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Part Tis

The composition of the extracellular polysaccharides of five

strains of A, aerogenes, two strains of A, cloacae, three

strains of Klebsiella and one strain of E

« COl1,

4 The exopolysaccharides of five strains of A, aeropenési two of
a

A, cloacae, three of Klebsiella and one of E, coli were iso

examined.

ted and

24 'They were found to be unusual polyuronides with the following
compositions (expressed in molecular ratios.)

A, aerogenes

strain AL
"o AB
L A3(81)
LIV
1 A29
A, cloacae

NCTC. 5920 __
NCTC 5936

Klebsiella
type K2

n K26(S1)
" K29(Sl)

Be iGolid
strain A102

glucose (8), uronic acid (4), fucose (2)
glucose (9), uronic acid (5), fucose (2)
glucose (9), uronic acid (5), fucose (2)
galactose (17), uronic acid 38), glucose (7),
mannose (1)

mannose (2), galactose (1), uronic acid (1)

galactose (3), fucose. (3),. glucose (2), -uronic acid (>
glucose, galactose, fucose, uronic acid.

glucose (8), uronic acid (6), galactose (5),

mannose (2).

galactose (4), glucose (3), mannose (3), uronic acid(@
galactose (5), uronic acid (4), mannose (2)

uronic acid (10), glucose (8), galactose (8),
fucose (8), rhamnose (1).

D-glucose and L-fucose were confirmed in the polysaccharide of
A, aerogenes strain A3(S1) by isolation and preparation of derivatives.
None of the uronic acid components were identified.

3. - The slime and capsular polysaccharides of A. aerogenes strain A3
were isolated separately and shown to be identical.

4, The exopolysaccharide of a slime-formineg variant (A. aerogenes strain
A3(S1)) was shown to retain the composition of the exopolysaccharide of
its parent capsulate strain (A3).

5. The immunological relationship of the exopolysaccharides of
A. aerocenes strains Al, A3 and A3(S1l) were examined and they were shown

to be identical.

The exopolysaccharide of strain A3(S1) in dilutions

of 1,000,000 was found to react with homologous immune serum.

Part 7I. The influence of carbon substrate on the composition of the

extracellular polysaccharide of A, aerogemes (Strain A3(S1)).

A non-capsulate slime-forming strain (%3(811) of A. aerosenra yas



no
.

cultured in simple synthetic medium containing glucose, galactose,
mannitol, xylose, fucose, rhamnose, glucurcne and:sucrose (used
singly) as sole carbon and energy source. The exopolysaccharide
produced by the orcanism from each sugar was examined and its
composition found to be the same in each case: glucose (9 parts),
uronic acid (5 parts) and fucose (2 parts). No levan was produced
by the organism when grown on sucrose. The constant composition
of the polysaccharide is interpreted to indicate that heteropoly-
saccharides are synthesised by some form of template mechanism,

Part TIT. The somatic and intracellular Dolysaccha"ides of
A, aerogenes (strain A3(0)).

The somatic and intracellular polysaccharides of a smooth strain
(A3(0)) of A. aerogenes were extracted by a series of increasingly
drastic conditions: boiling water, boiling 10% potassium hydroxide
and cold 607 sulphuric acid, The first and second staces remove
777 and 20% of the total polysaccharide respectively. The fractions
appear to be mixtures of a galactan and a glucan in various proportions.
The galactan comprises the bulk of the total polysaccharide of this
strain, and is believed to account for the small amounts of galactose
found in the exopolysaccharides of A, aerogenes strains Al, A3 and
A3(81). The identity of the galactose was confirmed by ox1dation
of some of the main fraction and isolation of mucic acid.

The main fraction of isolated polysaccharide reacted with A3(0)
antiserum but could not completely absorb all the antibody against
A3(0) ‘cells.: »
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1.
GEN L JINTRODUCTION TO BACTL L POLYSACC

Carbohydrate compounds, predominantly in the
form of polyssccharides, constitute 10 to 30% of the
weight of dried bacteris,(Knaysi 1951). These
Ipolyaaccharidea which may occur free or combined
with lipid and protein, are found chiefly in the
"slime-layer" and cell wall, but are also found
within the cell, where in some cases large guantities
- of carbohydrate inclusion bodies have been found.
‘Mainly on the evidence of staining reactions these
inclusion bodies are believed %o be glycogen o
' gtarch.

Most of the interest in bacterisl carbohydrates
hes centered on the polysaccharides outside the cell
wall, This is mainly because it has been found
that the immunological properties of capsulated
organisms are caetermined by the nature of their
capsules, and that & relstionship exists between
virulence and cepsulation in many pathogenic species,
Furthermore these meterisls are smong the most
easily isolated of all bacterial products. Except
for a few cases all capsules contain large amounts of
polysseccharide, and ;t has been shown that the
immunological speeificity of capsulated orgenisms
. depends on the polysaccharide moisty acting as hapten
or as the compiete antigen. Thus bacterial extra-
cellular polysgccharides, especially those of certain

pathogens have been the subject of much study.
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Slime and capsule. The extracellular polysaccharides

can be considered to be of two forms - slime and capsule.
‘When the polysaccharide materisl is detached from the
cell and 1s present as an smorphous mass #hat disperses
freely it is called slime; it is described as a capsule
'when the polysaccharide adheres to the cel: end has a
'distinct shape and edge.

Much confusion has arisen through the indiscriminate
use of ambiguous terms to describe these structures,
e.g. gum, mucus, sheath, slime, slime-layer, slime-
.envelope etc. Recently the need for greater precision
of description has been stressed, (Duguid,1951; ¥udd, |
1953).  Duguid has suggested avoiding the term slime-
layer in order to prevent confusion with slime(as |
defined above). The same author proposes that the
term capsule be used only for eny microscopically
demonstrable covering layer external to the cell-wall
which is firm enough to remain adherent when the cells |
are suspended 1in water,

There is yet need for a term to describe extra-
cellular polyssccharide in genersl, without reference
' to slime or capsule. It is here suggested that the
term "exopolysaccharide" be used for this ptrpose, by
analogy with exotoxin snd exoenzyme. It will be used
with this sense in the rest of the thesis,

Demonstration of slime and cspsule, Bacterial

slime and capsule are difficult to demonstrate

microscopically on dried and fixed films becaus of their
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low affinity for dyes, and their liability to gross
shrinkage and distortion on drying snd fixing, After |
:a thorough investigation of the problem sand essessment |
of the aveilable methods Duguid(1951) reported that ’
the wet-film India-ink method is the most reliable

for genersl application, The importent advantage of |
this method is that, with cere, there is no dietortion;:
the caepsule and slime are seen as clear bright zones |
against the dasrk background,

h Another important method is the "specific swelling
reaction" or "quellung reaction" of Neufeld(1902), in i
which the capsules are rendered visible by the formatio#
bf insoluble antigen-antibody complexes at the capsule
purfacea. This method is of less general application
than the indie=-ink method because it 1ls necessary to
ireat the cells with homologous antiserum, or with an
antiserum capable of cross~-reascting with the oapaular. f
substance before the capsules are rendered visible, |
but the method is of obvious value in the typing of
organisms. Non-specific quellung reactions, not
erending on the formation of antigen-antibody
éomplexes, have been described by Neufeld and Etinger-
Tulczynska(1931), end more recently by Jacox(1947)

and Tomeaik and Guex~Holzer(1954). The name of the
method is misleading ss it is now known that swelling
does not in fact occur,(Kleineberger-Nobel 1948,

Duguid 1951). The appearance of capsules in place of
the smaller apparently bare cells give the illusion of

swelling.
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:gccurrence of bacterisl exopolyssccharides
| Exopolysacchaeride production is a highly variable

iprOperty and cannot be considered without reference to

icultural conditions, The cell may be able to manu=-

ifscturo an exopolysaccharide, but whether 1% produces |

| |
it or not depends on the environment and on the presence

|of sulitable raw material. The exopolysaccharide

icharacteristica of strains may change on repeated sub- |

‘culture, leading to reduction, loss, increese or

faudden appearsunce of exopolysaccharide, (For example

'see liaassen, Knothe and von Krohn, 1952), Mucoid

veriants of normally non-mucoid species, and vice—varea}
| |

iare of relstively common occurrence.

According to Etinger-Tulczynska (1933) bacteries
may be arranged into three groupsj bacteris producing
!no exopolysaccharide, bacteria producing sither

|
|
|
|
icapsules or slime, and bacteris producing both capaules‘
and slime, The second group must be smended, becsuse
%1t is now known thst although many organisms produce

éslime without capsules, bacteria never produce capaules{

?1thout slime, 1In every instance when cell-free

bulture filtrates of cepsulated species have been
I

?xaminad, microscopically invisible but chemically
and immunologically detectable slime has been found.

Duguid (1951) showed that to demonstrate slime micro-
scopically it is necessary %o prepare films from |
|
purface culturea on solid media, If films are prepare;

krom liquid suspensions of solid cultures. or from i
[



5

;1iquid cultures, only the capsules are seen; the slime
is dispersed to give & uniform solution in the liquid |
and as such remains invisible, giving the appesrance
of capsule formetion without slime. In the.light of
present knowledge therefore, a clasasification on the i
‘basis of exopolysasccharide production would show the
following types: |
l. Bacteris producing no exopolysaccharide |
. 2, Bacteria producing slime alone
| 3, Bacteris producing both capsules and slime
It is emphesised thet any considerstion of exopoly=-
saccheride production must be referred to defined
:environmental conditions, otherwise the presence or
absence of exopolysaccharide would be meaningless as
a criterion of classification, An example of this

is the orgenism Leuconostoc mesenteroides which when

‘cultured on sucrose-containing medium produces large
;quantitiea of slime, but which produces none when

grown on media containing monosaccharides. Besgides
affecting the total exopolysaccharide production,
‘environmental conditions can influence the relative
emounts of slime and cepsule, (Duguid and Wilkinson,
1953).

Despite the marked influence of cultursal conditiong,
certain species produce capsules in most circumstancea,é
e.g. Diplococcus pneumonise, the Klebsiella -Agggbactegé
'group, Bacillus anthracis, Clostridium welchiil and

Micrococcus tetragengs.. S8lime=formince hactaris that !
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;do not produce capsules are often variants of capaular;

' species and nearly all of them are motile, Some apec;es
are known to have strains corresponding to sgll three oﬁ
the above exopolyssccharide types, Duguid (1951)
:examined 52 type I Escherichis coll strains and found

'8 slime-forming non-cepsuler strains ( 6 motile 2 non- |
‘motile), 2 capsulste strains (bcth non-motile), and tha:
'remaining 42 streins producing neither cspsules or slime
in detectable amounts, Wilkinson, Duguid,and Edmunda;

(1954) described veriant strsins of gerobacter serozenes
| 1

which included all three exopolysaccharide types:= g
:strain A3(0) produced no exocpolysaccharide, strain

;AS(Sl) produced slime only, and strain A3 produced both
capsules and slime, g

Colony asppearance snd exopolysaccharide distribution

The appearance of a bacterial colony is affected
by the morphology of its constituent cells, Slime
and cspsules, being exterior to the cells and capable
of being produced in very lesrge quantities, have a
decisive influence on colony appearance; sand as a
consequence, colonial morphology is subject to the

same influences as exopolysaccharide production,

Essentially, there are three types of colonies, muccid

f(M), smooth(8) and rough (R), but intermediate types |

exist, Unfortunately, these adjectives have been
defined inadequately, causing confusion between

descriptions applied by different authors, especially
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when colony appearance is applied as an index of !
Eantigenic structure of different species and strains,
Wilkinson, Duguid and Edmunds (1954) have

correlated colonial with microscopic appearance, in the
case of A,acrogenes, é;giggggg and E.coll strains, andé
have introduced a quantitative approach to the problem,
‘They found that 2ll strains producing large amounts of
8lime and capsule, or slime alone, formed mucoid coloni?s.

Smooth strains producéd much less polysaccheride, most

jof it intracellular, while rough strains produced least
polyseccharide, They found that the factor controlling

the degree of mucoidness appeared to be the extent by

which the totsl volume of surface cultures (including
‘exopolyseccheride) exdoeded the total volume of the

bare cells in the culture, In non-muccid cultures

(s end R) these two terms were approximately equal, andé
‘the bacterial dry-weight was found %o make up 22 - 37%
iof the wet-weight of the cultures, In slightly mucoid!
;culturea the cells occupied 13 - LL% of the total volum%
of the cultures, and the bacterial dry-weight was

10~14% of the cultursl wet-weight, With highly mucoi?
cultures the cells occupied only 1- 5% of the total '
volume of the cultures, end the bacterial dry-weight i
was only 3 - 67 of the cultural wet-weight, !
|

Influence of environmentel conditions on exopolysaccharide

production }
Although it has long been known that exopolyaacvba*ida
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production depends very much on environmental conditiong,

icomparatively little work has been done to investigate é
éthis aspect of bacterial physiology. Many authors, 1n%
istudying the exopolysaccharides of perticular orgsnisms,
@ave experimented with cultural conditions in order to
!obtain optimum yields of exopolysaccharide, but there
%ave been few systematic investigations. Recently
éthorough quantitative studies have been made on the
éinfluence of cultural conditions on polysaccharide
broduction by A.eerogenes (Duguid and wilkinson, 1953)‘
end pneumococcus type III (Bernheimer, 1953). 1In
%orrelating the available data some uncertainty'arises,
?or prior to the stuadies Just cited, 1nvéat1gationa
;ere made mostly by methods which estimated only part of
?the'total polysaccharide, In the sections that follow,

an attempt is made to present the results found for the

Pnfluence of various factors on exopolyssccharide
production.

(1) Influence of carbon source

Non-exscting heterotrophic orgenisms may utilise

single carbon compound as source of both energy and

o

Paaimilated carbon; part of the carbon substrate is
oxidised to provide energy for growth and the
@ssimilatory processes, and the remainder is assmilated
|

to provide building units for the synthetic processes.

