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A B S T R A C T 

Streptococcus l ac ti s C10 Slow, a variant of t h e normal 'fast' 

strain of S.J.actis c10, was only capable of rapid and extensive 

growth in skim milk if casein hydrolysates were added. It was 

postulated, therefore, that the slow variant is defectively 

proteolytic. 

A sensitive assay of pro t eolysis, ba sed on t h e relea se of radio­

activity from iodina t ed casein, was developed , checked for use­

fulnes s with known proteinases , then used to a s say the streptococcal 

enzymes. 

Fractiona tion of the t wo s tra ins, by either mechanical c ell 

disruption and differential centrifugation or by cell- wall 

digestion wi th a muraminidase, establish ed that mos t of the 

cel l-bound prot ei nases of the paront s t rain were surface-bound. 

Tb.is act ivity wa s virtually absent in the slow variant. 

Parti a l character ization of the surface-proteinase (s) showed tha t 

maxi mum ac t ivity was exhibited at pH 6. o- 6.8, in 0 . 05 M phosphate 

buffer, a t 30-32°C. It 1-,as rapidJ.y i nacti vated at 37°c , both 

wh en cell-bound and when free of the cells. Examination of a 

second pai r of str ains, s.1actis H1 Fas t and S., lactis H1 Slou, 

i ndicated a diff erence in protoinas o activity and localization 

similar to that f ound be tween the t wo S. l act.is C10 stra.inso 
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It was concluded, on the basis of both nutritional evidenc e 

and enzymatic analyses , that the slow variant of S.l ac tis C10 

is limited in skim milk by the supply of amino acids and that 

this is due to a defective surfGce-bound proteolytic activity. 



(iv) 

A C K N O W L E D G E M E N T S 

I am indebted to the New Zealand Dairy .Research Insti ·tute 

and the Department of Microbiology and_ Genetics , :Mas sey University, 

for providing the opportunity and facilities for this investigation. 

In particular I would like to thank: 

Dr B.D.W. Jarvis for his guidance and constant encouragement. 

Dr L.E. Pearce for his discussions and for the hospitality of 

his laboratory. 

Dr T0 D. Thomas for advice with fractionation experim ents, and 

for the gift of phage ml3 lysin. 

Dr R. C0 Lawre11ce for useful criticism. 

The Appli ed Biochemistry Division, Departmont of Scientific and 

Industrial Research, for the u Eie of the Packard scintilla­

tion counter . 

Mr C6 M., Rofe for the photographs .. 

Mrs L. M. Foste:r for the typing. 



(v) 

P R E F A C E 

Rapid growth in milk, with the concomitant production of 

lactic acid, is the primary attribute of the single-strain 

Cheddar cheese starter. Variations in a strain's activity may 

be due to changes in the culture 's environment or to changes in 

its capabilities. A clear example of the latter is seen in those 

strains which segregato slow variants. The variants are stable 

genetic derivations of the normal 'fast' cells and, when cultured 

as pure isolates, exhibit limi tod growth in milk. Their 

segregation at high frequency, together with their nutritional 

support by the parental cells 9 enables accumulation to occur 

to the point where they contribute the majority of the cells 

in the culture. 

It bas been suggested that slow variants are proteolytically 

deficient in comparison to the parental type. The relationship 

between starter proteolysis and activity in milk is unclear, 

but many strains are stimulated by the addition of nitrogenous 

hydrolysates to the mecliurn o 

This investigation was und0rta.ken to examine the hypothesis 

that slow variants are defectively proteolytic. It was anticipated 

that the work would also provide useful in:formation concerning 

the properties and c ellular location of starter proteinases in 

general., 
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I N T R O D U C T I O N 

A small number of strains of Streptococcus l actis and 

Streptococcus cremoris (the lactic streptococci ) are used as 

' starters ' in the manufacture of Cheddal.' cheese . Their primary 

role is to produce l actic acid; they a l so contribute to cheese 

flavour (Lowrie, Lawrencc 9 Pear c e & Richards, 1972 ). 

1 

A clear-cut difference in activity (rate and extent of ac i d 

production i n milk ) b etween the cells in somG pure cultures of 

S. l actis was reported by Harriman & Hammer (1931 ) . About 2% of 

the cells were ' slow co3.gulators ' .. The slow characteristic was 

stable and the variant culturei, never segregated the paren tal 

' fast' cells,. Analysis of the non-protein nitrogen fraction of 

'fa.st' and 'slow' milk cultures i ndicated l ess proteolysis in 

th o latter, al though proteolytic activity por cell was not 

detormined., Subsequent uork has confirmed: ( 1) the high fre­

qu ency with which slow ,ra:riants appoar in susceptible cul tlll'es 

(Garvie & Mabbitt, 1956; Citti, Sandine & Elliker, 1965; Wes t­

hoff, Co,-rman & Spack 9 '1971); (2 ) the one-way nature of the 

transition (Garvie & Tfabbitt, 1956; Cit-ti et alQ, 1965); and 

(3 ) the correlation between 'slowness' and relatively low 

proteolytic acti.vi ty (Ci tti et f-1-.•, 1965; Wo,.:ithoff et al., 197 1 ). 

'l'he last point has b een tho_ lea.st convincingly shown and its 

examination forms the basis of the present investigation. 

CAHBOHYDRA 'J1E T'-ETABOLISM 

The production of lactic acid by starters is the direct 
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result of energy-yielding carbohydrate catabolism and is the growth 

function usually measured. ,-ih en starter 'activity' is assessed. 

The lactic streptococci are part of a large group of micro organisms 

that carry out the homolactic fermentation. This process, analagous 

to muscle glycolysis, has been elucidated. largely through the use 

of radioac tive tracers and has been thoroughly reviewed (Wood, 

1961, Kandler, 1961; Yarth, 1962; Busse, 1966). The fate of 

lactose is as follows : 

~bat lactic streptococci (including S.lactis C10) accumulate 

lactose by a phonphoenolpyruva t.e-dependent phosphotransferase system 

(McKay, Miller , Sandine & Elliker , 1970), a.nalagous to that of 

Staphylococcus aureu:::. The sugar , transported as a phosphate 

derivative, is split by a 6-phospho-/-galactosidase into glucose 

and galactose-phonphate, 1rhich then enter the &nbden-1leyerof-Parnas 

pathway. The latter is sunmarized as follows: (lfood, 1961) 

glucose + 2ADP +· 2P 1 -> 2 lactate+ 2ATP + 2 H20 

The procluc ts from one mole of lactose are, theoretically, four 

moles of lactate and four moles of ATP. Analysis of the products 

of glucose metabolism by hornolactic stroptococci has sho\om that 

small amounts of acetate, format.o, co2 , ethanol, acetoin, and 

2,3-butanediol may be formed in addition to lactic acid, their 

relative proportions depending on culture conditions, particularly 

the pH. At the l oast, lactate accounted for 90% of the recovered 

glucose carbon (Plat t & Fostor, 1958). 

NUTRJ TJONAL REQ,UIREF.ENTS 

Tho rate and extent of acid production by a given single­

strain starter refl ects its ov0rall ability- to grow in the 
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medium, an ability determined by a complex interaction between 

the avail able nutrients, the culture conditions, and the strain's 

capabilities. In the absence of constraints, such as inhibitors 

(e. g. penicillin in milk), suboptimal temperatures, and virulent 

bacteriophage, the activity is probably a function of the s train's 

ability to obtain essential amino acids from the medium. 

Niven (1944) reported. that S.lactis required niacin, biotin 

and pantothenate f or growth i n a medium complete but for the B 

vitamins. Thiamin and riboflavin were essential for 18 and 10 

strains, r espectively, of the 21 examined, while pyridoxine 

stimulated most. Amino acid requirements were extensive. All 

strains required val ine, l ouc ine, i soleucine, arginine and 

methionine ·for growth, but a response comparable to that obtained 

in the presence of casein hydrolysates required a minimum of 

16 amino acids. The 0111;,, acids without effect \-1ere tyrosine, 

norl eucjne , aspartic acid, threonine, hydro:xyproline and 

tryptophane. Tho absolute requirement of all strains for gl utamine 

and asparagine was contro-vo:r.3ial, Pollack & Lindner (1944) having 

reported that several strains of S.lactis could use the equival ent 

acids if they were included at sufficiont concentration. Sub­

sequent investigations have substantiated the findings of Niven, 

minor discrepancies being attributed to the use of different 

basal media, experimental conditions, and strain3. Husain & 

McDonald ( 1957) found the.t s.1actis and s. cremoris required 

histidine in addition to the acids reported by Niven; however , 

excellent grouth was obtained in the presence of only 12 amino 

acids, roflocting the basal lltedium which was improved by the 

inclusion of Tween 80 (a source of oleate) and acetate. Their 

finding that s. c,~cmoris was more fastidious than S. lactis for 



amj_no acids was conf:i.rmod by ReJ ter & Oram ( 1962 ). 

:MILK AS A :MEDIUM 

Bovino milk, th e stock sub strate for starter maintenance 

and cheesemaking, appears to contain ampl e concentrations of 

protein, l ac tose, and the essential vitamins (average levels in 

whole milk 9 per litre: protein, 35 g; lac tose, 49 g; niacin, 

4 

0.94 mg; biotin, 31 f g; pantothena te, 3.46 mg; thiamin, 0.44 mg; 

riboflavin, 1o 75 mg ) (Wel1b & J ohnson, 1965; Hartman & Dryden, 

1965). All the essen tial amino acids , exc ep t methionine, have 

b een found in the non-pr-otein nitrogen f raction of milk (:Block, 

1951; Van der Zant & Nelson , 1954; Deutsch & Samuelson, 1959; 

Schwartz & Pallansch, 1962 ), but tha conc entrations are generally 

considered to be insufficien t for optimal starter development. 

'I'he evidence for thi s contenticn is indirec t and generally un­

satisfactOTy but forms tho basis of the "pro te:inase-dependency" 

hypo thesis. Tb.ere have berm numerous reports of the stimulation 

of l actic streptococci in milk, particularly of ' slow' strains, 

by nitrogenous extracts (pancrens extract, yeas t extract, corn 

steep liquor , liver f raction L; seo reviow by Reiter & Ii/'1011 er­

Madsen , 1963 )o The effect of the~:;e additives has usually been 

attribut ed to peptid0n but the only compl ex whose stimula tory 

c omponent ho,s been identified. ( "pancreas extrac t") was effective 

b ecause of its content of ino sino 9 hypoxan-thine , and adenine 

(Ko burger, Speck & Aurand 9 1963 ) . 'Iba only convincing evidence 

fo r stimulati on sp ec ifica lly by amino acids and/or p eptides was 

given by Garvie & }fabbi tt (1 956 ) who demonstra ted tha t p eptone, 

casamino acids, and acid--hydrolysed casein stimulated both 

S., crernoris 5)24. and i ts s low va,:i.·ia.nt in milk., 
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STARTER PROTEINASES A.ND ' SLOWNESS ' 

T'.11ere is a sound a-priori bas i s for the hypothesis t ha t 

starter growt h in milk i s dependen t 0 11 milk ·pro tein degrada t i on, 

and tha t slow strains and slow variants are specia l cases of 

cultures limited by this constraint. The evidenc e for the 

i mportance of star t er pr o teinas es in thi s process is scarce 

and diff icult to assess, due mainly to the very low proteolytic 

a c tivity of even the f a s test of s t rains . 

Protei nasea have b een puri f i ed f rom th e ' sol ubl e ' and 

' particul a t e ' fractions of soni ca t ed c ell su spensions of both 

S.la c tis 3 and i ts slow variant (Cowman , 1966 ; Westhoff, Cowman 

& Swai sgood, 1971; Westhoff, Cowman & Speck, 1971). Quantita tive 

differences in proteolyti c activi t y between the two s tra ins , 

whether assessed from whole cells or from the fracti on s, were 

v ery l ow (ca. 1. 5-f'o ld t The variant ' intra.cellular ' enzyme 

did , however, differ in rna.ny properties from the equ i valent 

enzyme of the parent strain, and the authors were forced to 

conclude that the difference in specificity of the proteinase 

was responsible for the in1111ili ty of the variant to grow exten­

s i vely in milk ('Westhoff & Cowman , 1971 ). :Much of the published 

work c oncern i ng S.,la,ctis 3. is unsatisfactory, al though t here 

c an b e no doubt that the protcinases have b een thoroughl y 

characterized as enzymes. Tb.a proteinase assay used was no t 

t ested for it s sensiti vity or reproducibil i ty and specifi c 

activities of assayed fractions a.re rarely stated. In addi t i on 

to this lack of data for the comparison of a c t i vities , th e 

evidence for the localization of the proteinases, essential to 

a meaningfu l int0rpratation of their physiologi cal function, is 

i nsuffi.cient, consisting m6rely of whother or not the a ctivi ty 
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remains with the pellet after cen trifuga tion of disrupted cells 

(Cowman, 1966). The major criticism of the work, however, 

concerns the lack of essential information relevant to the 

procedures, a deficiency which precludes both the interpretation 

of the results and the extension of the methods to other strains. 



