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SUMMARY 

I. On repeated washing in phosphate buffer solution the electrophoretic mobility 
of young cells of M variants remained unchanged: the mobility of young G cells, 
however, always decreased to the value characteristic of oki cells of that strain. 

2. There was a correlation between the hy21uronic acid content of the cells and 
the electrophoretic mobility for a large number of strains during growth; both the 
mobility value and the hyaluronic acid content incre=~ed to a maximum at the end 
of the logarithmic growth phase and decreased to the origlnal value during the 
stationa D, pha~,  

3. The variation of the mobility with the pH of the su.~pending medium of 24-h 
cells of the M and G variants of a number of different t3~pes confirms the presence 
of both amino and carboxvl gr, raps on the surface. Further information on the nature 
of the surface was obtained by treatment of the cells with hyaluronidase. 

INTRODUCTION 

As a result of extensive chemical studies, the general structure of the cell wall ,,:f the 
group-A streptococcus is well established. The basic cel!-v:~.ll structure consists ~f 
a mucopeptide 1, containing muramic acid. glucosamine, alanine, lysine and glutamic 
acid. A.~,,~dated with this is the group-slx~ftc polysaccharide or C substance, con- 
talning rhanmose and N-acetyigluc~samine. which accounts for approx. 5o % by 
weight of the cell wall. and the type-specific protein antigens. The group-A s t rep to -  
c o c c u s  also produces a capsular mucopolysaccharide, hyaluronic acid. Although 
such chemical s t u d i e s  h a y .  ~ given information concerning the nature of the components 
of the cell wall and capsule, there is still a lack of knowledge ccncerning their, m'rashge- 

Abl:we~,~bLth~s: CTAB. cetyi tmnethyl  mmmomum t~'oml~.  M, "'matt". and G, " f ~ y "  
refeg to the p o e ~ m a ~  Bad lack of M w o t e m  Lntqgen. r e q ~ t ~ i y ;  the colonial a~pt~nmce after 
a4 b 8rowth mt ~ b i o o d  ~ear and the W e e e ~ e  of M a n t i S ~  are r e . t e d .  



STUDIES ON THE STREPTOCOCCAL CAPSULE 265 

menL It wa_~ w4th this problem in mind that the detaiied study of the electrical proper- 
ties of a number of strains of group-A streptococci was undertaken; in this paper the 
study has been limited mainly to the capsular material. 

From a preliminary report = on the M and G variants of one strain (Type 6) of 
Streptococcus pyogenes it appeared that changes of the electrophoretic mobility during 
gro~'th might be relzted to the variations observed by FABEP. A.'-'D ROSE.',DAL s in 
the amount of capsular hyaluronic acid present at different stages of the growth 
cycle. The reduction of the mobility value of young cells of the G variant on repeated 
washing was attributed to the loss of loosely bound capsular hyaluronic acid. In 
contrast, the mobility of young cells o| the M variant remained constant on washing. 
The pH-mobi l i ty  curves of the two variants indicated that z prnte~n-h::a]uronic 
acid complex was an important part of the streptococcal ~urface. 

In extending this work it was necessary to correlate, without any doubt, the 
relationship between the mobility and the measured hyaluronic acid content of the 
cells of Type 6M and Type 6G, and then to screen a number of M and G variants 
belonging to a variety of different serological types to see if the same correlation 
applied. The effect of repeated washing on cells of pairs ot M aTtd G variants, each of 
which had been obtained by colony selection from the same strain, was also investi- 
gated to ascertain whether the l~Jse binding of the capsular material occurs only 
with the G variants. A study was made of the variation of mobility with pH of the 
suspension liquid for a range of strains, in order to relate the variation of surface 
charge with the known antigenic characteristics. All the organisms studied belonged 
to Lancefield's group A; the group-specific carbo.hydrate was therefore a common 
feature; the organisms selected all contained a T antigen, some carrying in addition 
the type-specific M antigen. A Jut tlbet V~utcl. a i i t i ~ ,  d.--.~ig.,~ted R (ref. 4) was 
present in two s~:rains. 

~XPERIMENTAL 

Cultures and culture media. All organisms were grown in a modified Todd Hewitt 
medium 5 at 37 °, from a z % v/v inoculum of 24-h cells in the same medium. 

The strains studied, with their antigenic properties, are listed in Table I. The 
strains were checked serologically at all" stages. The presence of T antigen was es- 
tablished by means of the slide agglutination test using a suitably absorbed homo-. 
logous antiserum and a trypsinized cell suspension. The M antigen was identified 
by a precipitin test between the absorbed antiserum and the acid-extracted antigen'. 
The strength of the serological reaction varied amongst the different strains, Table I 
includ~ .;,i ;:.,'Acation of the strength of these reactions. 

