and NPN . The 2 8 0 nm ext i n c t ion coe f f i c i 
ents  ( E 1 6�) used and t he r e su l t i ng compo s i  ton a l  data are 
g iven in  T a b l e  5 .  Immunog lobu l in s  and serum a l bumin were 
not determined separ a t e l y  as turbid material  e l uted a t  the 
s ame t ime , exc l ud ing the use o f  e x t i nc t ion coe f fic i e nt s . 
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F I GU RE  5 :  

� 

Amino a c i d  analy z e r  chart s howing the re l a t ive concentrat ion o f  f re e  amino ac i d s  i n  the 

NPN f r a c t ion of LH RS M . Norleuc ine wa s u s e d  a s  an i nterna l s tandard . 

N 
\.0 



3 0 . 

TABLE 4 :  F r e e  Am ino Ac i d s  i n  NPN F r a c t i o n  o f  LHRSM Med ium 

and Am i n o Ac i d  C ompo3��ion a f te r  Ac id Hydr o ly s i s  

o f  t h i s  F r a c t i o n  

F ree Am i no A f t e r  
Amino Ac id s A c i d s  H y d r o l y s i s  

( w  g /m l ) ( w g/ml ) 

A s p a r t i c  Ac i d  5 . 1 2 5 . 7  

T h r e o n i ne 1 . 3  1 0 . 8  

Se r i ne 3 . 7 1 8 . 8  

Glutamic Ac id 3 5 . 9 7 8 . 1 

Prol ine 0 . 8  5 . 6  

G l y c i ne 5 . 3 1 9 . 7  

A l a n i n e  3 . 5 9 .  6 

C y s te i ne a a 

Va l i n e  2 . G l l. 0 

Me t h i on i n e  a 3 . 7  

I s o l e uc i ne 0 . 8 6 . 4  

Le uc i ne 1 . 2 7 .  3 

Tyros ine b b 

Pheny l alanine b b 

H i s t i d i n e  2 . 8 4 .  0 

Lys ine 4 . 1  1 8 . 4  

Tryptophan b b 

Arginine 1 . 6 3 . 5 

Tota l  6 8 . 7 2 2 2 . 6  

a 
Not detectable 

b Not determined ( Se e  Re s u l t s ) 

Footno t e : 

Rel a t ive s tandard d ev i at io n s  o f  the i nd ividual amino a c i d s  

are < 3 . 0 % us i ng t h e  Locarte Analy z e r . 
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TABLE 5 :  P rote i n  Compo s i t ion o f  LHRSH 

] y. 
P e r c e n t a ge E l 

- 0 

cm 
Prot e l n  o f  To t a l  

Pro te i n  a 
at 

2 8 0nm 

C a s e  ins 
b 

l 9o 
Re f e r e n c e  f o r  E l cm 

K - l l . 0 1 0 . 0  Waugh e t  a l . ( 1 9 7 0 )  

6 - 2 8 . 5  4 . 7 1 1  1 1  1 1  1 1  

a - a - 2 8 . 2  1 0 . 0 11 11 1 1  11  
s 1 

I s O 
0. - I a - I l'i. - 7 . 2  1 0 . 3  Ric hard son & C r e amer 

s '>  s 3  s 4  ,_ 
( 1 9 7 5 )  

y 3 . 5 5 . 5  c 
1 

l 1 . 2  9 . 4  c 
2 

l 1 . 0  9 . 6  c 3 

3 2 . 

S - lactoglobu1 i n 1 0 . 8  9 .  6 Be l l  & t1cKen z ie ( 1 9 6 7 ) 

a - lac talbumi n  2 . 8  2 0 . 9  We t l a u f e r  ( 1 9 6 2 )  

Inununog lobu l in s  + 
r.: 8 d 

a 

b 

c 

d 

serum a l bumin J .  

Mean o f  two determinat ion s 

Case i n s  d e f ined by Whitney e t  a l . ( 1 9 7 6 )  

C alculated f rom t he pr imary s tructure o f  S - c a s e i n  

( Mercier e t  a l , 1 1 9 7 2 )  

Determi ned by subtract ing S - l ac tog lobu l in and a - l ac t a l 

bumin f rom total whey prot e i n  



7 . 3  Prot e i n  Content o f  Ce l l s  and Amino Ac i d  Compo s i t i o n  

Prote i n  a c c ounted f o r  5 2 %  and 5 7 %  o f  the d r y  matter i n  

LHRSM-grown c e l l s  o f  AM
2 

a n d  E 8 , respec t i ve l y . 

3 3 . 

The ami n o  a c i d  c ontent o f  bac t e � ia l  pro t e in from &� 2 and E 8 
wa s d e t e r m i ned a n d  used to c a l c u l a te the conc e n t r a t i o n  o f  

each ami no a c id c ontained in ba c te r i a l  pro t e i n  i n  a coagulated 

m i l k  c u l ture whe re the c e l l  d en s i ty i s  approx imat e l y  5 0 0  � g  
( d ry we i ght ) bac te r i a l/m ! . There wa s c l o s e  s im i l a r i ty i n  

the propor t ion of  amino a c i d s  w i t h  the two s t r a i n s  but the 

conce n t r a t ions i n  the E 8 c u l ture we re s l ig h t l y  h i g her ( Ta b l e  

6 )  due t o  the h i g h e r  pe l c e nta ge o f  protein i n  c 8 c e l l s . 

7 . 4  F r e e  Am ino Ac id s i n  Mi l k  a s  a N i trogen Source for Growth 

I n  a l l  c u l ture s the l eve l o f  rad i o a c t ive amino a c i d  rema i ning 

free i n  t he med i um d e c r e a sed a s  the c u l ture g r e w  ( F i g . 7 ) . 

The rate o f  u p t a k e  o f  free i s o l euc i n e  and va l i n e d e c r e a s ed 

a fter one to two genera t i o n s  w i th both s tr a i n s  whi l e  t he 

uptake o f  g l yc i n e  o c c u r � e d  at a n  almo s t  constant rate . I n  
LHRSM c on t a i n i ng � C - l abe l led am i no ac ids , t he spec i f ic 

a c t i v i ty o f  bac t e r i a l  protein i ncrea sed to a max imum dur i ng 

the f i r s t  few gene rat ions ( F i g . 8 )  and then fe l l  s ha r p l y  

e xcept wi th E 8 grown i n  t h e  pre s ence o f  14 C - g lyc i n e . 

7 . 5  Low Mo l ecular We i ght Pept i d e s  i n  M i l k  a s  a N i trogen 

Source f or Growth 

S imi l ar s p ec i f i c  a c t iv i ty va l u e s  for bacte r i a l  p r o t e i n  were 

obtained when the c e l l s  had undergone be twee n  one and f ive 

gene rat i o n s  ( Table 7 )  sugge s t ing that the pep t i d e s  o r ig i n a l ly 

present i n  t h e  m i l k  suppl ied a c o n s tant proport ion o f  the 

n i trogen u sed for cul ture g rowt h . 

The Sephadex G - 1 5  e l u t ion pro f i le s  o f  the pep t i d e s  and f r e e  

amino ac i d s  i n  LHRSM a f t e r  growth o f  E 8 were c ompared to 

the o r i g i n a l m i l k  ( F ig . 9 ) . The amount of mate r i a l  e luted 

i n  frac t io n s  4 0  to 50  ( >  1 5 0 0  d a l ton s ) and in f rac t ions 5 5  

t o  7 0  ( med ium to low mo lecular we ight pept ide s  and amino 

a c i d s ) approximat e ly doubl ed d u r i n g  growth of  bacter i a . 



3 4 . 

TABLE 6 :  Con c e n t rat ion o f  Am ino Ac ids C o n t a i ned in B a c te r i a l  

Pr o te i n  i n  C o agu l at e d  M i l k  C u l tu r e s  o f  S .  c remo r i s 

AM
2 

and�
8 

Conta i n i n g  5 0 0  w g  ( dry we i gh t ) ba c te r i a/ 

m l  

Ami no A c i d s  

Aspa r t i c  Ac id 

Thre o n ine 

S e r i n e  

Glutam i c  Ac id 

Pro l in e 

G l y c i n e  

A l an i n e  

C y s t e ine 

Val ine 

Methion ine 

I soleu c i n e  

Leuc i n e  

Tyro s in e  

Phenyl a l an ine 

H i s t i d i ne 

Lys i ne 

Tryptophan 

Arg i n i n e  

Total 

a 
Not detectable 

b 
De s troyed dur i ng hydro l y s i s  

Footnote : 

2 9 . 4  

1 4 . 9  

1 2 . 0 

4 0 . 1  

8 . 8 

1 1 . 9  

1 9 . 2 

a 

1 4 . 7  

6 .  5 

1 2 . 5  

2 1 . 5  

1 0 . 4 

1 5 . 8  

5 . 9  

2 3 . 1  

b 

1 3 . 3 

2 6 0 . 0  

Conce n t r a t ion i n  
B a c t e r i a l  P r o t e i n  

( w g/m l ) 

E 
8 

3 2 . 0 

1 5 . 8 

1 3 . 1  

4 4 . 8  

9 . 8  

1 2 . 8  

2 1 . 7  

1 5 . 7 

6 . 8  

1 3 . 2 

2 2 . 8  

1 1 . 6  

1 9 . 1  

6 . 2 

2 4 . 9  

b 

1 4 . 8  

2 8  5 . l  

Re l at ive s tandard deviat ions o f  the i nd ividual ami no a c i d s  
a r e  < 3 . 0 % us ing the Loc arte Ana ly z e r . 
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TABLE 7 :  Spec i f ic Ac t i vity o f  Bacter i a l  P rote i n  f r om S .  
cremo r i s  AM2 and E 8 Ce l l s  Growi ng in LHRSM Con
t a i ning Added 14 C - labe l l ed Pept ide s 

3 7 . 

Strain Gene rations  
Spec i f ic nc t i v i ty 

o f  B acter i a l  P ro t e i n  
( x  1 0  3 dpm/g ) 

S .  c remor i s  AM
2 

l . l  2 3 

3 .  2 1 8  

4 .  0 1 8 

s .  c remor i s  E B  1 . 2  3 0  

2 .  4 3 2  

4 .  2 2 8 

5 . 3 2 5  
------· 
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F I GURE 9 :  S ephadex G- 1 5  c hromatog raphic separat ion o f  the 

ami no ac i d s  and peptides i n  the NPN f ract ion f rom 

LHRSM ( - - - )  and a f ter growth of �· cremo r i s  E 8 
( -- ) . The c u lture was incubated at 3 0°C for 'V 6 

generat i on s  unt i l  pH 5 . 0  wa s reached . S amp l e s  

app l i ed to t h e  column -.;...rere from t h e  equival e n t  o f  

2 m l  o f  med ium . 
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7 . 6  Mi l k  Prote in a s  a N i trogen Source for Growth 

I n  the f i r s t  f ive gene ration s , the c e l l  protein i nc r ea s ed in 

spec i f ic ac t iv i t y  w i th both stra i n s  ( F ig .  1 0 ) . Va l ue s  for 

repeat exper iment s were ± 1 0 %  of tho s e  g iven in F ig .  1 0 . 

Ad sor pt ion o f  m i l k  p rote in to the c e l l surface wa s i nve s t i 

gated as  a po s s ible  source o f  error i n  the above expe riment s . 

Al though t here wa s s ome ad sorpt ion o f  � C - l abel l ed c a s e i n , 

t h i s  would accoun t for l e s s  than 1 0 %  o f  the value obta ined 

for the i ncorpora t i on of j4 C into bac terial  prote i n  when ce l l s  

were grown i n  the pre sence o f  the same amount o f  14 C - l abe l l ed 

mi l k  prote in . 

7 . 7  I nd i vidua l Mi l k  Proteins  a s  N i trogen Sources for Growt h 

The spec i f i c  activ i t ies  of bacte r i a l  prote i n  from cel l s  o f  

AM 2  and E 8 grown i n  the presence o f  individual 14 C - labe l l ed 

milk  prote i n s  are g ive n in Table 8 .  V a l u e s for AM
2 

i n  t he 

pre sence o f  the Q 2 - , a 3 - , a 4 - c a se in fract ion wer e  greater  s s s 
t h an the cor r e s pond in g values for E

8
. A l l  other v a l u e s  for 

AM
2 

we re l e s s  than or s im i l ar to the  correspond ing values  

for E
8

. 

7 . 8  
+ 

Growth o f  S .  Cremor i s  2 6 6  P r t  and Prt 

+ 
S .  crernor i s  2 6 6 P r t  grew at an exponen ti a l  r ate ( generat ion 

t ime 63 min ) unt i l  a termina l T
4 B O nm 

value o f  3 . 3  wa s reac hed 

( F ig . 1 1 ) . The P r t  var i ant ( prot e inase a c t i v i ty neg l ig ib l e  

against c a s e i n )  grew i n i t i a l l y  at a rate s im i l ar t o  the 

parent s t r a i n  but growth virtua l l y  s to pped a ft e r  about 6 h 

a t ! T
4 B Onm val ue whi c h  was 1 2 . 0 % o f  that a tt a i ned by t h e  

P r t  s t r a i n  ( F ig . 1 1 ) . 
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F I GURE 1 0 : Spec i f ic act iv ity o f  bacterial prote in w i t h  S .  

cremo r i s  AM
2 

( o )  and E 8 ( e )  growing in LHRSM con

t a i n ing added � C -l a be l l ed m i l k  prote in . The med i a  

were inoculated ( 1 % o f  a buf fered m i l k  c u l tu r e  -

ce l l  den s i ty equ iva lent to 2 %  o f  a norma l coagu

l ated milk cultur e )  and incubated at 3 0
°

C .  
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TABLE 8 :  Spe c i f ic Ac t i v i ty o f  Bacte r ial  P rote in f rom S ._ 
c remor i s  AM 2 and E 8 C e l l s  Grown for 5 . 5  G e n e r a 

t i on s in LH RS�1 C_ont a in ing P u r e  1" C - Labe l l ed Mi l k  

Pro t e i n s  

Mi l k  P rote in 

K - c a s e i n  

S - case i n  

a s l - , a s o - c a s e i n s 

a ? - , a 3
- ,  a 

4
- c a s e i n s  S - S S 

a - l ac t a lbumin 

S - l ac tog lobul im 

a Not determined 

Spec i f i c  Ac t i v i t y  of  B a c te r i a l  
Protein  ( x  1 0 3 dpm / g ) 

Aiv12 E 8 
----

Expt I I I  Expt I I I  

1 4 . 4  1 6  . l  2 1 . 0  1 8 . 4 

1 5 . 9  1 3 . 8  1 5 . 2  1 1 . 5  

a 8 . 0  9 .  3 1 0 . 4  

1 3 . 9  8 . 1  4 . 3 6 . 9 

8 . 0  6 . 9  8 . 8  9 . 2  

1 3 . 0  6 . 9  1 3 . 9  1 6 . 1  
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F I GURE 1 1 : G rowth o f  S .  c remo r i s  2 6 6  Prt
+ 

and Prt ce l l s  ln  

LHRSM 



C H A P T E R 8 

D I SCUSS ION 

Analy s i s  of t h e  l o w  h e a t  s k im m i l k  powder u s ing DE 5 2  and 

G- 7 5  c hromatogra phy d i d  not s how any e v i d e nc e of heat 
induced prote i n  i n t e r a c t i on . The levels o f  i nd ividual 

free ami no aci d s  in the r e c o n s t i t u ted m i l k  were s imi l a r 

4 3 . 

to th o s e r e p o r t e d  by Aston ( 1 9 7 5 )  and Oe u t s c h  & Sam u e l s son 

( 1 9 5 9 )  for fre s h l y drawn norma l n i l k . T h e  to t a l  f r e e  amino 

a c id c oncentrat ion ( 6 8 . 5  �g l m l )  was o f  t he same order as 

those reported by t hese wor k e r s  ( 3 0 .  7 JJg I m l  and 6 7 . 9 JJ9 I m l , 

respec t i ve l y ) . T h e  compo s i t ion o f  potent i a l  n i t rogen sources 

i n  the LHR S M  med ium was , there fore , c on s i d e r e d  t o  be s imi lar 

t o  that i n  f r es h m i l k . 

W i th the ex ce p t ion o f  me t h ion i ne ( and po s s i b l y  phen y l a lan i ne , 

whic h could no t be d e t e rm i ned ) , a ll t he am i no a c i d s  e s s e n t i a l  
f o r  growth o f  l ac t i c  s t r e p t o c o c c i ( Re i t er & Oram , 1 9 6 2 ) were 

present a s  f r e e  am ino aci d s  i n  LHRSM med ium ( Tabl e 4 ) . How 

ever , a c i d h ydro l y s i s  o f  the N P N  f rac t ion showed that 

methio n i ne was p r e s e n t  i n  pept i d e s  ( Table 4) . Comp a r i s o n  o f  

data i n  Tables 4 and 6 s hows that mo s t  o f  t he e s s ent ial 

amino a c id s  were not p re sent in su f f i c ient amount s ,  e i ther 

free o r  i n  pept ide s ,  to account for the synthe s i s  o f  the 

bacter i a l  prote i n  required for growth to the cell  den s i t i e s  

found i n  coagulated c u l tu r e s .  The iim ited growth o f  P r t  

cu lture s i n  mi l k  i s  pre sumably due t o  the deplet ion o f  a n  

� s sentia l  amino a c id in the l ow mo lecu lar we ight n i trogen 

fract ion . 

The mo s t  acce s s i b l e  poten t i al source o f  n it rogen for c e l l 

g rowth i n  m i l k  i s  the free amino ac id s . The remova l o f  
� C - l ab e l led amino ac id s  f r o m  the med i um ( F ig . 7 )  s howed 

that t h e s e  compound s were taken up by c e l l s growing in m i l k . 

I n  the f ir s t  few generat ions t he spec i f ic a c t iv i t y  o f  c e l l 

protein increased but then decreased at highe r  c e l l  den s i -
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t i e s  ( F ig . 8 ) . T h i s  ind icates that the free amino a c id poo l 

i s  a n  important s ource o f  n i trogen for  growth but only a t  

l o w  c e l l  den s i t ie s . 

The low mo lecul ar we ight peptide fraction o f  m i l k  appeared t o  
be a s ignifi cant poten t i a l  source of n i trogen a s  a c id hydro

ly s i s  of the NPN f ract ion re sul ted i n  a t hr e e - fo ld inc rease  

in the tota l concentr ation of amino ac id s  ( Tab le  4 ) . The 

isol ation of t h e  NPN f r a c t ion c o nt a i n i ng l ow mo lecu l a r we ight 

pept ide s wa s based on so l u b i l ity i n  1 2 %  ( w/v ) TCA wh i ch i s  

somewhat arbitrary . However , S ephad ex G - 1 5  ch roma tog rap hy 
s howed that the bulk  o f  the NPN fraction had a mol e c u l a r  

we ight o f  l e s s  than 1 5 0 0  daltons F ig s . 4 and 9 ) . 'r he upper 

s i ze limit fo r peptide transport throug h lactic  streptococ c a l  

membrane s i s  cons idered t o  b e  o f  f ive o r  s ix r e s idue s ( �aw 

et 01 . ,  1 9 7 6 ;  Ric e e t ��- , 1 9 7 8 )  so t h a t some o f  the peptides  

in the  NPN fract ion would r e qu i r e hydro lys i s  be f o r e  up tak e . 
The peptide frac t i on p re p a r e d  fron NPN ma t e r i a l  i n  14 C - l a be l l e d  

mi l k  would not con tain a l l  the l ow mo l ecular  we i g h t pept ide s 

pre sent s ince l a rge  amino ac id s  and sma l l  p e p t id e s  hav i ng 

s imi l a r  hydrodynamic vol ume s w i l l  t end to over l a p d u r i n g  

e l ut ion and f ract ions conta in ing de tec tab le  free  am ino ac id s 

were exc l uded from the peptide fract ion . The origin  o f  pep

t ides  in the N P N  fract ion is unknown but t he y  can o � l y  

p a r t l y  arise  f rom hyd r o l y s i s  o f  c a s e i n s  o r  whey p r o t e i n  
a s  the spec i f ic  act ivity o f  t h i s  frac t ion wa s appr ox ima t e ly 

0 . 7  x 1 0 6 dpm/g compared to 2 . 3 x l O b  dpm/g for milk prote i n . 

This  low spec i f ic act i v i ty l imi ted the usefulne s s  of t he 

label led mi lk peptide s  but incorporati on o f  this  mater i a l  

into cel l protein  was observed dur ing the growth of AM2 and 

E 8 in LHRSM ( Table  7 ) . I t  was conc luded that , in contra s t  

t o  free amino ac id s , a cons tant propo r t ion o f  bacte r i a l  

protein  was derived from t h e  orig i n a l  poo l o f  pept ides i n  

the m i l k . 

The u s e  o f  some o f  the mi l k  proteins  a s  n itrogen sour c e s  for 

c e l l  growth may be  inf luenced by the way in  which the added 

mi l k  prote in equi l ibrated with the nat ive m i l k  prote i n s . I n  

m i l k  t h e  particulat e  mic e l l e s  are composed o f  casein s , 

imme r s ed in a s erum conta ining the sol uble whey prote ins , 

pept ide s and free amino ac ids . When � C -l ab e l led B-ca s e in 
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was added to mi lk which wa s t h e n  held at 4 °C fo r 1 6  h ,  t h e  

added p ro t e i n  l a r g e l y  e qu i l i brat ed w i t h  B - c a s e i n  i n  t h e  

m i c e l le ( Cr e ame r e t  a l . , 1 9 7 7 ) . T h e r e  i s no i n f o rma t io n  c o n 

cerning the e qu i l i b r a t i o n  o f  o t her c a s e i n s  w h e n  added to 

m i l k . 