Seigel and Clifton (1950) found that the ratio of carbon

@aaimilatad to cerbon utilised by E.coll in a glucose |

@adium was constant, between 0.56 and 0,60, but no



:1nformation was given by the authors concerning the E
ffate of the essimilsted carbon, Working with washed
‘cella of erogenes, Stark end Wilkinson (unpublished
Iraaulta) found that the ratio of glucose assimileted

ito glucose utilised ranged between 0,60 and 0,82 snd

that about half of the sssimilated glucose was converte?
to polysaccharide; 1.e., A.aerogenes was found to convert
Eabout 20% of the glucose substrate into polysaccharide.
All workers have found that to obtain abundant
iezopolysaccharide it is necessary to provide an excess
iof utilisable carbon substrate, normaelly carbohydrate.

EWhen the level of the other components in & suitsble

;growth medium sre fixed, it is found that over a short
'renge, increesing sugar concentrations lead to increase#
fpolyaaccharide produection, But an upper limit is reacng%
beyond which increasing sugar in the medium becoses
Einhibitory. Hoogerheide (1939) observed that when
'igrown in glucose peptone broth, polysaccharide production

%by Klebsiells pneumoniase wes maximal with 0,5 = 1%
|

glucose; concentrations of glucose greater than 16%

iwex-e inhibitory. s
| It is now known that the asbsolute concentrstion of|
;arbohydrate substrate in a médium is less importent
than its concentation relative to that of other usaenti&l
?ubatrataa. This effect was cbserved by Hoogerheide,
%ho reported that exopolysaccharide production by

tl, pneumoniae was increased when growth was limited E

by phosphorus deficiency; he postulated that exopoly-




10.

‘saccharides are formed in conditions unfa¥ourable for
'growth rather than during active proliferastion,

Duguid (1948) during a study of capsule sizes of
‘Asserogenes grown on defined solid media, made the
significant observations that the largest capsules

were obtained when growth was carried out on medies in
‘'which the carbohydrate/nitrogen or carbohydrate/phosphorus
ratios were high. These results suggested that exo-
polysaccharide synthesis is favoured when growth is
limited by deficiency of an essential nutrient other
than the carbohydrate source of energy; under such
conditions the energy required for growth is limited

and the excess carbohydrate can be used for polysaccharide
synthesis. Bunting, Robinow and Bunting (1949)
confirmed Duguid's findings with Serratia marcescens

and A,serogenes. The earlier results were confirmed

by Duguid and Wilkinson (1953) in a quantitative

study carried out on a single capsulate stresin (A3)

of A.@erogenes in which the slime and capsuler poly-
saccharides were estimsted chemically, and the intra-
cellular polysaccharide by staining, so that the total
polysaccharide was measured. It was confirmed that |
dericiéncy of nitrogen and phosphorus in the presence of
excess sugar greatly increcased polysaccharide production,
and it was discovered that sulphate deficiancy had a
similar effect, An upper limit was found for the

eamount of polysaccharide that ecan be produced, even in

eultures deficient in nitrogen; polysaccharide production



115, |

;ceaaéd while sugsr and oxygen were unexhausted the pH |
ifa#ourable and most of the cells alive., Duguid end
‘Wilkinson aslso observed that exopolysaccharide was
érormea under all conditions; a small amount wes
‘produced even when the suger supply was very limited. f
| wilkinson, Duguid end Edmunds (1954) 1nvestigated!
straina of Eeoll end A.,cloncee as well as other strain&
‘of A.eerogenes using the method developed by Duguid
?and Wilkinson, and found that the sasme behsviour was
‘shown by these orgenisms, In contrast to the effect
?or nitrogen, phosphorus and sulphur deficiency in the

presence of excese carbohydrate, it was observed tha§

?and exopolysaccharide production. Hoogerheide (1939)
Ereported that caleium deficiengy hed a similsr effect
ion Elspneumonise, Bernheimer (1953) found that the
Jahaenee (singly) of magnesiuy potassium end phosphorus

l
|
?potaaaium deficiency csused s decresse both in growth
|
|
|

csused a decrease in the exopolyssccharide produced by |

;e suspension of enzymetically-decapsulated pneumococel,

| Puture work over e wider range of orgenisms may

show that exopolysaccharide production in sll bscterie

is influenced in & similsr menner by nutritionsl
eonditions, i.e. thst msxinum polyssccharide produotionl
18 sttained when the ratio of suger to nitrogen,
.phoaphorua or sulphur in the medium is lerge., It may |
be found too, that deficiency of other essentisl nutriekta
such ss en essentisl amino scid, in the presence of exc%aa

iougar, may be as effective in causing meximal oxopolyaaycharide



production, |
The nsture of the carbon substrate can have an
important. influence on the course of exopolysaccharide
production, Most organisms can produce their exopoly-
saccharides from any utiliseble carbon source, the
emount formed depending on the nature of tha_auhstrate;:
i.e. with most species the exopolysaccharide is a normal
concomitant of growth, and does not require a specific
carbon substrate for its elaboration, But exceptions
are known where the organism can produce its exopoly-
saccharide only from one carbon source, even though it
¢an utilise a large number of substrates for growth,
These exceptions are found among the dextran and levan~
#roduoing species, Levan-producers (e,g, Bacillus

§ubtilis, Bacillus mesentericus, Aerobacter levenicum

end Streptococcus sslivarius, etc,) form levans only

from sucrose and raffinose; other common sugars, like
glucose, fructose and meltose are not suitable subsimtes,
Dextran~-forming species like L.mesenteroides, Leuconostoc

dextranicum and Betsbacterium vermiforme require sucrose

for the production of their exopolysaccharides. Other
dextran-formers, Acetobacter viscosum end Acetobacter
gapsuletum, require dextrin as specific substrate for
dextran synthesis.

Morgan and Beckwith (1939) in e study of the effect
of different carbohydrates upon muccid growth of
Escherichia and Sslmonella strains, found the following

substrates effective in verious degrees; glucose,
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fructose, galactose, L-rhamnose, sucrose,lactose,
L-arabincse, xylose, sorbitol,dulcitol,trehalose,
raffinose, dextrin and salicin, They found that
fermentation reactions paralleled the mucoldness of
growth on solid media incorporating the sugars.
ﬁoogerheide (1939) studied the effect of using different
sugars as carbon eource for Kl,pneumonise, by adding 1%.
of the sugsr to 4 peptone broth, and measuring the sizé
of cepsule produced, When glucose, sucrose snd maltosd
were used, the capsules were practically the same size;
with mannitol the capsules were somewhst smsller, while |
with pyruvate, glycerol and rhamnose they were consider;
ably smaller, Bernheimer (1953) found that no other
@ugar was as effective as glucose for high yields of
exopolysaccharide by decspsulated type III pneumococci,

as shown in the following table,

Effect of various sugars and relsted

compounds on exopolysaccharide
formation by type III pneumococcus

Exopolysaccharide=-
Substrate forming activity.

_ (glucose = 100;*
fructose /100 e
galactose = 50
maltose  14/200 63 ;
gucrose ’ 38
lactose " 65
cellobiose " ¢}
glucosamine  ¥/100 L7
glucose l-phosphate(di K salt)M/100 11
K 3-phosphoglycerate /100 19
glycerol M/100 3
Na glucurcnate M/100 3
Na cellobiuronste 0
menthol glucuronide 0
glycogen (1.8 mg/ml,) 13

X exopolyseccharide production messured after 60 minutes inéubation
at 379)
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| Assimilation studies with E.coli (Siegel and |
|
IClifton, 1950) have given the following ratios, for !

'substrate assimilated to substrate oxidised;- arabinose|
i ' ‘

iO.Gh, lactose 0.55, succinate O,41, fumarate 0,43, '
|

0.58,+ No information was given regarding the extent

lactate 0,40, pyruvate O.44, glycerol 0.70 and glucose

of conversion to polysaccharide, The results led the
lauthors to conclude that the molecular structure of the

iaubstrate and of the intermediate degradation products,

is of greater importance to the cell than the free

energy of its oxidation, in determining the extent of

|
‘synthesis to cell material,

'(11) Influence of nitrogen source

The nitrogen source plays a less lmportant role

'in exopolysaccharide production than the carbon source,
Its main influence appears to be in determining the

relative surplus of carbon that will be svailable for
|

irequirements, if controlled by the amount available

exopolysaccharide synthesis after growth energy-

J
have been met.

Hoogerheide (1939) examined the influence of

different nitrogen sources (proteins and peptones) on

the capsule size of Kl,pneumonise and obtsined results

#hich suggested that the nitrogen substrate had some %
iinfluence on capsule size, The results are of doubtfu
%alue, however, becsuse it is unlikely that the sugar/ T
hitrogen ratio was the same in all the media,. Duguid
bnd Wilkinson (1953) found that the exopolysaccharide

production of A,serogenes was Unaffected if bactopeptonT
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Ewas used in place of smmonium sulphste, while maintaining
' the same sugar/nitrogen ratio,

'(111) Influence of temperature of incubation

The influence of temperature of incubation on ;

Eexopolysaccharide production appesrs to depend on the

‘organism, It has been found that exopclysaccharide

'production by Sslmonella and Escherichias organisms is

‘favoured by low temperstures (10 - 150) (Birch-Hirschfeld,
1936; Morgen and Beckwith, 1939; Beiser snd Davis, 1953;
‘wilkinson, Duguid and Edmunds, 1954), while with

Klebsiella end Aerobacter species the reverse is true,

:more polysaccharide being produced at 370 than at lower)

! {
‘temperatures (Etinger-Tulcznska, 1933; Hoogerheide, 1939;
;maaasen, Knothe and von Krohn, 1952).

Duguid and Wilkinson (1953) obtained interesting

results with A.serogenes strain A3,, They found thet |

;1n nitrogen-rich conditions exopolysaccharide productioﬁ

Wwas greater at 15 - 200 than at 37%, but in nitrogen-pobr
Iconditiona temperature had no effect on the exopolysaccharide
yield; the same amount of growth took place under both'

sets of conditions, wilkinson, Duguid and Edmunds

(1954) found that in one strain (NCIC 5920) of A.cloacaé
éex0polysaccharida production was increased by incubatio%

at 15 - 200 only in conditions favourable for growth
(i.e. in nitrogen-rich medis); in nitrogen~poor

iconditions, exopolysaccharide preduction is dightly l

'lesa at lower incubstion temperatures. The same
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|

|authors found that A.cloacae strain NCTC 5936 producedl

|

'more exopolysaccharide at 37° than at 15 - 20°, both

in nitrogen-rich and mitrcgen-poor media, |

(iv) Influence of oxygen 3

Anserobic conditions have been found to decrease

|
|
exopolysaccharide production; the most immediste causﬁ
|

|is probably the much smaller amounts of energy available

'under anserobic conditions., Bernheimer (1953) found |

f
ithat the yield of exopolysaccharide produced by |
}pneumococcua type III under anaerobic conditions was |
sbout 20257 of the serobic value., Duguid and
Wilkinson (1953) also found a marked decrease in

exopolysaccharide yield when A.aerogenes was cultured

lanaerobically, end suggest that anaerobiosis may be
|

fapecifically unfavourable for polysaccharide synthesis

japart from its effect in decreasing the amount of

éenergy available from the sugar supply.

;(v) Influence of pH
3 EVeﬁ the earlier investigators of bacterial

;polyaaccharidea were aware of the neoeéaity of maine
jtaining the pH of cultures near neutrality in order to |
?obtain meximal ylelds of polysaccharide, Emmerling ;
5(1900) and Scherdinger (1902) working with Aerobacter |
'strains sdded chalk to their cultures to prevent the

EpH from becoming too low when growth was to be continued

over long periods.

Hoogerheide (1939) reported that exopolysaccharide
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:production by Kl.pneumoniese was independant of pH over
Ethe range 5 to 9. Duguid and Wilkinson {1953) found

‘thet polysaccharide production by A.serogenes was

‘inhibited by low pH values, even when these were not

ilow enough to inhibit growth. Bernheimer (1953) found!
'that decapsulated type III pneumococci were able %o ?
Iaynthesise appreciable amounts of exopolysaccharide cver
ithe range of pH 5.0 to 8.0, but that synthesis was

;greatest in the region of 6,0-6.7,. Here elmost Wwice

éas much polysacchsride was produced as et the extreme
1values of pH. It wes observed that the tendency of
%the polysaccheride tc diffuse away from the cell is s |
!function of pH, and is minimal in the region of 6.3,.
}Stark and Wilkinson (unpublished results) have found
‘that pH was & critical factor in polysaccharide
‘production by A.sercgenes; the rate of production by

washed cells wss greatest at pH 6.0, & sharp fall in
|

!producticn occurring on either side of this value,

(vi) Influence of serum

In the couree of many investigations it has been

reported that the presence of serum in the medium is

necessary for good capsule formation and for good
yields of exopolysaccheride, (e.g. Knolle, 1953). 1In

all the studies in which serum 1s advocated ses being

necessary for maximal exopolyssccharide production, the

polysaecharidea were estimated by microscopic examinatibn

‘and measurement of capsule sige, It is most likely

that the serum acts passively by improving the
|



|

y
idomonatrability of the capsules, rather than by actively
iinfluancing exopolysaccharide gynthesis, (Toenniessen),
!1921; Kleineberger-Nobel, 1948).

i(vii) Influence of growth in vivo
It has been claimed for s long time that pathogenic

I
|
!capsulated bacteris show their maximal capsule
| |

production when grown in animal tissues, mainly on the

revidsnuaof microsc0pic examination of dried, fixed

iatained films, There can be no doubt that large

iquantities of exopolysaccharide are produced by
:organiama grown in, or freshly isolated from, animal

itissues, but until quantitative chemically~estimeted
comparisona have been made, it is not proven that growth
in artificial medis under favourable conditions cannot

give rise to even greater ylelds of exopolysaccharidc.

| |
| The high yields of exopolysaccharide obtained by
Egrowth in vivo msy arise through the influence of the
ifollowing factors operating simultaneously or singly:
| (a) In animal tissues only capsulsted cells have
!good chances of survival; the others are soon removed
by the body defences, so that there is a selection

within the body fevouring capsulated cells.

i (b) The environmental conditions in animal tissues

|may be favoursble toward polysaccharide synthesis; it

may be that the relstive sugar substrate concentration

is favourable, In the case of a non-eéxacting specles

in the blood, the determining factor may be the ratio

of sugar to utilisable sources of nitrogen, sulpbur or

phosphorus. The composition deta for normal human
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:blood shows that the following are present (mg./100 ml,|)

‘glucose 70 - 100, total non-protein nitrogen 25 - 35,

inorganic sulphate 0,9 - 1,1, inorganiec phosphorus

'3 = 4, It will be seen that if the growth of an
lorganism were limited by the sulphur or phosphorus
?concentration, the relative glucose concentration would
Efavour polysaccharide synthesis. In the case of an
Iiexacting organism the critical nutrient to compsare
lwith the glucose may be some growth factor present in
;very small amounts, making the ratio of glucose/
Eeaaential growth-limiting nutrient even more favourable
ifor exopolysasccharide production,

;(c) Cepsules of organisms isolated from animsl tissues
:will be rendered more demonstrable by the serum present
!1n the body fluids,
;The course of exopolysaccharide production during growth

| |
i The small number of organisms which have been
|
|

studied to reveal the course of their exopolysaccharide

@roduction during growth all show the same general

pettern of behaviour, In the cases of Kl,pneumonise

(Hoogerheide, 1939), pneumococcus type III (Bukantz, i
1940; Buksntz, Cooper and Bullowa, 1941), and g,aeroge#ea
i(Duguid and Wilkinson, 1953) it has been shown that |
polysaccharide production takes place throughout the
berioﬂ of growth, but reaches its maximum value only
after the logerithmic growth period. The rate of
éroduction per cell, however, is greatest during the
;1ogar1thmic period and diminishes progressively
thereafter.