Measur~,,,~nl o/growth. The growth of a culture was estimated by measuring the 
absorbancy at 6o0 mp against a blank of distilled water. The dry weight (mg/ml) 
was obtained, when required, from the ab~.,rbancy using a standard calibration curve. 

Detomination of hyuluronic acid. Hyalurt, P!~ acid was removed from the cells by 
the method of Sm~STOS# and estimated by the .nethod of DI F~-Rr~NI'P. A $o.ml 
aliquot of a culture of known absorbancy was centrifuged and the cells washed twice 
with acetate buffer solution (pH 6.o. 1 0.35) and finally resuspended in $ ml of this 
solution. The suspension was heated in a bolting-water bath for 3 ° :am ardcentrifuged; 
the ~ t  was discardc~l, x ml of the supernatant and z ml of acetate buffer 
solution were incubated at =7 ~ for to  rain and then = ml CrAB solution (=.5 g CrAB 
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TABLE I 

t T H E  A N T I G E N I C  F I ~ O P E R T I E S  O F  S T R A I N S  O* ~twe~tO~OCCtlt$ p~:~gelPl.¢5 U S E D  

+ + + = strong serological reaction ; + + = xverage serolog~%.al reaction, + ~ weak ~roi~ical  
reaction. 

i y'~ .Mtm..m ,Yo. ~w¢ ~IT T 

I 2 M  + + + -4-- 
2 TzI44/Rb4 832" i 2(; -- + ~- • 

2 7 1 5  o 2 M '  -.~ + ~ ,. 

3 D58X/I I 3M + + -- r + 4- 
D58X 3 G, . . . .  -r ~- -r 

5 R54/2o34 I 5M + ~r -- + - -  
5 ( ;  - + ~ - 

~ $43 ~3o2 6.M + "r + ~t -- 
$43 6;')9 0(; -- 4 ~ f - -  

I tzM ¢- + ' v - -  
1 2  I13',-,  ~ 1 2 ( ;  - -  + r - -  

t I 4 M  -4- * ,.F ÷ - 
t 4  Lowe 8t99 ~ i,,(; - . -r - -  

2 2  03"1" ~33o ~I/o3T - -  + ~ - -  

2 2  9RI'7b 

36 Cl ~9/5~ 

/¢ 

t Readily auto- 
agglutinated in the 
buffer solutions used 

I Produces large 
amounts of 
hyaluronidase 

# 2 z ~ , I  + + + + 

I 2 2 ( ;  - + + 

8227 3OM 4- + + 

" One NCTC number L',dicates that the variants were isolated by co!:my sck,~tion. 

Very mucoid strain 

in xoo ml 2 % NaOH solution), also at  37 :, was added.  Ttle resul tant  tu rb id i ty  was 
measured immechately in a Unicam 5Pboo spec t rophotomete r  at  4oo m/~ against  
a b lank in which x ml ace ta te  buffer solution replaced the superna tan t .  The cal ibrat ion 
curve,  const ructed  using known concentra t ions  of hyaluronic acid, was l inear up 
to  2oo ,ug hyaluronic  acid per  ml. I t  was thus possible to  de termine  the hyaluronic  
acid content  (/,g) per  mg d ry  wt.  of culture.  

M . , a s u r ~ c n l  o f  d e c t r o p k o r a i c  mobi l i ( v .  The cells from 50 ml oi cul ture were 
harves ted  when required,  washed three  t imes in, and  finally resuslxmded in, 5o ml 
of the  appropr i a t e  buffer solution of known pH and ionic s t rength.  The suspension 
was in t roduced  into  the  o b ~ r v a t i o n  chamber  of thee lec t ropt ,ores i s  appara tus  a t  ~5 ° 
a n d  the average mobi l i ty  of 3o cells de te rmined  by  the method  described by  G t r r r s s  
A ~ D  J , ,~Es  s. The technique and precaut ions  described by  these authors  were r igorously 
followed. In  general  the  popula t ions  were e lec t rophoret lca l ly  homogeneous and so 
on ly  mean  values  are  a u e t e d :  the  confidence l imit  for a single mean a t  P = o.o 5 was 
4- 3 %, values  differing by  more  than  xo % are  thus  significant.  