When � C - l ab e l l ed t o t a l  m i l k  p r o te i n wa s added to LHRSM t he 

s pec i f ic a c t i v i ty o f  b a c te r i a l  p r o t e i n i n c r e a s ed a s  t h e  

c u l t ure grew . T h i s i nd ic a t e s  t h a t  m i l k  p ro t e i n  become s an 

i nc re a s ing l y impo r t a n t  source o f  n i trogen for g rowth as t h e  

ce l l de n s i ty i n c r e a s e s . T h e  s p e c i f i c ac t iv i t y  o f  p ro t e i n  

f rom c e l l s  g ro wn i n  a med i um c onta i n i ng � C - l abe l led m i l k  

p rote in w i l l  d e pend o n  t h e  a m i n o  acid compo s i t i on o f  the m i l k  

protein  s in ce spec i f i c ac t iv i t i e s  o f  i nd i v i d u a l am i no a c i d s  

are d i f fe rent ( Ta b l e  l ) . The r e f o r e  no q u an t i t a t ive c om 

p a r i s o n s  be twee n  v a l u e s i n  Tabl e 8 f o r  e a c h  s t r a i n  c a n  b e  

made . T h e  o n l y  c o n c l u s i o 1 1  to be d rawn f rom t h i s  da ta i s  
that a l l  t h e  i n d i v id u a l  m i l k  p ro t e in s t e s t e d  were u s ed a s  

n i t r ogen s o u r c e s  f o r  growt h . T h e r e  a r e  a n umb e r  o f  f a c t o r s  

wh i c h  may i n f l ue nce t h e  t o ta l amount o f  e a c h  m i l k p ro t e i n  

a s s i m i l a t ed i n to c e l l p r o t e i n . T h e s e  i n c l u d e  the c onc en t r a 

t io n  o f  e a c h  p r o te i n  i n  t h e  m i l k , i n h e r e n t  r e s i s t ance to 

proteo ly s i s  d ue to t h e  s tr u c t u r e  of the p ro t e i n  a nd t he 

acce s s ib i l i ty o f  eac h prote in t o  t h e  s u r f a c e  o f  t h e  b a c t e r i a l  

c e l l  whe re t he pr ote in as e s y s t em i s  l oc a ted . Whe y p r o t e i n s  

and that frac t ion o f  K - c a s e i n  t h a t  r e s idue s o n  t h e  s u r f a c e  

o f  the mice l le are l i ke l y  t o  be mo r e  ac c e s s i b l e than m i c e l l e 

core prote i n s . 

I n  s ummary , t he source o f  n i trogen for ce l l  growth i n mi l k 

appea r s  to depend on the c e l l  den s i ty o f  the c u lture . At 

low ce l l  den s i t i e s , free amino acids and pept ides are u sed 

by P r t
+ 

ce l l s  and Prt ce l l s  a l ike . As the c e l l  den s i ty in

cre a s e s  an e s senti a l  ami no ac id i n  the s e  low mo l ecu lar 

we ight mater i a l s  becomes l imit ing , and growth of P r t  c e l l s  

stop s . At c e l l  dens itie s above � 1 0 %  o f  tho s e  found in 

c oagu l ated mi l k  culture s , Prt
+ 

c e l l s  appear to be dependent 

for growth on the ir  prote inase to s upply pep t ides  from m i l k  

prote ins . Th i s  prote ina s e  system i s  located in the c e l l  wal l , 

po s s ibly near the outs ide sur face ( Thomas et  a l . ,  1 9 7 4 )  s o  

t h a t  t h e  proteo lysis  products a r e  l ikely t o  d i f fuse into the 

med ium . Ce l l  den sity increase · is accompan ied by elevation 
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o f  the  l eve l o f  ce l l  wa l l -assoc iated prote inase  i n  the c u l 

ture and hence b y  a n  acce lera t ion i n  the supp l y  o f  pept i des . 

Pep t i de s  der i ved from mi l k  prote i n  w i l l  thus form a n  i n 

crea sed proport ion o f  t h e  s o l u b l e  n i t rogen c ompounds wh i c h  

d i f fuse  through the wa l l  and are  transported through the 

membrane into the c e l l . The fact that growth o f  Prt
+ 

c e l l s  

o f  �· c remo r i s  2 6 6  i n  m i l k  wa s expone n t i a l  ( F ig . l l )  means 

t hat  prote i nase  act ivity must beg i n  to func t ion e f fect ive ly 

in  supply ing proteolys i s  p rodu cts  be fore the concentration  

o f  the  low mo lecular we i g ht n i trogen i n i t i a l l y  pre s ent be

come s rate l im i t i ng . 
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The ac t ivity o f  prote o l y t i c  e n z yme s i s  u s ua l ly determ i ned 

wi th c a s e i n  or haemog lob i n  as the s ubstra t e , e spec i a l l y  

when the numbe r  o f  prote i na s e s  pre s ent o r  the i r  spec i f ic i 

t i e s  i s  unknown . Hydrol y s i s  i s  no rma l ly s topped by the 

add i t ion of TCA and the c oncentra t i on of so l u b l e  produc t s  

then determined e i ther b y  mea s ur ing A
2 S O nm 

v a l ue s , or by 

c o l o r imetry u s i ng the Fo l in-c iocal teu rea c t ion ( Lowry e t  a l J ,  

1 9 5 1 ) , the b i ure t reac t i on ( Robin son & Hodgen , 1 9 4 0 )  o r  the 

n i nhyd r i n  reac t ion ( Moore & S t e i n , 1 9 5 4 ) . The s e  method s 

lack sen s i t iv i ty when u sed to a s say i ntact c e l l s  or c e l l 

free ext r a c t s  o f  l ac t i c  s t reptococc i ,  a s  ind ic ated b y  i n c u 

bat ion t ime s o f  up t o  2 4  h at 3 7
°

C ( We s t ho f f  & Cowman , 1 9 7 0 ) , 

the u se o f  ce l l s  d e r i ved f rom more than 2 0 0  ml c u l ture in a 

s ingl e a s s ay ( Cowman & S p e c k , 1 9 6 7 ) and son i c  extract f rom 

2 5 0  mg ( we t  we igh t )  o f  ce l l s  in a s ing l e  a s s a y  ( Van der Z ant 

& N e l son , 1 9 5 3 )  to o b t a i n  mea surab l e  proteo l y s i s . I n  

add i t ion , the tra d i tional methods po s e  some probl ems when 

the p roteo l y t i c  a c t i v i ty of intact bacter i a l  ce l l s  or c rude 

ce l l  extrac t s  are a s s ayed ( Lawrence e t  a l . ,  1 9 7 6 ) . Extrac t s  

from con centrated c e l l  s u s pen s ion s contain poten t i a l  s u b 

s t r a t e  for t h e  prote ina s e  sys tem a n d  a l so u s ua l l y  conta i n  

TCA- s o l ubl e mate r i a l  whi c h  reac t s  po s i t ive l y  in  the above 

a s s ay s . I n  add i t io n , i ntact c e l l s  o f  � ·  l a c t i s  re lease f r e e  

amino a c i d s  f r om e ndogeno u s  s ources when h e ld at 3 0
°

C i n  

buf fe r  ( Thomas & B a t t , l S 6 9a ) .  A method o f  part i a l ly over 

coming the se probl em s  i s  t o  u se a pro t e i n  substrate wh i c h  i s  

l a be l l ed w i th a rad ioac t ive i sotope . Althou g h  potent i a l l y  

compet ing subs t r a t e s  and l ow mo l ecu l ar we i g ht TCA- s o l u b l e  

mater i a l s  are not e l iminated , o n l y  produc t s  d e r ived f rom t h e  

rad i oa c tive prote i n  wi l l  b e  d e t e c ted . Thoma s e t  a l . ( 1 9 7 4 )  

cova l en t l y  bonded 125
I to tyro s ine r e s idues o f  c a s e i n  whe r e a s  

Ext e r k ate ( 1 9 7 5 )  reduc t ive ly methylated lys ine re s idue s w i th 
14

C - formaldehyde . The l at t e r  method produce s  more frequent 

l abe l l i ng w i th i n  the prote in mol ec u l e , s inc e t he var i ou s 
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c a s e i n s  conta in b e twee n  n ine and fourteen l y s ine r e s idue s 

p e r  c a s e i n  mol ec u l e  compared to four to n ine tyro s ine r e s i 

d u e s  per c a s e i n  mo l ecu l e  a nd g ive s a substrate which has a 

much longer ha l f- l i fe .  D e s p i te the s e  advantage s ,  the sub

s trate i s  chem i ca l ly mod i f ied ann l a be l l ing i s  not random 

s ince i n  a l l  the c a s e i n s  the frequency f l y s ine r e s idues 

is gre a t e r  towards the ami no termina l end of the mo l e cu l e s  

( Merc i e r  e t  al . ,  1 9 7 2 ) . Pre l imi nary exper imen ts were und e r 

t a k e n  to see i f  c hemic a l  mod i f i c at ion of c a s e i n  s u b s t r a t e s  

r e s u l ted in d i f ferent produc t s  or r a t e s  o f  proteo l y s i s . The 

r e s u l t s  ( see Append ix I I )  showed that the a c t ion o f  c hymo s i n  

and tryp s in was , i n  some c a s e s , a l tered b y  methy l at ion o f  

a
s 1

- and S-case ins . 

I n  order to c l ar i fy the phy s iolog i c a l  ro l e  o f  prote i n a s e  

d u r i ng s t a rter growth i n  m i l k , the substrate f o r  prote i n a s e  

a s s ays sho u l d  b e  an e f fe c t ive amino ac id s o u r c e  f o r  growth 

in m i l k .  Potent i a l  ami no ac id sou r c e s  in m i l k  are free 

ami no ac id s , pept ides a nd prote ins inc lud i ng c a s e i n  ( s ee 

S ec t ion I I ) . An i d e a l  s ub strate for a s say o f  the prote ina s e s  

f r o m  l ac t i c streptococc i wou l d , there fore , b e  uni form l y  

l abe l l ed c a s e in o f  h i g h  spec i f ic a c t i v i ty prepared wi t hout 

c hemi c a l  mod i f i c a t i on ( see S e c t i on I ) .  

T h i s s e c t ion descr ibes the eva l uat ion of a me thod u s i ng 
14 C 

l abe l l ed c a s e i n  s u b strate for the a s say o f  prote i nase s  

e i ther i n  sol u t i o n  o r  bound to intact ce l l s  o f  l ac t i c  

s tr eptococc i .  



1 0 . 1  Bacte r i a  

C H A P T E R l 0 

EXPERIMENTAL 

5 0 . 

P reparat i on o f  stock cu l ture s and inocu lum c u l t ure s  have been 

d e s c r ibed p reviou s l y  ( page 2 1 ) .  The deta i l ed compo s i t ion o f  

t he m i l k  med i um was not requ i red a s  i n  Sect ion I I  and s i nce 

t he h igh bu l k  dens i ty powder for LHRSM was d i f f i cu l t  to r e 

c o n s t i tute 1 RSM ( page 2 1  ) w a s  u s ed in stead . 

1 0 . 2  Exper imental RSM Med ium , Growth and Harv e s t i ng o f  C e l l s  

The exper imenta l RSM med ium was prepared i n  the same way a s  

L H RSM med i um ( page 2 2  ) except that S - gl yceropho spha te wa s 

added to a l low growth t o  a h i g h e r  c e l l  dens i ty ( approx . 1 0
9 

c e l l s/ml ) w i thout coagu l at i on ( Thoma s & Turne r , 1 9 7 7 ) . Con

c e n trated ( 3  M)  di sod i um B -g l y c eropho sphate ( S i gma Chem i c a l  

C o . )  solut i o n  wa s ad j u sted t o  p H  7 . 4  w i th conc en t r a t ed H C l , 

autoc l aved 1 and added to the c e n t r i fuged m i l k  ( 2 . 5  ml/1 0 0  ml 

exper imenta l RSM) , g i v i ng a f i nal pH o f  7 . � . 

E xper imenta l RSM wa s inocu l ated ( 3 % )  w i th a 1 6  h I  2 2
°

C 

c u l ture and incubated a t  3 0
°

C .  Growt h was mon i tored turb i d 

imetr ic a l l y  a n d  c e l l s  harve s ted as  d e s c r i bed prev ious ly 

( page 2 2 ) . 

1 0 . 3  Re l e a s e  o f  Ce l l  Wa l l -A s so c i ated Prote ina s e  

Ce l l  wal l - a s soc iated pro t e in a s e  wa s r e l ea s e d  f rom lac t i c  

s tr eptococc i b y  hol ding wa s hed c e l l s  ( 2 0  mg ( dr y  we ight ) 

bact e r i a/ml ) i n  0 . 0 5 M t r i s - ( hydroxy methy l ) ami o me thane 

( T r i s )  buf fe r  ( pH 7 . 8 )  a t  2 5
°

C for 2 h .  The phenomenon o f  

p r o te i nase release i s  d i s c u s sed e l s ewhere ( Se c t io n  I I I 1 P a r t  

2 1 page 6 9 ) . Ce l l s  were then removed by c e n tr i fugat i on 

( 1 0 , 0 0 0  x � '  l m i n )  so  that the s upernatant conta i ned c e l l 

f r e e  prote i nase . 
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5 1 . 

A s ampl e  ( 0 . 1  ml ) of ce l l - free prote ina s e  so l ut ion or c e l l  

s u s pe n s ion was added to � C - l abe l l ed c as e i n  ( 0 . 4  m l , 2 . 3 5 x 

1 0
6 

dpm/g ) s o l u t ion in bu f fe r . The choi ce o f  bu f f er , c a s e in 

sub s t rate concentrat ion and incubat ion temperature d epended 

on the exper iment . When intac t c e l l s  were a s s ayed , c a c l
2 

wa s 

adde d  to a f ina l con cent r a t ion o f  0 . 0 2 M to minimi z e  the r e 

l e a s e  o f  pro te inase from t h e  c e l l  wa l l  ( page 7 9 ) .  The r e 

act ion was stopped by t h e  add it ion of  TCA ( 0 . 5 ml , 1 2 % ( w/v ) ) 

After 1 5  min the mixture was centri fuged ( 2 5 , 0 0 0  x � '  1 min ) 

and the rad ioact ivity i n  the supernatant ( 0 . 5  ml ) d e termined . 

A quenc h i ng c u rve for 6 %  ( w/v ) TCA wa s obta ined a s  d e s c r i bed 

f o r  water ( page 3 ) .  Proteo l ys i s  was mea sured as the rad io-

act ive mate r i a l , solub l e  i n  6%  ( w/v ) TCA , produced du r i ng 

the a s say and has u n i t s  o f  dpm/ml . P rote i n a s e  a c t iv i ty i s  

de f i ned as  pro t eo l y s i s  pe r u n i t  c oncentra tion o f  en z yme and 

for i ntact c e l l s  has  u n i t s  o f  dpm/mg ( dr y  we ight ) bac ter ia . 

The proteinase activity o f  c e l l - f r e e  prot e i n a s e  was c a l c u l ated 

on the ba s i s  o f  the ini t i a l  bac t e r i a l  dry we ight f rom wh ich 

the preparat ion was der ived and h a s  un i t s  o f  dpm/mg ( dry 

we ight equ iva le nt ) bacter i a . 

1 0 . 5  Prote ina s e  Assax s w i t h  Non - r ad ioact ive C a s e in 

C e l l - free pro t e inase s o l u t ion ( 0 . 1  ml ) from S .  c r emo r i s  2 6 6  
was added to c a se i n  ( 0 . 4  ml ) in  0 . 0 5 M cacod y l ate bu f fer 

( pH 6 . 5 ) giving a f inal c a s e i n  c oncentration o f  0 . 5 % ( w/v ) 

The m i xture was ma intained a t  2 0°C for 4 h be fore add i t ion 

o f  TCA as  i n  the a s say i nvol v i ng 14 C - labe l l ed c a s e in . Pro 

teo l y s i s  over a range o f  p r o t e i n a s e  concent r a t i o n s  wa s 

determin ed u s ing t he Fo l in-C i oc a l teu reac t i o n  ( Lowry e t  a l . , 
1 9 5 1 )  and a l so the reac t ion w i th f l uore scamine at pH 6 . 0  

( Be e by , 1 9 8 0 ) . I n  the l at te r  a s says , supernatant ( 0 . 5  ml ) 

conta i n i n g  6 %  ( w/v)  TCA- s o l u b l e  mat e r i a l  was mixed w i t h  0 . 2  

M pho s p hate buf fer ( 2 . 5  m l , pH 7 . 1 ) g iving a f ina l pH o f  

6 . 0 .  An a l i quot ( 0 . 5 m l ) o f  f l uo r e s camine i n  a c e tone ( 0 . 4  

mg/m l ) was rap i d l y  mixed i n , the s o l u t ion equ i l ibrated to 

2 0
°

C ,  and f luorescenc e  inten s i ty d e termined ( page 2 2 ) .  
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1 0 . 6  E f f e c t o f  pH on Ac t iv i t y  

The a c t i v i t y  o f  ce l l - fr e e  prote inase f rom 2 6 6 , E
8

, AM
2 

and 

ML
3 

was a s s ayed ove r  the pH range 5 . 1  to 7 . 8 u s ing � C 

l ab e l l ed c a s e i n  ( 0 . 5 % ,  w/v ) and incubat ion for 4 h at 2 0°C .  

The pH o f  each a s s ay was de termined a f ter the stock c a s e i n  

s o l u t ion ( in 0 . 0 5 M cacodylate buf f e r , pH 6 . 5 ) prote i n a s e  

s o l u t ion ( in 0 . 0 5 M T r i s  buf f e r , pH 7 . 8 )  a n d  a s say bu f fe r  

( 0 . 0 5 M )  were mixed . B u f fe r  s a l t s  used in t h e  a s s a y  s y s tems 

wer e , phtha l ate , acetate , cacodylate, triethano l ami ne , T r i s , 

imida z o l e  and 2 ( N-morpho l i no ) e thane s u l fonic a c i d  ( Me s ) . 

The prote inase ac t i v i t y  o f  intact c e l l s  o f  2 6 6 ,  E 8
, AM

2 
and 

ML
3 

was determined over the range pH 4 . 5 to 8 . 0 .  C e l l s  were 

i ncubated with 0 . 5 % ( w/v ) � C - l abe l led c a s e i n  s o l ut io n  for 2 h 

a t  3 0°C i n  buf fe r s  conta ining c a c l
2 

( 0 . 0 2 M ) . Exc ept for 

c acodylate , which i nduced c e l l  l y s i s , the s ame bu f fe r  s a l t s  

we re used a s  f o r  c e l l - f r e e  p ro te i na s e . S to c k  c a s e i n  s o l u 

t ions for the a s say o f  i ntact c e l l s  conta ined 0 . 0 5 M Me s 

b u f f e r  ( pH 6 . 5 ) . 

1 0 . 7  E f fe c t  o f  Prote i na s e  Concentrat i on on Proteo l y s i s  

C e l l - free and ce l l -bound prote i n a s e s  were a s sayed over a 

r ange o f  concentrations .  A s s a y  cond i t ions for c e l l - free 

p rote inas e  con s i sted of 0 . 5 % ( w/v ) c a s e in in 0 . 0 5 M cacody late 

buf fe r  ( pH 6 . 5 ) and inc ubat ion for 4 h at 2 0°C whi l e  c e l l 

bound prote inase wa s a s s ayed w i t h  0 . 5 % ( w/v ) c a s e i n  i n  0 . 0 5 

M Me s buf f e r  ( pH 6 . 5 ) w i th i ncubation for 2 h at  3 0°C .  

1 0 . 8  A s s a y  o f  Thermo ly s in ,  S ubt i l i s i n  and Chymo s in U s i ng 
� C-Labe l l ed C a s e i n  S ub s trate 

Thermo l y s i n  ( Protea s e  Type X ,  S igma Chemic a l  Co . ) ,  subt il i s in 

( Pro te a s e  T ype VI I I , S igma Chem i c a l  Co . )  and c hymo s i n  ( page 

1 2 0 ) in 0 . 0 5 M cacody l at e  buf fe r  ( pH 6 . 5 ) wer e  a s s ayed w i t h  
14 C - labe l le d  c a s e in ( 0 . 5 % ,  w/v ) at  e n z yme concentr a t ions up 

to 0 . 5  �g/ml , 1 . 1  �g/m l  and 9 9 . 6  � g/ml , r e s p e c t ive l y . 
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The pH had l i t t l e  e f fe c t  on the a c t iv ity o f  ce l l - free p r o 

te i nase from s t r a i n s  ML
3 

and ��
2 

i n  the range p H  5 . 2  to 7 . 8  

( F i g . 1 2 ) . S tr a i n  2 6 6  was s imi lar except that a c t i v i t y  d e 

c l i ned a t  p H  5 . 2  whi l e  prote ina se from strain E
8 

showed 

opt imum activity between pH 5 . 8  and 7 . 0 .  Re su l t s  obta ined 

when d i f ferent bu f fers were used at the same pH value ind i 

cated that proteinase ac tivity wa s independent o f  the bu f fe r  

sal t . 

Assays us ing i ntac t c e l l s  o f  2 6 6 , AM
2 

and ML
3 

( F ig . 1 3 )  showed 

that pH had a s imi l a r  e f fec t on prote ina s e  act i v i ty whe t he r  

t h e  e n z yme ( s ) was c e l l - bo und or c e l l - free . However , when i n 

tac t ce l l s we re a s sayed at lower p H  v a l ue s , AM
2 

showed the 

same level of ac t i v i t y  down to pH 4 . 6  whe r e a s  t he ac t iv i t y  

o f  s trains 2 6 6  and ML
3 

d e c reased marked ly ( F ig .  1 3 ) . The 

activ i ty peak for i n ta c t  ce l l s  of E 8 was cc n s i s tently 

sharper than for both the ce l l - free prote i n a s e  from E 8 and 

for i ntact c e l l s  of the o ther strain s . 