1
|
I
|
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Duguid and Wilkkinson found that the main productioﬁ

:of slime polysaccharide by A,aerogenes occurred later
' than the mein production of intracellular and capsular:
.polyaaccharides. After the first 24 hours slime i
‘accounted for only approximstely 20% of the total

:polyaaccharide, while after 96 hours it accounted for |

‘about 50%

éggxaical properties of bscterial exopolysaccharides
| When isolsted and purified, bacterial exopoly- |
'aaccharides possess the same general physical character-
istics as other polysaccharides. They are amorphous
white solids, which can be isolated in forms varying
from powders to stringy threads, depending on the
5method of isolation and finael precipitation, These
jaolids are highly hygroscoplc, and when moistened
swell up to form gels., They are generally soluble
gin water in varying degrees to glve viscous solutions, ;
!but are completely insoluble in neutral organic Bolvent;
such as alcohol, acetone, eher, etc. The polysaccharides
that contasin uronic acid residues behave in solution as|
highly charged anions, with high equivalent conductanca%
éand electrophoretic mobilities; they can be titrated j
with alkalies, All the polysaccharides are optically |
Ectiva, often with high rotation values. !
Molecular weight determinatlons have not been
?arried out on many bacterisl polysaccharides (see i

review by Greenwood, 1952), but it is evident that the

homOpolyaaccharidee like the dextrans and levans have
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‘much lsrger molecules then the heteropolysaccharides
thet have yet been examined, In many ceses this may |
be becsuse the heteropolyssccharides were isolated by i
‘procedures sufficiently drastic to cause some degradstion.
‘Dextrsn fractions &f L,mesentsroides have been found

‘to have weights rsnging from 14,000 to 38,000,000
:(Ingelman and Helling, 1949), while the levan produced;

by Bacillus vulgatus has been shown to have a molecular

éweight of the order of 50 to 100 million (Ingelman and
‘Seigbahn, 1944)., The levan from Aercbacter levanicum

has a:molecular weight estimsted to be 4O million
(Hestrin, 1953), The molecular weights of the
:ex0polysaccharides of pneumococcus types I, II and III
‘were found to be 171,000, 540,000, and 141,000
respectively (Record and Stacey, 1948); these are the
largest heteropolysaccharide molecules yet found in
bacteria,

The_chemical composition of bacterial polysaccharides

The exopolysaccharides of bacieria are s very
diverse group, snd include polysaccharides of every
;type of composition and structure, The polysaccharideb
produced by different orgenisms may vary enormously in {
composition snd structure, or they may be very similar,
Taxonomic relstionships are no guide to polysaccharide E
composition; closely relsted orgsnisms, even the
different streins of a species may produce polysaccharidea
completely different from each other - e.g. the various
exopolysaccherides produced by the different pneumococcus

&ypea. On the other hand, completely unrelated organisms
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émay produce very similar polysaccherides. Immunoclogical

Ecroea-reactiona between completely unrelated organiamai

‘are found frequently, but this in itself shows no mora!

than thet similarity exists in the steric arrangement |
|
'of the immunologically dominant groups present in the

‘eross~-reacting polysaccharides,
Recent investigations of bacterial exopolyaacchari?ea
ihave led to the discovery of three new monosaccharides,

which had never previously been found in polyaaccharideh.

:They are the 3,6b-dideoxysugars, tyvelose (from
|

Selmonells typhi 0-901 and Salmonells enteritidis-Gartner)

fand abequose (from Selmonells abortus equi and

|
Salmonella peratyphi-Kroger B) reported by Westphal,

| |
Luderitz, Fromme and Joseph (1953), and the N~scetylamino-

?hexuronic acld found to be the sole component of the

Vi antigen of a strain of E.coli (Webster, Clark and
Freeman, 1954). |
| Like the polyssccharides in general, bacterial
;polysaccharides may be divided into two main groups,

the homo~ and the hetero- polysaccharides, w
|

(1) Bacterial homopolysaccharides
; The polyssccharides of this group are ﬂharacterise$
by giving rise to only one component sugar on hydrolysi%.
iith the exception of the Vi antigen of E.coli strain ‘

593@/38 which is & polysaccharide built up of eminouronic
;cid residues, all bacterial homopolysaccharides have |

been found to be glucosans and fructosans, and to be

|
. |
less antigenic than the heteropolysaccharides, The |
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hemopolysaccharide~producing bacteris are of much
current biochemical interest in connection with the
problems of polysaccharide synthesis,

The mein facts relating to the bacterisl homo-
exopolysaccharides sre given in taeble 1, It must be
remembered that polysaccharides of the ssme general
type with the same componenti sugaer and the same linkages,
need not necessarily have identicel structures; e.g.

L,mesenteroides, L.dextranicum and Betabscterium

vermiforme all produce dexrans with mainly 1,6-linked
D~glucopyranose units, but the polysaccharide of the
first organism is much more highly branched than those
of the others,
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26. | {
Recently a number of intracellulsr pnlyaaccharide?

|

ave been examined and found to be hOmopolyaaccharidea1

h
| {
| A glycogen~like intracellular polysaccharide has bsen |
|
| 4

golated from B,megatherium and shown to be similar 1n‘
| f

| all respects to glycogen isolcted from other sources.

|(Aubsrt, 1951; Berry, Gaverd, Milhaud and Aubert, 1952
11953), An intracellulsk polysaccharide from

' Clostridium bubyricum has been studied by Gaverd and

|
| Milhaud (1952) end found tc be a type intermediate '
‘ lm,

between amylose and amylopectin, These results confi

iat least for these species, the correctness of the
istaining reacticns by mesns of whicﬁ?fggracallular :
‘granulas have been identified as being starches !
;or glyecogen, j
:(11) Bacterial heteropolysaccharides

The polysaccharides of this group are eharacteriseh
}

by giving rise to more than one component sugar on

hydrolysis. The majority of polysaccharides from

animal pathogens that have been examined belong to
gthia group. The heteropolysaccharides exhibit marked!
%antigenicity and immunologicel specificity, in contrast
ito the much lower activity of the homopolysaccharides.

Many of them are highly complex for which reason only

ia few of them have been studied in deteil; with two
I 1

lexceptions £B,pyocysneus and H.pertugsis) which may |
ave arisen through incomplete analysis, all bacterial ‘

eteropolysaccharides have been found to contain uronic|

|
acld or hexosesmine components, and sometimes both togeher.

|
|
|
|
|
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|

|
| The pneumococcus polysaecharides have been the }
| r
most thoroughly investigated of bacterial heteropoly- |
| |
'saccharides, The most complex bacterial polysacehariﬁes

appear to be those_of Mycobacterium tuberculosis,

{

ifrom which organisms a large number have been isolated
!and partially characterised, They are all highly
Ecomplex in structure and composition snd are some of
‘the few natural products known to contain the rare
sugar D-arabinose (Haworth, Kent and Stacey, 1948). ;
iThe tubercle polysaccharides have been reviewed by
%Stacey and Kent (1948), end will not be included in the
Etable of bacterial heteropolysaccharides, In table 2 é

%a list is given of the bacterial heteropolyssccharides

ithat have been at least partially characterised.
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JPable 23 Bacterial Heteropolysaccharides

| Organism Camponent sugars References
Azotobacter chroococoun ~ D-galactose Lawson & Stacey {1950;

D-glucuronic acid (4%) |

i unidentified component |
I

Badillus alvei glucose, uronic acid  Forsyth & Webley (1949)
| |
B.anthracis Degalactosy Neacetyl=  Ivanovics (1940)|
; D=glucosamine (1:1 |
| D-galactose (43%) Smith & Zwartouw! (1954)
; D-glucosamine (3 |
| acetyl (15%) il
B.brevis glucose, uronic acid Forsyth & Webley! (1949)
B, c.éirculana ;
- (ATCC type 294) glucose, mannose, .y L
wronic acid |
! (ATCC type 295) glucose, mannose, L N
i uronic acid, xylose
B. ch.roulana—-macerans glucose, mannose, " "

| uronic acid

|

|

| |
B.krzemieniewaki glucos$, mannose " " 1
| i

[

| urcnic acid (ratio 3:2:2)
B.megatherium glucose, uronicacid Aubert (1949)
B.p:yocyaneus glucose, fructose AXiya,Tekahashi Kuri-

unidentified component yama & Ogawa ( 195|2)

Clostriddim bifermentans  glucose, hexosamine, Tardieux & NismaA (1952)
| uronic acid ‘

|
Cl.sordelli " n "
|

|
i



Table 23 Bacterisl Hetercpolysaccharides(contd, ).

Orgeniam

Diplococcus pneumoniae
II

I1I

VIII
XIv
"C" polysaccharide

Escherichia coli
type "Kroger Ow8"

type"Kauffman 0-18"

para colon inter
medigte type

Haemophilus pertussis

Klebsiella pneumonia
type A

B

(&
Lactobacillus bifidus

Camponent sugars

Degalacturonic acid(28%)

hexosamine, acetic acid

Dmglucose, D=glucuronic
acid, L-rhemnose,(ratio
2:2:8)

D-glucose, D=glucuronic
acid (ratio 1:1)

Deglucose, N-acetyl-
hexosamine

Deglucose, D=glucuronic
acid (ratio 7:2)

D-galactose, Neacetyi=
hexosamine

hexosamine, acetic acid
phosphoric aeid

References
Heidelberger, Goebel
& Avery (1925Q)
Kent (1952)

Goebel (1935)
}ieidelberg;er &
Kendell (1931)
Goebel (1935)
Goebel, Beeson &
Hoaglend (1939)

Goebel, Shéedlovsky,
Lavin & Adams (1943)

rhermose (39%), xylose (10%} luderitz & Westphal
glucose (10%),galactose (3%) (1952) -
Neacetylehexosamine(7%)

n
alectose,glucose,rhammose  Westphal, Luderitz,

hexosamine? ) Fromme & Joseph (1953)
D-glucose(55%), Ikswa, Koepfli, Mudd
D-glucosamine(17%) & Niemenn (1952)
galactosge

Akiya, Tekahashi,

galactose, ketose,mannose
Kuriyema & Ogawa (1951

Deglucose, D-glucuronic Goebel (1927)
acid. Goebel & Avery (1927)

D-glucose, aldobiurcnic Heidelberger, Gobel
acid & Avery (19259 °

M " Goebel & Avery (1927)

galactose, glucose,fucose Norris, de Sipin,
uronic acid, unidentified Zilliken, Harvey &
camponent Gyorgy (1954)



Rhizobium radicicclum

Salmonella abortus ~equi

Selmgnella enterititis

Selmsenterititis-Certner

Salmggallinarum
Salmg typhi

strain 0=901

strain 0-901

Salmgparatyphi
Strain Kroger B

Shigella dysenteriae

Sh, flemmerii
Staphylococcus aureus

Streptococcus sp.

Strept. pyogenes
group A

\group C

Vibrio cholerse
Jr%‘bype I

II

III

30,

Deglucose, De=glucuronic
acid (ratio 2:1)

galactose, glucose, mannose,

rhemmose, ebequose
(hexosamine? )

glucoseghk% ' galactoae(@)

mennose(19%), h

galactose,glucose ,mannose,

b e

ucose(337% t 21%
Bicose(s73), galactose(s1)

Teble 2: Bacterial Heteropolysaccherides gcm&- )

Vestphal, Luderitz,
Fromee & Joseph (1953)
| .