Bt~rm " t~/tm~a~. The " s t a n d a r d  phosphate  buffer so lu t ion"  was prepared  by  
di~tolving 4.536 g K H t P O ,  and  zx .949g  Na~I4PO4"t2HtO in xo l  g lass -dLs t i l Jed  

wate r ;  p H  7.oo. 1 o.ox3. Buffer mlut ioa$,  r.~-~d in p H - m o b f l i t y  stmlies, were pre- 
pa red  ~ w d j ~ r a  ba rb i tu ra t e ,  sodium ace ta te ,  and  HCP* with  the  addi t ion  of 
NaCI to give a coestant  ionic . t rengtb (o.oa). 

B ~ J m m  B ~ p k y e  A t e .  ob (Iqb$~ a t ~ - z ? 4  
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R E S U L T S  

The change of dectrophoretic mobility and hyaluvonic acid content of 6-h and z4-h cells 
of M and G variants, after repeated washing 

Following the previous observation t of change ot mobility o1 young ceils of the G 
variant ot Type 6 simply by repeated w~shing, it was decided to study this pheno- 
ntenon on variants of different types. It was necessary first to determine the number 
of washings required to remove all ti,e growth medium from the cells, while at the 
same time leaving undisturbed as much of the capsule as possible. 

The organisms from 500 ml o1 culture, grown under standard conditions, were 
harvested after 6--8 h ffrowth. The cells were resuspended in ~5 ml phosphate buffer 
solution and an aliquot removed for mobility determination (zero washing); the 
remainder was centrifuged and the ceils resuspended by a~tation in phosphate 
buffer solution. The mobility of ceils of this suspension was again detern-t~ned, and 
the residual susper, sion centrifuged. This process was repeated so that the mobility 
values of cells after 0-6 washings were obtained (Table II), all the cells being derived 
from the same initial population. The experiment was repeated on 24-h cells of each 
strain. 

Cells after sedimentation from the growth medium and resuspension (i.¢. zero 
washing) showed a wide range of mobility values due to adsorbed material from the 
growth medium. The mean value was without meaning and is not included in Table II. 
It was found that the mobility value after 2 washings was often greater than after 
x washing . . . . .  ~t ing the presence of adsorbed components of the growth medium. 
It was apparent that: 

T A B L E  1 I  

T H E  V A R I A T I O N  O F  T H E  E L E C T R O P H O R E T I C  M O B I L I T Y  O F  C E L L S  O F  Streptococcus pyogenes 
O N  R E P E A T E D  W A S H I N G  I N  P H O S P H A T E  B U F F E R  S O L U ' H O N  

Electropi~oreti¢ mobility (#/scc/! ' /cm/ 
NlraD; 

]r'ou~ c.tBs (6--8 k) 
Old c¢ll~ 

Number t~] 
wa~lttngs 1 J 3 4 6 3 

~,",l - -  I . o 5 "  - -  1 . 5 3 "  - - -  - -  1 . 2 9 "  - -  ! . 2 o "  - - t . z z  

2 G  - -  1 . 5 2  - -  i . 5 o  - -  v . 3 3  - -  i . 3 f ,  - -  x . 3 5  - -  1 . 3 5  

2 M '  - -  2 . 0 4  - 2 . 0 5  - 2 . 0 5  - 2 . o 1  - -  2 . o i  - t . z o  

. 4 M  - -  1 . 5 7  - -  1 . 7 9  - -  I S , .  - -  1 . 8 ]  - -  L 7 z  - -  s . 3 3  

3 G  - - 0 . 8 4  - -  x . 3 b  -- 1 l o  - - 0 . 9 9  - - 0 . 9 9  - - 0 . 9 9  

~ . q  - -  [ Yq~ - -  i , 0 ;  - -  1 92 - -  1 . 9 2  - -  1 . 9 2  - -  1 . 5 6  

5L.i - -  1 . 7 0  - -  1 . 7 o  -- l . ~  - -  x . 5 4  - -  1 - 3 2  - -  x.32 
~ [  - -  ! . 9  ° - -  1 . 9 4  - - 2 . 0 7  - - 2 . 1 0  - -  1 . 9 6  - -  1 . I  9 

( ~  - - 0 . 9 5  - -  i . ] O  - -  ! . 3 0  - -  i . 3 0  - - -  - -  1 - 3 2  

i 2 M  - 2 . 6 1  - 2 . , ¢ 9  - , . S x  - z . 4 8  - 2 . 4  b - 1 . 3 5  

1 2 G  - 2 . 0 4  - - 2 . 0 0  - i  ~ ¢  - - I  7 5  - - i  7 0  - - I . 6 5  

I 4 M  - 2 . 3 9  - -  ~ ' . 3 9  - -  J ' - 41  - -  2 - 4 2  - -  ~ ' . 4 3  - -  1 . 5 7  

I 4 G  - -  2 . 7 8  - 2 . 4 0  - -  2 .  I b  - -  1 - 9 5  - -  ! . 8 5  - -  1 . 8 3  