On the bas i s  o f  the above re s u l t s , pH 6 . 5  wa s c hos en a s  the 

s tandard pH for the a s say of both c e l l - free and c e l l - bound 

prot e inase wi th a l l  s t ra ins . 

1 1 . 2  E f fect o f  Temperature on S tabi l i ty o f  C e l l -Free 

P rote i n a s e  

There was n o  apprec i a b l e  ( <  5 % )  l o s s  i n  ac t iv i ty when c e l l 

free prote ina s e  f r om 2 6 6  was held for up to 4 h at 2 0  or  

2 5
°

C p r i o r  to a s s ay ( Ta b l e  9 ) . At 3 0
°

C ,  a c t i v i ty wa s r e 

duced by about 1 0 %  when t he enzyme s o l ut ion wa s held f o r  2 ,  

3 o r  4 h prior to a s say . Prote ina s e  f r om s tr a i n s  E
8 , AM

2 
and ML 3 s howed no appre c i able decre a s e  in activity when 

a s s ayed at 2 0°C for 4 h a fter being he ld at that temper a t u r e  

for 4 h ( Table 9 )  . 
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TABLE 9 :  E f f e c t  o f  Temperature on S tab il ity o f  C e l l - F r e e  

Prote i na s e . A f t e r  be i ng h e l d  in 0 . 0 5 M C acody late 

Buf f e r  ( pH 6 . 5 ) unde r  the Cond it i o n s  Spec i f ied , 

P rote inase ( 4  mg ( dry we ight equiva l e n t ) bac t e r i a  I 

ml ) was As sayed with 14 C - l abe lled C a s e i n  ( 0 . 0 5 % , 

w/v ) in t he S ame B u f f e r  

Temp Time B e fore Prote i nase Act ivity 

S train before as say assay dpm/mg (dry we ight 
0 

h equiva l e n t ) bacteria c 

s .  c r emo r i s  2 6 6  con t r o l  3 1 1  

11 2 0  4 3 0 0  

11  2 5  2 2 9 3  

1 1  2 5  3 3 1 0  

1 1  2 5  4 2 9 6  

11 3 0  l 2 9 7  

1 1  3 0  2 2 7 7  

11  3 0  3 2 7 9  

11 3 0  4 2 7 3  

E 8 contro l 8 7  

11 2 0  4 8 6 

AM
2 

cont r o l  1 8 0 

11 2 0  4 1 8 6  

s .  l ac t i s  ML
3 

contro l 1 4 0  

2 0  4 1 3 7  

Footnote : The r e l a t ive s t andard devi a t ion f o r  pro t e i n a s e  

as s ay s  u s ing � C - labe l led c a s e i n  and a sing l e  bat c h  o f  c e l l s  

wa s < 4 % . T h i s  var i at ion i s  appl ic a b l e  t o  Tabl e s  9 t o  1 4 , 

F i g s  12 t o  1 7  and F i g s  1 9  to 25 . The relat ive s ta nd a rd 

d e v i a t i o n  betwe e n  batches o f  c e l l s  r anged from 9 %  f o r  r� 3 to 

2 9 %  for E 8 . 
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Rout i ne a s says o f  ce l l - f r e e  prote i nase a c t i v i t y  were , there

fore , i n c ubated for 4 h at  2 0
°

C .  

1 1 . 3  E f fe c t  o f  Temperature on Ac t i v i ty and S ta b i l i ty o f  

C e l l -Bound Prot e in a s e  

P rot e i n a s e  ac t iv i ty o f  i n t a c t  c e l l s  o f  2 6 6  and E 8 increa sed 

w i th t ime at incubat ion tempe rature s 2 5 ,  3 0  and 3 5
°

C ( Ta b l e  

1 0 ) . W i th the s ame incubat ion t ime , pro t e i na s e  a c t iv i ty 

i ncre a s ed w i th increas i ng tempe rature (Table 1 0 ) . The 

s tabi l i ty of c e l l -bound prote i n a s e  was exami ned by ho l d i n g  

c e l l s  i n  a s say bu f fer , under the same cond i t ions as  spec i f ied 

i n  Tab l e  1 0 , be fore as say . I n  gene ra l , ho l d i n g  i n t a c t  c e l l s  
0 0 

o f  2 6 6  and E 8 at 2 0  C to 3 5  C b e fore a s s a y  r e s u l ted in 

s l ight l y  i n crea s ed prote i n a s e  a c t iv i ty , e spec i a l l y  w i th E 8
. 

Only wi t h  s t ra i n  2 6 6  held at 3 5
°

C was prote i na s e  ac t iv i ty 

decreased ( Table 1 1 ) . The pos s i b i l i t y  o f  pro t e i n a s e  r e l e a s e  

d u r i n g  a s s a y  wa s examined b y  ho ld ing cel l s  i n  Me s bu f fer 

( pH 6 . 5 ) conta i n i n g  CaC 1 2 ( 0 . 0 2 M )  but no c a s e i n . S u s  pen-

s ion s we re held under the cond i t ions spec i f ied in  Table 1 1 , 

c entr i fuged ( 1 0 , 0 0 0  x � '  1 m i n )  and the s upe rnatant a s sayed 

f o r  prot e i n a s e  a c t ivity ( 4  h a t  2 0
°

C ) . No detec table pro

t e i na s e  was re l e a s ed f rom E 8 under any of these cond i t i on s . 

P rote i n a s e  was r e l eased f r om 2 6 6  a l though , a fter 3 h at 3 0
°

C ,  

the ac t i v i ty i n  solut ion wa s equ iva l ent to 4 %  o f  t he ac t i v i ty 

o f  intac t c e l l s . At 3 5
°

C , - p ro t e i n a s e  released a f ter 2 h wa s 

e qu iva l e n t  to 1 5 %  o f  the prote i n a s e  ac t iv i ty o f  intact c e l l s . 

Routine a s s ays w i t h  intact ce l l s  we re subsequent l y  i ncubated 

f o r  2 h a t  3 0
°

C .  

1 1 . 4  E f fe c t  o f  S u b strate Concentra t i on on Proteo l y s i s  

C a s e i n  s u b s t rate c oncentrat ion h ad a marked e f fe c t  o n  pro

teolys i s  a f ter 0 . 5  h ( F ig . 1 4 ) . After thi s  t ime , the rate 

with 0 . 1 % ( w/v) c a s e i n  s lowed marked l y  whi l e  wi h 0 . 2 5 %  

( w/v) and 0 . 5 % ( w/v ) c a s e i n  the decrease i n  rate was d e l a yed 

( F ig .  1 4 ) . W i t h  1 %  ( w/v ) c a se in ,  an a lmo s t  l inear rate wa s 

observed up to 4 h .  The amount o f  s ubstrate s o l ub i l i z ed 

a ft e r  4 h wa s 2 0 ,  1 4 , 1 8 and 4 %  f o r  c a se in concentrations o f  

0 . 1 ,  0 . 2 5 ,  0 . 5  and 1 . 0 % ( w/v ) , r e spe c t ive l y . 
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TABLE 1 0 : E f fe c t  o f  As say Temperature on the P r o t e i n a s e  

Ac t i v i ty o f  I ntact Ce l l s o f  S .  cremo r i s  2 6 6  and 

�8
. I n tact Ce l l s  ( 4  mg ( dry we ight ) bac t e r i a/m l ) 

were I n c ubated w i t h  
14 C - l ab e l led C a s e i n  ( 0 .  5 % , w/v ) 

i n  0 . 0 5 M Me s Buffer (pH 6 . 5 ) con ta i n i ng cac 1
2 

( 0 . 0 2 M )  under the Cond i t ions Spec i f ied 

Prote inase Ac t iv i ty 

Temp T ime 
(dpm/mg ( dry 

(
o

C )  ( h )  
we i g h t )  bacter i a )  

s .  c remo r i s  2 6 6  §. cremor i s  E 8 

2 0  4 4 1 5  8 3 8  

2 5  2 3 7 1  6 8 7 

2 5  3 4 7 2  8 2 2  

3 0  1 2 8 4  5 5 8 

3 0  2 4 2 5  7 5 8  

3 0  3 5 6 0  a 

3 5  1 2 9 8 5 7 8  

3 5  2 4 6 6  7 8 0  

a 
Not d e t e rmined 
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TABLE 1 1 : E f f e c t  o f  Temp e r a ture on the S tabi l i ty o f  C e l l 

Bound Pro te inase o f  S .  c r emo r i s  2 6 6  and E
8

. I nt a c t  

ce l l s  ( 4  m g  ( dry we ight)  bacte r ia/m l ) were I nc uba

ted with � C - l abe l l ed c a s e i n  ( 0 . 5 % ,  w/v ) in 0 . 0 5 M 

Me s B u f f e r  ( pH 6 . 5 ) contain ing cac 1
2 

( 0 . 0 2 M )  for 

4 h a t  2 0
°

C a f te r  be i ng held in th i s  B u f f e r  und e r  

the Cond i t ions Spec i f ied 

T emperature T ime Prote inase Ac t ivity 

B e fore Be fore ( dpm/mg ( d ry 

Assay Assay 
we ight ) bacte r i a )  

(
O

C )  ( h ) s .  c remo r i s  2 6 6  s .  c remo r i s  E a 

control 4 1 5 8 3 8  

2 0  4 4 1 9  8 7 6  

2 5  2 4 2 9  9 4 7  

2 5  3 4 3 7  9 2 2  

3 0  1 4 3 0  8 7 6  

3 0  2 4 2 6  9 3 9 

3 0  3 4 3 3 a 

3 5  1 4 2 6  9 2 5  

3 5  2 3 8 2 9 1 3  

a 
Not d e t e rmine d  
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F I GURE 1 4 : E f fec t o f  substrate concentrat io n  on a c t iv i ty o f  

ce l l - free prot e i na s e  from � ·  c r erno r i s  2 6 6 . P r o 

t e i na s e  wa s inc ubated w i t h  � C- l a be l led c a s e in in 

0 . 0 5 M cacodylate buf fer ( pH 6 . 5 ) for 4 h at 2 0°C .  

E n z yme concentrat ion wa s constant . C a s e i n  con

centrat io n s  used wer e  0 . 1 % ( o ) , 0 . 2 5 % ( 6 ) , 0 . 5 % 

(o )  and 1 . 0 % ( e ) , w/v . 
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1 1 . 5  E f fe c t  o f  P rote i n a s e  Concentration on P r o t eo l y s i s  

T h e r e  was a n  almo s t  l inear increase i n  prote o l y s i s  w i t h  

c oncentrat ion o f  the ce l l - free e n z yme ( F ig . 1 5 ) . A t  t h e  

h ighe s t  concentrations o f  e n z yme 4 . 7 1  5 . 4 ,  6 . 2  and 9 . 2 % o f  

the substrate wa s solub i l i z ed dur ing the a s say per iod ( 4  h )  

w i t h  en zyme s from s t r a i n s  E
8

1 ML
3

1 AM
2 

anu 2 6 6 1 re spec t 

i ve ly .  

More ex ten s ive pro teo l y s i s  wa s obtained dur ing t he a s s ay 

o f  c e l l -bound prote in a s e  ( F ig . 1 6 )  compared w i t h  c e l l - f r e e  

p r o t e i nase ( F ig .  1 5 ) . Thi s d i f ference i s  l arge ly d u e  to 

the r e l ea s e  of only part of the c e l l -bound prot e i n a s e  dur ing 

preparation o f  the c e l l - f ree e n z y�e ( p ag e 8 7 ) . W i t h  t he 

h i gh e s t  concentra t i on s  o f  c e l l -bound enzyme 3 1 . 5 1  2 4 . 2 1  1 8 . 3  

and 2 2 . 1 % o f  the sub s t r a t e  wa s s o l u b i l i z ed w i t h  in t a c t  c e l l s 

o f  E 8  1 ML3 1 AM 2  and 2 6 6 1 re s pec t ive l y . At low e n z yme c o n 

c e n trat i on s  ( u p  t o  about l .  5 mg ( dry weight. )  bacter i a  I m l  

f o r  AM
2 

I 2 6 6  and ML 3 a n d  0 .  5 m g  ( d r y  we i g h t )  bac t e r i a  I ml 

for E 8 ) proteolys i s  ( up to about 1 0 0 0  dpm I ml ) wa s almo s t  

propo r t i onal to e n z yme concentra t i o n . A t  higher en z yme con

centrat ion s  the rel at ion s h i p  w a s  non - l i n e a r . 

1 1 . 6  C ompar i son o f  � C - Labe l led C a s e i n  A s s a y  w i t h  Fo l i n

C ioca l teu and F luore s camine As s ays 

The r e s u l t s  o f  pro t e i na s e  a s say by t he three m ethods for 

d e t e rmin ing TCA- so lubl e mater i a l  were norma l i z ed for com

parat ive purpos e s  so that the abso rbance , f luor e s c enc e and 

r ad i o a c t ivity values obta i ned f rom the great e s t  conc e n 

t r a t i on o f  p rote inase became 1 0 0 . T h e  curve s for a l l t h r e e  

met hod s were non- l inear a n d  coinc ident ( F ig . 1 7 ) . 

1 1 . 7  Assay o f  Thermo l y s i n , Subt i l i s i n  and C hymo s in U s i ng 
� C - Lab e l l ed C a s e i n  

There was a l inear r e l a t ions hip between t he concentration 

of  t h e rmo l y s i n  and subt i l i s in and the amount o f  ma ter i a l  r e 

l ea s ed w h i c h  wa s s o l ub l e  i n  6 %  ( wlv ) TCA ( F ig . 1 8 ) . T h i s  

l inea r i t y  was observed w i t h  e n z yme c oncentrat io n s  whic h  p r o 

duced , i n  t h e  4 h a s say per i od , up to 4 5 % a n d  1 7 %  subs t r a t e  
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s o l ub i l i z at ion w i th thermo l y s i n  and subt i l i s in , r e spe c t ive l y . 

I n  contra s t , increa s i ng chymo s in concentr a t i o n s  d i d  not g ive 

a l inear increase in  the amount of c a s e i n  s o l ub i l i z ed dur i ng 

the 4 h a s say per i od . 
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F I GURE 1 5 : C e l l - free proteinase conce n trat ion versus pro 

teoly s i s . S t a ndard a s say cond i t ions were u s ed 

( se e  tex t )  . 
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F I GU RE  1 6 : Ce l l- bound proteinase concentrat ion ver s us pro

teo l y s i s . S tandard a s s ay cond it ions were u s ed 

( see tex t ) . 
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F I GURE 1 7 : Comp a r i son o f  met hods for determ i n ing TCA - s o luble 

mat e r i a l  in a s s a y s  of c e l l - free prote ina s e  f rom 

S .  c remor i s  2 6 6 . Prote i n a s e  wa s incubated with 

0 . 5 % ( w/v ) c a s e i n  in 0 . 0 5 M cacodylate bu f f e r  

( pH 6 . 5 ) f o r  4 h at  2 0
°

C and the mate r i a l  so lub l e  

i n  6 %  TCA was e s t imated by rad io a c t iv ity deter

minat ion ( o ), F o l i n - C io c a l teu r e a c t ion ( 6 )  and 

f l uore scam i ne r e a c t ion (D ) . 
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F I GURE 1 8 : Ac t ivi ty o f  thermoly s in , subt i l i s in and c h ymo s in 

u s i ng � C - l ab e l led c a s e i n  a s  s ub s t rate . The en

z ymes were incubated with 0 . 5 % ( w/v ) c a s e i n  1n 
0 

0 . 0 5 M cacody l ate bu f fe r  ( pH 6 . 5 ) for 4 h at 2 0  c .  
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D I S C US S I ON 

The e f fe c t  o f  pH on prote i n a s e  ac t i v i t y i s  d i f f i cu l t  t o  

interpret s in c e  t he prot e i n  s u b s t r a te may b e  mod i f ied a s  

6 7 . 

we l l  a s  the e n z yme . C a s e i n i s  h e t e rog e n e o u s  a n d  pH a d j u s tment 

w i l l  cause c h a ng e s  i n  ion i z a t ion re su l t i ng , not only i n  con

forma t ional changes o f  the ind ividual c a s e in s , but a l s o i n  

the degree o f  a s so c i a t ion o f  t h e  var i ous c a s e i n s . Another 

comp l i cat ing fac tor is that there may be mo re tha n one pro

te i na s e  a s so c i ated with the c e l l  wa l l of each s t r a i n . Broad 

pH ver s u s  a c t iv i ty curve s wi th mo s t s tra i n s  nre c on s i s t en t  

with t h i s  po s s i b i l i ty . D i f fe r ences between the p H  versus 

ac t i v i ty pro f i l e s of ce l l - f r e e  and c e l l - bound p ro te in a s e  o f  

the s ame s tr a i n  may re s u l t  from on l y  par t i a l  r e l e a s e  o f  c e l l 

wal l - a s soc iated prote ina s e . T h e  ce l l - free p rot e i na s e  p r e 

parat ion , the r e fore , may not be repre sentat ive o f  pro t e in a s e  

in the in tact c e l l . T h i s  c ou ld be e s pec i a l ly r e l evant t o  E 8 
where t he a c t i v i ty o f  c e l l - free proteinase a t  pH 5 . 8  ( F ig . 

1 2 )  wa s �uiva l e n t  to o n l y  8 %  o f  the ac t iv i ty o f  intact ce l l s  

a t  the same pH ( F ig . 1 3 )  and the pH ve r s u s  act iv it y p ro f i l e s  

were d i f f e rent for the c e l l - f ree and c e l l -bound e n z yme s . 

Non - l in ear curve s were obta ined for en z yme conc e n trat ion 

( ce l l - f r e e  and c e l l -bound ) ve r s u s  proteo l y s i s  £or l e s s  than 

1 0 %  ( 1 1 7 5  dpm I m l ) solub i l i z a t ion o f  t he s ub s tr a te ( F i g s  1 5  

& 1 6 )  . A non- l i near r e l a t io n s h i p  w i th such low leve l s  o f  

s ub s t r a te solub i l i z a t io n  i s  charac te r i s t i c  o f  o ther pro 

t e i na s e s  acting on prote i n  substrate s ( Dixon & Webb , 1 9 6 4 ) .  

Fac t o r s  which may be i nvo lved in t hi s  re l a t ionship inc l ude 

c hange in sub s tr at e  dur ing the a s sa y  coupled w i t h  narrow 

enzyme s p e c i f i c i ty , d i f f e rent a f f i n i t i e s  for d i f f e rent pep

t ide bond s , and the fact that the o n l y  pro teo l y s i s  produc t s  

dete c t e d  were t h o s e  wh i c h  wer e  so lub l e  i n  6 %  TCA . H yd r o 

l y s i s  o f  a pept i de bond r e su l t ing i n  two 6 %  TeA- i n s o l ubl e 

peptide s would be unde tected . The l ike l ihood o f  t h i s  event 

wi l l  increase as the prote i na s e  becomes more spec i f i c . W i t h  

i ntact c e l l s , subs trate acce s s ib i l i t y  to t he c e l l  wa l l -bound 
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e n z yme could a l s o  a f fe c t  r e s ul t s . The curve s i n  F ig . 1 4  are 

c on s i s tent w i th prote i na s e  o f  narrow spec i f i c i ty s in c e  dev i 

a t i on f r om t h e  i n i t ia l  ve l o s i ty wa s mor e  pronounced at low 

s u b s t rate concentrat ions and y e t  o n l y  l im i t ed ( <  2 0 % )  s u b 

s tr a t e  s o l ub i l i z a t ion took p l a c e  in 4 h .  A n  i nd i c a t io n  o f  

b road or n a r row e n z yme s p ec i f i c ity can b e  obta i ned from the 

r e l at io n s h i p  between e n z ym e  concentrat ion and proteo ly s i s . 

T h e rmo l y s i n  and s ubt i l i s in whi c h  are both e n z yme s w i t h  broad 

spec i f i c i ty ( Ma t s ubara , 1 9 6 6 ; Mark land & Sm i t h , 1 9 7 1 ) , have 

l in ear r e l a t ion s h i p s  unde r  cond i t ions whe r e  e x t e n s ive s ub

s t ra t e  so l u b i l i z a t ion took p l ac e  ( F ig . 1 8 ) . I n  contra s t , 

c hymo s i n , w h i c h  has a narrow spec i f ic ity ( P e l i s s i e r  e t  a l , ,  

1 9 7 4 ) , gave a non - l inear r e l a t i on s h ip ( F ig . 1 8 ) . C hymo s in 

a c t ion on S -c a s e in r e s u l ted i n  three ma j or o l i gopept ide s 

( C reamer e t  al ., 1 9 7 1 ) . The act ion o f  c e l l - f r e e  pro t e i n a s e  

f rom s tra in 2 6 6  on 8 - c a s e i n  wa s a l so l irni t ed r e s u l t ing i n  four 

ma j or ol i gopep t id e s  ( Appendix I I I ) . As a cons equenc e o f  the 

non- l i near r e l a t i on s h i p  be tween proteo l y s i s  and en z yme con 

c entrat i o n , ( ce l l - free and c e l l -bound ) stand ard a s s a y  con

d i t ions were adopted for t he sub s equent a s s a y  o f  prote i na s e  

f rom al l s t r a in s . Th e s e  cond i t i o n s  we re t ho s e  d e s c r i bed i n  

Chapter 1 0 . 7 . S tandard en z yme c oncentrat i o n s  us ed w e r e  4 mg 

( dr y  we igh t )  bac te r ia I ml or the c e l l - free e n z yme e qu ival ent . 