Elkin (191‘51)

Westphal, Luderitz,
Frome & iJ oseph (1953)

Elkin (19%1)

giuooaean% , galactose(177%), Pon & Staub (1952)

mannose(21% ’ hexosemine(0~1457)

rhamnose (207
galactose,glucose manmnose,,

Vestphal, Iuderitz,

rhanmose, tyvelose (hexosamine? )Frame & Joseph (1953)

galactose,glucose mannose,

Degalactose, Lerharmose
Neacetyl=D-glucosamine

" "
D-glucosamine, pentose
galactose ,rhamnosc(187)
uronic acid (227%), glucose
Deglucuronic acid, Neacetyle
Deglucosamine (retio 1:1)

rhamnose,
(ratio 5:2

ucosamine

D=glucuronic acid, N.acetyle
D=glucosemine (ratio 1:1)
gelactose, glucuronic acid

galactose, glucuronic acid
arabinose

galactose, glucuronic acid
arabinose

Portridge (1548a)

Slein & SF}mell (1953)
Routh (194%)

Hobson & Macpherson
(1954)

Fellowes

Kendall, Heidelberger
& Dawson (1937)

Schmiat (1952)

Fendall, lleidelberger
& Dawson (1937)

Linton & Mitra (1934)

L LU L

" " "
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i;pfluence of carbon source on polysacchsride composition.
R |
| Little is known of the influence of carbon substrste

'on the composition of bacterial heteropolysaccharides. |
'It is a commonly observed fact that aspart from type=-

itransformations and entigenic varistions of the smooth=
| |
' rough type the immunological specificity of orgesnisms
| |
'remsins constant, regardless of the medium on which they

‘are cultured. This would suggest that the composition

'of the polysaccharide entigens remsin unchanged, but

'immunological methods would not detect small chenges in

ithe relative proportions of the components and such
!mathodaare open to the objection that the apparent |
;1dentity may be the result of cross—-reactions between
ipolysaccharidea in which the pattern of the immunologic?lly
‘dominent groups are unchanged, while the rest of the
émoleeules may be different,

i Levan- and dextran-producing species require

!specific sugar substrates for polysaccharide production

|
%(aae table 1), in the absence of which no leven or
dextran is produced, With these organisms the nature
%sf substrate merely controls the presence or absence of
%the polysaccharide, The carbon substrate also appears;
%to have no influence on the composition of bacterisl |

hellulose; Barclay, Bourne, Stacey and Webb (1954) ‘

lexamined the cellulose synthesised by Aceto.acetigenum

?ella from mannose and found it to contain only glucoae;
|

Interesting results have been obtained with specles

i
that produce two exopolysaccharides, Hestrin, Avineri-

ﬁhapiro and Aschner (1943) found that B,polymyxe
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|
produced a levan when grown on sucrose medium, and an
|

unidentified polysaccharide, not a levan, when grown

on lactose in pface of sucrose, Similar results were
|

1reported for other strains of B.polymyxa end for
B.megatherium by Forsyth and Webley (1949), who also
1examined other species of the genus Bascillus but found ‘
!that they produced no levans, only polyuronides the
!component sugars of which were unaffected by the carbon;
.sabstrate (sucrose, D-fructosy D-glucose, D-galactose
iand L-arabinose - used singly) in the medium, Forsyth

%and Webley realised that the unusual behaviour of

|
B.polymyxa end B.megatherium was the result of these

organisms being able to produce two different poly-
%aaccharides each, one being a levan and the other a E
%on-fructose-containing polyuronide (see tsble 2), It!
:waa found that when grown on monosaccharide-containing
'media both of these organisms produced only their
Polyuronide exopolysaccharides; the complete absence

of levan wes not unexpected since levan production in

?tha absence of sucrose or raffinose has never been

ireported. Wwhen B,polymyxa and Bsmegatherium were

@rown on sucrose media both the polyuronides and levans

|
|
%ere produced, the relative amounts varying according i
Eto the cultural conditions, Forsyth and ‘ebley found i
that levan production was optimal when the sucrose and %
%hosphata concentrations in the medium were high, Th1¥
?inding is explicable in the light of present knowledgei
bf polysaccharide synthesis, It is very likely that |

&he conditions found by Duguid and Wilkinson
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t1953) to favour optimal excpolysaccharide production |
by the coliform group, l.e. limitation of growth by
Lxhaustlon of nitrogen, phomsphorus or sulphup in the
%adium in the presence of relative excess of sugsr, may
%130 apply to polyuronide production by Bspolymyxe

fnd Bemegatherium, Thus the conditions reported to

favcur optimel levan production by these species, high
Fugar and phosphorus concentraticns, would be unfavourshle

for polyuronide producticn, On the cother hand, levan |
fynthesis from sucrosé is an exergonie process (Hehra, :
1951) end does not compete for metabolically~produced
+nergy, thue it woulid proceed independsntly of growth,
In these circumstsnces leven production would predominate
$ot because it 1s enhanced, but beecause polyuronide |
£rcductian is selectively diminhished,

¢ immunologicse roperties of bacteris olysasechari e
| Becterial polymaccharides sre multiple antigens; g
iqch cell contains numbers of antigenic substeneces which
Ire poestulated to occur at various levels about the
surface, The outermoat antigen is belleved to dominate
%he antigenic pattern and to be responsible for the
#mmunological specificity of the cell, 48 the outermoﬁt
structures of most cells sre of polyssccharide nsture
Iha immunologicsasl specificities of most species of |
érganisma have been found to be determined by theipr
4xopolysaocharid¢s, either in the form of slime snd
%apaule ("K" antigens) or ss somstic "O" antigens,
%or this resson these polysaccharides are often
I

l

5 |
|

F



i |
'referred to as specific or immuno- polysaccharides. i
From ' examination of the structure of polyaacchar%des
}isolated from species of known immunologicsl relation-i
;ahip it has been established that they exert a atructuqal
‘specificity, This was confirmed by experiments with |

|
‘"synthetic" antigens containing simple sugar and other

|
%haptena attached to proteins. It was observed that i
ipolar groups play a particulsrly important part in
idetermining specificity; this explsins the marked l
iimmunqlogical specificity and antigenicity of the
ébacterial heteropolysaccharides, all of which contsin

‘polar groups, either in the form of uronic¢c acid or

‘hexosamine, or both together. It also explains the
| 1
comparatively low specificity of the homopolysacchapides,

Ewhich do not contain polar groups, except ithe poly-

‘aminouronide present in the Vi antigen of E,coli strain

55936/38, which possesses a high degree of specificity

'and antigenic activity (Webster, Lendy end Freeman 1952).

'The lsrge number of immunologically-distinet types that

|
exist in some species were found to arise as & result
|

iof the variety of different polysaccharide asntigens
'produced b; these organisms, At present 75 immunological

!t;pes 6f pneumococcus are known (Raffel 1953) indicating

!that this organism is cabable of producing at least

'this number of different polyssccharides,

: An important consequence of immunologicsl spécificity
|

Ebeing determined by polysaccharide structure is that

gimmunological cress=reactions occur when micro-organisms
- i

gproduce antigenic polysaccharides of similar composition.
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For cross-reactions to occur it is not necessary for
the polysaccharides to be identical, only that they
possess slmliler molecular surfsces and configurations,

especially of their polar groups. The following are

given to illustrate the widely different species that
can give polysaccharides capable of ecross-reaction., I
each instance there is a higher degree of reactivity
of antibody with its homologous substance, probably

based on differences in the spacing of the groups.

Cross=-reascting organisms References
Kl.pneumonige and pneumccoccus type II Avery,Heidel

Goebel (1925
B.anthracis, pneumococcus type XIV (and

Little is known regarding the relationship of caps
to the capsular antigens as they occur in vivo; but
since antigenic function depends, inter alia, on molecu
size and shape, and since baqterial polysaccharides
icover the whole range of sizes, from giant molecules
with weights of the order of millions, to comparatively
small molecules, it would not be unexpected if the

composition of antigens varied, depending on the size

and molecular weight of the exopolysaccharides produced

a few of the very large number of cross-reactions known,

berger &

blood group A specific substance) Ivenovies (19404)
Azoto.,chroococcum, R.radicicolum and Lawson and Stacey (1950)
pneumococcus types III and VIII

Streptococcus group H, L.mesentericus Neill, Sugg, Hehre &
pneumococcus types II and XX Jaffe (1941)

ules

lar

by the orgsnism, In species with very lsrge molecules

he polysaccharide alone might be the complete antigen

[
|
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(e.g. polyssccharides of pneumococcus type I (Avery

& Goebel, 1933) and type III (Heidelberger, HacLeod,
I .
Markowitz & diLapi, 1951), while in other species with ‘

polysaccharides of smaller molecular weight the antigens
| |
may consist of these polysaccharides attached to proteins

%nd other substances (e.g. the O-antigen of §p.dysenteri§g

hhich was found to be a polysaccharide-protein-phospholipid

bomplex (Morgan and Partridge, 1941). !

Antigenic changes

|
(1) 8-R variation., Because bacterial cells normally

|
Fontaiu many antigens, it is possible for cells to |

Fhange their imnunclogical specificity by the loss or |

|
|

Fain of surface antigens. These antigenic chsnges are |
bften related to morphological and pathogenic changes,
#he commonest manifestation of these changes being in
colony appearance.

| The early work wass done with Salmonells and

|hi ells species in which it was found thet parent
gmooth colonies, with full antigenic make-up, gave rise

|
?o daughter rough colonies, the cells of which had lost
their outermost, dominating O-antigens.. (Arkwright,

1920; 1921). Similar changes were observed in many

|ther species, including Friedlander's bacillus (Julianelle,
928) snd the pneumococcus (Griffith, 1923; Reimsnn 1925,
}927). Dawson (1934, showed that what had been deacriged
as smooth-rough (S -»R) variations for these capsulate
;rganiama were in fsct mucoid~smooth (M -»S) changes, |
nd that true (S =»R) variations took place ss a second

tep, each step being asccoumpanied by successive loss of antigen,

|

| |
|

|

|



37. |

Since then, it has been found that many other capsulate
species (e.g.haemolytic streptocci (Dawson, Hobby and ?
Olmstead, 1938) ) exist in three main phases (M, S, R) !
each with different sntigenic specificity and colonial !
morphology. Veariations from /M —»8) are sccompanied |

/ i
by loss of capsules, and in some species (e.g. pneumoco?cus)

with loss of virulence and type specificity; 'S— R !

pariations ere not detectable in the microscopic
Eppearance of the cells, Organisms which have virulen:
S phases (e.g. Salmonella and Shigella species) undergo
loss of virulence as well as antigenic and colony changés

in'S =»R' variations,

In most cases the cells with complete antigenic ‘
tructure form mucoid or smooth colonies; 1loss of :

ntigens is sccompanied by increased roughness of the

lways in the ssme direction for all species, Some

Lolonies. The change in colony appearance is not
|

zre known, e,g,, the anthrax bacillus, which have rough
! .

#olonies when posssessing compete antigenic structure, |

%nd smooth colonies when the surface antigens are lost.
?bviously also the important influences of cultural
&onditions on colony appearance csannot be overlooked.

?hus the designations "smooth" and "rough" cannot be

ondition; Iimmunological tests are the only reliable

uide to antigenic structure, To reduce the prevailing

onfusion in nomenclsture of antigenic conditicn, it has

1pplied in a general sense to describe antigenic
9 |

|
een suggested that the letters R and S be used as symbols

Jf the incomplete and complete antigenic variants without

|
|
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|
referring to colony asppearance, thus meking it possible|

‘because many authors still use the S <% R notation for
what are in reality M - S changes, [

| Generally, S-forms are type specific (there are

exceptions, with type specificity only in the M-phase)

while the corresponding R-forms are species or group i

specific, The circumstances in which M -+ S and !

S = R dissoclations may occur are often simply by
lcontinued culture in laborstory media, when changes may
: Fnduced by incorporating either antibodies prepared
against the appropriste M - or S-phase, or by including
bacteriophage prepared against the ki~ or S- antigen,

in the culture medium,, These conditions provide &n

tnvironment selectively favourable to the S- or R-form.

The reverse R # S and S« M variations may also occur
Epontaneously but much less frequently than the changes
in the M » 8 < R direction. These reverse processes

%an be induced likewise, either by snimal passage, or

e

|

e S

1

Ihe capsulated phase with mucoid colonies is described

|s smooth (8), the non-capsuleste phase with smooth

ifor example to refer to rough colonies of S-forms.Topley

and Wilson, 1946)., Unforiunately much confusion remains

loccur spontaneously; but the processes may be delibera?ely

y eulture on media containing anti-R or anti-g3 antibodﬂes.

1i) Type transformetion (Note:- The notation in general

se for describing the antigenic phases of the pnaumocoqcua

|
iffers from the M, 3, R system proposed by Dawson (1l934).

]

g¢olonies is described as rough (R), and the non-gapsulate

éhese with rough colonies as extremely rough (ER)J,
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|
|
] In the S = R dissociations the various forms retain
!

their antigenic heritage; when a given § strain is i
converted to its corresponding R form end then is E
changed back to S, 4t is found to be identical with the|
original strain. In the normal course of events then,
the antigenicity o: the S5 form is stable and can be

regained after S -+ R - S diasoclations,

Another type of transformation is known, called |
type transformation, in whiclh the final S form can be
obtained entigenicelly different from the original S

phase, when passed through the 8 -+ R -+ 8 routs This

Fhenowenon was first observed by Griffith (1928) who

Fnjected mice with a living, avirulent and non-capsulsted
strein of pneumococcus type II together with a heat- |
illed cépsulate S strain of pneumococcus type III. Hé
ound that the mice had succumbed to the infection and ;
ielded type IIT S cells identical with the original |
pre IITI 8; Griffith correctly concluded that the
iving R. cells had been transformed by material from
he killed 8 cells into the same S type as had been

noculated into the mice, Marthermore the new cells

ould be killed and used to provide fresh transformations,

l
These observations were confirmed by other groups |

n
Tf workers and soon it was found that transformations |
¢ould be induced in vitro, by growing non-capsulated

§ariants of one type of pneumococcus on medium containing
+ suspension of heast-killed pneumococci of another type.

|
;r purified capsuler polysaccharide was used in place of

Tha suspension, transformaetion did not take place, (Dawson

-
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and Sia 1931). The nature of the active transforming

principle has been elucidated by the work of Avery and

' his co~-workers, who isolsted it in a pure state from

pneumococcus type III in a form so highly active that

1t would act even at dilutions of the order of 1:600,000,000,

It was found to be & highly polymerised form of &oxyrit‘iaoae—

nucleic acid@ (DNA). (Avery, Macleod and McCarty 194k, |

MeCarty 1946), The substance is visualised as reactihg

‘with R cells to initiate s series of reasctions culminating

in the synthesis of type III exopolysaccharide. Once |

the transformation has occurred it is permenent, and

both the.capaular material and the specific DNA are

reproduced in successive generations, Similer

gpecific transforming principles have been isolsted

from tyﬁe II and VI pneumococci (McCarty and Avery 1946).
Type transformation is not a phenomenon restricted

to the pneumococcus. Similar transformetions have also

‘been aschieved with several other orgenisms -« E,coli

(Boivin, Delsunay, Vendrely and Lehoult 1945, 1946;

Boivin 1947), Sh.paradysenterise (Weil and Binder,1947)

end H,influenzae (Alexander and Leidy, 1950; 1951),

The transforming principles of E,coli end H,influenzae

have been found to be deoxyribonucleic acid, but

snalyses on the principles of these species are not as |

advenced as in the pneumococcus, TyD< tranaformationa!