~ ' 2 M  - -  1 - 5 9  - -  1 . 5 9  - -  x - 5 9  - -  i - 5 9  - -  t . o o  - -  t . 4 3  

2 a G  - -  i . 7 9  - i . 7 2  - ; . t ) 5  - -  1 . 5 9  - -  ! . 5 9  - -  1 . 6 [  

2 a / 6 3 T  - I . I  4 - I . t ~ )  - I . b  3 - x . 5 o  - t . 5 2  - t . 4 9  

3 6 M  - t . 8 2  - 4 -8~)  - 4  -8~t - 4 . 7 7  - -  4 . 8 2  - 3 . 6 9  

" T h e s e  p o p u l a t i o n s  w e r e  e l e c t r o p h o r e t i c a l l y  h e t ~ .  

B/ockim.  Bk~pkvs. A c ~ ,  66 ( t ~ 3 ~  ~ 4 - z 7 4  
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(a) two washings were sufficient to remove the last traces ,,f gro,~th r::edium, 
leaving an electrokineticaUy reproducible and homogeneous surface; 

Cc) the mobility value of 24-h cells of both the M .and G v~riants of all types was 
constant, within the limits of experimental error, after I-6 washings {only tl'e val,le 
after 3 washings is quoted) ; 

(c) the mobility value of 6-h cells of the M variants of all types, e.:.'ept • v. -'%, 
(NCTC 832z) was constant on repeated washing; 

(d) in contrast, the mobility value of 6-h cells of the G variants of all types 
decreased with repeated washing and eventuaLly attained the value of 24-h cells of 
that variant. 

It was sho~m that the decrease in mobility of the 6-h cells of the G variants w~.s 
due to the removal of hyaluronic acid on repeated washing. The previous experiment 
was repeated and, in addition to the mobility determination, the hvaluronic acid 
. . . . .  c . ,  of the cells was determined after each w a s h i n g .  Fig. I shows  typical results 

- 1 .6  

>, -1.a 

0 
E 
u .~.~ 
Ip 

2 
.~ -1.0 
W 

t 0 . 2 5  

~ " ~ k ~  ~'0"- ~ ---O . . . . . . . . . . . . .  .0-- - -..i- - .4It 
% 

3 4 5 
Number  of Wosl~ing$ 

0 . 1 5  

! o 1o ~ ~ 

{3 2 4 -  PI ce.ll$ 

Fig. ,. The effect of washing on the mobility and hyaluronic acid content of young cells of Type 2G. 
O ~ O ,  mobility; @. mobility value of 24-h cells; Q - - O ,  h,..aluronit arid; ~ ,  hyaluronic acid 

content of -'4-h ceils. 

on Tbq~e-~G cells, from which the relationship . f  mt,biiity and hvaluronic acid content 
is in.mediately apparent. When all the capsular material has been removed, as in 
the 24-h cells, the mobility becomes constant at the value characteristic of 24-h cells. 
in contrast, the hyaluronic acid content of M cells of the same variant remained 
constant on washing, again in agreement with the mobility determinations. 

It is also apparent from Table II that the ease of removal of hyaluronic acid from 
the G variant depended on the type. Thus celb- of Type 6 lost their capsular material 
completely after x washing at pH 7.0, while wi,h cells of Types t2 and I4, 6 washings 
were required. Further it was observed with Type.6G cells that while x washing was 
sutkient to remove all the hyaluronic acid at pH 7.o, a washings were required at 
pH 5-5 and 4 at pH 8.0. Since the cells were more heavily sedimented in the centrifuge 
at pH 5.5 and 7.o, the extra m~hanical agitation (which in any case was not re- 
producible) required for resatspension, cotdd account for the increased efficiency of 
removal of e ~  material at these pH values. 