Al t hough a h igher s u b s t r a t e  c onc entrat ion may have r e s u l ted 

i n  a l i near r e l a t ions h i p  between proteo l y s i s  and e n z yme 

c o n centrat ion , for up to the s ame max imum l eve l s  of proteo

l y s i s  in Fig 15 & 1 6 , the l im i t e d  supply of s u b s t r a t e  had to 

be cons idered . 

The s e n s i t iv i ty o f  the three methods u s ed for measur ing 6 %  

TCA- s o l ub l e  mate r i a l  was a lmo s t  the same . A s say s e n s i t iv i ty 

o f  t h e  rad ioact ive c a s e in method i s  dependent u pon the 

s pec i f ic a c t iv i t y  of the c as e in subs trate whi c h  wa s d i s 

appo inting l y  low ( see page 4 8  ) and insuf f ic i en t  for u s e  in 

more deta i l ed s tud i e s  i nvo l v i ng fract ionat i on and c hara c t e r 

i z at i o n  o f  c e l l  wa l l -a s soc i a t ed p rote inas e s . 



SECT I ON I l l  

ASPECTS O F  CELL WALL-AS S O C I ATED PROTE I NASES 

Part 2 

Re l ea s e  o f  C e l l  Wa l l -As sociated 

P rote inase ( s )  f r om Lac t i c  S treptococc i 
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INTRODUCT I ON 

Exterkate (l 9 7 6 b )  s tud i e d  the e f fe c t  o f  pH be tween 5 .  4 and 

7 0 . 

7 . 0  and temperature o n  the prote i n a s e  ac t iv i t y  w i t h  c a s e i n  
s u b s t rate , o f  i ntac t c e l l s  o f  four t e e n  S .  c remo r i s  s t r a i n s  

and c l as s i f ie d  the s e  s tr a i n s  i nto f i ve g r o up s . Al t h o u g h  

e n z yme f ra c t i onation was not unde r t a k e n , i t  was conc l ud ed 

that some s t r a i n s  had a s  many a s  t h r e e  d i f ferent p r o t e i n a s e s , 

two o f  whi c h  we re a c i d  prote ina s e s  and the othe r  a neu t r a l  

p r o te inase . Othe r  s t r a i n s  appe ared to have o n e  o r  two pro

te i n a ses , wh i le s tra i n  ML 1 had no t de tectab l e  p r o t eo ly t ic 

a c t i v i t y  w i t h  c a s e i n  a s  t h e  sub s trate . M� l le r -Mad sen & 

H a n s e n  ( 1 9 7 6 )  d e term i n ed the pH ve r su s ac t iv i ty pro f i l e s  o f  

n i neteen s t r a i n s  o f  l ac t i c  s treptoco c c i  u s ing i n tac t c e l l s  

and c a s e i n  s u b s t rate and conc luded t h a t  a c i d , neutra l  a nd 

a lk a l ine pro t e i n a s e s  we re present . Some s tr a i n s  l acked 

ac i d  o r  neut r a l  prot e in a s e s  but a l l  s tr a i n s  po s se s sed an 
a l k a l i ne prote inase . 

The proteo lyt i c  activity o f  intact c e l l s  o f  l a c t i c  s trepto

coc c i  is  due to prote i n a s e ( s )  located in the c e l l  wa l l  

( Th oma s et a l , 1 9 7 4 ; E x terkate , 1 9 7 5 ) . Evide nce p r e s ented 

so far ( Exterk ate , l 9 7 6 b ;  M� l l er -Mad s e n  & H a n s e n , 1 9 7 6 )  

concerning t h e  numb e r  and types o f  c e l l  wal l - a s soc i a t e d  

prote inase s i s  i nd i re c t  and i so l at ion o f  t h e  i nd ividua l 

e n z yme s fo l lowed by the i r  charac ter i z at ion i s  requi red . I n  

the present s tudy , e xpe r iments were undertaken to i s o l a t e  

a l l  the ce l l  wal l -bound prote i n a s e s  f r om m i l k-grown bacter i a  

b y  e n z ymat i c  s o l ub i l i z a t i on o f  t he c e l l  wa l l s  e i ther w i t h  

phag e - a s soc i ated lys i n  o r  w i t h  egg white l y so z yme , in hyper 

toni c  media . I n  thi s  way i t  wa s hoped tha t contaminat ion by 

peptidase I p r o t e i n a s e  e n z yme s l o cated e i ther i n  the c y t op l a sm 

o r  the membrane could b e  avoided . P r o t e i n a s e  was r e l e as ed 

in the pre s e n c e  o f  the l ytic e n z ymes but , surpr i s ingly , c e l l s  

whi c h  were s impl y  su spended i n  bu f fe r  re lea sed pro t e i n a s e  

spontaneou s l y  at a s imi l ar rate . I t  seemed l ike l y  that c e l l  

wal l  s o l ub i l i z at i on by the l yt i c  e n z yme s was not extens ive , 
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d e s p i te the forma t i on o f  s pherop l a s t s . I n  the p r e s e nt s tudy , 

phys iochem i ca l  fac to r s  a f fe c t ing the r e l e a s e  o f  p rote in a s e  

f rom i n tac t c e l l s  grown i n  mi l k  were inve s t i gated . M i l k  wa s 

chosen a s  the growth med i um s ince prote i n a s e  synthe s i s  was 

repre s s ed i n  other med i a  c on t a i n ing high concentrations of 

f r e e  amino acids a nd low mo l e c u l ar we ight pept i d e s  ( Exterkate , 

1 9 7 6 b ,  1 9 7 9 ; Append i x  I ) . A s urvey was a l so c a r r ied out to 

d e t e rmine whethe r t h e  r e l ea s e  of the c e l l  wa l l - a s soc i ated 

proteina s e  wa s a gene r a l  phenomenon among l ac t i c  s tr e ptococc i .  
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EXPERU1ENTAL 

1 4 . 1  B a c t e r ia and S tock Cul tures 

7 2 . 

The preparation o f  s tock cu l tures and inoculum c u l tu r e s  for 

ex�er imen t a l  RSM was desc r i bed previously ( page 5 0 ) . 

1 4 . 2  Exper imenta l  RSM 1 Growth and Harve s t i ng o f  Ce l l s  

Expe r iment a l  RSM was prepared by t he add it ion o f  d i sod ium 

S - g l ycerophosphate to recon s t i tuted low-heat s k im m i l k  ( page 

2 1  ) and i nocul ated wi th 3 %  of a 1 6  h I  2 2
°

C RSM c u l ture . 

The T
4 S O nm 

value was used to mon itor growth and to d e t e r 

mine t h e  c e l l  den s i ty of  bacte r ial su spen s ion s ( page 2 2 ) . 

Expe r ime n t a l  RSM c u l ture s were incubated at 3 2
°

C unt i l  the 

T
4 8 0nm 

value re ached 3 . 6  ( pH 5 . 8 - 6 . 0 ) . The cul ture wa s 

centr i fuged ( 1 0 1 0 0 0  x �, 1 min ) and the cel l s  wa s hed f ree o f  

mi lk prot e i n  b y  twice r e s u s pend ing in d i s t i l l ed water at 0 

to 4 °
C .  There wa s no s igni f i cant r e l ease o f  proteinase 

activity d u ring wa s h ing . 

1 4 . 3  P rote inase A s s ay 

Ce l l - f ree prote inase was a s sayed at 2 0
°

C for 4 h with 0 . 5 % 

( w/v) � C - l abe l led c a s e i n  i n  0 . 0 5 M cacodylate buf fer ( pH 

6 . 5 ) . I n ta c t  c e l l s  we re a s s ayed in the same way except that 

0 . 0 5 M Me s buffer was used i n s tead of cacody l ate which in

duced ce l l  l ys i s . 

1 4 . 4  Rel e a s e  o f  Prote inase f rom I n t a c t  Ce l l s  I ncubated 

w i t h  Lytic E n z ymes in a Hypertonic Med ium 

Milk-grown c e l l s  o f  s t r a i n s  2 6 6 , E 8 1 P 
2 

and ML
3 

were washed and 

resuspended in 0 . 1  M pho s phate bu f f e r  ( pH 7 . 0 ) containing 1 . 2  

M suc r o s e  and 0 .  0 2  M MgC 1
2

. S o l t;1tions o f  phage - a s soc i ated l y s i n  

( a  muram i d a s e  der ived f rom S .  l a c t i s  ML
3 

phage l y s a te s 1 g i f t  

from T D Thomas ) 1 egg whi te l y s o z yme ( S igma Chem i c a l  Co . )  or 
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buf fe r  we re added to e a c h  ce l l  suspens ion . The s e  suspens ions 

were held at 3 2
°

C and s ampl ed at interva l s .  A f t e r  cent r i 

fug a t i on ( 3 5 1 0 0 0  x g 1  1 5  m i n )  1 supernatant s amp l e s  were 

a s s ayed for prote i n a s e  a c t iv i ty . 

1 4 . 5  Spontaneous Re l e a s e  o f  P roteinase f rom I ntac t Ce l l s  

Gene r a l  method : 

Washed ce l l s  we re r e s u s pe nded at approx imat e l y  2 0  mg ( dry 

we ight ) bacter i a/ml in the approp r i a te bu f fe r  at 0
°

C and 

then equ i l ibrated at t he required temperature . The pH o f  

buf f e r s  was ad j u sted a t  t h e  working tempe rature . S amp l e s  

( 1  ml ) o f  t he c e l l  s u s pe n s ion we re taken a t  interva l s and 

centr i fuged ( 2 7 1 0 0 0  x �� 5 min ) . Supe rnatants samp l e s  

were then as sayed for prote inas e a c t ivity . 

E f fe c t  o f  pH and bu f fe r  c ompo s i t ion : 

The rate o f  re l e a s e  o f  prote ina se at 2 5°
C was determined 

for ce l l s  o f  2 6 6  r e s u spended in 0 . 0 5 M acetate bu f fer 

( pH 5 . 5 ) 1 0 . 0 5 M t r i ethano l amine bu f fer ( pH 6 . 7  and 7 . 5 ) 

and 0 . 0 5 M Tri s bu f f e r  ( pH 7 . 8 1  8 . 2  and 8 . 7 ) . The e f fe c t  o f  

buf fe r  concentration a t  pH 7 . 8 and 2 5°
C wa s de termined by 

re suspend ing c e l l s  in 0 . 0 5 1  0 . 1 1  0 . 2  and 0 . 5  M Tr i s . 

E f fe c t  o f  temperature : 

The rate o f  r e l e a se o f  proteinase f r om ce l l s  o f  2 6 6  in 

0 . 0 5 M Tris buf fe r  ( pH 7 . 8 ) wa s determined a t  0 1  2 5 1 2 8 1 3 1  

and 3 4
°

c .  

E f fect o f  ca
2 +  

and Mg
2 +  

Cel l s  o f  2 6 6  we re s u s pended i n  0 . 0 5 M T r i s  bu f f er ( pH 7 . 8 ) 

cont a i ning cac 1
2 

or MgC 1
2 

a t  concentrat ions up to 0 . 0 2 M .  

P rote i n a s e  a c t i v i ty r e l e a s ed a f te r  2 h  a t  2 5
°

C was t hen 

determined . 

E f fe c t  o f  NaC l : 

The r a t e  o f  release o f  prote inase a t  2 5°C 1  f rom ce l l s  o f  

2 6 6  s u spended i n  0 . 0 5 M T r i s  buf fe r  ( pH 7 . 8 )  contain ing o ,  
0 . 1 ,  0 . 2  and 0 . 5  M NaC l , was determined . 
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E f f e c t  o f  s ucr o se : 

The r a t e  o f  re lease o f  p r ote ina s e at 2 5°C , f rom c e l l s  o f  

2 6 6  s u spended i n  0 . 0 5 M Tr i s  bu f f e r  ( pH 7 . 8 ) conta in ing 0 ,  

0 . 1 7 ,  0 . 3 1 and 0 . 6 8 M sucro s � was determined . 

1 4 . 6  S t a b i l�ty o f  Prote ina s e  

The s ta b i l i ty o f  prote in a s e unde r t he cond i t i o n s which gave 

op t imum r e l e a s e  was i nve s t igated . Wa shed c e l l s of 2 6 6  were 

re s uspended in 0 . 0 5 M T r i s  ( pH 7 . 8 ) and ma i n t a ined at 2 5
°

C 

for 1 2 0  min . The suspe n s ion was centri fuged , and an a l iquot 

o f  the supernatant immed i at e l y  a s sayed . The rema i nder was 

then held for a furthe r 1 2 0  m i n  a t  2 5
°

C be f ore a s s ay . 

1 4 . 7  E s t ima t i on o f  Ly s i s 

The r e l e ase o f  l ac tate dehydr ogen a s e  ( LDH ) from c e l l s  i n 

cubated i n  bu f f e r was u sed to e s t imate ce l l  l y s i s . Th i s  

intrace l l u l ar e n z yme w a s  a s s a y ed i n  supe r n a t ant s b y  t h e  
method o f  Thoma s ( 1 9 7 5 )  wh i l e t h e  to ta l LDH a c t i v i t y  wa s 

determ i ned a f t e r  comp l e t e  l y s i s , as  j udged by p h a s e  contr a s t  

mi c r o s c o py , o f  cel l s  treated w i t h  phage - a s soci ated l y s i n  i n  

hypo t o n i c  rr ed i a  ( 0 . 1  M phosphat e , p H  7 . 0 ) . 

1 4 . 8  C e l l Wal l P reparat i on 

Mi l k - gr own 2 6 6 ce l l s  wer e  was hed and re suspend ed a t  1 9  mg 

( dry we i gh t )  bacte r i a l/m! in 0 . 0 1 M Me s buf f e r  ( pH 6 . 5 ) c o n 

t a i n i n g  0 . 0 2 M Cacl
2

. C e l l s  w e r e  d i srupted by s ha k i n g  w i t h  

g l a s s beads ( Thomas e t  a l . , l 9 7 4 ) a n d  af ter c e n t r i f ugat ion 

( 3 5 , 0 0 0  x �, 1 0  min . ) the pe l leted c e l l  wa l l  mate r i a l  was 

was h ed f ir s t  in Me s bu f f e r  and then in d i s t i l led wat e r . 

The c e l l s  we re ma intained at 0 to 4
°

c throughou t t h e se pro

cedure s .  The wal l s  were f in a l l y  r e su spended in 0 . 0 5 M T r i s  

buf f e r  ( pH 7 . 8 ) and h e l d  a t  2 5
°

C .  Re lease o f  prot e i n a s e  

wa s d e t e rmined a s  descr ibed for i ntact ce l l s .  
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RESULTS 

7 5 .  

1 5 . 1  Re l e a s e  o f  Prote inas e  f rom I ntact C e l l s  in Hype rton i c  

Med i a  

P rote inase was r e l e a sed f r om intact c e l l s  o f  2 6 6 , �1
2

, E 8 
and ML

3 
in the pre sence o f  l y s o z yme and phag e - a s soc iated 

l y s in a l though s pontaneous r e lease from contro l c e l l s  a l so 

occur r ed ( F igs 1 9  & 2 0 ) . W i t h  strains 2 6 6 ,  ML
3 

( F ig .  1 9 )  

and P
2 

( F ig . 2 0a )  pro t e ina s e  re l e a s e  wa s s im i l ar in each 

system and decrea sed w i th t ime . W i t h  strain E 8 , phage 

a s soc i a ted lys in marked l y  increased prote ina s e  r e l ea s e  s o  

t h at a f t e r  1 2 0  min about twice as  muc h  ce l l - f r e e  prote inase 

was pre s ent ( F i g . 2 0b ) . W i th all  s t r a in s , the pre s ence o f  

l y t ic e n z yme s r e s u l ted i n  spherop l a s t  format ion , a s  j udged 

by pha s e  contra s t  mi cro scopy , in about 3 0  min . 

1 5 . 2  S pontaneou s Re l e a s e  o f  Prote i n a s e  f rom I ntac t C e l l s  

o f  S .  cremor i s  2 6 6  

E f fe c t  o f  pH and bu f f e r  compo s i t ion : 

The i n i t ia l  rate o f  r e l e a s e  o f  proteinase increa sed pro

gre s s ive l y  a s  the bu f f e r  pH increased from 5 . 5  to 8 . 2  ( F ig . 

2 1 ) . The activity r e l ea sed a f ter 1 2 0  min was markedly 

depend e n t  on pH wi th a max imum occurr ing a t  pH 7 . 8 .  At pH 

8 . 7  a t ime-dependent inact ivat ion of prote i n a s e  wa s evident . 

The trends observed i n  F i g . 2 1  are independent o f  buf f er 

ion compo s i t ion s ince s imi l ar r e su l t s  wer e  obtained when 

0 . 0 5 M pho sphate bu f f e r s  wer e  u sed over the pH r ange 5 . 9  to 

B . O .  Howeve r , phosphate was unsuitable for s tud i e s  on the 
2 +  

e f fe c t  o f  C a  on pro t e ina s e  r e l e a s e  and T r i s  buf f e r  wa s 

se lec ted for general u s e . 

The r a t e  o f  r e l e ase o f  prote ina se a t  pH 7 . 8  decreased a s  

Tr i s  concentrat ion increased from 0 . 0 5 M t o  0 . 1  M ,  t h i s  

r a t e  then rema ined cons tant t o  0 . 5  M T r i s . A Tr i s  buf fer 

concentr a t ion of 0 . 0 5 M was , there fore , u s ed in subs equent 
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S .  c r emor i s  2 6 6 b S .  lac t i s  ML
3 

200  

l O O  

30  6 0  90  120  

Time (min ) Time (mi n )  

Re l e a s e  of  prote i nase fro m intact c e l l s  o f  a )  � - c remor i s  2 6 6  and b)  �- l ac t i s  ML3 
i n  the 

p re sence of added l y t ic e n z ymes ; contro l  ( o ) , l y s o z yme (D ) , phag e - a s soc iated l y s i n  ( 6 ) . 
Cel l s  were suspended at 3 2°

C in 0 . 1  M phosphate bu f fer ( pH 7 . 0 ) contain i ng 1 . 2  M sucro se 

and 0 .  02  M MgC 1
2

. 
� 
en 
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3 0  6 0  
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9 0  1 2 0  

4 0 0  

2 0 0 I-

Re l e a s e  o f  prote i n a s e  f r om i ntact ce l l s  o f  

b 

a )  s .  -

cond i tions o f  r e l e a s e  and symbol s r e f e r  to F ig .  

S .  cremo r i s  

I I 
3 0  6 0  9 0  1 2 0  

Time (min ) 

c r emo r i s  P 2  and b )  s .  c r emo r i s  E 8 . For -

1 9 .  -...) 
-...) 
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F I GURE 2 1 : E f fe c t  o f  p H  on the r e l e ase o f  prote ina s e  f rom 

S .  c r emor i s  2 6 6 . C e l l s  wer e  suspended at 2 0 . 0  

mg ( dry we i ght ) / ml in 0 . 0 5 M acetate buf f e r  

( pH 5 . 5 ) , 0 . 0 5 M t r i e thano l amin e bu f f e r s  ( pH 6 . 7  

and pH 7 . 5 ) and 0 . 0 5 M T r i s  buf fe r s  ( pH 7 . 8 ,  8 . 2  

and 8 . 7 )  and incubated a t  2 5
°

C for the t ime s i n 

d i ca t ed . S amp l e s  wer e  taken at interva l s , c e n 

t r i f uged and prote i n a s e  a c t ivi ty in the s uper 

natants was determined a s  de s c r ibed unde r  

Exper imenta l .  
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exper iment s .  

E f fe c t  o f  temperature : 

The i n i t i a l  rate o f  prote inase r e l ea s e  f rom intact c e l l s  o f  

2 6 6  i n  0 . 0 5 M T r i s  b u f f e r  ( pH 7 . 8 ) increased w i th inc r e a s ing 
0 

tempe rature ( F ig .  2 2 ) . At 0 C r e l e a s e  occurred ve ry s lowl y . 

At 3 4
°

C an apparent max imum wa s o b t a i ned a fter about 4 5  min 

fo l lowed by a d e c r e a s e  i n  a c t i v i t y , p r e s umab l y  due to thermal 

inactiva t ion . 

E f fe c t  o f  c a
2+ 

and Mg
2 + 

C a l c i um ion s ( 0 . 0 2 M )  decrea s ed the r e le a s e  o f  prote ina s e  

activity b y  9 0 %  and Mg
2 +  

( 0 . 0 2 M )  b y  4 0 % ( F ig . 2 3 ) . A 

reduct ion o f  5 0 %  was a c h i eved i n  the p r e sence o f  o n l y  0 . 0 0 2 M 
2 +  2 +  

Cac l
2

. I n  t h e s e  exp e r ime n t s , Ca and Mg were pre s en t  

in the as say s y s tem d u e  to carry over in t h e  pro te ina s e  

s o l u t ion . When t he f in a l  concentrat i o n  o f  Cac l
2 

o r  Mgc l
2 

i n  

t h e  a s say bu f fe r  was 0 . 0 0 4  M ( 0 . 1  m l  p rot e i n a s e  s o l u t i o n  

conta i n ing 0 . 0 2 M Cac l 2 ( Mgt l
2

l + 0 . 0 4 ml c a s e i n  s o l ut i on ) , 

ca
2 +  

enhanced a c t iv i ty o f  the pro t e i n a s e  by 1 0 % and Mg
2 +  

by 

3 % . 

E f fe c t  o f  N a C l : 

Whi le t he r ate o f  r e l e a s e  o f  prot e i n a s e  decrea sed in the 

pre s ence of NaC l ( F i g . 2 4 ) , no trend could be observed a s  

the concentra t i on was increased f rom 0 . 1  t o  0 . 5  M NaC l . 

S od i um chlorid e wh i c h  was carr ied through from the r e l e a s e  

buf f e r  into t h e  a s say m i x t ure had l i t t l e  e f f e c t  on t h e  p r o 

t e i n a s e  ac t iv i t y . When the r e l e a s e  buf fer co nta ined 0 . 5  M 

NaC l , the act i v i ty of pro t e i n a s e  in the as say wa s redu c ed 

by 5 % . 