A I M 0 F THE I N V E S T I G A T I O N 

The aim of thi s s tucly vas to examine the hypothesis that 

slow variants are r elatively non-proteolytic in comparison 

to normal ' fast ' strains. It uas evident from assessment of 

previous attempts to characterize the proteinase enzyme systems 

of S. l actin that the uork would require a very sensitive assay 

for proteinaae and subsoq_uentl y a critical determination of 

t he locali~ation of relevant enzymes in th e organisms. 

7 
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METH ODS 

MICROTI10LOGIC.AL T.'.E'rHODS 

MEDIA 

Skim milk. 100 g spray-dried skim milk powder (New Zealand 

Dairy Board , Wellington, N. z.) was dissolved in 91 0 ml deionized 

wat er (45°c) and autoclaved at 10 pounds per square inch (psi) 

for 20 mino The medium contains 9.5% solids, the average l evel 

of milk solids in fresh skim milk (Dolby, Creamer & Elley, 1969). 

Each litre of skim milk contains approximately 1 g milkfat, 35 g 

protein; 46 g l actose; 8 g mineral salts and 1 g minor constituents 

(Expor t Purchase Handbook, 1971-1972, New Zealand Dairy Board). 

One bag of powder wa.i:, t h e sourco of all the skim milk used in 

this investigation. 

"~optides". E:i:zyma.tic hydrolysate of casein (Nutritional 

BiochE:mica] s, Clovoland, Ohio) was ma.do up in deionized water 

and autoclaved a t 15 psi for "15 min. T'no hydrolysate contains 

vi ta.mins (riboflavin~ thiamin, pantothenate, bio tin and pyridoxine) 

i n addition to peptides and amino acids. 

"Amino acids". Hya.rochlo1·ic acid hydrolysate of casein 

(Nutri tiol1al Biochemicals ) wa s fortifiod by the addition of 1 fg 

L-tryptophane per mg, made up in deionized water and autoclaved 

at 15 psj for 15 min. 

M16 Media. : 

Br oth. (Lowrie & Pearce, 1971.) Solution A: beef 

extract (BBL), 5.0 G; polypo~tonc (BBL), 5.0 g; phytone (BBL ), 

5.0 {J; yoast oxtract (BBL), 2.5 g; ascorbic acid, 0.5 g; ·sodium 

acetate trihyd.rate, 3.0 g; d~ionized water, 500 ml. The solution 

was adjusted_ to pH 7. 2 vj th 2.0 M NaOTI. Solution D: l actose , 2.0 g; 
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glucose, 2.0 g; deion ized. water, 200 ml. ~'he solutions were auto­

claved at 15 psi fo:r 15 min., allowed to cool, then mixed to give 

the complete medium. 

Diluent per litre: 100 ml M16 broth ma.de up to 1000 ml 

with deionized water, autoclaved at 15 psi for 15 min. 

Plate agar per 1 itre: components of M16 broth plus 10 g 

agar (Davis, N.Z. ) , autoclaved at 15 psi for 15 min., cooled t o 

50°c, poured into plates. M16 plates were dried at 30°c for 30 

min. before use for viable-count determinations. 

Soft agar per litre: components of M16 broth plus 4.5 g 

agar (Davis, N.z. ) , autoclaved at 15 psi for 15 min., cooled to 

50°c, dispensed into tub0s (46°C) in 2. 5 ml lots. 

M16 media were uoed. for routine maintenance of cultures and 

for determinations of viable count and phage titre by the soft 

agar overlay technique 0 

~ broth. (T.,D. '.P'noma.s, personal communication. ) 

Solution A: beef extract (BBL), 2.0 g; polypeptone (BBL), 5. 0 g; 

phytono (BBL ), 2.0 g; yeast extract (BBL), 2Q0 g; disodium 

hydrogen phosphate, 8.5 g; potassium dihydrogen phosphate, 2. 0 g; 

1$0 M ma.gne• ium chloride hexahydrate, 1 ml; ascorbic acid (10%, 

w/v), 5 ml; d0ionized. uater, 50 mL The solutions were autoclaved 

at 15 psi for 15 min$, allowed to cool, th en mixed to give the 

comple te broth (pH (cool) ca. 7_2). 

T
5 

broth is a modification of M16 . The increased buffering 

capacity allovs grc~a ter cell dennities and tho exclusion of glucose 

prevents lactose-negative mutants of S.lactis from growing. It 

was the standard medium for preparation of c ells for fractionation 

and proteinase assayo 

I '., - a ""'/ 
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Citrated milk agar. (Brown & Howe, 1922; modified by L. E. 

Pearce.) Solution A: skim milk powder, 20 g; trisodium citrate 

dihydrate, 1.69 g; deionized water, 482 ml. The solution was 

left to stand at room temperature for 2 hours, adjusted to pH 

6.8 with 5 M RCL, then autoclaved at 10 psi for 10 min. 

Solution B: agar (Davis, N.z. ), 15 g; deionized water, 500 ml; 

autoclaved at 15 psi for 15 min. After cooling to 50°c, the 

two solutions were mixed thoroughly and poured into plates. 

Citrated milk agar was used initially to isolate the slow 

variant from S.lactis C10 Fast (Plate 1). Subsequently it was 

used to check culture identity. 

BACTERL\ AND BACTERIOPHAGE 

Strel)tococcus lactis C10 and its homologous phage, phage 

c10, were obtained from Dr WoE. Sandine, Oregon State University, 

Portland, Oregon. A 1% inoculum of the strain, from either a 

16-hour, 22°c skim milk culture, or a 16-hour, 22°c M16 broth 

cul ture, clotted skim milk within 18 hours a.t 22°c. The strain 

was d.esigna.ted So lac tis C10 Pa ste A clotted skim milk culture 

of this strain was spread on citrated-milk-agar for single 

coloni es and incubated at 30°c for two days. Several small 

clear colonies were present 9 among a:ri excess of the large uhite, 

parental type (Plate 1 ) . One of the small coloni es was picked 

into skim milk and incubated overnight at 30°co The culture 

was checked for activity by three successive subcultures in 

skim milk with 18-hour, 22°c incubations. The strain was 

designated S.lactis C10 SJ011 9 based on its inabili ty to clot 

skim milk within 18 hours at 22°c, when inoculated at 1% from 

a similar culture (Cit.ti, Sandine & Elliker, 1965). The two 

strains of Solactis C10 were indistinguishable when grown in 



Plate 1. Differentiation of S.lactis C10 Fast and 

S.lacti s C10 Slow on citrated-milk-agar. 

11 
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M16 or T
5 

broths and suppo--r.ted oqu.1.l multiplication of phage c10 

when used as indicator organisms in the assay of the phage stock. 

Streptococcus lactis H1 Fast and S.lactis H1 Slow were 

obtained from the cul tu.re coll ect ion maintained by the New Zeal­

and Dairy Research Institute. S5 l ac tis H1 Slow was originally 

isolated from S.lactis Hi Fast by the us e of citrated-milk-agar 

and was indi sti ngu i shable from the parent strain both with regard 

to gl"Owth in broths and to ability to support phage h1 multiplica­

tion (L.E. Pearce, personal communi cation)o 

CULTURE MAINTENANCE 

Close attenti on m= ... s paid to cuJ. ture maintenance (Table 1) 

because of the nature of the appearance of slow variants in fast 

cultures of Sl"lactis C1Q. On the original citrated-milk-agar 

plate used to identify the slow variant, a.bout 1% of colonies 

had the ve,riant phenotype. Thh: v0ry high frequency could result 

i n a predomi!1antly 'slow' cultur(-l if the ' pure' CiO Fast strain 

was subcultured indefi.nitclye Garvie (1959 ) reported that 

mixtures of normal cells and slow variants invariably appeared 

'fast' in milk, presumably due to nutritional support of the 

var i ants by the normal cells. 

The extent of subculturing wo.s strictly limited , to minimize 

sJ ow variant accunmla tion. The procedure eivcn in Table 1 was 

adopted for both strains of S. lac tis C10, al though s low variants 

have never been observed to give rise to the parental type. 

Deep-frozen stoc1rn 9 the primary source of the organisms , 

wore prepared by growing the str;J.:i.ns for 5 hours at 30°C in skim 

milk
9 

dispensing t he cultures into 0.5 ml lots in sterile plastic 

vials, and covering tho via.ls with liquid N
2

• The stocks were 



Table 1. Culture maintenance • 

. System 

deep-frozen stock 

2-rnonth 

intervals 

recovery culture 

7-day 

intervals 

working stock 

working culture 

experimental systom 

Medium 

skim milk 

M16 broth 

M16 agar 

M16 broth 

or 

skim milk 

T
5 

broth 

or 

skim milk 

13 

Temperature 

-75oC 

30°C ( 16 hours) 

30°c (5 hours ) ; 40c (7 days) 

22°c (16 hours ) 
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stored under dry ice (-75°c) o When required for the reinitiation 

of the cul tu.re procedure, they were thawed rapidly by immersion in 

a 37°c water bath o 

PREPARATION OF CELLS FOR ASSAY AND FRAC'rIONA TION 

Skim milk, the only medium in which the "slowness" of 

Selacti s C10 Slow is expressed, is unsuitable for cell preparation 

because of the difficulty of harvesting. Attempts to construct 

an optically clear differential med ium were unsuccessful. 

T5 broth, a well-buffered complex medium, supported rapid 

and extensive growth of both strains of s.10.ctis C10 (:r'igure 9) 

and was used to grow all cells assayed for proteinase and used in 

fractionations. Procedure: T
5 

broth (usually 1500 ml) was in­

oculated at 0.5% with a 16-hour, 22°c M16 broth culture of 

either SnlD.ctis C10 Fc13t or s.1actis C10 Slow, incubated at 30°c 

until the culture rea ched mid-logarithmic phase (E580 0.5, 1 about 

4 hours), chilled for 10 min., then centrifuged in the cold at 

4080 x g for 2 min. The culture ouperna t an t was discarded. 

Subsequent operations with the pelle t are described under 

'Fractionation Procedures '. 

DETERMINATION OF VIABLE couwr 

A soft agar ov0rlay technique was used to determine the 

number. of vi able uni ts in skim milk and broth cultures of 

S~lacti s C10; 0.1 ml of an approp?iate dilution of the culture 

was added to 2.5 ml M16 soft n.gCLr and the mixture poured over 

M16 plat0 agar. Duplica te pla.tos were prepared. After over­

night incubation (30°c ) the coloni es wera counted, the two 

1 Turbidity measured at 580 nm in a. Spectronic 20 (Bausch and Lomb)o 
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counts averaged, and the eoun-t exprerrned as colony-forming-uni ts 

per ml of original culture~ S.lactis C10 occurs predominantly 

as pairs of cocci 9 so the viable counts represent approximateiy 

50% of the ac tual number of viable cells. 

DETERMINATION OF PHAGE TFI'HE 

A stock suspension of phage c10 was assayed periodically, 

to check the identity of tha two strains of S.lactis C10 by 

the soft agar overlay method of Adams (1950 ). 

ANALYTICAL METHODS 

LA CTA 'l'E DETERMJNA TION 

The colorimetric method of Steinsholt & Calbert (1960) was 

us ed to measure lactate in both skim milk and broth cultures of 

S., l actis C10. 'Iha colour intonsi ty of the lactate-ferric chloride 

complex was measLt:red at 400 run in a Spoctronic 20. Analar l actic 

acid vas used to construct ntnndard curves (Figure 1), its 

concentration in the stock solution having been determined by 

titration to pH 7.9. The l<1ctate values reported are means of 

duplicate determinations. 

PROTEIN DETEH1Hl\TATJON 

Protein ,ta::; measured by its reaction with the Folin-Ciocal teau 

reagent ( BDH), as describ ed. by Lowry, Rosebrough~ Farr & Randall 

(1951) . Casein (DDR ' Harnma.1.'stcn' ), dissolved in 0.1 M phosphate 

buffer 1 pH 7o6 9 was used as the standard protein. The blue 

colour was measured in a Klett-Summerson Colorimeter with the 

red filter., 
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DRY-WEIGHT DETERMINA rrroN 

Cells were washed three times with :phospha t e buffer and re­

suspended in the same medium to a known volume. Samples (1 ml) 

were dried on milk bottle tops in a vacuum dessicator. Tripli­

cate s ampl es were processed and the mean dry weights corrected 

for the weight of buffer. 