Bioc.kim. Biopkr,. Aa.. f,~, (~963) ~64.-:74 



S T U D ! I ~ ' 4  O N  T I l E  S T R E F T O C O C C . h J . .  C . ~ P S U L E  2 ~ _ )  

The variation of the dectrophoraic mobility amt the I(valuronic acid content of cells of 
S'.reptococcus pyogenes with culture age 

Two 5o-ml samples were removed aseptically from a grox~ing culture at intervals 
during the growth cycle (0--24 hi. The hyaluronic acid content  and the mobility of 
the cells was determined as previously described. Smaller samples, removed periodi- 
cally, w.~r.- used to plt~t tho growth curve. Extreme care was taken to standardize 
the washing procedure for the cells of the G variants to awfid superimposition of 
the change of mobility due ,o washing throe. Cells of Type 6G were washed twice 
at pH S.o I,efl}re final suspensitm at pH 7.o for mobility determinations. "l'ypi,'~] 
curves for the variation of the mobility, determined in s tandard phosphate buffer 
qolution, and of hyalurunic acid with atze are shown in Fig. ~ fi~r TyTe-xzG cells. 
Similar shaped curves, displaced on the ordinate, were obtained with cells of the 
M and G variants of T3q~es 2, 6, ~2 and t)'Im 36M. Tho m,dfility a, , l  tbo ~m,,unt ,,f 
capsutar hvaluronic acid always showed a parallel change, both increasing during 

~. -3.OF 
,..x . . . .  x__ _x__X__ - - x -__  x- - - ~  

P I 

_ 2 . 5  ~ ," 

\ • _ 

-L5 s - - e e tp 
l o  ~ '~ \ o  ~ - . ~  , ~  ,, 

r- , '  

X: [ 
o ;-- - ' 20 

1line f rom inoculation {h) 

i 0.7 
3 

0.6 ~ 

flO.~.~_ 

O IlJ 

-~0.3 ~ o 

E 

Jo X. 
Fig. 2. The variation ,,f thtr electrophoretic mobility anti hyaluronic acid content with age during 
the growth of Typo-l:(; organisms. × .... ~,, gn~wth curve; • - - O ,  eh, ctrophoretic mobility; 

0 - -  O, hyaluronic acid content, 

the phase of active cell division to a maximum at the end of this phase, thereafter 
de:reasing during the s ta t ionary phase to their original values. Cells of Type 36M, 
which were shown to produce large amounts of h.waluronic acid, showed a similar 
but considerably larger variation. The rate of removal of hyaluronic acid and, in 
consequence, tk~ rate of decrease of mobility varied with the strain, but in general 
all strains attained both a constant nv,bility value and a constant h3~iuronic acid 
content (usually zero) by 24 h. 

When 6-8-h cells, o| maximum mobilit." value, were subcultured into fresh 
gro~'th medium the mobility did not r~,  further bt;" remained constant at its original 
high value during the logarithmic pha~. u[ gtx,~-th, and subsequently decreased in 
the stat~nary phase to the value characteristic of normal 24-h cells. 

In contrast to this variation of mel~lity and hyaluronic acid with age. cells of 
a Type-22 strain (T2aib3T) showe:l no change of mobility at all throughout the growth 
cycle (Fig. 3), the mobility being that of a4-h oell~. In addition, no hyaluronic acid 

Bm¢.L~m. BieS)l~'s. A ~ .  66 (tq6$~ ~4-.474 
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could oe detected on the,;e cells at any stage of growth It wa~ kn,,wn that cells of 
this strain produced large amounts of hyaluronidase, enough apparently to depoly- 
meri~ and thus prevent the accumulation of any hyaluronic ac'M which might be 
formed, even m the c,u~ . . . . . . . . . . . . . .  ~ . ~ . . , .  " growth. This suggested that hyaluronidase re- 
leased into the medium might be responsible for the decrease in hyaluronic acid 
content with the concomitant decrea.~e in mobilit?,'. 

~ o2.~ 

i ~-2.C 

~ -1.5 
o 

-1.0 

o -o..' 
O.  

- -  • _ Z _  au _ 

/ 
/ 

~, - -  ,'o ,~  2'0 
Time f rom moculot ion (h) 

Fig. 3. Graphs showing the cormtancy of  the ciectrophoretic m.[~:l:ty and hvalur.ni,, 
with age during the growth of "rype-z,/o3W ,rganisms. • • , growth cur'<e; • 

phoretic mobility; 0 -G. hyaluronic acid content. 