E f fe c t  o f  sucro s e : 

The r a te o f  r e l e a s e  over t he f ir s t  4 0  m i n  decreased wi t h  

increas ing sucrose concentration . However , a fter 1 2 0  m i n  

t he amount o f  prote inase r e leased in t h e  pre s enc e o f  0 . 1 7 

and 0 . 3 1 M sucro se wa s greater than that for the cont r o l  

( F i g . 2 5 ) . The pre sence o f  sucro se , c a r r i ed through from 

the r e l e a se bu f fe r  into t he a s s ay sys tem , made l it t l �  

d i f ference t o  t h e  a c t ivity o f  t he proteinase . When the 

r e le a s e  bu f fe r  c onta in ed 0 . 6 8 � sucrose , the a c t iv i t y  o f  
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F I GURE 2 2 : E f fect o f  temperature on the re l e a s e  o f  prote i n a s e  

from s .  c remor i s  2 6 6 . C e l l s  were suspended at 

2 3 . 9  mg ( dry we i ght ) / ml in 0 . 0 5 M Tr i s  buf fer 
0 0 0 0 0 

( pH 7 . 8 ) at 0 C ,  2 5  C ,  2 8  C ,  3 1  C and 3 4  C .  

Samp l e s  were t aken at interva l s ,  c entr i fuged and 

prote ina s e  a c t i v i ty in the supernatan t s  wa s 

determ ined a s  d e s c r i bed under Exper imenta l . 
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F I GURE 2 3 : 

0 . 004 0 . 008 0 . 012 0 . 016 
(cac1) or (MgCl) ( M )  

8 1 . 

0 . 020 

2 +  2 + 0 
E f fect o f  C a  and Mg on the r e l e a s e  o f  proteln-
a s e  from S .  c r emor i s  2 6 6 . Ce l l s  were s u s pended a t  
2 2 . 0  m g  ( dry we ight ) / ml i n  0 . 0 5 M T r i s  buf fer ( pH 
7 . 8 ) . C a l c ium chlor ide or MgC l 2 was added to the 
buf fer pr ior t o  r e s u spen s ion of the p e l l et a fter 
washing , to g ive the de s i red f in a l  concentration . 
The suspe n s io n s  were mainta ined a t  2 5°C for 1 2 0  
m i n , cent r i fuged and the s upernatant s a s s ayed for 
proteinas e  a c t i v i t y  as described under Expe r imenta l . 
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3 0 0  

l O O  

3 0  6 0  9 0  1 2 0  

Time ( min ) 

F I GURE 2 4 : E f f e c t  o f  NaC l  on the r e l ease o f  prote i n a s e  f rom 

S .  cremor i s  2 6 6 . Ce l l s  were s u s pended at 2 2 . 5  mg 

{ dry we igh t )  I rnl in 0 .  0 5  M Tr i s  buf fe r  { pH 7 .  8 )  

containing 0 . 1 ,  0 . 2  or  0 . 5  M NaC l . The s u spen

s io n s  were i nc ubated a t  2 5
°

C .  S amp l e s  were taken 

at the t ime s indicated , centri fuged and the pro

te i n a s e  ac t iv i t y  in the s upernatants wa s deter

m in ed as  d e s c r i bed under Exper imental . 
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F I GURE 2 5 : E f fe c t  o f  sucro se o n  the release o f  prote i na se 

from s .  c remo r i s  2 6 6 . C e l l s  were s u s pended at 

2 4 . 2  mg ( dry weight ) I ml i n  0 .  O S  M Tr i s  buf fer 

( pH 7 . 8 ) cont a in i n g  sucro se at t he conc e n t r a t ions 

s hown . The suspens ions were ma inta ined a t  2 5
°

C .  

S amp l e s  were taken at the t ime s i n d i c a ted , c entr i 

fuged and the prote inase a c t ivity o f  the supe r 

natant s  was determ i ned as  descr ibed under Exper i 

men ta l . 



the proteinase i n  t he a s say was r educed by 6 % . 

S tabi l ity o f  prote in a s e : 

No decrease i n  a c t iv i ty wa s detected when p ro t e i n a s e  was 

held in 0 . 0 5 M Tr i s  buf f e r  ( pH 7 . 8 ) for 1 2 0  min a t  2 5
°

C .  

E s t imat ion o f  c e l l  l y s i s : 

8 4 .  

None o f  the cond i tions u s ed during the inve st igat ion o f  

s pontaneous re lease o f  prote inase f rom 2 6 6  r e sul ted i n  mor e  

t han l %  ce l l  l y s i s  and prote inase s o l u t i on s  were , the r e fo r e , 

cons ide red to b e  f r e e  o f  appreciable amount s  o f  intrac e l l u l ar 

prote i n a s e s  and pept i da s e s .  

1 5 . 3  S u rvey o f  a Range o f  Lac tic S tr eptococc i for Spontan

eous Re l e a s e  o f  Prote inase f r om I n t a c t  Ce l l s  

Only s t r a i n s  whi c h  cou l d  b e  sed imented from m i l k  c u l ture s by 

centri fugat ion ( Thomas & Turne r , 1 9 7 7 )  were examined . O f  2 6  

s tr a i n s  tes ted , 1 4  gave g r e a t e r  than 8 0 % sed imentation o f  

t he c e l l s . The prot e inase r e leased a f ter 1 2 0  m i n  at 0°C and 

2 5
°

C in the absence o f  ca
2 + 

and a l so at 2 5
°

C in the p r e s e n c e  

o f  0 . 0 2 M cac l
2 

wa s mea s ured with 1 0  o f  t h e s e  s tr a i n s  ( Ta b l e  

1 2 )  . Al l s tr a i n s  r e l e a sed prote ina s e  at 2 5°C in t h e  absence 

of Cacl
2 , a l though the a c t iv i ty r e l e as ed by ML

1 
was very 

sma l l .  A con s ide r ab l e  reduct ion in the amount o f  prote i na s e  

r e lea sed was obtained f o r  a l l  s t r a in s , exc e p t  ML
1

, by add ing 

0 . 0 2 M C a c l 2 to the bu f fe r  or by l ower ing the t emperature to 

0
°

C .  

1 5 . 4  Proport ion o f  Tot a l  C e l l  Wa l l  P rote inase Re l eased 

I n ta c t  c el l s  o f  s tr a i n s  2 6 � , AM
2 

and ML
3 

were wa shed in 

water at 0
°C and r e s us pended i n  0 . 0 5 M Tr i s  buf f e r  ( pH 7 . 8 ) 

a t  2 5
°C .  After hol d i ng for 0 and 4 h the s u s pen s ion was 

c e n t r i fuged and both the super natant and intac t c e l l s  wer e  

a s s ayed f o r  prote i n a s e  a c t i v i ty us ing 0 . 0 5 M Me s bu f fe r  ( pH 

6 . 5 ) . The t ime a l l owed for re l e a s e  o f  prote i n a s e  wa s ex 

t e nded to 4 h to accentuate any decrea s e  in the a c t iv i t y  o f  

i ntact c e l ls .  To stop any proteinase r e le a s e  during a s say , 

C aC 1
2 

( 0 . 0 2 M )  wa s a l so added to the Mes bu f fe r . The pro

p o r t ion of the tota l  ce l l  wal l  prot e i n a s e  r e l ea sed was 



TABLE 1 2 : The E f fe c t  o f  CaC l 2 and Tempe r a ture on the Re 

l ea s e  o f  P ro t e ina s e  f rom Lac t i c  S t r e p t oc o c c i .  

C e l l s  we re S u spended i n  0 . 0 5 M T r i s  B u f f e r  ( pH 

2_.:JU._�-� 2 5
°

C i n  the p r e s e n c e  and absence o f  

8 5 .  

0 
c ac l ,  and a t  0 c .  A f t e r  1 2 0  m i n  the S u s pe n s i o n s  
-- ,_  

were C en t r i fuged a nd t he Supernatan t s  A s s ayed . 

Prot e i nase Ac t iv i ty i n  Supernatan t 
( dpm/mg ( dr y  we ight 

S t ra in e q u i v a l e n t ) bac ter i a )  

2 5°C 2 5
°

C 
0°C 

0 . 02 M C aC 1 2 

s .  crerno r i s  

1 1 4  9 1  l l  1 8  

2 6 6  2 3 6  4 0  2 9  

AN 
2 

1 0 8  2 5  4 2  

B R4 1 5 9  6 1  2 3  

E g 5 7  8 2 5  

KH 3 3 2  3 1  4 3  

ML 1 
1 6 2 4  1 0  

p
2 

1 7 7  3 1  3 3  

s .  1 ac t i s  
---

!-'IL
3 

1 4 1  1 7  3 0 

ML 8 
5 8  1 5  1 0  
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s t r a i n  dependent ( Tabl e  1 3 ) . After 4 h intact ce l l s  o f  AM
2 

had l o s t  8 1 %  o f  the i r  o r i g i na l  a c t ivity whi le s tr a i n  2 6 6  

had lost only 3 3 % . The prot e i n a s e  re l e a s ed wa s a l so a s s ayed 

in the pre sence of 0 . 0 2 M cac 1
2 

and the d e c r e a s e  in ac t iv i ty 

of  i n tact ce l l s  d i d  not c orre spond with the a c t i v i ty pre s e n t  

in the suspens ion b u f fer a fter 4 h .  When t h e  three supe r 

natants were a s s ayed i n  the absence o f  C a c l
2 

they a l l e x 

h i b ited lower a c t i v i t i e s .  This c a 2 + 
ac t i vat ion wa s mos t  

2 +  
pronounced w i th AM

2 
pro t e inase , where 0 . 0 2 M Ca produced 

a f ive - fo ld i n c r e a s e  i n  act ivity . The e f f e c t  of  ca
2 +  

on the 

act iv i ty o f  prote i n a s e  from 2 6 6  and ML
3 

wa s l e s s  marked w i t h  

incr e a s e s  o f  1 9 % a n d  7 2 % , re spe c t ive ly .  

1 5 . 5  Locat ion o f  P rote ina se in t he Ce l l  

Washed c e l l  wa l l s  wer e  p repared u s i ng low temperatu r e s  and 

a buf fe r  conta i n ing ca
2 + 

( see Exper imenta l ) , cond i t ions 

which prevented the r e l e a s e  of  prote inase f rom intact c e l l s . 

Ce l l  wal l s  and i ntac t c e l l s  o f  2 6 6  had prote inase a c t iv i t i e s  

o f  5 9 2  and 6 0 3  dpm/mg ( dry we ight ) bac te r i a  ( or equiva le n t ) , 

respe c t ive ly , ind ic a t ing t hat the a c t iv i t y  d i splayed by i n 

t a c t  c e l l s  i s  c e l l  wa l l - a s so c i ated . Prote i n a s e  wa s r e l e a s ed 

from c e l l  wa l l s  h e l d  at 2 5° C in bu f fe r  ( pH 7 . 8 ) l ack ing ca
2 +

, 

cond i t ions wh i c h  caused re lease o f  prot e in a s e  from intac t 

c e l l s . 
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TABLE 1 3 : P ropo r t i on o f  Tota l Ce l l  Wa l l  Prote i na s e  Re l e a s ed 

after 4 h i n  0 . 0 5 M T r i s Bu f f er ( pH 7 . 8 )  at 2 5°
C .  

I ntact Ce l l s  we re A s sayed i n  0 . 0 5 M Me s Bu f fe r  

( pH 6 . 5 ) in t h e  P r e s e nce o f  CaC1
2 ( 0 . 0 2 M ) . 

S t ra in 

s .  c r ernor i s  AM
2 

S .  c remor i s  2 6 6  

s .  l ac t i s  ML
3 

Prote i n a s e  Ac t i v i ty 
( dprn/mg ( d ry we ight) bac te r ia ) 

0 h 

4 8 9  

5 2 8  

4 7 9  

4 h 

9 3 ( 8 1  )a 

3 5 3 ( 3 3 ) 

1 8 2  ( 6 2 )  

a Percentage dec rease in a c t iv i ty o f  i ntac t c e l l s  i n  

bracke t s . 
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C H A P T E R l 6 
--------------

D I S C U S S I ON 

The r a t e  o f  re l e a s e  o f  p r o t e i n a s e  f rom i n t a c t  ce l l s  o f  2 6 6 , 

ML 3 and P
2 

in  the pre s e n c e  o f  l y t i c  e n z yme s w a s  no f a s ter 

than the rate of spontaneous re lease , ind i c a t i ng that wa l l  

s o l ub i l i z at ion wa s s low . P h age - a s so c i ated l y s in a c c e l e r a ted 

the r e l e a s e  o f  prote i n a s e  f rom E 8 , sugge s t i n g  that the ce l l  

wa l l  i n  t h i s  stra in wa s more r ead il y  solubi l i z ed .  W i t h  a l l  

s tr a in s , s pherop l a s t s  we re formed i nd i c a t i ng some c e l l  wa l l  

d ig e s t i on by the l y t i c  e n z yme s a l though wa l l  s o l ub i l i z a t i o n  

may n o t  h ave bee n  extens ive . The comparab l e  r a t e s  o f  spon

taneous r e l e a s e  and t h at found wi th l y t i c e n z yme s i l lu s tr a te s  

t he need f or a con tro l whe n  a ttemp t i ng t o  r e le a se c e l l  wa l l 

a s s oc i ated e n z ymes by so l ub i l i z at io n o f  t he wa l l . I t  s hou ld 

a l s o  be recogni zed t h at the c e l l - free prot e i n a s e  prepa r at ion 

examined in the p re s en t s t udy may no t co�t a in al l t he c e l l  

wa l l -a s so c i ated e n z yme ( s ) . P h a ge - a s so c i a ted l y s i n  acc e l e r 
a ted t h e  r e l ease o f  prote i n a s e  from the wa l l s  of  bro th- g r own 

S .  l ac t i s C l O  ce l l s  ( Thoma s e t  a l . , 1 9 7 4 ) . Ex t erkate (1 9 75 ), 

dur ing prote lnase l o ca l i z a t ion s tud ie s , sugge s ted that a l l  

the e n z yme from c e l l  wa l l s  o f  S .  c remor i s  HP was r e l ea sed 

with l y s o z yme . In the absence of a contro l , the po s s i b i l i ty 

r ema ins that l y s o z yme was i n e f f e c t ive and proteinase wa s r e 

l ea s ed spontaneou s l y . 

A range o f  l ac t i c  s t reptococ c i  we re examined for the spontan

eou s r e l e a s e  o f  pro te i n a s e  f r om intac t cel l s  h e ld in bu f fe r  

a t  pH 7 . 8 .  Al though the c ond i t ions u s ed for prote in a s e  re

l ea s e  and a s say may no t have been opt imum f o r  e ach s t r a i n , 

s ig n i f i c a n t  amoun t s  o f  protei n a s e  wer e  r e l e a sed f rom seven 

s tr a i n s  of S .  c r emo r i s  and two s tr a i n s  of  S .  l a ct i s . Re 

l ea s e  o f  prot e i n a s e  wa s r e tarded cons iderably by add ing ca
2 +

, 

by lower ing the temp e r a t ure t o  0°C , or by lowe ring the pH to 

5 . 5 .  Rel ea s e  wa s r etarded to a l e s s e r  extent by add ing NaC l 

o r  sucrose . A s imp le explana t ion for t he s e  f i nd ings i s  that 

the compo s i tion of t he s u s pend ing med ium a f fec t s  the perme 

abi l i ty o f  t he c e l l  wal l  to prote ins , whi l e  the temperature 
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may i n f l uence the ir rate o f  d i f fu s ion through the c e l l  wa l l . 

Con d i tions wh ich produce swe l l ing of  the c e l l  wa l l  may a l low 

loo s e ly entrapped pro t e i na s e  to e scape . Ou & Marqu i s  ( 1 9 7 0 )  

sug g e s ted t h a t  the swe l l ing and contrac t i on obse rved w i t h  

c e l l  wal l s  o f  some G r a m  po s i t ive coc c i  could be a t t r i buted 

to c h anges in e l ec t r o s t a t i c  interact ion be twee n  charged 

po lymers of  the cel l wa l l s  dur ing pH changes o r  the add i t ion 

of N a C l . S hr inkage o f  ce l l  wa l l s  was a l so achi eved by t he 

add i t ion of  s uc rose . I n  t he p r e s ent study t he e f fe c t  o f  pH , 

NaCl and suc r o s e  on t h e  r e l e a s e  o f  prote ina se tends to 

s upport the hypothe s i s  that the s e  factors i n f l uence the p e r 

meabi l i ty o f  the wal l t o  prote i n s . The e f f e c t  o f  c a
2+ 

i n  

p revent ing re lease i s  n o t  s imp l y  t h e  re su l t  o f  s c reening of  

e l ec tros tat i c  charge , a s  might o c c ur with N aC l , s ince the 
2 +  

e f fe c t  i s  r e l a t ively s pec i f i c  compared with that of  Mg . 

C a l c i um ions may be d ir e c t l y  invo l ved in b ind ing p r o t e i n a s e  

to t he ce l l  wa l l ,  a l t hough t h e  r e s u l t s  d o  n o t  exc l ude the 

po s s ib i l i t y  that they may a l te r  the structure o f  the c e l l  
wal l o r  the prote in a s e  mol ecu l e , t h e r e by a f fect ing t he r a t e  

o f  d i f f u s ion o f  the pro t e ina s e . The present s tudy d emo n s t r a t e s  

t h e  need , when inve s t ig a t i ng t h e  p r o t e inase ac t i v i t y  o f  l a c t i c  

s treptococc i ,  to be aware that prote inase may b e  re l eased 

dur i n g  growth and ce l l  wa s h ing i f  attention i s  not g iven to 

t h e  c e l l  env � ronment , in p a r t i cu l ar to the pH , temperature 

d 
2+ 

. an Ca concentrat1on . 

Re l e a s e  of  p ro teinase f rom ce l l s  dur i ng growth 1 n  m i lk i s  

proba b l y  suppre s sed b y  the c a
2 +  

p r e sent . M i l k  conta ins 0 . 0 3 

M c a l c ium ( J enne s s  & P a t ton , 1 9 5 9 )  and a l though mo s t  of  t h i s  

occu r s a s  col l o idal c a l c ium pho sphate or i s  bound t o  c a s e i n  

m i ce l le s , at  l ea s t  0 . 0 0 2 7  M i s  p r e sent as  c a
2 +  

when t he c e l l s  

are harve sted a t  pH 5 . 8 - 6 . 0  ( K  N Pearce , pr ivate commun i c a 

t i o n ) . Of t h i s ava il a b l e  ca
2 +

, s ome 2 0 - 3 0 %  w i l l  be c he l ated 

by the 8-glycerophosphate added to bu f f e r  the expe r imen t a l  

m i l k  medium u s ed in thi s  s tudy . Mor eover the d e c r e a s e  i n  pH 

dur i n g  growt h , and the con seque n t  increase in c a
2 +  

ions r e 

l e as e d  from the mice l l e s , make i t  unl i ke ly t h a t  s ig n i f ic a n t  

amoun t s  o f  p ro t e i nase are r e l e a s ed during t h e  g rowth o f  

s t a r t e r  bac t e r i a  in mi l k . The s up pr e s s ion o f  r e l e a s e  by 

C 
2+ 

. h b d 1 . a m1g t e a vantageous to the ce l 1 n  that the produc t s  

of  proteo l y s i s  are formed c lo se to the ce l l  and may b e  mor e  
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read i l y  used than wou ld o t herwi se be the c a s e  i f  t he prote i n

a s e s  were released into the m i lk . 
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B i tter compounds in chee se were f i r s t ident i f ied as pept ides  

in Gouda c heese ( Raadsve l d , 1 9 5 3 )  and more recently in  

Cheddar cheese ( H arwa lker & E l l iott , 1 9 7 1 ; Ri chard son & 

Creame r , 1 9 7 3 ; Hami l ton e t  a l , 1  1 9 7 4 ) . Several proteo l y t ic 

enzyme s are pre s ent in chee se . Natural mi l k  prote ina s e s ,  

rennet and the prote inase / pept idase  systems o f  starter ( and 

pos s ibly non- star ter ) bac teria all  break down case in dur ing 

c hee se r ipen ing but t he i r  respective contribut ions to the 

release , or remova l ,  of b i tter pept ide s is unc l ear . Th i s  

c omp lex mixture o f  enzyme s and the i r  interac t i ons make ex

per imental des ign d i f f ic u l t  and mo s t  in format ion has been of  

an ind i rect nature coming from chee semak ing t r i a l s  with 

d i f ferent ( i ) starter stra i n s , ( i i )  conce ntrat ions of renne t s , 

( i i i )  manu f actur ing cond i tions , espe c i a l l y  d i f ferent cook ing 

temperature s ( which  a l ter the f inal  c oncent rat ion of s tarter 

b ac ter i a  in the chees e ) , and salt-in-mo i s ture leve l s  ( see 

Crawford & Z wag inga , 1 9 7 7 ) . It  was sugge sted ( C zu l ak , 1 9 5 9 )  

that a l l  b i tte r pept ide s were produced sole l y  by res idua l 

rennet i n  the chee se and the remova l o f  b i tter pept ide s ,  in 

the case  o f  tran s ient bitterne s s , was due to breakdown by 

starter and non-starter en z yme s . The hydro ly s i s  of bitter 

pept ide s to non-bi tter product s was proposed by Emmons 

e t  a l . ( l 9 6 2 )  to be the property which c haracter i z ed 'non

b i tter ' s tarter strains . ' B i tter ' starter s trains  la cked 

this  property . Lo wr i e  & Lawrence ( 1 9 7 2 )  showed that the 

ma in pathway to the produc tion of bitter pept ides in Cheddar 

c heese is via the rennet hydrolysis  of casein  to high mo l e 

c ul ar we ight ( mo stly non-bi tter ) pept ide s whi c h  are sub

sequently hydrolyzed to low mo lecular we ight b i tter pept ide s 

by s tarter . All strains wer e  s hown to be poten t i a l ly 

' b itte r ' s ince b i ttern e s s  r e sul ted when the ce l l  dens ity in 

the curd at salting was increa sed by cooking at a lower 

temperature . Non-bitter c he e ses  are produced when there i s  

insu f f i c ient starte r prote inase activity t o  degrade high 
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mo lecular we ight non-bitter pept ides to b i tter pept ide s .  