PRO'l"EINASE ASSAY 

INTRODUCTION 

Tho lactic streptococci are only weakly proteolytic. When 

pla t ed on well- buffered caseinato agar, t he majority of cheese 

starters fail to form the zones of preci pitated calcium para­

caseinate indicat i ve of proteolysis, unless incubation is con­

tinued for 10 days (Ifartley 9 J ayashankar & Lawrence, 1970). 

It was ovj_dent that a very sensitive proteinase assay was a 

prerequi s ite for meaningful local ization experiments. 

Proteinases of unknown specificity and multiplicity are 

generally ac-sayed by their hjrd_ro]ysis of hacmaglobin or casein, 

after the methods of Anson (1938 ) and Kunitz (1947) . Addition 

of t richloroacetic acid (TCA ) to t he incubated reaction mixture 

t erminat0s the reaction and precipitates undigested substrate. 

rI'he amount of low molecular ucight products in the supernatant 

can b e mea sured either directly as extinction at 280 nm or 

colorimotrica11y after reaction with the Fal in phenol reagent 

(Anson, 1938), biuret reagent (Lapresle & Webb, 1960 ) , or 

ninhydrin (Greenbaum & Sherman, 1962)0 'I'his general method is 

very widely used but suffers from insensit ivity. Any TCA-soluble 

amino acicl-containing substance will contribute to the measured 
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"pro teolysis " a.ncl in the c:::,oe of co:nplex biolog:i ca l samples, such 

as blood and bacterial l;y s,!.tes, the enzyme sample can contribute 

the major part of the measu,.·ement. A specific example of the 

difficulty that can be encountered with casein as a substrate 

has b een given by Marrink & Gruber (1 966) who found the substrate 

to contain ribonuclease. Hydrolysis of RNA :i.n the· enzyme sample 

(tissue extract ) pr oduced a cid-soluble nucleotides whose absorb­

ance at 280 nm contr ibuted the majority of the "proteolysis". 

The methods of Anson and Kunit z have been improved by 

labelling the complex substrates with radioactive isotopes. 

Measur ement of the ra.dioac ·tivi ty in the a cid-soluble fraction 

of the terminated reaction mixture ol imina tes t he uncertainty 

associated with unmodified subs trate. Only am~ivatives of the 

added substrate can be detected. Proteins l ab el l ed with radio­

active i odine have b een u sed. to assay tr;irpsin (Ka tchman, Zipf 

& Homer, 1960; Loken , Terrill & Mosoer, 1961 ) , chymotrypsin 

(Katchman et al_. 9 1960), pr.pain (Schneider, Ventrice & Weiner, 

1965) 9 blood pr ote inases (ITcuson , 1959) and bacter ial proteinases 

(Chaloupka, 1961)~ 

PREPARATION OF PHO 'rlUHASE SUBS'I'BATE 

Casein , l abelled with j_odine-125 by the method of Heusen 

(1 959), was us ed as the substrate for streptococcal pr oteinases 

in this investigationo 

Two g casein (BDH 1 H2.nt'l'i2.r sten ' casein ) wero dissolved in 

24 ml 0., 1 M phosphate buffer, pH 7.6, by heating in boiling 

water f or 15 mino The su l-)p ens ion was cooled to room temperature 

and transferred to a magnetic stirrer in the fume cupboard. To 

the suspension wore added '1. 5 ml O~ 1 M KI, 2 rnci iodine-125 
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in 2 ml 0.3% sodium thiosulphate (IMS IP, Radiochemical Centre, 

Amersham, England) and 1.5 rn1 30-volume n
2
o

2
• The suspension was 

stirred gently for 60 min. at room tempera tu.re, then transferred 

to Vi sking dialysis tubing (1 8/32 ) and dialysed at 4°c against 

0.1 M phosphate buffer, pH 7.6, to remove unbound iodine (six 

changes of buffer, a.t 12-hour intervals, to 9 litres). The 

0 dialysed casein wa.s divided into small lots and stored at -20 c. 

Three lots of iodina·ted casein were prepared during the 

investigation (Table 2). Tb.ere were minor differences in the 

preparation of each lot, as follows: 

Preparation .1= as above. 

Prenar.ation 2: the iodinated casein was dialysed initially 

agains t Oo1 M phosphate buffer, pH 7.6 (two changes,to 3 litres ), 

then against 0.1 M KI (two changes, to 3 litres) and finally 

against O. 1 M phoGpha te buff r 9 pH 7,, 6 ( two changes , to 3 1 i tres). 

The extra step was an attempt to reduce the leYel of unbound 

iodine-·125 in the protein suspension, but it was unsuccessful. 

Proparation 3: the labell ed protein was dialysed against 

0.1 M phosphate buffer, pH 6.0 (four changos, to 8 litres). 

Table 2o Prepa1·ation of protei11ase-substrate 

Recovery Specific Substrate-

Input of in case in 9 activity blank, % 
Pr eparn.tion isotope %a -1 tota l cpm. mg cpm 

1 2 mci 100 3.5 X 105 0.5 

2 2 mci 100 1. 1 X 106 0.5 

3 5 mci 50 4.3 X 105 0.5 

a - assuming that th0 sum of -the ac ti vi ti 0s in the casein and 

in the dialysates equals 100% input. 



Both the pH and the ionic strength of the buffer in which 

the substrate was suspended required modification during the 

work. Where this was req_uir ' d, 2 ml iodinated-casein were 

dialysed a t 4°c against 2 litres of the appropriate buffer for 

24 hOUNlo 

MEASURETif:ENT OF IODINF.,_ 125 

20 

Iodine-125 has a half-life of 60 days 1 decaying by orbital 

electron capture with the emission of k x-ra.ys and weak gamma 

1•ays. The gamma emission i s detected with a sodium iodide 

crys tal. Iodine-125 was det ermined with a Packard Auto Gamma 

Spectromet0r (conta.ining the well det ec tor ) conn e c ted to a 

Packard Tri Carb Scintillation Spec trometer. Instrumen t 

settings: window, A-B, (A.70 9 B0 200); Gain, BO%; high voltage , 

925 v. One--ml samples , contained in stoppered plastic tubes, 

were routinely counted for 10 min~ An empty tube uas counted 

·;;o determine the background. The raw counting rate was 

corrected for background (300 cpm ) but not for quenching or 

coincidonce, as these sources of error were considered to be 

i nsignificant for the counti:r1g of a. gamma-emi tte:r. in a constant 

volume in this inst:r·ument. 

THE SUBSTRATE BLANK 

Tho level and st~bili ty of the blank ( the proportion of 

to tal radioa.cti vi ty that is soluble in TCA without enzymatic 

hydrolysis ) imposed a constrv,int on the sensitivity of the 

assay. 'I'b.e blank was dependent on the concentration of acid 

u sed to precipitate the substrat~ (Figura 2) and the time of 

incubation of substrate prior to precipitation (Fi gu.ro 3). 

The effect of TC.A concent1~a.tion is c.onsid.ered to be due to: 
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Figure 2. Effect of trichloroacetic acid (TCA) concentration on 
the substrate blank. 
For each point, 1 volume of TCA was added to 
1 volume of 0.1 M phosphate buffer, pH 7 .6, containing 
iodinated casein (2 mg/ml) and carrier casein (10 mg/ml). 
The contents were filtered and counted as described in 
Methods. 
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Figure 3. Non enzymatic release of radioactivity from iodinated 
casein. 
Iodinated casein was incubated in 0.1M phosphate buffer, 
pH 7.6, at 30°c (4 mg casein/ml). At intervals, 
samples were removed, added to equal volumes of 
carrier casein (20 mg/ml in 0.1M phosphate buffer, 
pH 7.6), and treated by the addition of two volumes 
of either 24% w/v TCA (•) or 10% w/v acetic acid (o ). 

The contents were filtered and counted as described in 
Methods. 
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(a ) solubilization of casein at concentrations greater than 12% 

(w/v ), and (b) failure to remove large fragments (peptides) at 

less than 12% (w/v). The optimum concentration, 12%, is in 

agreement with the data of Bell (1963) which indicated that 

approximately 10% TCA, final concentration, resulted i n the 

mi nimum ' non-prote i n nitrogen' when added to skim milk. 

The slight release of TCA soluble material observed when 

t he substrate was incubated at 30°c in buffer (Figure 3) might 

i ndicate the presence of a native proteinase, such as the "milk 

proteinase", which is known to survive the usual casein pre­

paration methods (Dulley, 1971). rl'he different rate of solu­

bilization found with acetate as the protein precipitant 

(Figure 3) suggested 9 however, that at lea.st part of the 

anomaly was due to the nature of the protein-protein precipitant 

reaction. 

STANDARD ASSAY PROCEDURE 

The short half-life of the isotope and the anomalous be­

haviour of the blank necessitated the inclusion of a blank 

solution in all assays. This was used to measure the total 

available cpm and the non-enzymatic rel ease of cpm. The non­

enzymatic release was consistcnt 9 increasing from 0 .. 5% to 0.9% 

of the total cpm ove:i:· six hours at 30°c., 

Reaction mixtures contained 0.5 ml substrate (2 mg iodinated? 

casein) and 0 0 5 ml sample (en zyme for experimental tubes, buffer 

for blank )o After i11cubation (six hours at 30°C 9 unless other­

wise specified) 0 0 4 ml sa.mpleo were removed and added to 1.6 ml 

lots of carrier-casein (unlabelled, 20 mg/ml in 0., 1 :M phosphate 

buffer, Ph 7.6 ). Two such samples were prepared from the 
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incubated bla.nke 'l'richloroa.catic acid (2 ml, 24% w/v) was added 

to each experimental sample and to one blank (to give the non­

enzyma tic release of cpm) and distilled wa ter (2 ml ) to the other 

blank ( to give total available cpm) . All tubes were vortexed for 

20 s econds, left a.t room tempera ture for 20 mino 9 and the contents 

filt ered through Whatman No. 1 paper; 1 ml from each acid filtrate 

was counted, the raw counting ra t es correc ted for background and 

non-enzymatic release , and the corrected count express ed as per 

cent of the total available cpm. 

ASSAY CONDI TIONS 

The pH, ionic strength, buffer and temperature of assay were 

vari ed to suit the pro teinaso and are detailed in the ' Results' 

section. 

UNITS 

One unit of streptocor::cal pro teina.se activity was arbitrar ily 

defined as tha amount of em.:yme which solubilized 1% of the 

substrate in six hour.so Specific activity is oxprassed as units 

per mg cell dry woigh to 2 

MEASURGT,~JNT OF 'J1HYPSIN AND SUBTILISIN 

'I'rypsin (BDH, from pancreas ) and subtil isin ( Sigma proteas e 

Type VIII, twice ro-crysta.J.liz0d ) uor0 assayed with the substrate 

by the standard procedure (Figures 4 and 5). A common feature 

was the nonlinearity betwce11 a.ctivi ty and enzyme concentration at 

low enzyme l evels., It i s sugg0sted that this reflects the 

complex nature of t he oubstrate , which contains various sites for 

each enr.yme . 

2 Specifi c activities of fractions, waGhes, etc., were calculated 

on the basis of cell dry weight eq_uivalent in the samples. 
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Figure 4. Proteolysis of iodinated casein by trypsin. 
Assay procedure : standard. 
Assay conditions : 0.1M phosphate buffer, pH 7.6, 
40°c, 2 hours incubation. 
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Initial assays of str (.;1, tococc a l proteinaso established that, 

up to 5% hyd:tolyi,ia 1 activj ty was directly proportional to enzyme 

conc entra.tiono All furtho:r na.mplcn were assayed a t a concentration 

which resulted in lose than 5% hyurolys is . 

FRAC'rIONATION PROC EDURES 

I N'rRODUCTION 

The proc 0dures given in this secti on a,re l argely descr i ptive. 

Details of ind ividual experirnontG are given in the ' Rasul ts ' 

section. 

Cells were harvested 9 in the rnid--loga.r i thmic phase, from T
5 

(page 14 ) .. All manipulatior1 s from this s tage were carried out 

at 0-4°c, except where eel] suspenr1ions were incubated with 

phage lysin. 0 Cell suspensions wero stored at -20 C and cell 

f t . t -7"°C t ' 1 t1- Id b d rac 1.ons a .,, un i ·.1oy cou e assaye " The stored samples 

were then thawed by irmoor::,ion in a. 25°c water bn. th ,. The progress 

of c ell l ysis and of c ell conversion to spheroplas t s was followed 

by examination undor th,3 pha.~,e-contrast mi croscope. 