,.,-$ 
1.0 o =  

O 0  

o.~ ~ 

a c i d  i 't J l l t{ , l l t  

O, ~'h'ctro- 

An attempt was therefore ma(k t~, detect hyalur.nid~se in the gr.wth nwdium *. 
I ml of culture supernatant was incubated at 37 ~ with z ml of standard hyalur.nic 
acid solution (~oo pg/ml) and thv remaining substrate estimah.d with CTAB. Since 
the growth medium may contain a turbidity-producing substance under these c-n- 
dit~ons a blank consisting of I ml of fresh growth medium and I ml of acetate buff¢,r 
solution was included. The difference between the sUlx.rnatant value and the blank 
gave the amount of residual ~ub.~trate. C,~mplete destruction of zoo v~g "f hyalur.nic 
acid was achieved widl z mi of SUl~'rnatant of TyI~' 22/03T in h..~ than 3o rain. The 
u ~  of thi~ method for the' estim:di:m of small amounts of t.nzvme was, however, 
complicated 3y tit,. fact that hyahironic acid appeared to !~, bound l, 3' components 
in this growth medium and was, in eonm.quenee, difficult to e.~timzte. It was found 
that e, xter incorix.wating ~oo/ag of hyaluron;.c actd in z mi . f  growth medium only 
too tag could be detected, l"hus the reduction due to the sma]t amounts of hvaluroni- 
dase was masked, and it was not l ~ b l e ,  by this methtxl, to demonstrate wkh 
certainty the presence of hyaluronida~ in the supernatants of any of the strains, 
other than 22/63T, even after 24-h incubation of supernatant and substrate. Since 
there was such a marked decrea~ in the hyaluronic acid content of the cells, it seemed 
probable that the. amount uf hyaluronida.~, pre~nt  was not sufficient to account fo- 
the ~ e d  reduction. 

A study was therefore made of the variation o f  the hyalur,mic acid on the cells 
and ia the growth medium with age. In this work the large changes in the h~'aluronic 

in the medium were not so susceptible to masking by the medium as pre~qousl.v. 
Little hyulurmfic acid appeared in the growth medium until the e~d of the h~garithmic 
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,~owth phase. Then the hyaluronic acid content of the cells decreased but the amount 
in the supernatant increased sharply and attained a maximum value some 5 h later. 
This suggested that  more hyaluronic acid was being formed by the cells during the 
stationary phase. Later the amount in the supernatant decreased very slowly in 
accord with a very low level of hyaluronidase activity. I t  would thus appear that  
the capsular hyaluronic acid wa~ throw~off ~je cell:~ into the medium at the onset of  
the stationary phase, and sub~quently depoiyrnerised by th~ e,z,.~.~ at a very 
slow rate. 

7"he variation of the mobility with the pi-t of the suspension liquid for e4-h cells of 
Streptococcus pyogenes 

So far it has been established that,  ~qth one exception, hyaluronic acid is present 
on cells of all the strains tested, and that  the variation of mobility can be correlated 
with hyaluronic acid content of cells grown under sta~ndard conditions and tested 
at constant pH and ionic strength. Under constant conditions of age and growth, a 
study of the effect of variation ot the physical properties (e.g. pH) of the suspension 
liquid used for the mobility determinations will give information about the nature 
of surface ionogenic groups. I t  should further reveal similarities or differences between 
M and G variants of the same strain and also between strains belonging to different 
types. Because of the loss of capsular material on washing of cells of the G variants 
only z4-h cell~ were stuQ,ed. -r . . . .  were harvested by  centrffugation and ;v~hed 
twice in the standard phos,)hate buffer solution (pH 7.0) ~nd divided into a number 
of p6rtions. The cells in each portion were subsequently washed twice in the appropri- 
ate buffer ~olution of kn ~wn I.H (I o.o2) and resus,~onded in this solution for mobility 
determination. Two general types of curve were obtained (Fig. 4), in one of these 
there was a mobility plateau in the pH region 6.0 to 9.5 whilst in the other there was 
an additional small but significant increase in mobility at pH 7.o. I t  was found that  
strains exhibiting the h)ng plateau were those wmela still had residual hyaluronic 
acid on the surface, whilst strains possessing no surface hyaluronic ncid gave the 
second type of curve. 

The experiment was repeated, but now the cells wer- divided into two fractions. 
Cells of the first fraction were used to determine the normal pH-mob i l i t y  curve. 
The cells in the ~-c~md fraction were treated with hyaluronidase (L. Light and Co.) 

"0.  

p o s  I. ~'~ 

"" .1.0 

Fig. 4. ptl- mobility curves for 24-h celim of T~lpe =G. ~ - - ¢ ~ ,  normal cells; O - - O ,  cells Mter 
~ e n t  with hyaluroaida~. 
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at  a final concentration of 5 I.U./ml in standard phosphate buffer _~dution (pH 7.0) 
for I h at 37 °. T h e ~  cells were then w~.shed twice in the appropriate buffer solutions 
and the p H - m o b i l i t y  cur~,es determined. I t  was found, irrespective of the previous 
curve obtained_ that  all cells showed a common curve, i.e. the one ~ith the additional 
increase at  pH 7.o. Apart  from the region pH 5.5 to 7.o the tw~ curves were coincident, 
showing that  the hyaluronidase is not irreversibly adsorbed on the surfa, e. 