These worker s al so attri buted tran s ient bi t terne s s  to the 

degradat ion of bi tter pept i de s  by ' non-bi t t e r ' starte r s . 

This  mechan i sm wa s suppor ted by Jago ( 1 9 7 4 )  who sugges ted a 

number  o f  measure s to be t aken to avo id b itterne s s  in cheese . 

I t  i s  c l ear that starter bacteria  have a d i rect role in 

b i tterne s s  deve lopment in C h e d d a r  cheese s ince use  of h i g her 

cooking temperature s l ead i ng to re l at ive l y  low c e l l  den s i t ie s  

reduced bi tterne s s  deve l opm ent ( Lowr i e  e t  a l , 1 9 7 2 ) . A l owe r 

ce l l  dens i ty in the cheese wil l re s u l t  in reduced leve l s  o f  

both ce l l  wal l - a s sociated s t arter prote inase ( Thoma s e t  a l , 

1 9 7 4 ; Exterkate , 1 9 7 5 )  and i ntrace l lu l ar pro te inases and 

pept idases ( Exterkate , 1 9 7 5 ;  Hou et a l , 1 9 7 5 ) . I t  i s  pre

sumed that sta rte r  bacteria  lyse  dur i ng c hee se r ipening and 

the se intrac e l lular en zyme s are released into the curd 

matrix . 

To e s tabl i sh the importance o f  the var ious bac terial  e n z yme s 

in produc ing b i tterne s s  i t  wou l d  be u s e f u l  to alter the con

centra t ion of one of the e n zymes i n  the curd wh i l e  the others 

remain cons tant . The pre sent repor t de scr ibe s use o f  P r t  

c e l l s  which are d e f i c ient in c e l l  wa l l  proteinase ( Pearce 

e t  _?-1 ,  1 9 7 4 ; Exterkate , 1 9 7 6a) but conta in the same pept i 

d a s e  act ivi t i e s  as t h e  parent c e l l  ( Exterkate , 1 9 7 6 a ) , to 

spec i f i c a l l y  a s s e s s  the ro l e  o f  s tarter ce l l  wa l l  proteinase  

in b i tterne s s  deve lopment in Cheddar cheese . St arter s tr a ins 

c ho sen were all re l a t ive l y  temperature - insen s i t ive . 'rh i s  

mean s they a l l  grow t o  some extent dur ing cook ing ( 3 8°C )  and 

there fore the control c heese  w i l l  contain a high ce l l  den

s ity in the curd at  s a l t ing and consequent ly shou l d  deve lop 

bitterne s s . 

The rennet concentrat ion u sed in Cheddar chee s emak ing has  an 

important inf l uence on the deve lopment of bitterne s s , e spe

c ially  when temperature - in s en s i t ive strains are u s ed . 

Lawrence et a l  ( 1 9 7 2 )  s howed that with the se s trains , in-

creased rennet l eve l s  gave more bitter chee s e . S ince the 

obj ec t ive of the ,pre s ent tr i a l s  was to determine the e f f e c t  

o f  t h e  l eve l o f  c e l l  wal l  proteinase on bi tterne s s  deve lop

ment , a relative ly low l evel of rennet with a relative l y  

high sett ing temperature wa s u sed . 
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s tock cultur e s  o f  S treptoc occu s  cremo r i s  stra i n s  1 0 8 , 1 0 4 

and P 2 and .§_ .  l a c t i s  H 1 
and ML 8 were obta ined from the New 

Zeal and Da i ry Re s e a r c h  Inst i tute  cu l ture c o l le c t i on . S tock 
+ 

culture s o f  Prt and Prt c e l l s  were pr epa red a s  previou s l y  

de s c r ibed ( page 2 1 )  . 

1 8 . 2  Cheese S t arter _ Preparat i on for C he e s ema k i ng 

+ -
Stock c u l ture s o f  P rt and Prt c e l l s  were incubated for l G  

h a·t 2 2°C t.:.hen i nocul ated ( 0 .  5 ,  1 .  0 a nd 2 . o s:s) sepa r a t e l y  i n to 

three tubes c ont a ining RSM . The RSM had be en autoc laved 

( 1 1 6°C ,  2 0  min ) , ce nt.r i fuged ( 1 0 , 0 0 0  x g_, 5 m i n )  to remove d e 

na tured p ro t e i n and bu ff ered w i t h 6 - g l y c e ropho s p h a t e  ( f i n a l  

concen trat ion 0 . 0 7 3  M ,  pH 7 . 1 ) . The three tubes o f  RSM for 

growth of Prt c u l ture s conta ined Trypt ica s e  ( 5 mg I ml ) . 

After 1 6  h incubat ion at 2 2°C ,  t he pH o f  each cul ture wa s 

determined and the one from each s e r i e s  nearest  pH 5 . 1  wa s 
+ 

se lec ted . The ce l l  dens i t i e s  i n  t h e s e  se parate P r t  and 

Prt cul ture s wer e  determined turbi d imetr ically  at 4 8 0  nm 

and cul ture s for bul k  starter i nocu lation wer e  prepared by 

mixing so that Prt c el l s  compr i sed 4 0 ,  7 0 ,  8 5 or 9 0 %  o f  

the total popu l at ion . The contro l culture contained on l y  

Prt
+ 

c e l l s . Bulk  s tarter m i l k  was steamed for 1 . 5  h and 

cooled to 2 2°C before inoculation . The leve l of inoc u l a t ion 

depended on the growth rate o f  the particular s tarter strain , 
+ -howeve r ,  the total numbe r o f  c e l l s  ( Prt  + Prt ) i noculated 

into each bulk s tarter med i um wa s the same within each t r i a l . 

The bulk s tarter was incubated for 1 6  h at 2 2°c .  

1 8 . 3  Chee se Manufacture 

Cheddar chee se was manufactured from pasteur i z ed ( 7 2°C ,  1 5  

s )  who le m i l k  by c onventional commerc i a l  method s u s ing open 
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vats . The same leve l ( 1 6  ml / 1 0 0  l mi l k )  o f  ca l f  rennet 

( New Z e a l and S tandard S t rength Rennet Ex trac t ,  New Z eal and 

Co-operat ive Rennet Co . Ltd ) and s tarter inocul um ( 2 % ) 
0 were u sed in a l l  tr i al s . The sett ing tempe rature was 3 4  C 

and the per iod a fter t he add i t ion o f  rennet unt i l  cutting 

was kept cons tant (�  4 5  m i n )  wi t h i n  each t r ial . After cut

t ing with a 9 mm kn i fe the temperature was ra i s ed to 3 7 . 5  -

3 8°C over a 3 5  min per iod . Whey wa s dra ined f rom the vats 

when the t itratable ac idity ( TA )  showed a r i s e  o f  0 . 0 3 %  

l ac t ic a c id from that a t  c utt i ng . The TA a t  m i l l ing for a l l  
trial s wa s between 0 .  5 0  - 0 .  6 0 %  and tha t a t  sa l t ing between 

0 .  63 - 0 .  7 2 % .  I n  each t r ial m i l l i ng and s a l t ing was carr ied 

out at  the same TAs in all vat s . At tempts  were made to ob

tain s imilar  s a l t - in-mo i s ture v a l ue s  by dry s t ir r i ng and 

vary ing the rate o f  salt add i t ion between 2 . 5 %  and 2 . 9 5 % 

( w/w c urd at  mi l l i ng ) . Rectangu lar , 2 0  kg , blocks o f  chee s 0  

were p r e s sed overn i g ht from the salted curd . The s e  were 

wrapped in wax -coated f i lm and s tored at 1 1
°

c for s ix mon t h s . 

+ 
1 8 . 4  D e t e rmi n at i on o f  t he Rat io o f  Prt  to F r t  Ce l l s  and 

------

Starter Col ony Cou n t s  

Mi l k  s amp l e s  were taken from the stirred vats a f ter inocu l 

at ion a nd c h i l l�d . An a l iquot ( 0 . 1  ml ) wa s bl ended w i th 

sterile  S -g .l yceropho sphate bu f f e r  ( 1 0  0 ml, 0 .  01 M ,  pH 7 .  0 )  

i n  an AtoMix blender ( Measuring and S c ient i f ic Equ i pment 

Ltd , London ) to reduce s t reptococca l  chains to u n i form s i z e  

( Mart ley , 1 9 7 2 ) . The ce l l  suspens ion was furthe r d i l uted 

w ith the s ame buf fer . F ive rep l i cates  ( 0 . 1  ml ) of 1 0  - 4  

d ilution were surface- spread on MAG p l ates for the deter

minat ion of the ratio o f  Prt
+ to Prt cel l s . The se  plates 

were then incubated for t hree days at 2 2°C .  

1 8 . 5  Prote i nase As say 

Prote inas e  po s i tive and Prt c e l l s  were grown s eparate ly in 

RSM at 3 0°C .  Ce l l s  were harve sted and washed by the method 

previou s ly descr ibed ( page 2 2 )  and the prote inase a c t ivity 

o f  intact c e l l s  was determined u s ing the standard method 

( page 5 2 ) . 
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1 8 . 6  Bacter iophage Assay 

Whey samp l e s  taken from the vat pr ior to salt ing were spotted 

und i l uted a nd a t  d ec ima l d i lut ions on l awn s of the starter 

organism prepar ed by soft agar ove r lay on Ml 7 agar p l at e s  

c onta ining  0 . 0 2 M c ac 1 2 ( Terzag i & S and ine , 1 9 7 5 ) . 

1 8 . 7  Ana l y s i s  o f  Chee ses 

P lug samples  were taken �hen the cheeses were removed from 

the pre s s  ( one day ana l ys i s )  . Mo i s t ure was determined by 
0 dry ing at l O O  C for 1 6  h ,  fat was de termined by the Babcock 

method and salt by the Vo l hard method . 

1 8 . 8  Determinat ion o f  Free Am ino Ac i d s  and Peptides 

Chee se samp l e s  ( 1 0  g )  we re taken at l day , 3 months and 6 

months and homogen i ze d  for 5 min i n  tri sod ium c i t r a t e  ( 9 0 

m l 1 2 %  ( w/v ) ) at 4 5°C u s i ng a Co lworth S tomacher 4 0 0  ( A  J 

Seward & C o , London ) . An al iquot o f  homogenate ( 1 0  m l ) was 

m ix e d  with TCA ( 4 0 ml , 1 5 %  ( w/v ) ) and f i l t e red a f ter 1 5  min 

through Whatman No . 4 2  f i l ter paper . The free amino a c id 

and pept ide content wa s then de termined by t he Fo l i n 

C iocalteu method ( Lowry �t a� , 1 9 51 ) u s ing tyro s ine a s  the 

re ference stancard . 

Curd samples  we re taken immed i ately pr ior to s a l t ing and 

c h i l l ed . A shredded port ion ( 1 0  g )  was homogen i z ed with 

s te r i l e  tri sod i um c i trate ( 9 0 ml , 2 %  ( w/v ) ) at 4 °C in the 

blender . The homogenate wa s d i l uted with s ter i le S-g lycero

pho s phate buffe r . S ix rep l i cate s ( 0 . 1  ml ) o f  the 1 0
- 6 d i lu 

t ion were surface- spread o n  MAG p l at e s  for the determination 

of  the ratio Prt
+

: Prt
-

a s  above . S impl e  colony count i ng was 

not appl icab l e  to � - l ac t i s  ML8 as both Prt
+ 

and Prt 

colonies  were very sma l l  on MAG plate s . The ratios wer e , 

there fore , obta ined by p i ck ing a l l  the colonies o f f  plates  

containi ng 5 0 - 1 0 0  co lonies  and test i ng them for  coagulati o n  

t ime i n  ster i l e  skim m i l k  a t  2 2°C .  

For total counts , dupl icate samples  { l  ml ) o f  1 0 - 7  d i l u t ion 

o f  homogenate were mixed with l iquid Ml 7  - agar med ium and 

the plates incubated at 3 0
°

C for three days . 
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1 8 . 9  B i tterne s s  Evaluat ion 

A screen ing test  for s e l e c t ing tasters  s en s i t ive to bitter

ness  i n  c heese was  dev i sed . A paste  of uni form con s i s tency 

was prepared by grind ing bland chee se ( 8  g of one month o ld 

C heddar ) wi th a mixture ( 3  ml ) o f  who le mi l k  and a b i tter 

solution of hydro l y z ed mi l k  prote i n . The leve l o f  bitter

n e s s  wa s varied by chang i ng the rat i o  of hydro l y z ed m i l k  

protein to who le mi l k . B i tter  mi l k  prote i n  solution wa s 

d e r ived from e i ther who l e  mi l k  incubated w i th ex trac e l l ular  

prote inase from P s eudomonas f l uore scens ( g i f t from B C 

Ri chard son )  or with thermo lys in ( C a l bioc hem ) . Pro spec t ive 

pane l l i st s  we re requ i re d  to pl ace four cheese pastes in 

order of decrea s i ng b i t terne s s . The test wa s conduc ted on 

t hree consecutive days and tasters who had the corr ect 

order a t  l east  twice were retained for the pa n e l . 

The method o f  eva l u a t ing c he e s e  samp l e s  w a s  ba sed on the 

s imple p a i red compar i son te s t . Each pane l l i s t wa s pr e s ented 

wi t h  two pairs  o f  samp l e s  and lwo cheese paste s . The cheese  

p a s tes  wer e  g iven a s  e x amp l e s  of bl andne s s  and b i tterne s s . 

Each pa i r  o f  cheese s amp l e s  was from a s in g l e  tr ial a f ter 

s ix months r ipening and compr i sed a s ampl e  o f  the con t r o l  

cheese ( 1 0 0 %  Prt
+

) and of  the chee se with the max imum pe r

c e nt age of Prt ce l l s . Pane l l i s t s  were requ i red to state 

whether b i tterne s s  wa s pre sent i n  each samp l e . I f  bitter

n e s s  was detected in bot h  samp le s , then pane l l i s t s  were re

quired to ind i cate which s amp l e  wa s the mor e  b i tter . C hee s e s  

f rom each tr ial  were tasted a t  least  twice b y  not l e s s  than 

ten taster s .  Pane l resu l t s  were sta ti s t ica l ly ana l y z ed a s  

d e s c r ibed f o r  pa ired - c ompari son testing ( Amer i ne et a l . , 
1 9 6 5 ) . One c heese was t aken a s  be ing s igni f icantly more 

b i tter than the other when the probabi l i ty of it being the 

s ame ( p )  wa s � 0 . 0 5 .  
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RESULTS 

1 9 . 1  Prote inase Ac tivity of S tarter Cul t u r e s  

9 8 . 

The proteinase activity o f  Prt
+ 

ce l l s  of the f ive stra ins  o f  

l ac t ic s treptococ c i  wa s 3 4  7 to 5 7  4 dpm I mg ( dry weight ) bac 

teria . The activities  o f  the se  c e l l s  wer e  a t  least  3 0  t ime s 

greater than those o f  Prt cel l s  ( Table 1 4 ) . I t  i s  un l ik e l y  

that d i f ferent condit ions o f  a s s ay would produce s i gn i f ic 

ant l y  d i f ferent resu l ts for Prt ce l l s  whi c h  f o r  t h e  purpo s e  

o f  t he present work can be cons idered as de f i c ient i n  pro

te i nase . 

1 9 . 2 Ce l l  Den s i t i e s  in Curd at S a lt i ng 

Cel l den s i t i e s  at  salt ing were s im i l a r  for a l l  vat s  within 

each trial for T r i a l s  l to 7 ( Table  1 5 )  and were , there for e , 

i ndependent o f  the proport ions o f  the two ce l l  types . Two 

vats in Trial s 8 and 9 had c e l l  den s it i e s  which wer e 6 0 %  o f  

t h e  other vat s . The actual c e l l  dens ities  were strain

dependent and ranged from an  average o f  1 . 0  x 1 0 9 colony

forming-un i t s  ( c fu ) / g  c urd for P 2 to 4 . 2 x 1 0
9 

c fu / g  curd 

for strain ML
8

. With s tarters H 1 , 1 0 8  and P
2 s imi lar dens i 

t i e s  were obta ined i n  dupli cate trial s .  Under the same 

chee s emaki ng cond i tions Lowr ie et a l  ( 1 9 7 2 )  observed _ a  c e l l  

den s i ty o f  4 . 4  x 1 0 9 c fu I g for ML
8 

and 1 . 0  x 1 0
9 

c fu I g 

for S .  cremor i s  HP (wh i c h  i s  the parent stra in o f  P
2

, Pearc e , 

1 9 7 8 ) . I n  a l l  the pres ent chee s emaki ng trial s , phage leve l s  

i n  the whey a t  salting were l e s s  than 1 0
5 

p l aque - forming

uni t s  ( pfu ) I ml except for Trial  6 wher e  whey from the vat 

c onta ined 7 x l 0 6 p fu I ml . However ,  this l evel o f  p hage 

infect i on appear s not to have made a s igni f ic ant d i f ference 

a s  the c e l l  den s i ty i n  the curd was the same as that for the 

three exper iment a l  vats . 
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TABLE 1 4 : Prote inase Ac t ivity at pH 6 . 5  and 3 0°C o f  P r t
+ 

and Prt  C e l l s  Grown in  S k im M i l k  

Prote inase Act iv i ty 
( dpm I mg ( dry 

S train we ight ) bacteria ) 

S .  lactis  

S .  c remo r i s  

1 0 8  

1 0 4  

Prt
+ 

MASSEY UNIVE�SITY 
LIBRARY 

3 4 7  

3 8 4  

5 3 0  

5 7  0 

5 7 4  

Prt 

7 

2 

1 2  

1 8  

1 8  
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TABLE 1 5 : Compo s i t i on and Ce l l  Den s ity o f  S tarter Dur ing 

Cheddar Cheesemaking wi th Mixtures o f  P r t
+ 

and 

Prt  Ce l l s  

S tarter 
Composit.�on , 

% P r t.  C e ll  Dens ity 
Trial ( B a l ance 

+ in Curd a t 
Strain Che e s e  Prt ) 

No . S a l ting 
B u l k  Che e: se Curd ( x  1 0 9  c fu /g )  

S ta r ter Va t a t  
Inoc Inoc Salt ing 

s .  l ac t i s  ---
l H l  e a  0 0 0 3 . 6  

E l  4 0  2 1  2 6  2 . 8  
E 2  7 0  7 0  5 9  3 . 3  
E 3  8 5  8 6  7 5  3 . 3  

2 H l c 0 0 0 3 . 7  

E l  4 0  3 6  3 8  3 . 0  
E2 7 0  6 2  5 9  3 . 3  
E 3  W:i 8 8  7 3  3 . 2  

3 .ML8 c 0 0 0 4 . 1  
E l  4 0  1 6  1 7  4 . 2  
E 2  7 0  5 3  3 0  4 . G  
E 3  9 0  7 1  4 5  3 . 9  

s .  c r:emo r i s  ----

4 1 0 8  c 0 0 0 1 . 8 
E l  4 0  3 7  3 6  2 . 3 
E 2  7 0 5 �  C: •o 

:J /  2 . 0  
E 3  8 5  7 6  7 5  1 . 8 

5 1 08 c 0 0 0 2 . 0  
E l  4 0  2 9  b 1 . 8  
E2 7 0 5 4  54 - 1 . 3 
E 3  8 5  6 9  64 2 . 0  

6 1 04 c 0 2 3 1 . 4 

E l so  3 8  3 4 1 . 5  
E 2  8 0  6 7  65 1 . 2  

E 3  9 0  7 7 7 2  1 . 3  

7 1 04 c 0 5 6 2 . 4 

E l  9 0  7 0  6 5  2 . 0  

8 p
2 

c 0 0 8 1 . 1  
El 4 0  3 6  3 6  1 . 1  
E 2  7 0  6 5  58 0 . 7  
E 3  8 5  7 7  6 9  1 . 4  

9 p
2 

c 0 0 0 0 . 7  

E l  9 0  7 7  7 0  1 . 1  

a C ,  contro l ; E ,  Ex per imen ta l; b ,  not determined 
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1 9 . 3  Proportions o f  Prt
+ 

and Prt C e l l  Type s 

In  al l trials  there wa s a shift  in the proportion o f  t he two 

c e l l  types , f i r s t l y  dur ing incubation o f the bu lk s tarter and 

s econdly in the cheese vat . Genera l l y a l ower percentage o f  

Prt cel l s  re sulted ( Table  1 5 )  . T h e  mean s tandard d ev ia tion 

for the plate-coun t ing method of determin ing the ratio o f  

ce l l  types was 4 . 7 % . For ML8 , however , the error i n  deter

mination i s  probab l y  l arge r  bec au se o f  the d i f ferent method 

u sed ( see Expe r imenta l ) . 