Two approaches were usod to reduce whole cells to th eir 

components: ballistic di fn•uption with glass b eads ( the Mickle 

method ), and conversion of cells to sphoropl asts ( the spheropla.st 

method. )., 

THE J.ITCKLE lv'.'li.;THOD 

Cells were washed hrico wi 1;b. phospha te buffer, resuspended 

in ei thor buffer or deioni,wd water (5-8 mg cell dry- weigh t per ml )· 

and disrupted by shaking 1:i th glacs beads in a Mickle disintegrator 

(5 ml c ell suspension + 3 ml acid-,rashed Ballotini No. 12, p er vial ) .. 
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At 2-min. intervals during the disruption process the suspensions 

were chilled on ice for five min. One hundred per cent lysis was 

achieved within five min. when cells wore suspended in water and 

within seven min. when in lmffe1·. The lysates were filtered 

t hrough sintered-glass under gentle suction, to remove the beads. 

The vials and filter apparatus were then washed twice with the 

appropriate solution and the washings added to the lysate . A 

summary of this pro c edure and of the subsequent c entrifugation 

steps is giv en in Figura 6. 

'I'HE SPHEROPLAST METHOD 

(i) Prepa.ra.tion of ' cell-wall digest' and 'spheroplast-lysate'. 

Cells wore resuspended (without washing ) in spb.eroplasting medium 

(o. 5 M sucrose, 20 mM Mg2+) to between 2 and 4 mg cell dry weigh t 

per ml. Phosphate buffer was added to a final concentration of 

either 0.1 M (pH 7.0) or 0.2 r..1 (pH 6.,4), folloued by- phage-lysin. 3 

The suspension was incuba tod until 100% converoion to spheroplasts 

(75 min. at 37°c, 120 min. at 30°c), then chilled. (In some 

o:x:po:r-imonts, designed to measure the proteinase released from c ells 

by sucrose only, lysin waD omitted from a portion of the cell 

susperis:i.on. ) Tho suspension was c entrifuged at 34,800 :x g for 

3 Phage m13 1ysin (T.D. '1'homas 9 personal communication). 

High-ti trc phage lysa-tes of S~ 1actis ML3 'l'rnre prepared by 

the me"!.hod of Lowrie & Pearce (i 971 ). P-na.ge lys in was 

purified 30-fold from the lysa tes by the method of Tsugi ta , 

I nouye, Terzaghi & St:reisinger ( 1968). 'J'he enzyme was shown 

to have the same specificity as cgg-whi te lysozyme (Sigma) 9 

i.e. a muraminidase, but e, much greater specific activity s 

under the assay conditions. One unit of phage lysin 

reduces the turb:i.di t.;;.r (600 nm ) of a standard suspension 

of s, cremoris A¥2 by 1 ~O in 1 mine at 30°C. 

Phage lys in did not hydrolyse the proteinase substrate when 

assayed at 10 x the hiehcst concentration used in fractionations. 
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10 min. to remove the spheroplasts. The 34,800 x g supernatant 

constituted. the 'cell-wall digest'. ' Spheropl ast lysates ' were 

prepared by resuspendine tho pellets in buffer and magnesium2+. 

(ii) P~eparation of 'lysin-lysates' and 'membranes'. 

Cells were washed twice w j th phosphate buffer containing 20 mM 

11,,-g
2+, resuspended in the same medium and incubated with phage­

l ysin. Lysis was complete by 75 min. at 37°c and 120 min. at 

30°c. A portion of the 'lysin-lysate' was centrifuged at 34,800 

x g for 10 min. to pellet the membranes. The 'membranes ' were 

washed three times at the centrifuge with the buffer, Mg2+ 

solution, resuspended in the samo, and stored. 
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RESULTS 

GROWTH OF S.LA CTIS C10 

GROWTH I N SKIM MILK, 'rHE SYMPTOMS OF SLOWNES S 

S,lactis C1O Sl ow i s defined by its inability to coagulate 

skim milk (reduce the pH from 6. 5 to a.bout 5.1) within 18 hours 

at 22°c, when inoculated at 1% (v/v) from an 18-hour, 22°c skim 

milk cul ture. The overt differences in growth between the variant 

and parent in milk were examined by inoculating each into the 

medium, incubating the cultures at 30°c, and sampling them at 

interval s for pH, lac tic acid, and viable count (colony-forming 

uni ts per ml; cfu/ml ) (Figures 7, 8 and 9). 

c , 10 Fast exh ibi ts the activity of a typical 'fast' Cheddar 

cheese starter. The population increases exponent i ally from ca. 

2 x 107 to ca. 2 x 109 cfu/ml in seven hours (doubling time 60 

min., 6 .. 2 doublings ) , producing sufficient lactate to clot the 

medium. In contrast, the growth of C10 Slow is restricted to a 

maximum population of about 5o5 x 108 c fu/rnl, achi eved in two 

stages: (i) an initial period of exponential increase (six hours, 

70 min. doubling t im0r 4.2 doublings ) , resulting in 2.8 x 10
8 

cfu/ml; (ii ) a lag, followed by a single doubling in colony 

count . At this stage the cells appear to be metabol ically 

normal in tha t glycolysis continueso The eventual clotting of 

the milk (28 hours after cm Fast) reflects a disloca t:i.on of 

acid production from net growth (F'igure 9 ). T'nera was no change 

in the chain longth of either strain during growth in milk. 

GROW'11H HJ T
5 

BROTH 

0 The development of the parent and variant i n broth at 30 C 



Figure 7. Growth of S. lactis C10 Fast and S. lactis C10 Slow 
in skim milk. 
200 ml skim milk were inoculated with 2 ml C10 Fast, 
and 200 ml with 16 ml C10 Slow. Each inoculum 
was from a skim milk culture (16 hours at 22°C). The 
cultures were divided into 20 ml portions and incubated 
at 30°c. At 60 min intervals, samples were chilled, 
diluted, and plated for colony forming units. 

Figure 8. Acid production by S. lactis C10 Fast and S. lactis C10 
Slow in skim milk 

Skim milk cultures of C10 Fast and C10 Slow were set 
up as described in Figure 7. At intervals, samples were 
removed, chilled, and their pH determined. 
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Figure 9. Relationship between growth and acid production in 
skim milk (30°C). 
Skim milk cultures of C10 Fast and C10 Slow were 
set up as described in Figure 7. At 60 min intervals, 
portions were removed, chilled, and sampled for 
lactate and colony forming units. 
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served as a control for these growth studies (Figures 10 and 11). 

In this medium, which contains lactose as the major carbon and 

energy source and several complex nitrogenous extracts (see 

' Methods' ), the two strains were indistinguishable. The rapid 

and extensive growth of C10 Slow (doubling time 38 min., popula­

tion increase from 1.5 x 107 to 1. 2 x 109 c fu/ ml ) demonstrated 

that it could utilize lacto se as effectively as the parent and 

was not preferentially inh ibited by l actate. Although the 

relationship b etween l actate produced and growth was identical 

for the strains (Figure 11), it was not linear. Furthermore, 

more lactate was produced per c ell in the broth than in milk 

(c f. Figures 9 and 11). 

GROW'l'R IN IIDDIFIED SKIM :MILK 

A series of experiments was set up to test, indirectly, the 

pro teinase-dependency hypothes iso The products of casein 

hydrolysis, in the form of either "peptides" (enzymatically-­

hydrolysed casein) or "amino acids " (acid-hydrolysed casein plus 

L-tryptophane4 ), were added to skim milk before inoculation with 

either the parent or the varia nt (Figures 12 and 14). At 1 mg/ ml 

final concentration the effect of the additives on the buffering 

capacity of the medium was considered to be small, relative to 

the effect of the l'l'etabolic end-product of the cells. For all 

growth runs in milk C10 SJ. ow was inoculated at four times the 

conc entration (v/v) of C10 Fas t, to equalize the initial cell 

o.ensi ties. 

The addition of "peptidos" to milk resulted in a typical 

4 L-tryptopha.ne is destroyed by the acid-hydrolysis 



Figure 10. Growth of S. lactis C10 Fast and S. lactis C10 Slow in 
T 5 broth. 
200 ml lots of T 5 were inoculated with 2 ml of either 
C10 Fast or C10 Slow (T 5 cultures, 16 hours at 22°c). 
The cultures were divided into 20 ml portions and 
incubated at 30°c. At 60 min intervals, samples were 
chilled, diluted, and plated for colony forming units. 

Figure 11. Relationship between growth and acid production in T 5 
broth (30°C). 

ERRATUM: 

C10 Fast and C10 Slow cultures were set up as described 
in Figure 10. At 60 min intervals, portions were 
removed, chilled, and sampled for lactate and colony 
forming units. 

Figure 11 (Page 35) . Halve the stated lactate values. 
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'fast' acid-production curve by the variant (Figure 12). This 

hydrolysate also stimulated the parent (Figure 14), and both 

strains reached a population of about 3 x 109 cfu/ml, with a 

doubling time during exponential increase of ca. 54 min. (data 

not shown). The acid hydrolysa te of casein appeared to inhibit 

the development of both strains to some extent (Figures 12 and 

14), both acid production and growth being erratic for six 

hours. However, the eventual growth of the cultures was both 

:rapid and extensive (doubling time 54 min., to about 3 x 109 

cfu/ml ) . 

The growth of C10 Slow in unmodified skim milk indicated 

a two-stage process (Figura 7), the second, short burst of 

growth being presumably due to a change to a.n alternative 

source or form of some nutriento When the casein hydrolysates 

were added to the variant in milk after it had reached the end 

of its initial rapid development, stimulation by both was 

immediate (Figure 13). 

These results provided good evidence that the growth of 

S.lactis C10 in skim milk is rate-limited and, for C10 Slow, 

extent-limited, by the supply of protein-degradation products. 

'.11b.e apparently preferential stimulation by "peptides" may 

indicate the preferrod form of amino acids for uptake by the 

cells, but the hydrolysates wero too ill-defined to allow 

firm conclusions on this point. 



Figure 12. Effect of casein hydrolysates on S. lactis C10 Slow in 
skim milk. 1. Hydrolysates added before inoculation. 
200 ml batches of skim milk, fortified with either acid 
hydrolysed casein (1 mg/ml) and L-tryptophane (1µg/ml) 
or enzyme hydrolysed casein (1 mg/ml), were each 
inoculated with 8 ml C10 Slow (skim milk culture, 16 
hours at 22°c). The cultures were divided into portions 
and incubated at 30°c. At 60 min intervals, samples 
were chilled and their pH determined. 
(6 ), skim milk + acid hydrolysate + L-tryptophane; 
(•), skim milk + enzyme hydrolysate; (o), unmodified 
skim milk (data from Figure 7). 

Figure 13. Effect of casein hydrolysates on S. lactis C10 Slow in 
skim milk. 2. Hydrolysates added 7 hours after 
inoculation. 
300 ml skim milk were inoculated with 12 ml C10 Slow 
(skim milk culture, 16 hours at 22°c). The culture was 
divided into 10 ml lots and incubated at 30°C. After 
7 hours, the samples were modified by the addition of 
either acid hydrolysed casein (to 1 mg/ml) and 
L-tryptophane (to 1µg/ml) (L:> ); enzyme hydrolysed 
casein (•) to 1 mg/ml; or water (o ). At hourly inter­
vals, throughout the incubation, samples were removed, 
chilled, and their pH determined. 

' . 
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Figure 14. Effect of casein hydrolysates on S. lactis C10 Fast in 
skim milk. 
200 ml batches of skim milk, fortified with either acid 
hydrolysed casein (1 mg/ml) and L-tryptophane (1µg/ml) 
or enzyme hydrolysed casein (1 mg/ml), were each 
inoculated with 2 ml C10 Fast. (skim milk culture, 16 
hours at 22°C). The cultures were divided into portions 
and incubated at 30°c. At 60 min intervals, samples 
were removed, chilled, and their pH determined. 
(b.). skim milk + acid hydrolysate + L- tryptophane; 
(•), skim milk + enzyme hydrolysate; (o ). unmodified 
skim milk (data from Figure 7). 
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PRELIMINARY EXPERIMEN'I'S TO LOCALIZE S.LACTIS C1O PROTEINASES 

Skim milk was the only medium in which the 'slowness' of the 

variant was expressed, but presented technical difficulties with 

harvesting of cells. Attempts to devise an optically clear 

differential medium were not successful; a casein rnedium5, 

similar to one reported to maintain the growth characteristics 

of S.lactis 3 Fast and S.lactis 3 Slow (Westhoff, Cowman & Speck, 

1971), supported excellent growth of both C10 strains (doubling 

time 42 min., at 30°c). Assay of washed cells from T
5 

broth 

cultures of C10 Fast and C10 Slow showed that, despite identity 

of growth, proteolytic activity was different. This medium was, 

therefore, selected for the preparation of experimental cells, 

since it permitted efficient harvesting. 