To ens~tre t i ~ t  no irreversible surface changes had occurred, cells after ~u.~pension 
in solution" of extreme pH values were ~(a.shed and resuspended in standard buffer 
solution al pH 7.o. If the mobilit," of these cells was not the same ~s thv.t of normal 
cells thei. ~t was assu~cod that  surface dis,~rganization had -ccurred. Mobility values 
were oldy accepted and p/ottcd (Fig. 4) when the cells were reversible to pH 7.o; 
the pH range for reversibility for all strains was 3 t(, I~. 

The curves for the M and G variants of Typ~s 2, 3, 6 and I2 were all similar, they 
showed a positive mobility value in ~lut ion of low pH, indicating the presence of 
surface amino groups, an isoelectric point between pH 4.3 and 4.7 (except Type izG 
at  pH 3.5), followed by an increase in the neeative mobilit;" to a plateau region 
indicative of ~,~boxyl. The increase in mobility at pH 7.o suggested the presence of 
a component which ionises at this pH and which in some strains was masked with 
hyaluronie acid. 

DISCUSSION 

The surface components of Aerobacter aerogenes previously studied u were simple 
macromolecular pol~maccharides possessing acidic groupings. The surface was stable 
to repeated washing and independent of the nature of the growth medium, so that the 
mobility changes observed were easily explained. In contrast, the streptococci studied 
here p r e~n t  a more complex problem. The gro~vth medium, prepared from meat 
extract,  is not chemically defined and reproducible, and con~quently slight variations 
in the electrical properties of the cells occurred from batch to batch. All mobility 
measurements, e.g. variation x~Ith washing, age and pH were therefore made on cells 
of the same culture, thu.~, avoiding effects prod-Iced by using different growth media 
or inocala. The nature G. the surfaces of t h e ~  organisms pre~nts  a more complex 
r, icture; the oute.,most components undoubtedly ~nclude capsular material, which 
irtay or may not be firmly bound, and protein antigens and macromolecular acidic 
polysaccharide .... : . . . . . . . .  wlla~l~ apl~C,tt to b~ iirndy L~mnd to the celi wall. Since these latter 
components are type- and group-specific, respectively, valid comparisons can only 
be made between M and G varmnts ot the same strain, although some general 
conclusions may  be drawn fol cells of all t~q~es. Hyaluronic aci0 was pre~nt ,  at some 
stage in the growth cycle on cells of all strains except those of the "lype-22 strain 
22/63"1". The antigenic structure appears to control the strength of bonding of, but 
not the amount of, capsular material. 

All the organisms possess a large negative charge at net, trM pH values and for 
a given type there is no relationship between the magnitude of the charge and the 
antigenic structure (Table I1). 

Repeated washing of some other organisms has no significant effect on their 
mobil i tym ts suggesting that  a stable sudace is immediately forn ed. Xlq~ether this 
sm lace i~ the calxmde or the cell wall will to a large extent der~. nd on the constitution 
of the medium. The Todd Hewitt medium used in this work was :,ufliciently nutrient 
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, . . . ~ :  . . . . . . . . . . . . .  1 . . . .  ~-,~,-;~1 to be *,,~.~rn. ~a Th.~ M and G variants differed in the strength 
of binding of this capsular material. In general (Table II, Fig. I) the capsular hyahi- 
tonic acid was removed from the young cells of G variants merely oy repeated washing 
in phosphate buffer solution at pH 7.o. The remov.ql was plxrely mechanical, for if 
stronger agitation was used in resuspenLsion of the cells then fewer washings were 
necessary. In contrast, young cells of the M variants showed no loss of hyaluronic 
acid and no change in mobility on repeated washing, even with strong agitation. 

r- 
It was thus a general property of the M-variant strains studied that the capsular 
hyahironic acid is strongly bound to the surface of young cells and cannot be removed 
merely bv wa mh,V. $~ cells of Strain NCTC 8322 designated Type 2M were an ex- 
ception to this rule. These cells were anomalous in their behav.@_'_r ;-" ,i,~, ~,o+h, • 

they produced the only electrokinetically heterogeneous populations observed in 
this work and secondly, on repeated washing the mobility approached a value charac- 
teristic of 24-h cells. A negative serological test indicates that the number of ,organisms 
c a r t i n g  the test antigen is small, but a positive test only indicates that a certain 
proportion, not necessarily a majority, of the cells carry the antigen. Thus, although 
the cells of T3-pe 2M were serologically M + it is possible that most of them did not 
carry the M antigen. The anomalous behaviour of Type 2M could be explained by 
such a serologically heterogeneous population. Another strain, 715o, also classified 
ser01ogically as Type 2M, but giving electrophoretically homogeneous populations, 