1 9 . 4  Chee semak ing T i me s  

Dur ing the manu facture o f  the control cheese  the set - to -dry 

time was rea sonab l y  con s i s tent at 2 h 4 0  min to  2 h 5 0  min 

wher eas  the dry - to - sa l t  time covered the range 1 h 55  min  to 

3 h ( Table 1 6 )  . Thi s vari ation i s  not unexpec t ed s ince 

chee se was made ove r a dai rying season a n d  w i th a var i e ty of 

d i f ferent s tra ins . As the proport ion o f  Prt c e l l s  i nc reased 

there was a gene r a l  trend toward s an i n c r e a s e  in bo th the 

set - to - dry and e spec i a l l y  the dry-to - salt  t ime s . Set-to -dry 

t ime s for the vat w i th t he highest  proport ion of Prt ce l l s  

( Table 1 6 )  were an average o f  1 1 %  longer than for the contro l 

vat . T he corre spond ing dry-to - s a l t  t ime s , howeve r ,  were an  

average of  5 3 %  longe r .  Ove ra l l  this made the s lowest  vat an 

average of 9 0  min beh ind the control vat . Manufac tur ing t ime 

was appreciably i nc reased when Prt c e l l s  exce eded about 4 0 % 

o f  the populat ion o f  the vat inoculum ( that i s  in Tria l s  1 

to 6 and in Tr i a l  8 with chee ses E 2  and E 3 ; 

9 with cheese E l  - s e e  Tabl e s  1 6  & 1 7 ) . 

1 9 . 5  Compo s i tional Analys i s  

i n  Trial s 7 and 

Ana ly s i s  ind icated that a l l  c heeses were within  t he l im i t s  

f o r  moi s ture i n  t he non - f a t  substance ( 5 2 to 5 6 % ) f o r  export 

Cheddar a s  propo sed by G i l les  & Lawrence ( 1 9 7 3 )  and accepted 

by the New Zealand d a i ry industry . Al though i t  wa s hoped to 

achieve the same s a l t - in -mo i sture l eve l s  for a l l  four vats i n  

each trial, the progre s s ive decrease i n  rate o f  acid produc

t ion , as  the proport ion of  Prt  ce l ls i n  the s t arter increa s ed 

made thi s d i f f i cul t . D e s p i te the u se o f  add i t ional dry s t i r s  
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TABLE 1 6 : Manufactur i ng T ime s and Salt-in  Mo i s ture Value o f  

Cheddar Chee s e  made with Mixture s o f  Prt 
+

and Prt


S tarter Ce l l s  

Chee sema k i ng 

Tr ial 
t in,e s ( h : m i n )  S a l  t.-in-

Strain Cheese Moisture No . ( % )  s e·t - to - Dry- to-
Total Dry S a l t  

s .  l ac t i s  
-----

l H l  e
a 

2 : 4 5  2 : 0 0  4 : 4 5  5 . 1 7 

E l  2 : 4 5  2 : 1 5 5 : 0 0 4 .  7 7  

E 2  2 : 5 0 2 : 5 0  5 : 4 0 4 . 8 0 

E 3  2 : 5 0 3 : 1 5  6 : 0 5 4 . 6 3 

2 H
l 

c 2 : 5 0 2 : 05 4 : 5 5 5 . 4 2  

E l  2 : 5 0 2 : 2 5 5 : 1 5 5 . 5 2 
E 2  3 : 0 0  3 : 0 0 6 : 0 0 4 . 86 

E 3  3 : 1 0  4 : 1 5 7 : 2 5 4 . 1 5  

3 ML c 2 : 4 0 1 : 55 4 : 3 5 4 . 64 
8 

E l  2 : 4 5 2 : 00 4 : 4 5  5 . 1 0 

E 2  2 : 5 5 2 : 0 5 5 : 00 5 . 07 

E 3  3 : 3 0 2 : 4 5  6 : 1 5 4 . 4 1 

s .  c remor i s  
----

4 l OH c 2 : 4 5  2 : 5 0 5 : 3 5  4 . 5 2 
E l  2 : 4 5 2 : 5 0 5 : 3 5  4 . 44 

E 2  2 : 4 5  3 : 1 5 6 : 0 0  4 . 6 3  

E 3  2 : 5 0 4 : 2 0  7 : 1 0  3 . 51 

5 108 c 2 : 4 5  2 : 5 5 5 : 4 0 4 . 94 

E l  2 : 4 5 2 : 5 5 5 : 4 0  5 . 09 
E2 2 : 5 5 3 : 0 5 6 : 0 0 4 . 9 7 
E 3  3 : 0 0 4 : 2 0 7 : 2 0 4 . 74 

6 1 04 c 2 : 4 5 3 : 0 0  5 : 4 5 5 . 37 

El 2 : 4 5 3 : 0 5  5 : 5 0 5 . 0 3  

E 2  2 : 4 5  3 : 1 5 6 : 0 0 5 . 0 3 

E 3  3 : 0 5 3 : 3 5 6 : 4 0 4 .  7 2  

7 1 04 c 2 : 5 0 2 : 2 5  5 : 1 5 5 . 1 6  

El 3 : 0 5 3 : 4 0  6 : 4 5  5 . 51 

8 p
2 

c 2 : 4 5  2 : 5 0 5 : 3 5 5 . 1 5 

El 2 : 4 5 3 : 1 5 6 : 00 5 . 2 1 

E2 2 : 5 0 3 : 2 5  6 : 1 5 4 . 8 7 

E3  3 : 1 0  4 : 05 7 : 1 5 4 . 5 7 

9 p
2 

c 2 : 4 5  2 : 4 0  5 : 2 5 5 . 2 4 

El 2 : 5 0 3 : 5 5 6 : 4 5  5 . 06 

a 
c ,  Control ; E ,  Experimental . 

The four cheeses differ in s·tarter composition ( see Tab l e  1 6 )  
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TABLE 1 7 : Level  o f  1 2 %  TCA-Soluble Amino Ac ids  and Peptide s 

1 During Ripen ing o f  Cheddar Cheese  Made with Mix-
+ -ture s of Prt and P r t  S tarter Ce l l s  

Ripening Per iod 

Trial 
No . 

S t r a i n  Cheese 
Curd at 
S a l t ing 

Three 
Mon ths 

S ix 
Months 

S .  l a c t i s  

1 

2 

3 

S .  cremo r i s  

4 1 08 

5 1 0 8  

6 104 

7 104 

8 

9 

a 
C ,  Control i E ,  Experimental . 

b ,  Not determined 

E l  
E 2  
E3  

c 
E l  
E 2  
E 3  

c 
E l  
E 2  
E 3  

c 
El 
E2 
E3 

c 
El 
E2 
E 3  

c 
El 
E2 
E3 

c 
El 

c 
El 
E2  
E 3  

c 
El 

(mg Tyr equ ivalent I g cheese ) 

0 . 5 6  
0 . 5 2 
0 . 44 
0 . 3 7 

0 . 7 1 
0 . 66 
0 . 6 5 
0 . 5 0 

0 . 3 9  
0 . 3 6 
0 . 4 2 
0 . 3 7  

b 
0 . 4 5  
0 . 4 1 

0 . 3 8 

0 . 46 
0 . 47 
0 . 3 8 
0 . 4 4 

0 .  7 0  
0 . 6 3 
0 . 64 
0 . 58 

0 . 47 
0 . 51 

0 . 36 
0 . 36 
0 . 3 5 
0 . 3 5 

0 . 30 
0 . 30 

2 . 0 6 
2 . 0 6 
2 .0 0  
1 . 88 

2 . 08 
2 . 0 2 
l .  9 5  
1 . 8 7  

2 . 2 9 
2 . 2 1 
2 . 1 9 
2 . 2 8 

2 .  01 
2 . 01 
l .  9 8  

l .  9 8  

1 . 8 5 
l .  7 9  
1 . 80 
1 . 8 2 

2 . 18 
2 . 04 
l .  9 7  
l .  97 

2 . 03 
l .  9 6  

2 . 27 
2 . 36 
2 . 2 1 
2 . 18 

1 . 86 
l .  54 

3 . 1 7 
3 . 3 8 
3 . 2 3 
3 . 02 

3 . 0 3 
3 . 0 0 
3 . 0 2 
2 . 8 2  

2 . 8 9  
2 . 7 3 
2 . 6 7 
2 .  7 7  

2 . 7 9 
2 . 7 9  
2 . 8 2  
2 . 8 6 

2 . 6 7 
2 . 6 2  
2 . 7 9 
2 . 68 

2 . 82 
2 . 60 
2 . 6 7 
2 . 5 2 

b 
b 

2 . 7 3 
2 . 63 
2 . 45 
2 . 46 

b 
b 

The four cheeses d i ffer in starter com

positions ( see Table 1 6 )  
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and an increased salting rate the u sual trend wa s a decrease 

in salt-in-mo i sture va lue a s  the propor tion of  Prt ce l l s  in 

the starter was increased ( Table 1 6 )  . 

1 9 . 6  Free Amino Ac ids and Pept ides  in Cheese  

In  a l l  chee semaking tria l s  the l evel of  free  am ino acids  and 

peptide s s o luble i n  1 2 %  TCA increased with r ipen ing ( Table 

1 7 ) . Li t t l e  or  no d i f ference was found between the expe r i 

mental and contro l chee ses at the same sampl i ng time sugg e st

ing that the l eve l of s tarter peptidase wa s s imilar in con

trol and experimental c heeses and that peptidase activity 

was not  l imited by substra te c oncentration in the  expe r i 

mental c he e s e s  ( where the l evel o f  starter prote inase wa s 

reduced . 

1 9 . 7  B i tterne s s  Evaluat ion 

Pre l iminary t a s t ing trial s showed that the range of bitter

nes s i n t en s i ty deve loped , when one strain w a s  u s ed at four 

d i f ferent rat ios of Prt
+ 

to Prt
-

ce l l s , wa s too narrow for 

the taste pan e l  t o  show stat i s t ic a l l y  s ig n i f icant d i f ferences 

between chee s e s . Therefor e , a s impl e  compar i son o f  bitter

ness inte n s i ty in t he two chee s e s  with extremes of s tarter 

compo s i t ion was made . The pan e l  j udged that the control 

chee se was s ig n i f i c antly more bi t ter t han the exper imental 

c hee se in s ix out of nine trials ( Table 1 8 ) . One exception 

was Trial  4 u s ing strain 1 0 8 . However , thi s re sult  could be 

expla ined by the unusually  low s a l t- in-mo i s ture l eve l in the 

exper imental  chee se ( 3 . 5 1 % , compared with 4 . 5 2 %  in the 

contro l ) s ince this  would  encourage bitterne s s  deve lopment 

( Lawrence & G i l le s , 1 9 6 9 ) . The o ther e xcept ion s wer e  the 

dupl i cate t r i a l s  with strain P 2 ( T r i a l s  8 and 9 ) . I n  both 

trial s the c e l l  dens i t i e s  were l ower t han with t he other 

s trains and b i ttern e s s  wa s not detected in  the c ontrol 

c hee se i n  3 5 %  of t he t a s t ings . 
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TABLE 1 8 : B it terne s s  Compari son o f  Contro l and Exper imental 

Che e s e s  after S ix Mont hs Ripening 

Trial 
No . 

l 

2 

3 

4 

5 

6 

7 

8 

9 

a C ,  
b 

S ,  

Strain 

s .  lactis 

H
l 

H l 

ML8 

s .  cr emor i s  
------

1 0 8  

1 0 8 

1 0 4  

1 0 4  

p
2 

p
2 

Contro l ; E ,  Experimental 

Control c heese s ign i f icantly 
tal chee s e  ( probab i l i ty that 

Cheese 

e a 

E 3  

c 

E 3  

c 
E 3  

c 

"!;' ?  J.... J 

c 
E 3  

c 

E 3  

c 

El 

c 

E 3  

c 

El 

more bitter 

B itterne s s  
Compari son 

s b 

s 

s 

N S  

s 

s 

s 

NS 

NS  

than exper irnen-
the two che e s e s  are equa l ly 

bi ·tter � 0 .  0 5 )  ; N S , no s ign i f icant d i f ference in b itter-
ne s s  between the two c hee se s .  
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2 0 . 1  Ro le o f  Starter Prote i nase �n B itterne s s  Deve lopment 

U s in g  f ive s trains o f  l ac t ic s treptococc i ,  Cheddar c he e s e  

was made so that whil e  t h e  actual bacterial  d en s i ty in the 

c urd a t  s a l ting wa s constant for a g iven stra in , the pro

port ion of Prt  ce l l s  was a lte red . I n  th i s  way the l eve l o f  

cell  wal l - a s soc iated starter prote inase in  the exper imental 

che e s e  was reduced to a min imum o f  2 5 %  o f  the contro l l eve l 

where only Prt
+ 

ce l l s  we re pre s ent . I n  s ix tria l s  the ex 

per imental cheese was s ign i f i cant ly  les s bi tter ( p  � 0 . 0 5 ) 

than the c ontro l  whi l e  in the rema in i ng three tr i a l s  no 

s ign i f i cant d i f fe rence wa s found . Taking t he data from a l l  

n ine t r i a l s , the exper imental chee s e s  were l e s s  b i tter t:han 

t he contro l s  (p < 0 . 0 0 1 )  sugg e s t ing tha t the c e l l  wa l l 

a s soc iated proteinase ha s a role i n  b i tterne s s  deve lopmen t . 

I t  i s  l ikely from the pre sent  results  that a weakne s s  i n  

previous rese arch o n  b i tterne s s  l n  cheese has been the lack 

o f  d at a  concern ing the  pre s ence o f  Prt  vari an t s  in the cul

ture s u sed . Thi s could be e spec i a l ly important where mixed 

culture s of unde f ined compo s i t ion were used s ince they 

o f te n  conta i n  predominan t l y  Prt c e l l s  ( Thoma s & Lowr i e , 

1 9 7 5 ) . 

2 0 . 2  C hee semak ing with Cul ture s Containing P r t  Ce l l s  

Onl y  sma l l  changes i n  the proport ions  o f  the two ce l l  type s 

wer e  norma l l y  f ound dur ing growth o f  experimental  cultures 

i n  both the bulk starter and the c heese vat . The rates o f  

ac id produced b y  bot h  control and exper imental cultures 

wer e  s imilar  up to running · ( se t - to -dry , Table 1 6 )  but ac id 

product i on by expe r imental c u l ture s was marked l y  s lower 

after remova l o f  the whey ( dry-to- salt ) .  Whey r emoval re

sults  i n  a marked reduct ion in  the ava i labi l i ty of  so luble 

nut r ients , inc luding amino a c id s  and pept ide s ,  so that the 

s upply of n i t rogen for growth wou ld be more dependent on 
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the cell  wa l l - a s so c i ated proteina se . This  could accoun t 

for t he s lowe r rate o f  acid product ion whe re the c u l ture 

contained Prt cel l s .  

Use  o f  cul ture s cont a in i ng a high pro�or t ion o f  Prt  ce l l s  

may repre sent a prac t i c a l  method for r educ ing b i tterne s s  

deve lopment i n  chee s e . M i xed c u l ture s o f  this sort appear 

to be u sed for Gouda chee se prod uc t ion ( S tadhouders & Hup , 

1 9 7 5 )  , where the rate o f  acid product ion i s  usua l l y  not s o  

c r itical ( se e  review of  Lawrence & Thoma s , 1 9 7 9 ) . For 

Cheddar che e s e  manu fac ture , however ,  the rates o f  acid  pro

duct ion wou ld need to  be faster than was found with � �� �  

c u ltures used in  the pre s ent s tudy . 

2 0 . 3  Rol e o f S tarter Peptidase in B i tterne s s  Deve lopment 

Wh i l e the pre sent stud y  prov ides only ind irect data on 

s t arter peptidase activities , d i s cu s s ion o f  t � . 2 p0 s s i ble 

role o f  th i s  system i n  bi tterne s s  deve lopment seems appro

priate . B itter peptides are produced by the act ion o f  

proteo lyt i c  en zyme s ( s tarter prote inase and / or renne t ) 

wh ile the ir r emova l could be brought about by the ac •- ion o f  

s tarter pept i da s e s  ( Cz ulak , 1 9 5 9 ; Lowr ie & Lawrence , 1 9 7 2 ) , 

which are located prima r i ly in t he c ytopl a sm and membrane o f  

the bacter i a  ( Exterkate , 1 9 7 5 ; Schmidt e t  �' 1 9 7 7 ) . 

Whereas the c e l l  wa l l - a s socia ted pro te ir. 3 se wi l l  have acces s  

t o  substrate when ce l l s  are intac t , the intracel l u l ar pept i 

d a s e  activity mu s t  b e  re leased b y  c e l l  lys i s  be fore peptides  

wh i ch are  too l arge to enter the cell  can  be hydro ly z ed . In  

a l l  the publ i shed work on b i tterne s s  development , with the  

exception of  Law et al ( 1 9 7 6 a )  , no  mea surements  of pep t idase  

l eve l s  in c he e s e  and the  rate o f  lys i s  o f  s tar ter c e l l s  

h ave been made . Determination o f  viable cel l  number s  doe s  

not nece s s a r i l y  g ive a mea sure o f  c e l l  lys i s , s ince starte r  

cel l s  may be  s tructura l ly intact and yet unable t o  g row o n  

a n  agar recove ry medi um ( Thoma s e t  a l , 1 9 6 9 ) . Premature 

c e l l  lys i s  was i nduced when chee se was made with lysozyme 

sensiti z ed ce l l s  and the subsequent release o f  peptida s e  

pos s ibly accoun ted for t he lower inc idence o f  bi tterne s s  i n  

t h i s  c hee se even though the den s i ty o f  s tarter bac ter ia had . 

been marked ly increased ( Law et a l , 1 S 7 6 a ) .  A s imilar ex-
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p l anation may account for the lowe r inc idence o f  b i t terne s s  

when phage mul t iplied t o  high t i tr e s  ( Lowr ie e t  a l , 1 1 9 7 4 )  

s ince premature ce l l  l y s i s  wou ld again be expected . The 

rate of ac id product ion up to the t ime of mi l l ing wa s only 

s l ightly a f fe c ted by phage , indicat ing that the max imum c e l l  

density attained in  t he curd was no t reduced a s  muc h  a s  

Lowr ie e t  al . ( l 9 7 4 ) sugges ted . The ma j or e f fect o f  phage i s  

more l ikely t o  b e  the induction o f  premature lys i s , po s s ib l y  

i n  concert w i th the act ion of s a l t  ( Lowr i e  e t  a l . ,  1 9 7 4 ) . 

There fore , b i t terne s s  deve lopment appears to result  whe re 

high  den s i t i e s  of starter bacteria per s i st in the c hee s e  a s  

i n tact cel l s . D i f ferences  between s trains may result  pa r t l y  

f rom dif ferent su scept ibi litie s t o  autoly s i s  wh ich may a l so 

be inf luenced by add i t ion of s a l t . The degradat ion o f  b i t te r  

pept ides in  chee se may a l so depend on the ac tua l starter 

strain used s i nce the activity o f  peptidases  i s  strain de

pendent ( Su l l ivan et  a l . ,  1 9 7 3 ) . 

I t  i s  conc luded from the pre sent wor k  that c e l l  wa l l -a s soc i 

a ted prote inas e  ha s a r o l e  i n  t h e  format ion o f  b i tter pep

tides wh i l e  earl ier data ( Lowr ie e� a l . ,  1 9 7 4 ; Law et  a l . ,  

l 9 7 6 a )  are in terpreted a s  showing that intrace l lular pept i

dases  can have a n  important ro l e  in remov ing bitter peptide s , 

e s pecially  when the s e  e n z ymes are r e l ea sed from the c e l l s  a t  

a n  early stage i n  cheese ripening . 



A P P E N D I X I 

EFFECT OF GROWTH ME D I UM 
ON THE P ROTE INASE ACT IVITY OF INTACT CELLS 

INTROD UCT I ON 

1 0 9 . 

Th i s  Append i x  de scribes  a pre l iminary examinat ion o f  the 

e f fe c t  that s ome components of the growth med ium have on the 

leve l of prote inase act ivity o f  i ntact  ce l l s . A more d e 

tailed inve s t i gat ion w a s  i ntended b u t  this  wa s curta i l ed 

fol lowing pub l i cat ion o f  a recent report ( Exterk ate , 1 9 7 9 ) . 

A min imum leve l o f  ce l l -bound prote inase act ivity for S .  

cremo r i s  AM 1 was found whe n  ce l l s  were grown in a bro t h  

med i um containing amino a c ids as  t h e  n i trogen source and 

no c a l c ium ( Ex terkate , 1 9 7 9 ) . I t  wa s a l so shown that pro

teinase activ i t y  i n crea s ed with incubat ion t ime when the s e  

ce l l s  were inocul ated i nto a broth med ium contain ing Cacl
2

. 

Prote inase act i v i ty increa sed more qu ickly  as  the i n i t i a l  

concentration o f  ami no ac ids  i n  the med ium decreased . As 

the tot a l  concentrat ion of calc ium increased , in med i a  con

taining var ious fractions of milk ( serum , ac id prec i p i t ated 

case in a nd c a s e in m i cel l e s ) ,  t hen the prote inase act iv i ty 

of intact ce l l s  increased . It wa s , therefore , of intere s t  

t o  stud y  the e f fect  o f  growth i n  broth med ium compared with  

that in  mi lk on the  l evel o f  ce l l -bound prote inase ac t iv i ty 

o f  some d i f ferent strains  o f  lactic s t reptococ c i . Al so the 

e f fect of the concentrat ion o f  pept ide s and amino acids in 

t he growth med i um was determi ned by add ing the s e  compound s 

to mi l k . The e f fect  o f  C a 2 + 
on the l eve l o f  prot e i n a s e  

activity was studied wi th t h e  use o f  pH -stat  cultur e s  s ince 

this  avo ided the pre s ence of  Ca 2 +
-che la t ing buf fe r s . 
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EXPERIMENTAL 

Prote inase Activity o f  Cel l s  Grown in Broth 

Deep frozen s tocks were thawed , inocul ated ( 1 % )  into Ml 7 

broth ( Te r zaghi & S and ine , 1 9 7 5 ) , and incubated at 3 0°C for 

1 6  h .  Ce l l s  we re s ubc ul tured ( 1 % )  in this med ium and incu

bat ion repeated . These c u l ture s were used to inoc ulate ( 3 % )  

the expe r imental  M l 7  med ium . Experimenta l cul ture s were 

g rown and harve sted as given on page 22 and the proteinase 

activity of  inta c t  cells  determ i ned ( page 5 2 ) . 