with sll four species only occur with certain "reaw:i:iwraf‘ra';t

straing, and all transformations are carried out in

complex environments, Little is known of the causes

underlying susceptibility to transformation, or of the
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faotors involved in the enviromnental conditions
required. (see the review by aAustrisn, 1952),

The synthesis of bacterial gg;gaacchgrides

‘ The mechanisms of polysaccharide synthesis so

far known relate only to the homopolysaccharides;

|noth1ng ias yet known of the synthesis of heteropoly~
}aacch&ridas. Bacteris sand bacterial enzyme prepar-!
ationa have been a fruitful source of study yielding'
Imuoh valusble information concerning the pathways o;i
lhomopolysacchariae synthesise,

Although this aspect of polyseccharide studies E

is only 15 yesrs old, beginning with the 1nvoatigat1?ns

|1nto the reversibility of phosphorylsses, a lerge i
\volume of work has been done, and from the results
|importent genersl prineiples, governing sll the
1known synthetic routes, have emerged,

(1) All the known instsnces of polysaccharide aynthesia
appesr to be energeticelly selfesufficient, not
requiring any external source of energy, That is, they
all start from cubstrates which contein the atructur#l
unit of the polyssccharide at & higher energy level E
than that at which it occurs in the polysaccharide, |
The enzyme responsible for polysaccharide synthesis !
cannot diret.ly utilise unsubstituted mcnoaaccharideé;
they all require subastrstes with either preformed :

glyceosidic bonds or ester~linked phosphate bonds,

both of which types of compounds contain the sugsr
units in resctive high energy states, In practice
| ;

these substrates are sucrose,maltose,dextrins snd

!glucose-l—phosphate.
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Unless provided with these substrstes preformed the
organism must naturslly synthesise them from the oarboni
anurcea available, before polyseccharide synthesis can
begin,

;(11) All the polysaccharide~synthesising enzymes can be|
regarded as transferring enzymes. At first this concept
of transferring enzymes was evolved to expleain dextran |
;and levan synthesis, but the theory has been expanded tb
include all polysaccharides. (Hestrin 1953), Now 1t:
would appear that all enzymes involved in palyaaccharid%
jreactiona may be regerded as transferring engymes,

transferring glycosyl units from suitable donors (seé |

above) to suitable acceptors, the function of the

enzyme: being determined by the nature of the acceptor,
If the enzyme transfers glycosyl units to a saccharide i
it is a synthetic enzyme, if to phosphate 1t is phos=- |
phorolytie snd if to water it is hydrolytic. Such enzymés
are known as, specific transglycosidases, phosphorylases
hnd hydroiaaea respectivelye. |
(iii)s All polysaccharide syntheses proceedby repetition
of a unit step, and all syntheses may be expressed by
the same fundamental egquation:

R-glycoside + § == 8-glycoside + R
where R- and 8S~glycoside are donors of high energy |
glycosyl units and R and 3 are the acceptors. The unit
pynthefic reaction ig merely the bransfer of glycosidic#lly
or sugsr~phosphate~-bound anhydro-sugar units from. one
compound tc ancother, but the repetition of this unit

reaction will result in the formation of a polysaccharide.



43.

iThe trensfer is carried out in such s menner that the
sugéﬁyas attached to the non-reducing end of the growing
sccharide chain, '

Theoretically all the synthetic reations must be
-regarded as reversible, but in practice most of the
trsansglycosidic reactions sre almost irreversible,
:being.reveraed only in forced conditions in vitro, in
gcircumstances unlikely to be met with in nature, The
;degrée of reversibility depends on the thermodynamic
;conaiderations the most important of which is the free
;energy change involved in the reaction, The law of
mass action, and pH sometimes intervene to affect
reversibility.

The various synthetic: pathways known at present
Ere briefly appended here, claasifi&d according to the

i
bnzyme responsible for the synthesis,

?hosghorxlasea
§terch—glycogen phosphorylase,.

This pathway of polysaccharide synthesia was the
first to be found, following the discovery by the Cori
group of the phosphorolytic route of starch and glycogen
pbreskdown involving phosphorylase and glucose-l~phosphate.
It was found that, unlike hydrolytic breaskdown of poly-
Pacchsrides, phosphorolysis was reversible; by functioning
hn reverse, starch-glycogen phosphorylase synthesised
%tarch (actually the amylose fraction) from glucose-l=-

bhosphate. The reversible reaction can be expressed:

Starch + n(HPOh)Z- = n glucose-l-phosphaté
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It was found that pure phosphorylese and glucose=
1-phosphate would not resct; a small amount of starch,!
gglycogen cr dextrin was found necessary as a "priming" |
;agent, to act as glucose acceptor, because the enzyme
acts not as a condensing agent but as a transferring
Eagent, and requires a preformed ssccharide cheain to
ﬁhich to edd.

. The product formed by the repetition of the unit
Ereaction is e long unbranched molecule, and is believed
ito be what occurs when stsrch-glycogen phosphorylase is
the only enzyme present. But in the presence of an
hccessory "branching gactor" a branched polysaccharide

ﬁs obtained. Much less is known of this branching
factor but it is believed to be different from potato

"Q" enzyme 1n having no effect on preformed amylose.

. Nearly all the work on the synthesis of starch-like
polysaccharides by phosphorylase action was done with
plant and animal material, but this pathway appears to
operste in some bacteria. Hehre and his co-workers

found that C.diphtherise, N.perflava and some streptococci
?re able to form starch-like polysaccharides, in vivo, ?
form glucoae-léphoaphate, but not from unphosphorylated:
sugars. (Carlson & Hehre 1949; Hehre, Hamilton and

parlson 1949 )%

gransglxcoaidases

! With the exception of phesphorylase, all the mechanisms

of polyssccharide synthesis involve transglycosidases,
@oat of which sre found in microorganisms. Only ong

enzyme is known, sucrose phosphorylase first found in
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Pseudomonas saccharophils. , which can function both as |
| a phosphorylasse and a transglyeosidase. As it 1s |

' concerned with ths synthesis of disacclarides and not

polyseccharides, it will be ‘omitted from this discussion,

(1) Dextransucrsse. This bnzyme converts sucrosei
'into dextran by polymerative degradation, The reactidn

'ean be represented by the following equation:

| nC12H22011 . (G H ) + NCgH,,0

. 610 5 n 67106
sucrese dextran fructose

The enzyme is highly specific and will react only with

;aucroae, and slightly with raffinose. It has no action
!on glucose, fructose or any other sugar tested, The
\reaction appears to be irreversible, and at present it;
iis unknown whether & primer is needed to initiate the é
!reaction. All the enzyme preparations so far studied
!have been contaminated with dextran, Hehre (1951)

?haa provided results to indicate that dextran may
:actually be contained as an integral part of the
édextransucrase molecule, If is possible that sucrose
i1taelf may also act as: a receptor to initiate dextran
syntheais.(stacey 1954 ).

It is known that different bacteria produce dextrans
that differ in structursel detail, with varying degree of
Hranching., As each enzyme is believed to form only one
itype of linkage these structural. differences suggest |
the participation of other enzymes, At present nothing
is known of a dextran branching factor, and unfortunateiy

dextrans synthesised in vitro have not been subjected

to structursl studies, Barker and Bourne (1953) suggest
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|
I
;that the branched polysaccharide is formed directly !
I

Ifrom the unbranched one by the action of a second enzymb,
i
gaa is the case with amylose ard Q enzyme.,

The production of dextransucrase seems to be: ;

o

restricted to one Family of bacteria, the Lactobacteriscese,
-

to which the dextran-producing species belong: g

L.meaenteroides (Betacoccus srabinosaceous), L dextraniéum,

Beoaba»terium vermiforma, Streptobacterium dextrsnicum :
and various non-hsemolytic streptococei, e.g.,stregtocogcus
group H, Strepf.salivarius, Strept.bovis and Strept,.

viridans, (Hehre 1951).

(11) Dextrandextrinase., This enzyme also ayntheaigea

dextran but differs from dextransucrase in requiring
;dextrin as its specificcsubstrate, The dextran produced

closely resembles that of L.mesenteroides in structure |

é(Barker, Bourne,Bruce snd Stacey) end immunological
5r0perties (Hehre 1951). The enzyme cannot utilise
glucose, fructose, sucroae; maltose, or raffinose, nor |
amylose, amylopeetin or glycogen. It appears to require

|
open-chain dextrins contsining L4~1Q glucose residues,

isuch as sre obtained bya-amylase or acid hydrolysis of i
?starch; dextrandextrinase has no sction on ecyclic %
dextrins. | j
The reaction mechsnism is believed to be the hranefer
of glucose units (linked l:4=-g) from non-reducing terminal
positions in amylodextrin %o corresponding positions i
glinked 1:6-a) in the growing dextran molecule, (Hehre E
and Hamilton 1951). This reaction may be represented'f

s follows:=~



l"?.

cH oM , evgoM TRy oM
o l’ o o (=]
oM ! o ol o o Q ov o TEE
Ho \
el OM oM ol

: ~ DEXTRIN

\

\

ey cH oM
g > § 3

0/ o o v . 0/

oW oM

"o ro no
oH [} |
DEXRTRAN
(I PIY I oM
0 »
o
Wo e ‘ﬁ"“ o—}<¥5: o-.--e

oH oH o¥

£H,0H W, CHa Wy
oH on
Ho HO o (]
oH oM L or

|

ﬂo information is available regarding the need for primers.
The trensformation of dextrin into dextran by this

enzyme is the first example of the biological conversion

&f one polymer into snother by comgele rearrangement of

all the units, Dextrandextrinase is found énly in

certain species of the racetic acid bacteria, jecfobacter

viscosum, A,capsulstum end A.scidum-mucosum, (Hehre 1951),
I
|
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(111) Levansucrase. This enzyme synthesises levan
from sucrose and raffinose by polymerative degradation.
It is highly specific and does not act on any other
sugarss The enzyme converts sucrose into levan
while releasing free glucose; with raffinose as
substrate levan is produced while melibiose is
releaseds. The reactions being respectively:

n sucrose -—-—» Jlevan + n glucose

n raffinose —— levan + n meliblose

However, fructose is often found free after

levansucrase action. This is generally interpretef
as the result of the presence of hydrolytic enzymes
in levansucrase preparations. Recent work (HbstriL
1953) indicates that levan producing organisms, wit
the exception of Aerobacter levanicum possess enzymes,
levanpolyase and }evanoligaso, wvhich hydrolyse levans
to levan oligosaccharides and fructose respectively,
so0 that the presence of fructose does not necessarigy
1ﬁdicate sucrase action. Another possible explanation,
but one wﬁich has no supperting evidence except
anal&gy to invertase (spe Bacon and Edelman, 19503
Blanchard and Albon, 19503 Fischer, Kohtes and Fellig,
1951, %) is that levansucrase may transfer fructose
residues to water as wgll as to saccharide acceptors.
The nature of the fructose acceptor at the
start of the reaction has not been established, and

it is not known whether a primer is required. It |

* Bealing and Bacon(1951) Eéelman and Bacon(l951)3
Pazur(1952); Edelman 19§k))
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is possible that fructose and sucrose act as initial
acceptors; giving di- and trisaccharides respectively,
and that as levan synthesis continues the levan
chain acts as acceptor: If sucrose acts as an
initial acceptor the levan molecule would be expected
to be terminated by a non-reducing glucose unit
1inked ‘a8 in slicrose to the penultimate fractose
residue. That this is the case has been found in
one instance: the levan of B. subtilis has been
shown to contain a trace of glucose which i1s believed
to be part of the levan molecule, and not to arise
from impurity (Palmer 1951).

. Levansucrase has been shown to be a reversible
enzyme:. When incubated withfglucoae in the presence
of invertase to deéfroy any stcrose as it:is formed,
and thus force the reaction nytwérd, levan is
broken down by levansucrase.

Levansucrase is a widespread enzyme and exists
in the many microorganisms known to synthesise
levan from sucrose. (See table 1 ).

(iv) Amylosucrase. This enzyme converts sucrose
into fructose and an amylopectin type polysaccharide.
Tt 1s believed to act in a manner analogous to
dextransucrase, the reaction being represented by
nCip Hyp 0y —> (CgHyo05} +  Cg Hyp O
sucrose amylopectin fructose

The enzyme is highly specific for sucrose, an

I was shown not to react with maltose, lactose, trehalose,
|
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melibiose, raffinose, melizitose or methyl a-Deglucgside.

It is not known whether a primer is needed to initiate

the react;on. Tho polysacéngride produced by ‘
amylosucrase in vivo has beéh shown by Barker, Bour%a
and Stacey (1950) to be a member of the glycogen= &
amylopectin group, with a highly branched molecule,
and evidence is now available that a branching
enzyme, similar to Y enzyme is associated with
amylosucrase.

Amylosucrase has been shown to be difficultly

reversible. The forward reaction is accompanied b

o~

98% conversion to polysaccharide, but it has been
shown that when amylosucrase is incubated with starch
or glycogen and dextransucrase, amylosucrase appear
to convert the starch to sucrose, detected by the
appearance of small amounts of dextraw(Hehre and
Hamilton 1949).

The presence of amylosucrase has only been
shown with certainty in Neisseria perflava (Hehre
and Hamilton 1948). It has been suggested this
enzyme may be responsible for the synthesis of the
amylopectin type polysaccharide by Cl. butyricum,
but this is not proven. N. perflavs i1s a remarkable

_ {
organism, in that it has been shown that it can ‘

produce amylopolysaccharide from glucoso-l-phospha#e

as well as sucrose. This was found to be caused |

by a phosphorylase and not the amylosucrase which |

is independent of phosphorylation. This organism!

|
|
|
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thﬁs possesses two metabolic pathways for the
synthesis of its amylopolysaccharide, one starting
from glucose-l~phosphate and not acting on suerﬁse,
and the other starting from sucrose and not h&Vihgi
any action on glucose=l~phosphate.