The initial experiments to quantify and localize the pro­

teinases synthesized by the two strains in the permissive broth 

medium were designed to define the most active fractions. It 

was assumed, on the basis of substrate accessibility, that 

casein-degrading enzymes would be either extracollular (free 

in the medium ) or surface-bound, and the preliminary fractiona­

tions were conc entrated in these areas. 

PROTEINASE ASSAYS 

The proteolytic activity of fractions was determined by the 

standard procedure, the substrate being diluted in 0.1 M phosphate 

buffer, pH 7.6, prior to addition to the samples. Each fraction 

5 Con,posi tion, per litre: casein, 20 g; lactose, 10 g; yeast 

extract, 1 g; o. 5 M potassium dihydrogen phosphate, 11-. 5 ml; 

0.5 M disodium hydrogen phosphate, 62.8 ml, autoclaved at 

15 psi for 15 min~, pH (c ool) 6.9. 
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was assayed at three concentrations, and this established an 

excellent linear relationship between fraction concentration and 

per cent cpm appearing in the TCA-fil trate, up to 5%. 

ENZY1'E DISTRIBUTION: MTCKLE l•!ETHOD 

Cells of either C10 Fast or C10 Slow, grown and harvested 

by the standard procedure (page 14), were washed twice with 0.1 M 

phosphate buffer, pH 7.0, containing 10 mM ~~2+, resuspended in 

deionized water (c10 Fast, 7.4 mg cell dry weight per ml; C10 Slow, 

8.4 mg cell dry weight per ml ), and processed in the Mickle 

(page 27). A portion of each "Mickle-lysate" was centrifuged to 

prepare the "cytoplasm 11
, as described in Figure 6. Portions of 

. 2+ the original cell pellets were washed twice with buffer, Y~ , 

p resuspended in the buffer, and stored at -20 c. Proteolytic 

activities of washed cells, Mickle-lysates, and the cytoplasm 

fractions are given in Table 3. 

EN zn11: DISTRIBUTION: SPHEROPLA ST METHOD 

(i) T
5
-grown cells were resu spended directly in sphero­

plasting medium (0.5 M sucrose, 20 mM Ng2+) and made up to 

0.1 M phosphate, pH 7.0, with concentrated buffer. Phage lysin 

(360 uni ts) was added to each cell suspension. The suspensions 

(C10 Fast , 5.9 mg cell dry ,·1eight per ml; C10 Slow, 6.5 mg cell 

dry ueight per ml ) were mixed thoroughly, incubated at 37°c 

until all cells had been converted to spheropl asts (75 min.), 

then centrifuged in the cold for 10 min. at 34,800 x g. The 

supernatants ("cell-wall digosts ") were centrifuged at 157,000 

x g for 120 mino to remove cny particles, then stored at -75°C. 

(ii) T
5

-grown cells were Hashed twice with 0.1 M phosphate 

buffer , pH 7 0 0, containing 10 mM 1,~g
2+, resuspended in the buffer, 
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Mg
2

+, and incubated at 37°c with phage lysin (31 units per mg 

cell dry weight C10 Fast; 28 units per mg cell dry weight C10 Slow). 

Lysis was complete by 65 min., but the lysates were left at 37°c 

for an additional 10 min. to equate the treatment with that used 

to prepare "cell-wall digests". A portion of each "lysin-lysate" 

was centrifuged at 34,800 x g for 10 min. to pellet "membranes" 

(also contains undigested cell wall and large cell-wall fragments). 

The "membranes" were washed three times at the can trifuge with 

0.02 M phosphate buffer, pH 7.0, containing 10 mM Vg2+, to remove 

cytoplasmic materials. In a typical experiment this procedure 

reduced the E260 of the wash from 4.5 to 0.15. Tb.is represented 

a 99% reduction in absorbance, relative to that associated with 

total lysates ("lysin-lysates") of S.lactis c10, and was inter­

preted to mean near-complete removal of nucleic acid material. 

0 "Membranes" were then resuspended and stored at -75 c. 'I1able 3 

gives the proteolytic activi tj es of the fractions. 

It was evident that the cell-bound activity of S.lactis C10 

uas predominantly surface-bound, and further that the slow variant 

was deficient in this respect. The near equivalence of whole-cell 

and cell-lysate (J'lickle) activities, the low proteinase in 

"membrane" and "cytoplasm" fractions, and the relatively very 

active C10 Fast "cell-wall digest" all indicated that the enzymes 

are associated with the envelope, probably the cell wall. Al­

though the culture supernatants were inactive, the possibility 

that either strain secretes protoinase into the medium during 

active growth was not excluded, since such activity would be 

dilute. The marked loss of activity observed in "lysin-lysates'', 

relative to whole cells, Mickle-lysates, and cell-wall digests, 

of C10 Fast, was anomalous, but was later partially resolved by 
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'rable 3. Proteinase localization in S.lactis C10 

(prel iminary data). 

FRACTION 

washed-cells 

culture supernatant 

lhckl e-lysate 

cytoplasm 

washed-cell s 

cell-wall digest 

lysin-lysato 

membranes 

SPECIFIC ACTIVITYa 

absolute 

C10 
Fas t 

9.4 

0 

9.8 

1. 3 

9.4 

16.2 

2.4 

0 

c10 
Sl ow 

3.9 

0 

3.6 

1.0 

3. 9 

0.7 

2.3 

0 

relative 

c10 Fast: 
C10 Slow 

2.4 

1.0 

2.7 

1. 3 

· 2. 4 

23.1 

1.0 

1.0 
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DISTRIBUTION 

% activity of 
washed-cell s 

c10 
Fast 

100 

0 

104 

14 

100 

172 

26 

0 

c10 
Slow 

100 

0 

92 

26 

100 

18 

59 

0 

a uni ts proteinase activity per mg cell dry weight equivalent 

b fractions prepared by the 11W-ickle method" 

c fractions prepared by the "spheroplast method " 



the finding that the enzymes wero unstable at 37°c. 

The fractionations described were each repeated several 

t imes and it became obvious that progress was hampered by the 

l ack of knowl edge of t he properties of th e enzymes a ssayed. 
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The C10 Fast cell-wall di gest f raction was sel ec ted as the source 

of crude proteinase for characterization since it wa s both the 

most ac tive fracti on and derived f rom the c ellul ar compartment 

l ikely to be of mos t r elevance to the difference be tween t h e two 

strains. 

CHARACTERIZA'l'ION OF (cm.IDE) S.LACTIS C10 FAST 

SURFACE-PROTEIN ASE (S ), 

The influence of pH, buffer strength, temperature , and well­

knoun activators and inhibitors of proteina.sos on the activi t y of 

the C10 Fast coll- wall dieest was examined. Substrate blanks 

uere incorporated into all assays to control for the possible 

effects of each condition on the stability of the i odinated 

casein. Preparation of the crude enzyme i s described in Figure 

15. The dialysis step, designed to remove sucrose, lfg2
+, and 

phosphate from the fraction, reduced the activity by approxi­

mately 70%. 

Although the enzymo was dilute and the number of experiments 

limitod, it was clear that the activity was very sensitive t o 

changes in pH and temperature and, to a lesser extent, in buffer 

sti-ength (Figures 15, 16 and 11). The double pH optimum, 6. 0 

and 6.8 , was consistentl:)' observed and could be attri buted t o 

either the presence of two proteinases or to some peculiarity 
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Figure 15. Effect of pH on S. lactis C10 surface proteinase(s). 
A mid logarithmic C10 Fast culture (T 5 broth, 30°C) 
was divided into two portions and centrifuged. One 
pellet was washed twice with buffer (0.1 M phosphate, 
pH 7.0, to 20 ml), resuspended in 10 ml buffer, and 
frozen. The cell dry weight was determined. The 
second pellet was resuspended in 8.5 ml spheroplasting 
medium. Phosphate buffer was added to 0.1 M, pH 7.0, 
final concentration, followed by phage lysin (180 units). 
The suspension was made up to 10 ml (4.4 mg cell dry 
weight /ml ) with buffer and incubated at 37°c. After 
75 min, the suspension was chilled and centrifuged 
(34,800 g, 10 min), 4 ml of the supernatant (cell wall 
digest) was dialysed overnight at 4°C against 2 litres of 
deionised water. The same procedure was used to prepare 
a dialysed cell wall digest from C10 Slow (5.2 mg cell 

dry weight/ml incubated cell suspension). 

The digests were assayed for proteinase by the standard 
procedure. Assay conditions : 6 hours at 30°c, in 
either 0.05M phosphate buffer (•,•), or 0.05M acetate 
buffer (o, 6 ). 

44 



2.0 

-Q) ... 
ca ... 
.:: 
i+= 
<( 1.5 (.) 
I-
C: 

E 
C. 
(,) 

ca ... 1.0 0 ... 
~ 
en 
en 
> 
..J 
0 

0.5 w 
I-
0 
0: 
Q. 

0 

0 0.05 0.10 0.15 

BUFFER STRENGTH (M) 

Figure 16. Effect of buffer strength on S. lactis C10 Fast surface 
proteinase(s). 
Dialysed cell wall digest, prepared as described in Figure 
15, was assayed for proteinase by the standard procedure, 
Assay conditions : 6 hours at 30°c, in either phosphate 
buffer, pH 6.0 (•), or phosphate buffer, ph 6.8 (o ). 
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Figure 17. Effect of temperature on S. lactis ClO Fast surface 
proteinase(s). 
Dialysed cell wall digest, prepared as described in Figure 
15, was assayed for proteinase by the standard procedure. 
Assay conditions : 6 hours at the temperature indicated, 
in either 0.05M phosphate, pH 6.0 (•), or 0.05M 
phosphate, pH 6.8 (o). 
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of the complex substrate& The assay pH had a marked influence 

on the effect of temperature; changi ng the pH from 6. 0 to 6.8 

both depressed the maximum proteinase activity and shifted the 

t emperature optimum (Figure 17 ). The C10 Slow cell-wall digest , 

prepared an~ dialysed as for the parent strain fraction, was 

t ested for pH optimum, but its ac tivity was very low under all 

conditions (Figure 15 ). 

Experiments were carried out to determine the effec t of 

proteinase inhibitors and activators on the C10 Fast fraction 

(dialysed against water 9 as described in Figure 15). It was 

appreciated that the results might be restricted in val ue by 

t he ill-defined nature of the digest, but the intention was to 

determine if an activator ua s necessary for maximum a c tivity. 

Neither thiol poisons (parachloromercuribenzoic acid, para­

hydroxymerclll'ibenzoic acid) nor reducing agents (L-cysteine, 

sodium thioglycollate ) alter ed the activity when included in 

the incubated assay mixture at 1.75 x 10-4 M, indicating that 

the enzyme (s ) were not of the well-k11own sulphydryl group 

(e.g. pa.pain, ficin, group A streptococcal proteinase ) (Liu & 

Elliot, 1971 ). Proteolysis was depressed 70-80% by 1 mM EDTA 

(ethylenediaminetetraacetic acid), this sensitivity, together 

with the observed large loss of activity upon dialysis against 

water, suggested that the en zymes required metal ions for 

maximum activity,, Tb.is point was not pursued. The properties 

of thiol poison insensitivity, pH optima near neutrality, and 

EDT.A-sensitivity, are common to several microbial proteinases 

(the 'metal chelator-sensitive neutra l proteinases ' , Matsubara 
. 

& Feder, 1971 ) , and the C10 Fast enzymes may belong to this 

group .. 



STANDARDIZATION OF CONDITIONS OF 

FRACTIONAT ION AND ASSAY 
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The conditions of assay exerted a major influence on the 

detected proteinase activity, the effect of any one parameter 

being modified by alterations in the others (Figures 15, 16 and 

17 ). Overall, maximum proteolysis by the cell-wall digest was 

obtained in Oe05 M phosphate buffer, at pH 6.0 to 6.8, and from 

0 30-32 C~ In order to ensure that the activities of fractions 

were comparable, it was necessary to define both the environment 

in which the fractions were prepared and the conditions of sub­

sequent assay. Assay conditions chosen were 0.2 M phosphate 

buffer, pH 6.4; 30°c, and six hours' ~ncubation. The selected 

pH was a compromise between the two optima. (Figure 15); the 

temperature of previous assays was retained, since it was close 

to the determined optimum (Figure 17)J and the buffer strength 

was selected to improve the buffering capacity and to minimize 

differences in ionic composition between fractions. Although 

0.2 M buffer depressed proteolysis 37% relative to 0.05 M 

(Figure 16) its superior buffering capacity (4-fold at pH 6.4; 

Long, 1961) was considered an asset. All further fractionations 

were based on the o. 2 M buffer to allow assay without dialysis. 

In addition, subsequent fr-actionations with phage lysin ware 

conducted at 30°c instead of 37°c, since the rapid fall in 

proteolysis at t emperatures above 32°c (Figure 17) suggested 

irreversible inactivation. 