M - w t i a ~  . . . .  "~- The 24-h cens -~* exhibited the washing characteristics of other . . . . . .  " . . . .  ~ . . . . . . .  ~ ... 
all variants, however, showed a constant mobility on repeated washing, despite the 
possession by cells of some strains of residual hyaluronic acid removable only by 
treatment with hyaluronidase. Thus it would appear that byahironic acid exists on 
the cell surface: of all strains, but the strength of binding to the surface is dependent 
on the antigenic structure. Possibly the hyaiuronic acid is chemically bonded to 
the M antigen and, in the absence of this antigen, as with G variants, the capsule 
is only loosely adsorbed. 

Variation of mo0ility with age has been reported for several organismsn,14, x6. 
These changes have not been adequately correlated wRh any reported change in 
biological properties of the cells or with change of the properties of the growth 
medium. The results reported here show an excellent correlation between electro- 
phoretic mobility and the amount of capsular hyahironic acid. With the exception 
of cells of Type 22/63% which produce large amounts of hyahironidase, there was 
alwa3~s an increa~ in the amount of hyahironic acid on the organisms during the 
logarithmic growth phase followed by a decrease during the stationary phase. This 
x;a:, ~ , cc , ~ , , , pa l f i e d  by a parallel variatitm in the negative charge carried Ly tile 
organism~, if it is assumed (a) that the difference in mobility between 6- and z4-h 
cells is entirely due to the loss of hyMuronic acid, i . e .  the hyaluronic acid is not covering 
other ionogenic groups which will thtti contribute to the charge and, 0a), that the 
hyahironic acid is of no more than molecuL ~: thickness, then it is possible to calculate 
this loss from mobility data and compare it wlt:t that  obtained by  direct measurement. 
For cells of Type 36M the change in charge density, calculated using the Gouy equation 
was x.86-xo' esu/crn t. Frtan the direct mea.qLrement of hyaluronic acid, assuming 
that the ce~s are spheres of diameter x/~ and that all of the carboxyl groups are 

oriented to the aqueous phase t h e  corresponding change in charge deusity was 
3 .95" t#  ~u!cm t, I )~pite  the facts that the estimation of hvahaxmic acid is of 
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limited accuracy,  and tha t  the Gouy equatioit is .lot str ict ly applicable to a surface 
penetrable by  ions, underest imating the charge densi ty by  a factor of two (ref. I6), 
the agreement  between the two values is good. Similar results obtained from other 
strains are sufficient to indicate tha t  the variation of  capsular hyaluronic acia was 
largely responsible for the variat ion of electrophoretic mobility. 

Hyaluronidase was present in sufficient amotmt  in the culture supe, na tant  ot 
Type ~2/63T to  prevent  the formation of capsular material  (Fig. 3), but  could not 
be detected in the supernatant  of the other  strains tested. This is in agreement with 
the observations of ROSENDAL AND FABER t7 tha t  it may  be necessary to incubate 
substrate  and supernatant  of group-A streptococci for up to 5 days to demonstrate  
depolymerisation of substrate.  The results indicate tha t  this small amount  of hvaluro- 
nidase was not responsible for the decrease in mobil i ty at the onset of the s ta t ionary 
phase, but  tha t  the  capsular material  was lost to the growth medium where it was 
slowly depolymerised. 

After t rea tment  with hyaluronidase, z4-h cells of all the strains studied, irre- 
spective of their antigenic structure,  all have similar surfaces (Fig. 4)- These p H -  
mobil i ty curves are characterist ic  of an ionogenic surface containing amino groups 
(pK about  Io), carboxyl  groups (pK 3.5-4.0) and an unidentified component (pK 7)- 
The amounts  of these ionogenic groups va ry  with the strain, and this results in a 
displacement of the curves along the ordinate. Since the p H - m o b i l i t y  curves bear 
no resemblance to  those of acidic poivsacchandes,  hyaiuronic acid ~ and proteins ~y, 
none of these components  can completely cover the surface. However, +.he p re~nce  
of both amino and carboxvl groups on the surface of cells trea+-ed with hvalurc, nidase 
suggests tha t  the outer layers of the wall are composed of a polysacchar ide-prote in  
complex. 
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