(v) Amylomaltase. This enzyme converts maltose
into amylose-type polysaccharides. It is specifie
for maltose and has no action on glucose-l-phosphate,
lactose, ﬁelibiose, cellobiose, a« or p-methyl
glycoside. The reaction is represented as followss

n maltose = (glucose)n + n glucose

The product has not been subjected to structur%l
studies. When no steps are taken to remove the free
glucose formed the polymeric product consist chiefly
of short dextrins of 4 « 6 glucose units lengthj |
but when ﬁotatin (glucose oxidase) is added to
remove the glucose as it is formed the product is
& much larger molecule, with starch-like behaviour,
@.gsy staining blue with iodine, |

The most remarkable feature of this enzyme is

its reversibility. In the absence of glucose

oxidase the conversion of maltose to polysaccharidﬁ
stops when the reactisén is only two-thirds completed.
Barker and Bourne(1552) fractionated the products
formed from maltose by Monod's strain of E. coli

and found that of the glucose residues initially

present in the maltose, 29% appeared as glucose,

24% as unchanged maltose and 35% as higher sacchar{des
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| In the presence of glucose oxidase the reaction
goes to completion.

Amylomaltase has been found only in special
variants of B, coli (Monod and Tecrriani 1948, Torriani
and Monod 1949, Duodoroff, Hassid, Putnam, Potter
and Lederberg 1949).

(vi) Bacillus macerans amylase, This is an enzyme
present in B, macerans capable of acting reversibly,

either converting starch into non-reducing crystalline

dextrins (Schardinger dextrins), or by acting on
these dextrins to convert them inte longer oligo=
saccharides. The Schardinger dextrins are cyclie
dextrins of 6,7 or 8 units. It has been shown
that in the presence of glucose, maltose, celloblos¢,
sucrose or maltobionic acid the enzyme opens the
dextrin rings and attaches whatever sugar is present
to form a larger oligosaccharide. In the presence

of maltose, for example, the reaction would be

Glu-Glu
/ - \
Glu Clu 4+ Glu-Glu <— Glu—(Glu)6- Glu
N / maltose " s |
Glu-Clu . 4 homologues|:

cyclic dextrin
(glu=glucose)

This enzyme differs from the preceding ones
in several respects. First, it is less specific
towards its acceptors, being able to use a variety |
of sugars, Secondly it apparently transfers in
one step a whole chain of glucose units (if the
cycliec dextrin 1s regarded as the donor). Thirdly
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is the absence of a by-product caused by the scission

of a cyelic rather than terminated substrates.
Lastly, and most important, is the fact that
B. macerans amylase action in reverse has not been
found to lead to polysaccharide synthesis. Unless
evidence is brought forward for polysaccharide
Syntheslis, this reaction must be regarded as only
@ potential pathway of polysaccharide synthesis.
This enzyme has been shown capable of reacting
With smaller, non-cyclic saccharides, as part of a
more general reaction. Norberg and French(1950)
found B, macerans amylase to catalyse a re-distribut
of glucose residues in linear amylopolysaccharides.
There is a possibility that future work may show
close resemblances between B. macerans amylase and

amylomaltase.

ion

Hehre (1951) has summerised the present knowledge

of polysaccharide synthesis in a concise manner -
it is now evident that multiple and alternative
enzymic pathways exist for the synthesis of poly-

saccharides of a particular type (amylopolysaccharihas,

dextrans), that important carbohydrates (sucrose,
€lucose-l-phosphate, maltose, amylopolysaccharides,
| dextrans) occupy a definite relationship to one
another on a scale of (decreasing) glucoside bond

energy or condensing power, and that structurally,

these carbohydrates possess in common a transferablE
arides

terminal a~Deglucopyransido radical (the polysacch



| bacterial capsules and slime is still uncertain. |

that capsules and slime were products of secretion

| being correct (see Dubos, 1945, Knaysi 197, Lamanna
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hav;ng'in_additiong many other u*D-glucopyrandso

regidues;)“.

Origin of bacterial capsule and slime

The origin,or physiology of formation, of

1
]

It was a commonly held opinion, at one time, that

these structures were formed by cell-wall swhlling,

and that they were therefore firmly-attached integral
[
parts of the cells by which they were produced.

This view was opposed by many authors who believed |

(Mfeyer 1912; Zettnow, 1918). At the present time |
the latter hypothesis is very widely accepted as
and Mallette, 1953). Capsule and slime are
visualised as being built up by accumulation of
exopolysaccharide or other extra-coliular‘polymeric
material (protein) around the cell. f
The evidence now available, although strongly
in favour of the secretion hypothesis, is of
indirect rather than direet nature. The view
that c#psules vere the result of cell-wall swelling
or thickening was shown to be untenable when
specific depolymerising enzymes were found which
could remove capsules without impairing the i

viability of the cellsy when the decapsulated
cells were transferred to fresh media they formed

new capsules rapidly (e.g. see Bernheimer, 1953) i
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showing that the action of the enzyme was only to
destroy the capsule and not to affect any of the
cellular functions, Such decapsulating enzymes have
been found for haemolytig-stroptococci and some
pneumococcus types, the best known being the one
specific for pneumococcus type III (Dubos and Avery,
1931). Further evidence against the concept that
capsules were caused by cell-wall thickening was
provided by the discovery of exopolysacchafida
synthesis bé cell~free extracts, first demonstrated
with cell«free preparations of L. mesenteroides
(Hehre and Sugg, 1942). It was thus shown that
cell walls are not essential for the production of
exopolysaccharides.

The question next arises as to the site of
synthesis of slime and capsular polysaccharide
matefial. As it 1s difficult to visualise how a
polysaccharide can pass through the eytoplasmie ‘
membrane, it is postulated that exopolysaccharides
are synthesised at or beyond the cell-wall (Stacey,
1949), In some homopolysaccheride producing species

(e.g. L. mesenteroides) extracellular enzymes also[

participate in exopolysaccharide synthesis; Staceyf

(1949) believes that the dextransucrase of

L. mesenteroides is part of the cell-wall, being

attached to it by relatively labile linkages which|
permit some of the enzyme to pass into the medium.l

It is postulated that the secreted or celle |
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surface-synthesised polysaccharides accumnlate arounh
the cell-walls and thus form capsules, and that when
capsular matorial'passés into solution it becomes
slimé, There are different views concerning tha
accumulation of-exbpolysaechérides to form discrete
capsules.  Aceording to one viewpoint it is merely
2 matter of low solubility and high viscosity and
that the rate of synthesis being greater than the

rate of solution of the polysaccharide, a capsule i%
formedy according to ihia*hypothesis the capsule 1#
| constantly passing into solution to become slime.
A diffieulty arising from this simple explanation
of the origin of slime and capsule is the observation
frequently madey that capsules remain firm and
discrete even when cells are washed vigorously or
left in liquid mediam for long periodsy conditions
which would be expected to cause the capsules to
dissolve 1f it were only a case of rate of passing
~ into solution,

Another hypothesis to account for capsule .
formation is one which may shortly be proved to be
correct, It is possible that capsules are not

structureless layers, but that they are given shape

and rizidity by a network or framework. There is
evidence for the existence of such frameworks in tﬂe
capsules of several species. It is reported thatl
a mucopolysaccharide basket~like network is present

in pneumococcus capsules (Stacey, 1949)j polypepti#n
|

|
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. fibrils have been observed emerging from the
surface of B. megatherium, the interseptal spaces
of which are filled with polysaccharide material
( Ivanovies and Horvath, 1953): Tomesik (1951)
has reported evidence of a framework of polysaccharide
in the capsule of Bagcillus M in which the interstices
ere filled with polypeptide. It may be found that

in general, capsnles~araxformed by the filling of
interstitial spaces of the structural frameworks
that are postulated to be present in the capsule~
forming specles. ' As the exopolysaccharide is
synthesised it fills the framework and diffuses
outwards through it; - once beyond the framework it
becomes amorphous slime, This hypothesis is in
keeping with the observaticn that the main productipn
of slime pclysaccharide occurs later than the main
production of capsular polysaccharide (Duguid and
Wilkinson, 1953). On the basis of this hypothesisﬂ

dissociation of eapsular into purely slime-forming

variants could be explained simply by the loss of
the ability to form tbe framework. It is possibl
that the problem of capsule formation may be finally
~ elucidated when observations are made to discover
what happens when a capsular strain becomes a non~-

capsular slime-~forming variant.

The relationship of capsule and slime.

Although all that has been sald above about

the mechanism of capsule formation depends on it,
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|

| |

very little work has actually been done to establish i
that the slime and capsular polysaccharides of an

organism are in fact identical.

In 1933 Etinger-Tulczynska proposed that slime an

R

capsule were of different origin, that slime was a
secretion while capsules vere manifestations of cell-
wall swelling. This work was based, in part, on the
Imisinterpretation of some of the microscopic evidence
(Duguid 1951) and the hypothesis is of coure valueless
in the light of present knowledge presented in the
Previous secfion. It is surprising that recently a
claim was madé by Kleineberger-Nobel (1948) to have
obtained positive evidence that the slime and capsules
of ‘an organism are biochemically'distinct. This clainm
was based on staining ﬁethods involving special fixatives
and mordants, by the use of which it was claimed that
slime and capsules stain differently, that therefore
this constituted evidence for chemicel differences. It
is difficult to believe that a stain can be indicative
of chemical nature when it stains all capsules irrespective

of their composition and structure. At most these

!dirferential stains of Kleineberger-Nobel are probably

Especific for particular physico-chemical states, perhaps
]reaeting preferentially with gels of certain degrees of

I|hydration.

The only reliable evidence about the relationship

Fof slime and capaular polysaccharides has been serological

tests with Klebsiella (Edwards and Fife 1952) and §. aerogenes
|
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' (Wilkinson, Duguid and Edmunds 1954): In each

[

 investigation it was shown for one strain of the
species that the slime and capsular polysaccharides
 were serologically identical, but these findings are

subject to the limitions of serological proofs of

' 4dentity, 1:e. that differences in composition that

do not affert the location of the immunologically-

idominant groups may be.presant but undected: The
! identity of slime and capsular polysaccharides havei
%yet'to be shown by chemical methods.

;The function of bacterial capsules and slime.

| Very little 1is known with certain ty of the
;functions of capsules and slime. It has been |
isuggested that the main biological function of these
‘structures is in the control of the phjsical propert
E in the widest sense, of the external milieu in which
itha organisms find themselves (Hestrin 1953). Perh
!capsules may be regarded as buffers protecting theiﬂ
icells from harmful influences.

i Mudd (1953) suggests that capsules may be

iregarded as secondarily acquired protective devices,

;especially as adaptations to parasitism. It has
‘boen demonstrated that in the body capsules exert
itheir protective effect by preventing phagocytosis;

|
|
|
' 4n the soil it is believed that capsules protect !
?organisms against attack by protozoa and phages. i
| Because the exopolysaccharides are highly hygroscop#

|

' it is believed that capsules and slime function as

103’
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|

moisture conservers, a factor which may be of majori

importance to soil bacteria. (e.g. Revis, 1913). |
A fresh approach to the problem of function waJ
encouraged by the discovery, reported by Hestrin'(1453)
that as a group, levaneproducing species are able to
utilise the levan they form, thus indicating that in
these species levan is not an end product but an |
intermediate in the metabolism of sucrose. It has |
been suggested too that exopolysaccharides are the |
‘products of metaboliec shunts (Iémanna and Mallette

11953). The intracellular polysaccharides are probably
;food reserves (Knaysi 1951). ,
' |
It 1s possible that the main function of capsule

| and slime varies with the type of habitat and

|
characteristics of the organisms. i
| |







| Although it has long been known that organisms
'of the Aerobacter-Klebsiella group producé very
;mucoid growtha, few attempts have been made to
/investigate the nature_df their capsules and slime. |
ineeently, éttention has been drawn to the exopoly=

|
isacchaﬁdes of these organisms by the work of Edwards|

iand Fife (1952) who showed that these baeteria exist
iin a large number of 1mmunologically~dist1nct types
!of high speeificity, evidenced by a very small
number of cross-reactions, Edwards and Fife
'}1dent1f1ed'57 types, a number 6f which has éince
:been increased to over 100 @Edmmis ;954 3

Henriksen 1954), These results indicate that, like
(the pneumococcus, the Aerobacter and Xlebsiella

iSpecies are able to synthesise large numbers of

i1mmunologically-different antigenically»active
ipclysaccharides1

In the present study the exopolysaccharides
. rogenesg and three
'strains of Klebsiella species, representing six
immunologically-different types in the Edwards and

;of five strains of Aeroba

EFiﬁ;classification, have been examined, together

'with the exopolysaccharides of two strains of *

Aerobacter cloacae and one strain of E&sﬂsx&shia.seli,

to observe their nature and to find whether those E
|

produced by the different immunological types differ
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.~ markedly in composition,
Jﬂ“ﬂbte ¢ The relationship of ﬁl.kﬁlﬁllﬁ and Aengggteg'
- organisms is a controve ,tial matter, and in the
opinion of many authors they should be combined in |
one genus, (see Kauffmann 1951)s Edwards and
Fife (1952) 4in their definite paper have included
 Asserorenes (but not A.cloacae) within the genus
. Klebslella, and have discarded species names within

the genus because they consider the grounds for

|
differentiation to be insufficient.  Instead they . |
- have described all Klebsiella organisms with reference

to, their capsule typess e.ge Kl pneumoniae types

| A and B are called Klebsiella types 1 and 2, This
classification has the merit of unambiguity and may |

become universally accepted, but in the present work

the name Aerobacter is used.

Emmerling (1900) isolated the "gum" from a
' lactose-grown liquid culture of A,aerogenes and
- obtained it as a nitrogen-free white powder with no
| reducing properties until after acid hydrolysis. .