LOCALIZATION OF S.LACTIS C10 PROTEINASES 

The localization of proteolytic activity in the two strains 



was re-examined, using the standardized conditions. 

ENZYME LOCALIZA'I'ION: MICKLE METHOD 

C10 Fast and C10 Slow were fractionated by the procedure 

outlined in Figura 6. Each strain was processed twice; a 

r epresentative experiment is described. Approximately 1200 ml 
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of mid-logarithmic cul ture (T
5 

broth, 30°c) ware c entrifuged at 

4080 x g and the pellet washed twice with 0.2 M phosphate buffer, 

pH 6.,4. A portion of the culture supernatant was fil tared through 

a Millipore membrane (o .22f) to remove any cells, and stored for 

assay. The washed cells were resuspended in 40 ml buffer and 

divided into two portionso One portion was washed again, re­

suspended in buffer, and stored at -20°c ("washed cells", for 

dry weight and proteinase assay ) . The secona was centrifuged 

at 12,100 x g, resuspended to 7.6 mg cell dry weight per ml in 

buffer, and disrupted in the Mickle. Complete lysis required 

7 mino shaking with the beads 9 2 min. longer than that required 

for 100% disruption in deionized water. The lysates were 

pool ed and filtered through sintered-glass to remove the beads. 

The disruption-vials and fiJ.ter apparatus were rinsed three 

times with buffer and the washings added to the lysa te. A 

portion of the "Mickle-lysate" was subjected to differential 

c entrifugation (Figure 6) to prepare "cell wall a and cell 

membranes" , "par ti cl es", and "cytoplasm". The various buffer 

washes of whole cells were pooled and a sample kept for assay. 

All fractions were assayed for proteolytic activity by the 

standard procedure and under the standardized conditions. The 

data given in Table 4 represent the averages of results f;rom 

the replicate experiments with each strain. 



Table 4. Prot0inase localization in S.lactis C10: 

enzyme distribution in fractions prepared 

by the Mickle methoda. 
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FRACTION SPECIFIC ACTIV ITYb DISTRI BUTION 

% activity of 
absolute relative washed-cells 

c10 C10 C10 Fast : c10 c10 
Fast Slow c10 Slow Fast Slow 

washed-cells 30.0 5.2 5.8 100 100 

buffer washes 0 0 1.0 0 0 

Mickle-lysate 37 06 4.4 8.6 125 85 

c ell wall s + 
cell membranes 18,.6 1.3 14.3 52 25 

cytoplasm+ 

part icles 6.3 2.7 2. 3 21 52 

cytoplasm 4.2 2.2 1. 9 14 42 

particles 2.0 1. 4 1. 4 7 27 

a see Figure 6 (page 29) 

b units proteinase activity per mg cell dry weight equivalen t 
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Eighty per cent of the C10 F'ast Micklo-lysate activity was 

ex.hibited by whole cells, indicating that most proteinase is 

surface-bound. Of the activity recovered ii~ the component 

fractions (66% of th e lysate activity), 75% was associated with 

the cell walls and cell membranes ( the 34,800 x g pellet ) and 

25% with the cytoplasm and particles. C10 Slow fractions were 

all less prot eolytic than those of the parent strain, the 

difference being marked in tho wall and membrane fractions. Of 

the proteinase recov-ered from the C10 SJ.ol-1 total lysate, 32% 

was associated with walls and membranes, and the remainder with 

the cytoplasm and particles. In terms of absolute protainase 

activity, there was little to distinguish the non-envelope 

fractions of the two st~ains; tho slightly higher activity of 

the C10 Fast fractions ( 1-2 fold) is attributed to solubilization 

of envelope-bound enzymes by the disruption procedure. Neither 

cul ture supernatants nor whole-cell buffer washes contained 

detectable proteinase. 

ENZY:ME LOCALIZATION: SPHEROPLAST JfETHOD 

Preliminary experiments with pbage lysin had indicated that 

cell-wall digestion removed the large part of the C10 Fast cell­

bound proteinasss, while the effect on the variant was minimal 

(Table 3). The following experiments were designed to amplify 

this statement and t o allow a comparison botween the two 

techniques of fractionation. 

(i) Time-course of proteinase release. 

C10 Fast and C10 Slow were incubated at 30°c in either 

h 1 t . d. (o 5 " 20 mM 'i'frr2+) d buff sp erop .as ing me ium • M sucrose 9 £b an er, 

or spheroplasting medium 9 buffer, and phage lysin. At intervals, 

samples of the cell suspensions wore chill ed, centri fuged , and 
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the supernatants assayed for protoinase (Figure 18). Both the 

muraminidaae and the sugar ca.us ed a progressive release of 

proteinase from the cell-bound form in cm Fas t 1, with a similar 

but less easily detectabl e effect on the variant. Table 5 shows 

the enzyme activities of the various fractions after 120-min. 

incuba tion at 30°c. The proteinase removed by phage lysin alone 

was calculated by subtracting that released by sucrose from that 

released by sucrose and lysin. It accounted for 76% of the 

C10 Fast whole-cell activity and 23% of C10 Slow whole-cell 

activity. In absolute terms, all of the "cell-wall digests" 

derived from the parental cells were considerably more proteolytic 

than the equiva l ent fractions from the variant. 

(ii) Rosidual proteinase. 

The experiments described i n (i) were repeated, without 

attempt to follow the time-course of proteinase release, to 

establish the levels of en~yme associated with t he residual 

structui•es. 

A 500-ml mid-logarithmic C10 1',ast culture (T
5 

broth, 30°c) 

was divided into two portions and centr ifuged. One pell e t was 

washed twice with 0.2 M phosphate buffer, pH 6.4, resuspended 

in buffer, and frozen (washed c ells). The second pellet was 

r esuspended directly in 8.5 ml spheroplasting medium and 

divided in half. Concentrated buffer was added to each portion. 

Phage lysin (180 unit s ) was added to one portion and an equivalent 

volume of wa t er to the other. Each was made up to 5.0 ml (2.2 mg 

c ell dry weight per ml) and incubated at 30°c (final composition: 

0$2 M phosphate buffer 1 0.5 M sucrose, 20 mM Mg2
+, phag~ lysin, 

c ells). After 120 min. the suspensions were chilled, centrifuged 

at 34,800 x g fo;r 10 min. and t he supernatants ( 11cell-wa.ll digests") 



Figure 18. Time course of release of proteinase(s) from osmotically 
stabilised cells of S. lactis C10 Fast and S. lactis C10 
Slow. 
A mid logarithmic C10 Fast culture (T 5 broth, 30°C) 
was divided into two portions and centrifuged. One 
pellet was washed twice with buffer (0.2M phosphate, 
pH 6.4, to 40 ml), resuspended in 20 ml buffer, and 
frozen. The second pellet was resuspended in 19 ml 
spherophasting medium and divided in half. Phosphate 
buffer was added to each portion to give 0.2M, pH 6.4, 
final concentration. Phage lysin (75 units) was added 
to one portion and water to the other. The suspen­
sions were made up to 10 ml (2.2 mg cell dry weight/ 
ml) with buffer and incubated at 30°c. At intervals, 
samples were removed, chilled, and centrifuged (34,800 g, 
10 min). The supernatants (cell wall digests) were 
frozen. The same procedure was used to prepare C10 
Slow cells and cell wall digests (2.2 mg cell dry weight/ 
ml incubated cell suspensions). 
Cells and cell wall digests were assayed for proteinase 
by the standard procedure, under standard conditions 
(0.2M phosphate buffer, pH 6.4, 6 hours at 30°C). 
(•), washed cells; (•), sucrose/lysin digest; (o), sucrose 
digest. C10 FAST 
(• ), washed cells; (A), sucrose/lysin digest; (6 ), sucrose 
digest. C10 SLOW. 
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Table 5o Release of cell-bound proteinase from osmoti cally­

stabi lized cells of S.lactis C10 Fast and 

s.1ac t is c10 Slowa. 

FRACTION SPECIFIC AC'l'IVITYb DISTRIBUTION 

% activity of 
absolu t e relative washed-cells 

c10 c10 c10 Fas t: c10 c10 
Fas t Slow C10 Slow Fast Slow 

washed c ells C 30.0 5.2 5.8 100 100 

l ysin/ sucrose 

cell- wall digestd 33. 6 2.7 12. 5 112 52 

sucrose 10.8 1. 5 7.2 36 29 
c ell-wall digest8 

lysin 22.8 1. 2 19.0 76 23 
cell-wall digestf 

a see Figure 18 (page 53) for details of preparation 

b units protoinase activity per mg cell dry weight equivalen t 

c reference activj ty: T
5
-grown cells washed and suspended i n buffer 

d, e 34,800 x g super natant0 of cells i ncubated for 120 min. a t 30°c 

f ~ (d-e ) 
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frozen. The 34,800 x g pellets were each resuspended to 5.0 ml 

with 0.2 M phosphate buffer. Resuspension of the pelleted cells 

which had been incubated with lysin caused 100% lysis - the 

f raction is referred to as tho "spheroplast-l ysate". Resuspension 

of the second pellet caused no appreciable lysi s (as judged by 

microscopic examination under phase contrast) and the f r a c t ion 

i s referred to aE: "resuspended cells". 

The same procedure was used to prepare C10 Slow fra ctions 

(1.7 mg cel l dry weight per ml incubated suspensions ) . All 

fractions were assaysd for proteinase under the standardi zed 

conditions; the results are given in Table 6. They substantiate 

t hose from the experiments described under (i ) , although enzyme 

recoveries vere high. Incubation of C10 Fast cells wi th phage 

l ysin and spheroplasting mecU mn detached 134% of the c ell-bound 

proteinci.se (washed cells) from the calls, whereas incubation in 

spheropJ.asting medium alone caused the r el ease of 32%. The net 

reloase , attributed to lysin , wan 102%, but this equivalence to 

the wholo-cell activity is p~obably fortuitous. Activity 

remaining with residual structures (spheropl as t lysates) was 

25% of tha t associa t e d with cells and l ess than 20% of the 

"lysin/ sucrose cell-wall digost " pr oteinase. 

The specific activity of any given fraction fluctuated 

considerably from experimont to experiment, as may be seen f rom 

examination of Tables 4, 5, and 6. The ac tivities of 'bell-wall 

digests"were especially variable in this respect. Table 7 

summari zes and compares the data. from the various experiments. 

Fractions have b een equated jn terms of the cellular structures 

and components deduced to b e contained in th em . "Cell walls 

and cell me:nbranos ", defined as those parts of mech anically-



'I'a.ble 6. Proteinase localization in S. lactis C1O: enzyme 

dist-ribution in fractions prepared by the 

spheroplast method. 
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FRACTION SPBCIFIC ACTIVITYa DISTRIBUTION 

% activity of 
absolute relative washed-cells 

010 c10 C10 Fast i 010 C10 
Fast Slow C10 Slow Fast Slow 

washed-cells 35. 8 5.2 6.9 100 

lysin/sucrose 47.8 2.6 18.4 134 
c ell-wall digestb 

sphoroplast- 9.0 
lysa te0 

5.6 1.6 25 

washed-cel ls 35.8 5. 2 6.9 100 

sucrose 11 .4 0.4 28.6 32 d 
cell-ual l digest 

resuspended 12.8 6.2 2. 1 36 
e cells 

a units prot0inas0 ac tivity per mg coll dry weight oquivalent 

b 34,800 :x: g supernatant of colls uhich had boen incubated in 

spheroplasting medium, phosphate buffer, and phage lysin, 

f or 120 min. (30°c) 

c 34,800 x g peJ.let of b, romrnpendcd in phosphate buffer 

100 

50 

108 

100 

8 

120 

d 34,800 x g supernatant of cells vhich had been it1cubated in 

spharop1astin6 medium and phosphate buffer for 120 min. (30°c) 

e 34, 800 x g pellet of d, resuspended in phosphate buffer 



Table 7. Proteinase localization in S.lactis C10: comparison of results from the two 

fractionation methods. 