E f fect o f  Amino Ac id and Peptide Add i tion to Expe rimental 

RSM on the  Leve l of  Prote inase Ac t i v i ty of Intact Ce l l s  

S terile solut ion s o f  Casamino acids  ( v itamin - free , acid 

hydrolyzed case in , 1 4 %  ( wlw) NaCl , D I FCO Laboratori e s )  and 

Trypticase  ( pancre atic  di ge s t  of c a se in , BBL )  were added to 
exper imental RSM ( 5 % , vlv ) to g ive f inal concentr a t i ons o f  

u p  to 8 . 0 mg I ml C a s amino acids  o r  7 .  5 mg I m l  Trypt i c ase . 

The inoculum cultur e s  contained the s ame COl 1Ccntrat ion o f  

C a samino acids  o r  T rypt icase as i n  t h e  expe r imental RSM 

med ium . C e l l s  wer e  grown and harve sted in the usual way 

( page 2 2  ) and the proteinase activity of intact ce l l s  de

t e rmined ( page 5 2 ) . 

P roteinase Act ivity o f  Ce l l s  Tran s ferred from Broth to 

Exper imental RSM 

C e l l s  of 2 6 6  were grown in M l 7  med ium , harve s ted , wa shed 

and re suspended in  s terile  water at 5 mg (dry we ight ) 

bacteria I m l . Expe r imental RSM was inoculated ( 1 % )  with 

this suspe n s ion and i ncubated at 3 0 °C .  Cel l s  were harve s ted 

a fter 1 ,  2 ,  3 . 5  and 5 h ,  washed , r e s uspended to 2 0  mg ( dr y  

we ight ) b ac t e r i a  I m l  and a s s ayed for prote inase activ i ty . 

pH Stat Cultures 

The apparatus con s i s ted o f  a j acketed ve ssel  ( l O O  ml ) ma in

tained at 3 0°C by c ircul ating water . A pH e l e c t rode and 
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two syr inge need l e s  we re i n se rted through h o l e s  i n  the l id 

whi ch a l s o  i ncorpo rated a s amp l i ng port . Al l p a r t s  o f  the 

apparat u s  we re f l u shed w i th hypochlor i te so l u t i o n  ( 1 % , v/v ) 

and r in s e d  w i t h  ste r i l e  water . The comb i na t i on g l a s s  e l e c 

t rode wa s connected to a Rad i ometer PHM2 6 pH m e t e r  to wh i c h  

a TTT l l  a u to - t i trator ( Rad iome te r , Copenhagen , D e nmark ) wa s 

attached . The auto - t i trator c ontrol led a magne t ic valve 

whi c h  regul a ted the f low o f  6 M NaOH i n to the cu l ture through 

one syringe n eed le to hold the pH at 6 . 5 .  An a tmo sphere o f  

5 %  co
2 

i n  N
2 

was ma i nt a i ned by bubb l i ng t he g a s  i nto the 

s o l ut ion t hrough the o t h e r  syr i nge need l e . The compo s i t i o n  

o f  exper iment a l  broth ( EB )  med i um u s ed wa s t h e  s ame a s  M l 7  

wi th t h e  omi s s ion o f  B - g lyceropho sphate . T h e  C a 2 + 
level wa s 

ad j u s ted b y  the add i t i on o f  s t e r i l e  l M  CaC l �  s o lu t ion . Total 
L 

c a l c ium concentrat ion o f  med i a  was determined by the method 

o f  Pearce ( 1 9 7 7 ) . The inoc u l um c u l ture grown overn ight in  

E B  med i um con ta i ned the s ame c oncen trat ion of  C a c 1 2 a s  in  

the EB med i um u s ed i n  the pH - s t at cu l ture . Exper imen t a l  

c u l ture s were inoculated ( 1 % )  and incubated fo r 5 h whe n 

the growing c e l l s  were h arve s t ed , wa shed and a s s ayed in the 

u s ual way . 

RESULTS 

P rote i nase Ac t i v i ty of C e l l s  Grown in B roth o r  M i l k  

C e l l s  o f  2 6 6 , E
8 

and ML
3 

grown i n  Ml 7 had leve l s  o f  prote i n 

a se a c t i v i ty which were o n l y  1 5  t o  1 8 %  o f  t h e  leve l s  with 

m i l k -grown ce l l s  ( Ta b l e  1 )  . O f  the four stra i n s  grown in 

m i l k , AM2 had the lowe s t  l evel o f  p rote ina s e  and thi s l eve l 

w a s  not a s  ma rkedly a f f e c ted by growth i n  broth ( Table 1 ) . 

E f fe c t  o f  Ami no Ac id and Peptide Add i t ion to Exper imenta l 

RSM on the Leve l o f  Prote i n a s e  Ac t i v i ty o f  I n t a c t  Ce l l s  

W i th the add i t ion o f  8 mg C a s am i no a c i d s / ml o f  expe r ime n t a l  

RSM there was no s ig n i f i cant c h ange { <  5 % )  i n  t h e  pro t e i n a s e  

act i v i ty o f  intact c e l l s  o f  2 6 6  and £
8 

b u t  w it h  s tr a i n s  AM2 
and ML

3 
the l evel o f  pro te i n a s e  act i v i t y  dec re a s ed by 3 0 % 
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TABLE 1 :  E f fect  o f  Growth Med i um on the P rote i nase  Ac t ivity 

of Intact Cel l s  o f  Lac t i c  Streptococc i  

Prote inase  Ac t iv i ty 
( dprn/mg ( d ry 

S t ra i n  we ight ) bac ter i a )  

Ml 7 Expe r imen t a l  RSH 

s .  c rerno r i s  

2 6 6  8 4 4 7 5  

1-;1-12 1 7 4  2 8 1  

E 8 9 7  6 2 7  

S .  l a c t i s  

8 0  4 6 5  
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a nd 4 7 % , r e spec t ive ly , ( Table  2 ) . Add ition o f  ami no ac ids 

made no d i fferenc e to the growth rates ( data not shown ) . 

P rote inase  ac tivi ty o f  i ntact cel l s  o f  2 6 6  decrea sed as  the 

concentrat ion of Trypt icase i n  the experime n ta l RSM in

creased ( F ig . l ) . The reduc t ion i n  the l ev e l  o f  prote inase 

with 7 .  5 mg I ml  added Try pticase  represents a 3 5 % decrease 

i n  prote i nase a c t iv i ty of  cel l s . The growth rate  o f  cul

ture s a l so i ncreased a s  the  Trypt icase concentrat ion of the 

med i um was increased . The max imum generat ion t i me for the 

c ontro l  c u l ture o f  2 6 6  wa s 6 5  min compared with  5 0 m i n  for 

the cul ture wh ich conta i ned 7 .  5 mg I ml added Trypt i c a se . 

The e f fect  o f  the add i t i on o f  Trypt icase  to exper imen t a l  RSM 

on the l eve l of prot e i na s e  a c t ivity of intact ce l l s  of AM2
, 

E 8 and ML 3 wa s i nvest igated at  a s ing le Trypt icase  concen

trat ion ( 7 .  5 mg I ml ) . S t r a i n s  showed a 2 9 to 3 7 %  decrease 

in  the l eve l of  prote inase a c t ivity ( Table 3 ) . 

P rote inase Ac tivity o f  Ce l l s  Trans ferred f rom Broth to 
Expe r imental  RSH 

The proteinase ac t iv i ty of intact ce l l s  of 2 6 6  increa sed from 

8 4 dpm I mg ( d ry we ight ) bacter i a  to about 3 4 0  dpm I mg ( d ry 

we ight ) bac te r i a  i n  approx imately four generat ion s ( F ig . 2 ) . 

Values  for  repeat exper iment s  we re ± 1 0 %  o f  those in F ig . 2 .  

E f fect o f  the Add i tion of C a l c i um to Broth on the Lev e l  of 

P rote i nase Acti v ity of I n tact C e l l s  

The p ro te inase ac tivity o f  intact ce l l s  o f  E 8 i nc reased mor e  

than twe lve - fold a s  Ca 2 + 
concentration incr ea sed from 2 x 

1 0 - 4 M to 0 . 0 27 M ( Fi g . 3 ) . A value o f  6 0 0  dpm l mg ( dry 

we ight ) bacteria was obta ined at 0 . 0 2 7  f·l ca 2+ . W i th N12 
a c t iv ity i ncrea sed by only  2 5 % ( F ig . 3 ) . 

D I SCUS S ION 

Al l s trains  o f  lactic s treptococci  te s ted had muc h  l ower 

c e l l-bound prote inase a c t iv i t i e s  when grown i n  broth medi um 

than when g rown i n  exper imen t a l  RSM ( Tab le l )  . A ma j or 
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TABLE 2 :  E f fe c t  o f  Added C a s am i no Ac ids ( 8  .. 0 mg I ml ) on the 

Leve l o f  Prote inase Ac t i v i ty of I ntact C e l l s  o f  

Lac t i c  Streptococci  Growing i n  Exper imental RSM 

Stra i n 

s .  c remo r i s  

2 6 6  

AM
2 

E
B 

s .  l ac t i s  

ML 3 

Control 

4 0 9  

3 6 0  

6 6 2 

4 2 0  

Proteinase Act ivity  
( dpm/mg ( d ry 

w e i g h t )  ba c t e r i a ) 

C a sami no Ac id s 
Added 

3 9 1  

2 5 1  

6 3 1  

2 2 4  
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F I GU RE  1 :  

1 1 5 . 

2 4 6 8 

'I'rypticase concentrat ion (mg I ml ) 

Effect  o f  added Trypt icase  on the leve l o f  pro

t e inase activity o f  intac t c e l l s  o f  S .  c remo r i s  2 6 6  

growing i n  exper imenta l  RSM . Cu lture s were in

c ub ated at 3 0°C and �rowing cells  harve s ted a fter 

f ive generat ions when t he cu lture pH was � 5 . 0 . 
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TABLE 3 :  E f fect o f  Added Trypt icase ( 7 . 5 mg I ml ) on the 

Leve l of  Prote inase Ac t i v i ty of  Intact  Ce l l s  o f  

Lac t i c  S t reptococ c i  Growing i n  Exper imental  RSM 

Strain  

S .  c remoris  

2 6 6  

S .  l ac t i s  

ML 3  

Prote inase Act iv i ty 
( dprn/mg ( dry 

we ight ) bac ter i a )  

Contro l Tryp t i c  a. se  
Added 

5 1 4 3 3 3  

2 5 8  1 6 3  

4 9 1 3 5 0  

4 6 4 3 0 2  
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F I GURE 2 :  Leve l o f  prote inase act ivity of intact c e l l s  o f  

S .  cremoris 2 6 6  tran s ferred from M l 7  broth into 

exper imental RSM . 

3 0°C . 

The c u l ture wa s incubated a t  

1 1 7 . 
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3 0°C in experimental  broth ( see tex t ) w i t h  pH 
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d i f ference betwee n broth and m i l k  i s  the c ompo s i ton o f  the 

n itrogen s ourc e s . The brot h  med i um cont a i n s  h i g h  leve l s  

o f  amino a c i d s  and low mo lecular we i g h t  pep t ides whe reas 

these  mate r i a l s are pre s ent  a t  r e l a t ively low l eve l s i n  

mil k  and prote in i s  t he ma j or po t en t i a l so urce o f  n i trogen . 
When the l eve l o f  amino a c i d s  i n  expe r iment a l RSM wa s i n -

c re a s ed the ce l l - bound p r ote ina s e  ac t i v i ty o f  the four 

s t r a i n s  examined decrea sed ( Table 2 ) , part icu l a r l y in the 

Increa s e  in  t he Tryp t ic a s e  l eve l of 

expe r iment al RSM , however , a l so c a u s ed a decrease in the 

cel l - bound pro t e inas e a c t i v i t y  o f  a l l  stra i n s  examined 

( Table  3 ) . When c e l l s  we re tra n s f e r red from bro t h  to ex -

pe r ime ntal RSM mo re than fou r ge ne r a t io n s ( s ee Re s ul t s ) wa s 

requ i red be fore max imum prot e i n a s e ac t i v i ty ( ""· 4 7 0 dpm I mg 

( dry we ight ) bac ter i� wa s re g a i ned ( F ig .  2 ) . The c ompo s i 

t ion o f  n i trogen source s ,  a n d  e s pec ia l l y t he concentratio n  

of l o w  mo l e cu l ar we i ght n i t rogen , i s  there fore an impo r t ant 

factor i n  de te rm i n i ng the pro t e i na s e  a c t i v i t y  o f  i ntact 
c e l l s . Pre l imi nary experiments  i nvo lvi ng the add i t i on o f  

cac1 2 t o  c u l ture s o f  E8 and AM2 ( F ig . 3 )  con f i rm the f i nd i n g  
o f  E x t e r k a t e  ( 1 9 7 9 )  t h a t  Ca 2 +  c once n t r a t i o n  i s  a J so impo r 

tant i n  determ i n ing t he l eve l o f  pr ote i na se  act i v i t y , a t  

least  w i t h  some strain s . Ce l l s  t o  be used i n  a s t udy o f  the 

pro t e i n ases  of l ac t i c  s treptococ c i should c l ea r l y  be g rown 

in m i l k  where t he l ow c oncentrat ion o f  low mo l e c u l a r  we i ght 

ni trogen , together with  t he h igh C a 2 + 
leve l g i ve r i se to 

max imum l eve l s  o f  prote ina se  ac t i v i ty . 



A P P E N D I X I I 

HYDROLYS I S  OF N AT IVE AND METHYLATED 

CASEINS BY CHYMOSIN AND TRYP S I N  

EXPERIMENTAL 

Preparation of Me thylated Ca se ins  

1 2 0 . 

Pure as 1 - and B-cas e i n s  were prepared by DE 52 c hromatography 

of acid p rec i p i tated who l e  c a s e i n  by the method prev ious l y  

descr ibed ( p age 6 )  . T h e  l y s i ne re s idues we re methy la ted 

us ing formaldehyde ( Li n  et a l . , l 9 6 9 ) . Comp lete methylat ion 

wa s observed when the l y s ine peak had d i s appeared from the 

ami no acid ana lyzer tr ace o f  the ca s e i n  hydrolysate a nd the 

expected amount of me thy l y s ine had appeared . 

Pure cry s ta l l ine chymo s i n  ( 1 0 4 units  I g ,  Ber:r: idge ( 1 9 5 5 ) ) 

was a g i f t  o f  the New Z e a l and Rennet Co . Lt d ( E l tham , New 

Z ea l and ) . Trypsin  ( Type I )  and t ryps in i nh i b i tor ( Type I - S )  

were obt ained from t he S igma Chemi cal Co . 

Casein solut ions ( 0 . 0 2 % , wlv )  were incubated w i th prote inases 

a t  3 0°C in  0 . 2  M phosphate buf fer ( pH 6 . 5 ) . Tryp s in was used 

at a concentrat ion o f  0 . 1 2 ]J g  I ml for native and methyl as 1-

caseins  and 0 .  4 2  ]Jg  I ml for nat ive and methyl B - caseins . 

C hymosin wa s used at 2 8 . 5 lJ 9  I ml for a l l  c a s e i n s . S amples  

were taken at 0 ,  5 ,  1 0 , 2 0 , 6 0  and 1 2 0  min . Hydro lysis  by 

chymo s i n  was s topped by shaking the s ampl e  ( 2  m l )  with urea 

( l  g )  and 2 -mercaptoethanol ( 0 . 0 5 ml ) unti l  t he urea had 

d i s so lved . The tryp s in react ion was s topped by the add i t ion 

of t rypsin i nhibitor ( 0 . 0 2 ml , 2 . 1 8 mg l ml ) . S amp l e s  ( 0 . 3  

m l )  were t hen electrophore sed on polyacryl amide d i sc ge l s . 
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RES ULTS 

The rates at wh ich a 1 - and me t hy l a . - c a s e i ns were degrad ed . S S l  
by tryps i n  we r e  s imi l ar al though the prod uc t  which  had a 
l ower mob i l i t v  than a , -c a s e in wa s n o t  produced f rom methy l - s �  
a s 1 -casein  ( F ig . l a ,  b ) . The degradat ion o f  S - c a s e i n  by 
tryp s in was muc h more rapid than wa s the d egradat i on o f  
methyl  B -c a s e i n  ( F ig . lc , 6 ) . The re w a s  about the same amount 
o f  normal S - c a s e i n  l e f t  a t  1 0 m i n  a s  there wa s me thy l 8 - c a s e i n 
a t  G O  min . The number of  bands formed from B - c a s e i n  wa s 
greater than f r om the me t hy l at e d  d e r i v a t i ve . 

Chymo s in degraded m e th y l a s 1 - c a s e i n  at a g reater r a t e  than 
n o rma l a

5 1
- c a s e i n  but the produ c t s  and sequence in which t h e y  

appe ared we re s imi l ar f o r  both s u b s t r a t e s  ( F i g . 2 a , b ) . T h e  

degradat ion of S - c a s e i n  and methy l S - c a s e i n  wa s s imi lar in 
a l l  respects ( F i g . 2 c , d ) . 
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derivative s . a ,  as 1-case in ; b ,  methyl as 1
-

casein ; c ,  8-casein ; d ,  methyl 8-ca sein . 
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A P P E N D I X I I I 

HYDROLYS I S  OF B -CAS E I N  W I T H  CELL 

W.f�LL-AS S OC I A'I'ED P ROTE I NASE F ROM S .  C REMO R I S  2 6 6  

EXPERH1ENTAL 

1 2 4  . 

Pure S -c a s e i n  w a s  prepa red by DE 5 2  c hromatography o f  a c i d  

p re c i p i tated who l e  ca s e i n u s i ng the method previou s l y  de s 

c r i bed ( pc.ge 6 )  . 

C e l l wal l -a s soc i ated prote i nas e from � - c remo r i s  2 6 6  wa s 

prepared f rom c e l l s  grown in expe r imental RSM . Wa shed c e l l s  

wer e  re su spended i n  0 . 1  M pho spha t e  b u f f e r  ( pH 7 . 0 ) c o n t 

a i n i ng Mg C 1
2 

( 0 . 0 1 M )  a nd s u cro se ( 0 . 5  M) . Phage - a s soc i a ted 

lys i n  ( page 7 2  ) wa s added and the s u spens ion held at 3 2°
C 

for 4 0  m i n . Phase contra s t  m i cros copy showed that mo s t  o f  

t he c e l l s  wer e  converted into s ph e rop l a s t s  ind ic a t i ng c e l l 

wal l  removal . T h e  r e l e a s e  o f  l ac t a t e dehydrog ena s e  f rom 

cel l s  wa s u s ed to e s t imate c e l l  l y s i s  ( pa g e  7 4  ) . S ince 

l e s s  than 5 %  of c e l l s  l y s ed , there wa s not appr ec i a b l e con

tamination qf c e l l  wa l l  p rote inase with membrane-bound o r  

cytopl a smic pept i da s e s  o r  with i n t r a c e l l ul ar prote i n a s e s .  

Ce l l  wal l - a s soc i ated pro t e i n a s e  wa s c onta i n ed i n  the s upe r 

natant a f t e r  c e nt r i fugat ion ( 3 5 , 0 0 0  x � ,  1 0  mi n )  o f  the 

spherop l a s t  s u s pe n s ion . A s o l u t i o n , buf fe r ed w i th 0 . 1  M 

phosphate ( pH 6 . 5 ) , con t a in i ng c e l l  wa l l - a s soc i ated prote i n 

a s e  ( 2  m g  ( dr y  we i ght equi va l e n t )  b a c t e r i a  I m l ) and B - c a s e i n  

( 0 . 5 % ,  w/v ) was maintai ned a t  3 0°C . S amp l e s  wer e  taken a t  

0 ,  1 ,  2 ,  4 a n d  6 h and t h e  react ion s �opped b y  add i t ion o f  

u r e a  ( 9  M ,  f in a l  c oncentration ) . The quench ed s amp l e s  were 

e l ectrophoresed on pol yacryl amide d i sc ge l s . 

RESULTS AND D I SCUS S I ON 

Four ma j or produc t s  and seve r a l  minor one s were observed on 

the ge l s  ( F i g . 1 ) . Only r e l at ive l y  l arge pept ides are f ixed 
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i n  the gel by sta ining and t he i n tens i ty o f  the band wi l l  

depend o n  the molecul ar we ight  and the a f f i n i ty for s t a i n  o f  

the s e  pept ide s . O f  the four ma j or produc t s , two ( a  and b )  

did not appear t o  change i n  co ncen trat i on betwee n  2 and 6 h 

whi l e  product s c and d both i n c reased i n  concentration with  

t ime . Sma l l  peptide s , so l ub l e  i n  6 %  TCA , produced dur ing a 

prot e inase a s s ay w i l l  probably n o t  �ppear on po lyacry l amide 

ge l s . 

I nc ubat i o n  f o r  6 h at 3 0°C dur i ng the hyd ro ly s i s  o f  8 - c a s e i n  

cau s e s  only  s l ight inac t ivation o f  the ce l l - free prote i n a s e  

( see page 5 6 ) . 
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c e l l  wa l l -associ ated proteinase o f  � ·  
cremo r i s 2 6 6  ( 2  m g  ( dry we ight equiva len t )  

bacter i a  I ml ) i n  0 . 1  M pho sphate buf fer 

( pH 6 . 5 ) at 3 0°C .  
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