. Analysis foyéarbon and hydrogen indicated an empiricali

formula CgHyo0se On the evidence that nitric acid |
' oxidation of the polysaccharide gave rise to mucie |
:acid Emmerling claimed it to be a galactanj he was |
| unaware that galacturonic aeid would also have given |

%rise to muecic acid.
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A more careful study was carried out by
'Schardinger (1902), of the slime produced by an
organism identified by him as B.lactis pituitosi,

|

the characteristics of which suggest that it was

probably a strain of A.aerogenes. To isolate enough
Folysaccharide for the investigation Schardinger grew
50 litres of culture in simple synthetic liquid medium
if the follﬁwing composition 3 5«8% sucrose,
P.E% /R4 (chloride or sulphate), 0.1% KHo POy and
- 0.05% MgSO4;« Chalk (1-1.5%) was added to maintain
ieutral conditions. Growth was carried out in

-litre flasks which were inoculated with 2«3 day

>1d broth cultures and then allowed to stand for
$-6 weeks at 25-30°.- After about a month most of the
lhalk had dissolved and the cultures were very turbid
ind viscous. The polysaccharide was isolated and
éurified by a long series of precipitations with
aleohol under various conditions, and a final yield
of 6.5 g. was obtained from the 50 litres of cultures.
fhe product was found to be difficultly soluble in
wvater, oftenrequiring the addition of acid or alkali '
to dissolve it completely. The aqueous solutions

were reported to be optically inactive. ' The analysis

figures for carbon and hydrogen agreed closely with
|

t%e values for CH L0, Emmerling's findings were

rtpsated when it was shown that nitric acid oxidation

gave mucic acid, but Schardinger showed that the
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presence of galactose unambiguously by hydrolysing
the polysaccharide and preparing galactosazone. By
measuring the reducing power (Allinn and Fehling's

Method) it was estimated that the polysaccharide
. contained 79.6% galactose or 71.6% galactan.

Furfural was detected when the polysaccharide was distilled
with hydrochloric acid, which Schardinger interpreted

as evidence for the presence of pentose, but which of |

course could also have come from a urohic acid.

Tomesik (1927) isolated the exopolysaccharide of ;
a capsular strain of A.aerogenes. He attempted to
isolate the polysaccharide from culture filtrates ,
but found that the capsules would not dissolve into
the medium, even after standing for 30 days, whereupon

' more drastic treatment was employed. Two-day growths
ifrom solid cultures were suspended in distilled water and
| precigfated with alcohol. The cells were re-=suspended
%in 2 litres of 10% KOH solution and incubated at 37° $
ésamples were removed at intervals and examined under the
!microscope to follow the course of decapsulation. It
:was found that 3-4 hours were required, after which
the cells were removed by centrifugation and the
polysaccharide precipitated from the supernatant with
aleohol. Owing to the relatively drastic isolation

procedure the product appears to have been contaminated

with the cytoplasmic contents of disrupted cells,
shown by the high nitrogen content, 1.4%, which on
purification fell to 0.9%. Acid hydrolysis of the

polysaccharide have a reducing value equivalent to
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66% glucose. Tomcsik made no attempt to identify

any of the component sugars of the polysaccharide.

Warren (1950) demonstrated that the exopolysaccharide

from a capsular strain of A.serogenes was susceptible t
depolymerisation by hyaluronidase action. The
polysaccharide was i1solated from organisms grown for
5 days at 37° in liquid medium (0.3% beef-extract,
1% wilson SM peptone and 0.5 NaCl). The cultures
were freed of cells by centrifugation and the poly=-
saccharide precipitated from the viscous supernatant wi
acetone. It was purified by reprecipitation several
times, dialysed, and then finally freeze-dried. The
yield was ?5~100 mg of polysaccharide per litre of brot

Analysis of the polysaccharide gave the following resul

nitrogen 7.9%, organie phosphate 1.27%, ash 10.5%,
sulphur not detectable. No attempt was made to identi
the component sugars. Despite the high nitrogen,
protein tests gave negative results (the 7.9% N would
be equivalent to approximately 48% protein which should
have been readily detectable if it were present)s

the digproportionately low P value indicates that the
high N is not due to nucleic acid. It was not
recognised by Warren that the high nitrogen content
therefore strongly suggests a hexosamine component,
which would help to exvlain the susceptibility of the
exopolysaccharide from thl strain to hyaluronidase

activity.
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All these investigations were carried out with

untyped strains.

Previous studies of Klebsiella polysaccharides.
Preliminary studies by Toenniessen (1921) and

Kramar (1922) indicated the presence of galactose

in the exopolysaccharides of unidentified strains of

Friedlander's bacillus (Kl.pneumoniae) by the

preparation of galactosazone from the polysaccharide
hydrolysates. The main body of knowledge about
5;g§§;gll§ polysaccharides derives from the investigations

made a few years later by Avery, Heldelberger and Goebél
on the polysaccharides of Friedlander's bacillus, typeé
Ay B and Cy ' -‘
The type A polysaccharide was isolated and purified
in the following manner (Goetel and Avery 1927) i |
washings from 72 hour cultures on glucose agar medium
(pH 7.6) were autoclaved and treated with trypsin

until the turbid suspension was clarified, After

adding sodium acetate the polysaccharide was predipitaﬁed
|
with 2 volumes of ethanol. The crude polysaccharide was

freed from protein by repeatedly dissolving the

polysaccharide in water, acidifying the solution with i
acetic acid, removing the protein precipitate and then

1
precipitating the polysaccharide with ethanol, This i

|

process was repeated until the polysaccharide ceased tq

i
be opalescent in solution., It was dissolved in water iacidifhﬂ
with HCl and dialysed against distilled water until

|

free from ions. The solution was then concentrated in
|

[

|

I

|

|

|
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vacuo to low volume, and the last traces of protein |
removed by a last acetie acid treatment and the

polysaccharide finally precipitated with 10 volumes of
acetone. The yield from 72 Blake bottles was 5-6

grams of polysaccharide.

The polydaccharides of Friedlander's baeillus [
types B and C were prepared in a similar way, except i
that in the case of type B the trypsin digestion ‘
was omitted and the autoclaved washings were }
centrifuged to remove cells and debris. (Heidelberger,
Goebel and Avery, 1925). A drawback of the above |
preparative method which the authors were unaware of At the
time, was that the drasti¢ preliminaries - autoclavi
and trypsin digestion - will have caused disruption
of the cells and therefore mixture of extra - with ;
intracellular polysaccharides. However, as the amou+t
of extracellular polvsaccharide would be much greater‘
than the intracellular the results obtained using |
these polysaccharide preparations may be consiidered t
be more or less correct for the sxopolysacchaiides. T

The characteristics of each polysaccharide were I
determined and are shown in the table. All the |
polysaccharides were found to contain D-glucose, '
identified as the osazone and by oxidation to saccharlc

acid, and each polysaccharide was found to contain I

a uronic acid component, which in the case of the typ? A

polysaccharide was identified as D-glucuronie acﬁ!.{CGnc!?Lbel 127 )
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ROPER 3 of PNEUMONIAE PO EQ |

‘Type (x]] N Acid educing powe f gomEonent

3 L—l — eguivalent gf§e§ ﬁgdr§I§aig sugars.

A -102° 0 430 66% as glucose Glucose

; o Glucuronic acid
'B +100" O 694 73% n = Glucose

} Uronic ecid

c + 95°% 0 645 Ths% * ow Glucose

Uro?ie acid
Although the polysaccharides of types B and C |

‘appear to be very similar, they were shown by
|

‘immunological tests to be different; they would not
|

‘eross-react with antisera prepared against each othe#.

|
!Previoug studies of E,coli polysaccharides.

i Within the past few years several E,colil poly~ |
‘saccharides have been examined and their compositions
[ [

‘elucidsted with the aid of modern technigques, In esch

|oase they were found to be components of "Boivin antigens",
i.,e, complexes of polysaccharide, phospholipid and |
protein, normally found in many gram negative organiéma.

éThese complexes are of great interest becsuse of their

|
One of the E,coll complexes has been found to possesé

tumour-regressing properties (Ikawa, Koepfli, Mudd an

marked biological (other than immunological) activity.

Niemann 1952), while others have been shown to possess
?arked pyrogenic activity and are being intensively
!atudied by Westphal end his school with a view to
elucidating the mechanism of bscterial inflammetion

and irritstion in the animal body.
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Westphal, Lﬁderitz, Eichenberger and Keiderling
(1952) isolated a highly active pyrogen from E,coli |
strain I{Eroger 0-3, by using the pbensfl-water extracti?n

method described by Westphal, Luderitz and Bister
1(1952)s The bacteria were grown in glucosew

nutrient broth liquid medium with constant aeration f
fop 24+36 hours and were harvested by centrifugation,
The cells were washed with saline and dried with
acetons and degigeated, before extraction with hot
(65-68°) phenol-water homogenous mixture. After
eooling, the aqueous phase was separated and found
'to contain a protein-free mixture of nucleie aecld
(40-50%) and the polysaccharide«phospholipid complex
(50-60%)« The lipopolysaccharide was partially E
purified from nucleic acid by ethanol fractionation |
but was finally isolated in a pure state by
centrifugation in a preparative ultracentrifuge.
EThe product was obtained free from protein and
nucleic acid, and.was found to eontain 75% polye
saccharide and 25% lipid. The yield of lipoe
polysaccharide was 1-2% of the initial bacterial
dry weight,

: The lipopolysaccharide was analysed for its
component sugars by hydrol&éis and paper chromatography-
both qualitative and quantitative (Luderitz and Westphal 1952
The sugars found tq be present in the polysaccharide|were
rhamnose, xylose, glucose, galactose and glucosaminej
the last component was detected and estimated by the
Morgan and Elson method.; A sugar component moving

? faster than rhamnose was observed on the chromatograms
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but was not identified. The presence of rhamnose

and preparing the osazone. The sugars other than

iglucosamins, were estimated by a novel technique, using

was confirmed by isolating it from multiple chramatograhs

}the intense red colour produced when triphenyl tetrazolium

'sprayed with TTC solution, and on warming, intense

red spots were produced in the areas where the reagent
had been reduced by the sugars. The papers were cut
to isolate the spots and the red colour (a triphenyl
formazan compound) eluted with pyridine and the colours
measured and compared with standards. The following
results were obtained using this method 3 |

COMPOSITION OF THE POLYSACCHARIDE
FRACTION OF E.COLI (KROGER 0:8) LIPOPOLYSACCHARIDE

PYROGEN:
(Results corrected for.loog reduging sugar!.

Rhamnose 56 .9 ; 4.5%
Xylose 4.6 T 1.1%
Glucose S 14a * o0.27
Galactose 3.6 3 1.0%

B;Iz : 618’
Glucosamine _8.7
TOTAL 97.9 £ 6.8%

The rhamnose gontent was checked by estimating
the C-methyl groups present in the polysaccharide

chloride (TTC) is reduced. The paper chromatograms were

and a value obtained equivalent to 59% rhamnose, confir

the above result. Physico=-chenical measurements

ning
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indicated that the lipoprotein complex had a
molecular weight of about 1 million, and that

the molecule had a spheroid shape (Schramm,

Westphal and Buderitz 1952),

Luderitz and Westphel also examined the
pyogen of E¢coll (strein Keuffmann O;g) by the
same methods and found it to have the same
component sugaers as abovey; but having mannose in
place of xylose; the sugars appear'to be E
present in different proportions, (Westphal, |
Luderitz , Fromme and Joseph 1953),

From the culture filtrstes of an
unidentified atypicel strain of B.coll (described
as being a parﬂmﬁglon intermediate type)

Ikawa, Koepfli/and Niemann (1952) isolated an

agent ceusing regression and hasemorrhage of |
experimentally~induced mouse tumours; The
agent was found to be a phospholipid ~

| polysaccharide=-polypeptide complex which could
be separated by trichloroacetic acid
 treatment into polypeptide and phospholipid-

é polysaccharide fractions. The latter was ?
| shown to contain 21 -« 25% bound 1lipid;, and to i

' have a reducing power eguivalent to 52 = 55% glucoses
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Its glucosamine content was estimated to be 15«17 % 1
By examining the ultraeviolet absorption spectrum of the
phospholipo =polysaccharide in 79% sulphurie acid
solution, Ikawa et al (1952) reported the absence
of mannose, ket03037 6=deoxyaldohexes, aldopentoses
and uronie acids. Deglucose, D.galactose and
D=glucosamine vere isolated from the hydrolysed
.phospholipo-pohpacchar1de and identified by the "
preparation of derivatives, but their relative
proportions were not determined.

Webster, Landy and Freeman (1952) reported the
extraction with 0.97saline solution of the Vi antigen
of E.coli strain 5936/38 as a complex. Mild acid
hydrolis of the comﬁlex followed by electrodialysis
led to the isolationof the pure polysaccharide which

wvas gound to pessess abtriking resistance to hydrolysis
it gave less than 3% reducing sugar after hydrolysis
with 6N hydrochloric acid at 100° for an hour under
50 lbs. pressure. It was later shown that the
polysaccharide was built up from a single component
recognised to be a N-acétylaminohexuronic acid (Websteﬂ,

Clark and Freeman, 1954%).. No other polysaccharide of

similar composition is known..
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The following organisms were used for polysaccharide
production, -

Strainss Al, A3A4 & A29, Capsulated strains from the

(A1l and A3 correspond to
Klebsiella type 54)

(A4 corresponds to Klebsiells
type 8)

(29 corresponds to Klebsiella
type 57)

Straim A3(S1)

Acrobacter cloagze.
Straing NCTC 5920

- of Type Culturess

Straing NCTC 5936

Esgherdchia colls
Straing Al02

collection of Dr, J.Pe d
(Bacteriology Depts Fdinburgh
University) isolated fr

faeces, infected urine, wounds
and milk, whose individual
sources are unknown,

These strains have been

typed by Dr, P,N: Edmunds
(Bacteriology Depte, Edinburgh
University) and found to
belong to the Edwards a

Fife scheme (Fdmunds 1954),

A purely slime<formi
variant of A3 isolated by

Dre J«F, Wilkinson (Fdinburgh
University) by a chance
variation upon repeated
subculture of A3,
Irmunclogically A3 and
A3(81) are identical
(Wilkinson& Duguid and
Edmunds 1954).

A slime-forming none
capsulate strain obtained
from the National Collg;tion

A purely slime-forming
gtrain isolated from fa
by Dre¢ JoP. Dupguid, and
found to belong to

Wilson's biochemical type 1.

ces
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Klebsiella.

Type 2 (NCTC 5055). A capsulated strain
obtained from the National

Collection of Type Cultures.

Types 26(S1) and 29(81).
Non-gapsulated slime-

forming variants obtained by
chance from Edwards! types
26 and 29 by Dr. P.N. Edmunds.
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Cultyral conditions.