MICKLE METHOD 

distribution 

S P H E R O P L A S T M E T H O D 

distribution 

C10 Fa.st 

. c10 Slow 

whole-cells 

cell lyGate 

p:!.r-ticulate 
fraction 

soluble 
fraction 

whole-cells 

cell lysate 

particulate 
f'ra.ction 

soluble 
fraction 

specific 
activity 

30.0 

37 .6 

18.6a 

6.3b 

5.2 
4.4 

1. 3a 

2.7b 

% activity 
of cells 

100 

125 

62 

21 

100 

85 

25 

52 

between 
particulate 
and soluble 
fractions ( %) 

75 

25 

32 

68 

a activity in 
b activity in 

b " "cell walls + cell mem ranes 7 data from Table 4 
"cytoplasm + particles" 

' 

specific % activity 
activity of cells -

35.8 100 

56.8° 159 

47 .8d 134 

9.,oe 25 

5. 2 100 

8.2c 158 

2.6d 50 

5.6e 108 

C activity in 
d activity in 

"lysin/sucrose cell-wall 
"lysin/sucrose cell-wall 
tt sph erop last lysa t e" 

t 11 digest" + "spheroplast lysa1.,e 7 data from Table 6 
digest" ___J 

e activity in 

between 
particulate 
and soluble 
fractions(%) 

84 

16 

32 

68 

VI 
--J 
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disrupted cells which sadimont at 34,800 x g, are equated with 

the "lysin/aucrose cell-wall digests" from cells incubated with 

lysin. Similarly, "cytoplasm and particle" fractions are con­

sidered as equivalent to "spheropla.st-lysates". The result is 

clearly a good agreement betwoen the data provided by each method 

of localization, in terms of the distribution of proteinase 

b etween ' parti culate ' and ' solubl e ' fractions. It demonstrates 

explicitly the fundamental difference between the two strains 

of s.1actis , in terms of botl1 proteolytic activity and cel l­

bound enzyme distribution. 

INSTABILITY OF S.I,AC'I'IS C10 PROTEINASES A'J' 37°c 

It was found during the p:rolimina~y experiments that C10 Fast 

"lyaiu-lysates", prepared by incubating washed cells in phosphate 

buffor with phage lyain, conte.inad less activity than both whole 

c ells and "cell-wal l digests" (Table 3). 'Ihe effect of the 

proparation procedure on C10 Slow was loss obvious, al though this 

may havo beon apparent rathe.r than roal, since the slow variant 

a.ctivitios were a l ways very low. Tb.a following experiments 

demonstrated that the parental surface-bound enzymes were very 

0 unstabl e at 37 c, the t emperature used initially to prepare 

fractions with lysin. 

WHOLE-CELL PROTEINASES 

'lb e proteolytic activity of washed C10 Slow calls was un­

affected by incubation at 37°c in 0.2 M phosphate buffer (Figure 

19). In contrast, C10 Fast cells rapidly lost activity under 

these conditions. After 60 min., 75% of the proteinase wa.s lost , 



Figure 19. Inactivation of S. lactis C10 Fast whole cell proteinase(s) 
at 37°C. 
A mid logarithmic C10 Fast culture (T 5 broth, 30°C) 
was divided into three portions and centrifuged. The 
pellets were washed twice with 20 ml of either buffer 
(0.2M phosphate, pH 6.4), buffer containing magnesium 
chloride (20 mM), or buffer containing magnesium 
chloride and sucrose (20 mM Mg, 0.5M sucrose). The 
washed cells were resuspended to 4.4 mg cell dry 
weight/ml in the buffer solutions and incubated at 37°C. 
A C10 Slow cell suspension (4.2 mg cell dry weight/ml) 
was prepared in a similar way by washing and resuspend­
ing in 0.2M phosphate, pH 6'.4. It was incubated at 
31°c. 
At intervals, samples were removed, chilled, and frozen. 
They were assayed for proteinase under standard 
conditions. 
(o), C10 Fast cells in phosphate, magnesium, sucrose. 
(6.), C10 Fast cells in phosphate, magnesium. 
(•), C10 Fast cells in phosphate. 
(Ill ), C10 Slow cells in phosphate. 
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1eaving an activity which was stabl, and similar quantitatively 

to that of the C10 Slow cells. 'I'he inclusj_on of sucrose and 

magnesium, but not magnesium alone, protected the C10 Fa.st 

cell-bound enzymes from inactivation (Figure 19). 

CELL-WALL DIGEST PR0TEINASES 

Sucrose and magnesium did not protect the C10 Fast enzymes 

from the effects of 37°c incubation when included w~th the cell­

free fractions (Figure 20 ) . :Roth "sucrose/lysin " and "sucrose" 

c ell-wall digests exhibited a progressive loss of activity at 

this temperature. The inactivation was less rapid than that of 

whole cells (sucrose/lysin digest, 31%; sucrose digest, 45%; 

whole calls i n buffer, 72,Yo; by 30 min. ) but more extensive (98%; 

91%; and 78%) by 120 min. As was the case with washed cells, 

t he C10 Slow cell-wall digest activities were unaffected by the 

treatment. 

These results implied that the C10 Fast digest used a.s the 

source of enzyme for characteriz~tion (Figure 15 ), already 

reduced in activity by dialysis, was in addition partially 

h eat-inacti vatod. They did not completely account for the 

di screpancy between the activities of c ell-,;al l digests and 

the "lysin-lysat0s ", both prepared at 37°c (Table 3). 

LOCALI ZATION OF S.LAC'J'IS H1 PTIOTEINASES 

S.lactis H1 Fast and S.lactis H1 Slow were each fractionated 

uith phage lysin to determine if their cell-bound proteinases 

wore similar, in activity arid location, to t hose of S.lactis C10 . 

r.Phe preparation of cello and cell-wall diges ts i s described in 



Figure 20. Inactivation of S. lactis C10 Fast surface proteinase(s) 
at 37°c. 
Washed cells, sucrose/lysin cell wall digests, and sucrose 
cell wall digests were prepared from C10 Fast and C10 
Slow as described in Figure 18. (The cell wall digests 
were separated from the incubated cells after 120 min 
at 30°C). The digests were thawed (25°C), incubated 
at 37°c, and sa~pled at 30 min intervals. The samples 
were assayed under standard conditions (0.2M phosphate 
buffer, pH 6.4, 6 hours at 30°C). 
( t> ~, washed cells; (•), sucrose/lysin digest; (o), sucrose 
digest. C10 Fast. · 
( t> ), washed ,cells; (A), sucrose/lysin digest; (t:.), sucrose 
digest. C10 Slow. 
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Figure 21. "Sph eroplast--lyrn,, tes II and "rssuspend.ed cells" were 

prepared, as described for C"l0 9 by resuspending (in o. 2 M 

phosphate buffer, pH 604) tho pelJ ets from cells incubated in 

either spheroplasting medium and phage lysin or in spheroplasting 

medium a.lone. 

The fractions were asn~,yed for proteinase una.er the conditions 

determi ned. for S.,lactis C10 (0~2 M phosphate buffer, pH 6.4; 

30°c; 6 hours' incubation). The resu1.ts ('I'able 8) indicated a 

pattern similar to that established. for c10.. Incubation of 

cells with lysin removed. proteinase :f'rom both the parent and. 

the var iant; however, in contrast to cm Fast, where lysin caused 

the major part of proteinaso-release ('l'abl e 5), 7 3% of the 

enzymes from H1 Fast were remo;;ed by spheroplasting medium alone 

(Tablo 8 ). 

The II1 Fast cell-free diccsts were ccnsi tive to incubation 

at 37°c (Figure 21) but to a much lesser extent than the equiva­

lent fre,ctions from C10 Fa,st. (cf. Figure 19). By 120 min. at 

37°c, the H1 extracts were inactivated. by 25-30%, whereas the 

C10 extracts wore roduced in activity by 90-100%. In general, 

the difference in absolute proteolytic activity be-tween the t-wo 

strairw of So lac tis H1 was 1 ens marked than in the case of C10. 
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Figure 21. Inactivation of S. lactis .H1 Fast surface proteinase(s) 
at 37°c. 
A mid logarithmic H 1 Fast culture (T 5 broth, 30°C) 
was divided into two portions and centrifuged. One 
pellet was washed twice with buffer (0.2M phosphate, 
pH 6.4, to 40 ml), resuspended in 20 ml buffer, and 
frozen. The second pellet was resuspended in 19 ml 
spheroplasting medium and divided in half. Phosphate 
buffer was added to each portion to give 0.2M, pH 6.4, 
final concentration. Phage lysin (75 units) was added 
to one portion and water to the other. The suspen­
sions were made up to 10 ml (2.2 mg cell dry weight/ 
ml) with buffer and incubated at 37°C. After 120 
min, they were chilled, centrifuged (34,800 g, 10 min), 
and the supernatants (cell wall digests) frozen. The 

same procedure was used to prepare H 1 Slow cells 
and cell wall digests (2.5 mg cell dry weight/ml 
incubated cell suspensions). 
The four cell wall digests were thawed (25°C), incubated 
at 37°c, and sampled at 30 min intervals. Samples 
were assayed for proteinase under standard conditions. 
(t> ), washed cells; (•) sucrose/lysin digest; (o ), sucrose 
digest. H1 FAST. 
( t> ), washed cells; (.t.) , sucrose/lysin digest; (6 ), sucrose 
digest. H1 SLOW. 

H1 SLOW 
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Tablet:. P:rotoi:ta·,se loca1i~·c.i,:i.on in S.le.ctis H1a. 

FRACTIOlJ SP:CCH'JC A cr.rrVI'I'Yb DISTRIBUTI ON 

absolute relativo 
% activi ty of 
uashed- cel l s 

H1 H1 H1 Fact: H1 H1 
Fe.~;t Slou H1 Slow Fast Slow 

washed-col] s n~o 7.5 2. 3 100 100 

lysin/sucroso 

col 1-wall digest 16.8 3.6 4.7 99 48 

sucrose 

cell-wa.Jl digest 120 4 2 ~-OJ 5.0 73 33 

lysin 
4.4 1.1 4.0 26 15 

cell-wall digestc 

spheroplnrJt-

l;rsate 'fo9 rn~ 7 0.14 46 142 

ror:mspcmded. 

colls 100 3 11. 8 o.88 61 160 

a. noo Figu1'o 18 (pace 5.3) fo:r de,i.,).:ils of prGp:ire,t ion of cells 

arid eel) -';:all diger,t::;; 11spb ,.1-op·i nnt-lyrm. tee" wore obtained 

b;r ·rcsu~ponding tho eel) s f:..~01!i tho (sucros0/lycin ) su::iponsions 

Yith 0~2 1T phospha-Lo buffer, pIT 6.4; "resuspended cells" were 

obtained by resuspc:mh116 the cells from tho (sucrose) 

suspensions ui th buffer 

b uni ts protoinase activi-t.;y· por mg cell dry weight equivalent 

c ca lcuJ.n.tccl by subtro.cth1g (suc:L•ose cell-val} digest) activi ty 

from (sucroso/lysi:n cell-\·ra.11 digest) activity 
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D I S C U S S I O N 

PRO'PEINASE LOCALIZATION 

The uptake o f amino acids by the bacterial cell is dependent 

on spec ific transport systE!!Tls (Payne & Gilvarg, 1971) and, 

ul timately, on a supply of transportabl e units from the medium. 

Starter enzymes with tho n.bili ty to degrate proteins and peptides 

c ould b e secreted into the medium (extracellular ), bound to the 

c ell envelope and accos,;ible to the medium (surface-bound), or 

contained within the cytoplasmic membrane (intracellular). In 

view of this probo.blo r:1ultiplicit.y of enzymes which can hydrolyse 

peptide bonds, it is o~ecntial that activities be localized; only 

then can phyciological function bo rationally deduced. 

Proteinases whose function j s to supply the cell ui th amino 

acid~ from CH .. ogcnous p1.--otcin wil1 be, a-p:rj~'l'i, extra.cellular or 

surface-bound, since it ic unl ikoly that tho ::mbstrate can 

penetrate either tho eel 1 vall or the cytoplasmic membrane. It 

ia pertinent, in this ror.;nrcl, tb.P,t tho upper cize limit of 

p optides that are tranCJ1orted into Escherichia coli appoa:rs to 

be that equivalent to six n.mino adds (Payno & Gilvarg, 1971 ). 

Neither strain of S.lnctin CiO Accreted detectable proteolytic 

activity into the medimri ,;hile grouing in tho nutrient broth. 

'I'his uas, however, expoct0d cin tho crounds of dilution, and 

does no t exclude the pos:1H,i1i ty that these organisms produce 

extracellular enzymes, ci U1or in T
5 

broth or in milk. 

Williamson, Tove & Speck ( 1964) r·cported that So lac tis E., 

cultured in a. dofined mo,liurn contc:>,ining whole-casein, secreted 

a heat-stablo proteinaso into the medium. However, the cells 

were removed from the r.1 cclium at tho end of the logarithmic 
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phase of growth and, in the al1scnce of data to establish neglig­

ible ceJl-lysis, the description ' extracellular ' must be regarded 

with doubt. 

Tho proteolytic activity assoc iated with cells of C10 Fast 

( the cell-bound proteinase) has been shown in the present investi­

gation to be predominantly surface-bound. Pollock (1962) has 

suggested three criteria which would indicate this location for 

any ce11-bound enzyme, as follows: ( i) the enzyme can be extracted 

by procedures specifically donigned to destroy the cell wall under 

conditions whore tho protoplast is protectod from disintegration 

and the cytoplasmic mombrane re,nains intact; (ii) the enzyme 

metabolizes a strictly insoluble, highly polymerized, or high 

molecula r weight substrate which is unlikely- to be able to 

penetrate the cell; and (iii) the enzyme is neutralized by a 

specific antisarum or by any type of l arge molecule ,,hich is 

bolieved to be incapa.ble of penetrating the cytoplasmic membrane. 

Condition (ii) is met and (i) has been established for C10 Fast 

uith somo degree of certainty. Treatment of the cells with 

phage lysin in the prcsEincc of hypcrtonic sucrose, magnesium, 

and phosphate buffer dotached the large part of celJ-bound 

proteinace from the material i"~hich sedimented at 34,800 x g 

(Figure 18 and Ta.blo 5). The IDD.G"J1esium (20 mM) was included 

with incubated c ells to maintain rnombrane integrity (Weibull, 

1956, Shoinin, 1959; Pollock, 1961) and to prevent extrusion 

of mesosomos from tho me:mbra.no into the surrounding fluid 

(Reaveley & Rogers, 1969). It ha.s been assumed that this 

precaution would both prevent oignificant leakage of intra­

cellular components from the cells during the spheroplasting 

process and minimize dotachrr•ent of memhrano-bound enzymes. 
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The dota.chment of proteinaoe from C10 Fast cells could not 

bo attributed simply to the effects of the added muraminidase on 

the streptococcal celJ--uall (Fieur0 18) and, indeed, in the case 

of Il1 Fast only a small part of the release was due specifically 

to the presence of phage lysin (Table 8). ~he time-dependent 

release of C10 Fast enzyme into the spheroplasting medium, in 

the absence of phage 1ysin, was apparently due to the sucrose 

since washing the cell :., repeatedly with o. 2 M phosphate buffer 

containing 20 mM ~g 2
+ (at 0-4°c) caused no detectable detachment. 

Tho sugar, molecular weight 342, is considered to have free access 

to the cytoplasmic membrane and its effect on the bound protein­

ases may involve a pla ~molysis of tho cytoplaamic membrane away 

from the wa.11, resulting in some sort of physical expulsion of 

proteinase. Kushner & Pollock ( 1961) found that hi.gh sucrose 

conc entrations (0.9 'M) ,rnre essential for the trypsin-mediated 

release of p onicillinaae f1~orn Ba.cUJus subtiJ.js. They considered 

that the physica.l effect s of the sugar on the envelope allowed 

the protease access to the sites of ponicillinase attachment; 

sucrose alone causod no epprocin.ble rolease. In contrast, the 

oxperimcnts with C10_2'.:i.nt nugges t that continu0d incuba. tion of 

tho cells in spharopln.sting medium alono would eventually result 

in complete rel ease of proteinase (F'igur e 18). If this were 

true them there is no ne ed to invoke peptidoglycan-degredation 

by the lysin as having ari,.y other function but that of aiding 

the sucrose-mediated releane by weakening the cell wall. 

Tn ere uas no evidence to rme;gest that the surface-bound 

C10 Fast proteina.ses were bound by an ionic linkage, such as 

has boen shown for proteinasos of a rhcrococcus species and 

Nhco:r h1-~ma.lis (Mc Donald, 1962; Wane, 1967), penicillinase in 
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Staphylococcuo aureus (Coles & Groan, 1967), and acid phosphatase 

in s.aurcns (Halveaux & Sa.n CJ omente , 1967L Neither washing the 

cells with o. 2 M sodium/potassium phosphate nor tho inclusion of 

o. 3 M sodium chloride in the sp:.ieropla.sting medium caused release 

of activity. 

Twenty-five per cant of the proteinase recovered from 

C10 Fast cells and 68% of that from the slow variant was contained 

in fractions which were not associated with surface-structures 

( the 'soluble' fractions, Ta.bl o 7). These activi tios could be 

derived in part from the walls or membranes by the manipulations 

or may indicate a distinct enzyme - the 'int'!"a.cellular' proteinase 

(Wosthoff & Cowman, 1971)0 It is 9 however, unlikely that the 

bacterial cytoplasm contains enzymes whose function is to degrade 

casein; it is more lil ely that tho intracellular enzymes catal yse 

peptide-hydrolysis and the turnover of endogenous nitrogen (Figure 

22)., Thero is no doubt that the complexity of the substrate used 

in the present investigation has precluded any distinction to be 

made between enzymes which function to hydrolyse protein 

( • protei:t10.ses' ) and those uhose role is peptide-degreda.t::.on 

( 'peptidases ' L r_phis is eupecia.lly relevant to any interpretation 

of 'solublo' activities., F'or instance , E.coli has been shown 

to contain at least eight distinct peptidases, no less than four 

of which hydrolyse the lysyl-lJ0 syl bond (Sussman & Gilvarg, 1971 ) . 

Non.e of the E~ coli peptidases u-ac surface-bound. The proteolytic 

acti vi tics aosocia tad ,ri th the non-envelope fractions of both 

S.,la.ctis CiO strains n.ro tl·eated with reserve, and are inter­

preted as indicating, in addition to some contamination from 

other frac tions, the presence of iriiracellular peptidases. 

Both selective troatmont of intact cells by the sphero-
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Figure 22. The assimilation of exogenous amino acids· by 
S. lactis C10 : an overview. 

PROTEOLYSIS TRANSPORT ASSIMILATION, TURNOVER 

milk proteins 

A l B C 

peptides 

l 
amino acids 

> peptides ~ l ~ cellular proteins 

------+-------1--- - ::;.~amino acids 1/ 

Medium Cell Envelope Cytoplasm 

A Surface bound proteinases/peptidases 

B Membrane bound transport enzymes 

C Cytoplasmic proteinases/peptidases 
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pla.sting procedures and mechanical disruption of t1ashed cells 

with gJ. ass beads resul tad in I pcl.rt icula t0' fractions (or their 

equivalent: cell-wall digests) wh ich contained 75-85% of the 

recovered C10 Fast protainase (Table 7); a result which is very 

similar to that found for Streptococcus faecalis var 0 liquefa.sciens 

cell-bound proteinaso (Shuga.rt & Beck, 1966). It is concluded 

that S.lactis C10 Fas t cell-bound proteinase is mainly surface­

bound, based on thre~ criteria: (i) the constraint of substrate­

accessibility; (ii) the detachment of activity by procedures 

designed to cause minimal damage to spher oplasts, and (iii ) the 

association of prot eina se with 34,800 x g pellets from mechanically­

disrupted cells. Specifical ly, the sucr ose-mediated release in­

dicates that the enzymes are ph~•sically constrained within the 

normal envelope structure, possibly in tho so-called 'periplasmio 

s pace' betweon the cell wall and spheroplast membrano. It may 

be useful to assess th0 effect of the 'osmot ic shock' technique , 

used to displace a 11umber of hy<lroly tic enzymes from gram-negative 

bacteria (Heppel, 1967), on the binding of proteinase to S.lactis 

C10o 

THE I MPORTANCE 01'~ PnOrl'EOLYSI S TO ACID PRODUCTION 

The rosul t s of this study show that, (i) S. lac ti s C10 Slow 

is stimulatod in skim milk by casoin hydrolysa.tos to a rate and 

extent of development (growth and acid-production ) which is ve-ry 

similar to that exhibited by S0 J.acti0 CiD Fast in unmodified skim 

milk; and (ii ) C10 SJ.on, when harvested f rom a medium in which 

its d evelopment is :\.n no way abnormal (T
5 

broth), l acks surface­

bound proteolytic act ivity, relative to the parent ~ells. 
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'I'hero is thus a good agreement l)fftweon t,he nutritional and the 

(.mzyma tic da. ta, a corr0J a.tion which supports the proteinase­

d0p0ndency hypothesis, as postulated for this pair of strains. 

However , tho va.lidi ty of correlating data from measurements of 

c ells grown in one medium (milk) with thos o from another (T
5 

broth ) can only- be induced, since no attempt uas made to assess 

th e effects of the medium on the proteolytic properties of the 

two strains o 

Examination of tho J.i terature concerned with the effects of 

changes in the medium on the regulation of proteinase synthesis 

does not allow a generally valid mechanism to be deduced. 

However, several points have been establi shed, (i) amino acids 

suppress the synthes i s of several extracelluJar-proteinase 

systemi:; (Neumark: & Ci tri 9 1962; Chaloupka & Kreckova., 1966; 

Hofsten & 'l'jod.er, 1965; l\by & Elliot, 1968); (ii) carbon sources, 

including tho3e provided by the intra.cellu]e.:r metabolism of 

accumulated amino acids, suppress ex:tracellulai-•-proteinase 

"";ynthesis in some species (Bidwell, '1950; Kreckova & Chaloupka, 

1969; Lcvisohn & J.i...ronson, 1967); (i ii ) in a ~-~icrococcns species, 

amino ac i ds induced tho p:roducticm of extracellular proteinase 

(McDonald & Chamb C'>rs, 1966); thoso authors considered that this 

product-induction, togothor with a. repression by utili aable 

carbohydra.tos, consti.tutos a mechanism for regulating the supply 

of carbon tc the cells, i., o. in this case, exogenous amino acids 

aro a source of carbon, not ni troeen J and ( iv ) extra.cellular 

pr-oteina.se synthes is does not require the presence of protein 

(McDonald & Chambers, 1966; Ra.bin & Zimmerman, 1956). 

Westhoff & Cowman ( 1970) reported that the substitution of 

"peptides" (enzyma tic-hyd.rolysa te of casein) or "ami no acids " 
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(acid-hydrolysate of casein) for whole-casein in a broth medium 

ca.used significant change in the relative levels of "membrane" 

and "intra.cellular" proteinase associated with sonicated cells 

of Selactis 3 Fast which had been grown in the media. They 

concluded that thone effects constituted support for earl ier 

reports (Cowman, Si,aisgood & Speck, 1967; Cowman & Speck, 1969 ) 

that the "membrane" enzyme functioned or1ly to hydrolyse casein 

to peptides and the "intracelluJ.ar" enzyme peptides to amino 

acids. It is, however, difficult to agree with these authors 

that the measured proteinase J.evels reflect the cellular response 

to the form of exogenous ni 1.rogen, since their basal medium 

contained yeast extract ( 1 mg/rr.1). In addition, the protein 

hydrolysa tes were ill-defined. 

In summary, there is 110 evidence of direct relevance to the 

response of S., lactis_-proteins,se synthesis to changes in the 

medium. However 9 it io argued th3.t in T
5 

broth surface-bound 

proteina.oe synthesis is una m· amino-acid repression and that 

the proteoly tic diff0rence f und between the two strains of C10 

in the broth is an und.arestimate of the Bi tua tion in milk. 

Whether this is t rue or not, it seems unlikely that transfer 

of the col ls to milk ,muld. repress enzyme synthesis, and it 

is concluded that the proteolytic activity of the two strains 

will be a t least as different in milk as in the permissive 

medium. 

An attempt was made during this study to demons trate 

directly the depend.ence of C10 Fast, in skim milk, on its 

surface protcinases. CellsJ imshed and then incubated at 

37°c for 120 min. ur1dcr the conditions known to inactivate 
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the cell-bound activity (F'ign:ro 19), were overtly 'fast' when 

inoculated into milk and incubated at 30°c. This result may be 

explained by reference to Figure 7, which shows that the slow 

variant, known to lack the h0a t-sensi tive enzymes, was capable 

of rapid growth in milk for six hours. Presumably, the heat­

treated C10 Fast colls, initially growing on the amino acid 

source which is available to C10 Slow, rapidly synthesized, 

de nova, the surface enzymes and subsequently developed normally. 

Perhaps the only method which would demonstrate unambiguously 

the in situ effect of proteinase inactivation would be to in­

clude a specific enzyme inhibitor in the medium. 

Figure 22 provides an overview of the path.ways which are 

assumed to operate in a multiple-amino acid ~uxotroph which is 

growing in an amino acid-limitod, protein- rich medium. The 

stimulation of C10 SJ ow in such a medium by protein hydrolysates 

is interpreted to mean that the cells possess ful1y-operative 

systems for transporting amino acjds and peptides. The enz~matic 

c .. nalyscs have provided conv:i.r1cing 0vider1ce that the 'slowness ' 

is due to a defectiv e SU1•fac e-bound protoi.nase enzyme system, a 

result that is in direct contrast to that from studies with 

S.lactis 3 Fas t and S~lac t:i.R 3 Slow, which indicated that the 

only significant di fference concer ned speci ficity of 'intra­

c ellular ' proteinaco (Westhoff & Cowman, 19'71 ). It is con­

cluded that, at least in the case of S.lactis C10, slow variants 

are retarded in milk by the supply of amino acids f rom the 

medium. 
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