! A1l the organisms were grown on a simple
?synthetié medium which had the following campositioné!'
1% glucose, 0,03% (HH;)2804, 1.0% Na23P04(anhyﬁrous)!
0.3% KH2904,0.1% NaCl, 0.1% K,50,y 04027 MgSO,
‘and traces of the following salts, CaCl, CG(NOB)E;
Mmso4 and FESO4t The medium was made up with

distilled water, and contained the relatively high

!sugar and low nitrogen concentration found by

‘Duguid and Wilkinson (1953) to give maximal poly« ;

saccharide production. The medium was sterilised

by steaming for 30 minutes on three consecutivo

|days«

In the earlier experiments growth was carried
out 1n Roux bottles on solid medium obtained by addi$g
'2% agar to the above medium (50 ml, per bottle),

WThe bottles were inoculated by pouring in 24 hr.

r_
peptone~water cultures and then incubated horizontally

- lat 3?°¢‘, The use of solid medium was discontinued
' howéver, because with liquid medium under the

conditions described below the relative yields of
gpolysaechariﬁe”were.greater,.and because there was |
?always danger of contamination of the polysaccharide
- with agar, The latter became especially important

when small amounts of galactose were detected in somg

of the polysaccharide hydrolysates.. |
j Growth in liquid medium was carried out in 1000 ml, screwe

ieapped bottles (200 ml. of medium per bottle).. Aftqr

1sperilisation the bottles were inoculated with 100pfuls of the
required organisms grown on agar plates, so that
‘eadh loopful was a heavy inoculum, | |
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IEach bottle after inoculation was oxygenated by
passing oxygen through sterile plugged tubing into
tit for one or two minutes and then replacing the cape
To maintain adequate oxygenation of the liquid

| during growth the bottles were fitted horizontally
onto a rotating drum of horizontal axis, capable of
holding 6 bottles at a time, and mounted in a 37°

incubator. The cultures were grown for 2-3 days |
Eby which time they were usually highly viscous. The
éviscosity of one culture was measured and found to be

I
| 22 times greater than that of water,
|

E The procedure for isolating slime polysaccharide
iwas the same irrespective of whether capsular or purely
}slimeﬁforming strains‘ﬁere used, If the culture had
!been grown on solid medium the cells were suspended

iin physiological saline (0.85% NaCl solution) by

igently scraping the growth with rubber«enclosed .
iglass rods, taking care not to break the agar surface.%
%The washings were then stirred briskly with a mechanic&l
!stirrer for about 30 minutes to ensure that the
suspension was homogenous, and then cehtringed at
Ihigh speed, A MSE high-speed angle-head centrifuge
capable of 13,000 rpm was used. If the culture had
been grown in liquid medium it was centrifuged directly
The centrifugation was much more quickly completed with
purely slime-forming cells which were found to be

nearly all sedimented after about 30 minutes, than with

@ apsular cells which were difficult to sediment, even
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after an hour at the highest speed, Owing to the
viscosity of the liquids, however, it was found
impossible to remove all the cells at this stage,
whether they were non-capsulate or not.

The supernatant liquid was poured off and the
slime polysaccharide precipitated from it by the
additlion of 2 volumes of acetone or 2 volumes of
ethanol, By stirring, the polysaccharide gel adhered
to the stirring rod and could be removed to another
beaker and washed with fresh acetone thereby dehydrating

the highly aqueous gel, If large volumes of supernatant

ere available, the precipitation was carried out
sing no more than about 250 ml, at a time, and the
olysaccharide accumkied at this stage, After
everal washings with acetone, the gel was converted
nto a stringy greyishewhite solid, The crude
olysaccharide was dissolved in a small volume of
ater and de~proteinised by the Sevag method. To
ach 250 ml. of polysaccharido solution, 5 ml, of
lacial acetic acid and 10 g. of sodium acetate was
dded, and this was shaken with 60 ml. of chloroforme
utanol mixture (50/10), After shaking for about
#0 minutes the emulsion was centrifuged, andthe proteins
ound as a gel-like emulsion at the chloroform water
nterfaces, The aqueous liier was withdrawn and shaken
ith fresh chloroform-butanol mixture, and the process
Wwas repeated until little or no protein was found at

the interface, In the earlier preparations it was

found that high viscosities of the solutions made
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shaking and centrifugation difficults -when it was
shown that the viscosity could be reduced by boilling
the polysaccharide solution for 15«30 minutes at pH 7
| without causing any apparent hydrolysis, this step
was Inserted in the isclation precedure, to be done

| before attempting the de=proteinisation process.

The polysaccharide was precipitated with 2 volumes

| of acetone and re-dissolved in about 200 ml. water,

| and the solution then dialysed for 40-48 hours against
running tap water, After dilalysis, in the earliest
preparations the solutions were treated with
Amberlite ion-exchange resins, butthis practice was
later discontinued as unnecessary. The dialysed
solution was centrifuged at high speed and no longer
being viscous, all the remaliiiny cells were removed,

On one occaslion, the polysaccharide was finally
isolated from the dialysate by freeze-drying“but all
the others were isolated by precipitation with acetone
In the absence of dissolved salts the polvsaccharides
were difficult to precipitate, but when 1% of sodium
acetate was dissolved in the solution 3-4 volumes
of acetone gave complete precipitation almost
imrediately, For ease of manipulation it was found
convenient to use no more than about 200 ml, of
solution for each precipitation. The polysaccharide
gel was washed first with 70% aqueous acetone and then
with dry acetone while being broken up into small
fibres or flakes to facilitate drying, and then
dried with ether. The grey~white strings or flakes
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were kept in a vacuum desiccator over phosphorus
pentoxide, The physical state of the final product
was found to vary with the conditions of the last
precipitation and the manipulation during washing
and drying.

Isolation of capsular polvsaccharide.
The residues of cells from the initlal centri-

| fugation, described above in the procedure for

| isolating slime polysaccharides, were used for the

| extraction of capsular polysaccharide, if the strain

| was capsular, First the residues were washed twice

with equal volumes of water o remove adhering slime
before the capsules were stripped from the cells.

An attempt was made to remove the capsules of
A.serogenes (A3) by shaking with sodium chloride
solution, but with concentrations of 1%, 5%y 10% and
20% NaCl no effect was observed, making it necessary

to use more drastic conditions, Two different ways

of removing capsules were found to give good resultse

boiling and soda treatment,

Boiling « The cells were suspended in several
volumes of water and the pH checked, and adjusted
to 7.0 if the suspension was not neutral, Boiling
for 15 minutes was sufficient to remove the capsules

from the cells.

Soda treatment « The cells were suspended in 2 or

3 volumes of water, and the suspension made 1% w-t.NaOH

and stirred mechanically at room temperature for
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15 minutes, after which it was neutralised with
N HCl, When it was observed that addition of 1%

formalin to the suspension about 15 minutes befqre the
start of the soda treatment reduced cell disruption
during the stirring with NaOHy this additional step
was introduced in the procedurees

The bolled or soda-treated suspension was then
centrifuged and the sediment of decapsulated cells
discardeds The capsular polysaccharide was
precipitated from the supernatant by addition of
2-3 volumes of acetone, and then purified in the same
way as the slime polysaccharide.

Optical Rotation,

The optleal rotation of the polysaccharides
was found by measuring the rotation of 0.,1%
polysaccharide solutions contained in 1 dm, cell,
The turbidity of the pelvsaccharide solutions made

it necessary to use such dilute sclutions,

Ash.

The ash content of the polysaccharldes was estimaéed

by ignition of weighed samples (5-10 mg) in a
platinum erucible to constant weighty At first
there was difficulty in arriving at constant weight,
even after a dozen ignitions, This is bel;eved to
be because?gghthe ash was in the form of volatile
sodium saltss The difficulty was overcome by adding
a drop of 60% perchloric acid to the ecrucible after
each initial ignition and carefully heating until

all the liquid had evaporated off,. In this way

|
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constant welght was reached very quickly. The

‘welghing was done with a Paul Bunge microbalance,

Nitrogen.
The nitrogen content of the polysaccharides

was determined by the Kjeldahl method, using 5-10 mg.
samples, Digestion was carried out for 14«17 hours
with 1 ml, N-ffee comcentrated sulphuriec acid using
a selenium catalyst, after which the ammonia was
distilled in a Markham micro-distillation apparatus
into 2% boric aeid. The solution was then
quantitatively transferred to a 25 ml, standard flask
and 2 ml, of Nessler reagent added, and the colour
measured with a Hilger "Spekker" absorptiometer,
using Ilford No, 601 (violet) filters, A straight
line calibration curve was obtained for the range

0-100 pg nitrogen.

EPhogphorug. =

The phosphorus content of the polysaccharides
was determined by the Fiske and Subbarow method,

using 5-10 mg. samples, The colour was measured |

with a Hilger "Spekker" absorptiometer, using Ilford
No, 608 (red) filters. A straight line calibration
curve was obtained over the range 0~100'pg phospharus .
Sulphur.

The sulphur content of one polysaccharide
(Aerobacter serogenes. - strain A3(sf)) was determined,
by the barium sulphate turbidmetric method (Snell
and Snell, "Colorimetric Methods of Analysis", Vol. XL

Pe 766-768) scaled down to deal with less than 100 ne
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sulphur. The procedure used was as follows g=

The sample (about 10 mge polysaccharide) was
weighed into a 50 ml. Kjeldahl flask;y 3 ml. of conc.
nitric acid was added and the sample allowed to
dissolve at room temperatures The flask wﬁs then
warmed gently until brown fumes ceased to be evolved,
and 145 ml. of 60% perchloric acid added. The flask
was boiled until white fumes appeared and the solution
was colourless, It was allowed to cool and 8 ml.
of 12% sodium chloride solution added, and the liberated
chlorine was boiled off, Concentrated ammonia
(0,880) was added dropwise until the solution was
alkaline and the solution was thén evaporated to
dryness, after which the residue was strongly heated
to decompose ammonium salts, The residue was dissolved
in 10 ml; of water and transferred to a 25 ml. standard
flask, and cone, hydrochloric acid added dropwise
until the pH was at or below 3. Finally 1 ml,
of 10% barium chloride was added and the solution
dil%ed to. the mark and shaken, After standing for
5 minutes the flask was vigorously shaken and the
turbidity of the solution measured in a 4 cm, cell
with a HilgBer "Spekker" absorptiometer, using the
colourless Ilford heat filters (H508)

It was thought possible that the phosphate presentl
in the polysaccharide might interfere by precipitating
out as barium phosphate, but it was found that barium
ions do not give a precipitate with phosphate at
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such low concentrations (50—10ng/25 ml)s. The
method may be subject to considerable errors with such
small quantities, but reasonably concordant results
were obtained with the polysaccharide examined,

A straight line calibration curve was obtained over
the range O-SQPg sulphur,

Anthrone value.

The anthrone value of the polysaccharides was
!determined, at first by the procedure described by
Seifter, Dayton, Noviec and Muntwyler (1950) using
0.2% anthrone in 95% sulphuric acid, but later the
modification of Fairbairn(1953), using 0,1% anthrone
in 72% sulphuric acid, was adopted. The latter
procedure was fouﬁd to posses a number of advantagesse
the reagent can be added to the polysaccharide
solution with less danger of unwanted heating j
because of the smaller final volume (12 ml, as opposed
to 15 ml,) a stronger colour is obtained for a
'given weight of material and the reagent does not
require daily preparation,

The method used was as follows g= 2 ml, of
polysaccharide solution (containing 0.1 - 0.2 mg)
contained in a 6 x 1" boiling tube, was cooled in

running water while 10 ml. of anthrone reagent was

|added from a burette, The first 3 ml. of reagent
!were added in 1 ml, amounts, and then the remainder
was added without stopping: the tube was vigorously

shaken throughout, When all the tubes of the batch




% glucose,
‘Beducing value.

85

were prepared, they were heated in a vigorously
boiling water bath for 8 minutes (Fairbairn) reported
that glucose required 12 minutes heating for maximum
colour development, but in the present study a sharp
maximum was found after 8 minutesJ The tubes were
cooled rapidly in cold water, and the colours
measured in a Hilger "Spekker" absorptiometer, using
Tiford No, 607 (Orange) filters, A straight line
calibration curve was obtained for 0-300 pg. glucose, |
but it 1s necessary to include glucose standards |
(usually 100 ng. was used) with each batch of deter=

minations. The results were expressed in terms of

The reducing power of unhydrolysed and hydrolysed
polysaccharides was determined by Nelson's(1944)
colorimetric modification of Somogyi's reduction
methed, as described by Somogyi (1945) The colours
were measured in a Hilger "Spekker" absorptiometer
using Ilford No., 608 (red) filters. Glucose standards
were included with each batch of determinations,

i t ars. !

The identification of the component sugars

present in the polysaccharides was mainly based on the
evidence of paper chromatograms. With the exception %
of the uronic acids all the components were identified |
unambiguously by the rates of movement parallel with

sugar standards in several solvent systems, and by
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the colours produced with svray reagents. In one
pe, strain A3(S1) the

| instance (Aerob
icomponent sugars were isolated after separation on
;a cellulose column and identified by the preparation
| of derivatives. |
| The identification of the uronic acids presented
?great difficulties and none were identified with

| |
' ecertainty. Attempts were made with allegedly specifie
' colour methods (Dische 1947, Dische 1948) and with |

' chromatograms run with glucuronic acid, galacturonie
;acid, and mannuronic aeid standards in acidie
isolvents (butanol-acetic-water 4311353 and ethyl
;acetate-acetic water 33133) but without success,
:The uronic acid of A,serogenes A3(S1l) was isolated
'but no definite identification obtaineds

| Determinatior

The component sugars were estimated in two

[different gereral ways; some (uroni¢ acids and

| 6=deoxysugars) were estimated by specific methods
| directly on the unhydrolysed polysaccharide, while
'all the components (except the uronic acids) were

estimated after hydrolysis by chromatographic

'separation on paper, according to the general principles
deseribed by Flood, Hirst and Jones (1948) using |
the periodate oxidation method (Hirst and Jones)

1949 for measuring the amounts_of each sugar fraction,

'The details of the chromatographic method will be

described first.
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(1) Ovdrolyalse A1l the polysaccharides were found
to be polyuronides and to be resistant to hyﬂrolysis,
Trial experiments deseribed more fully in the rasultsi
sect’on below, indicated that 24 hours hydrolysis '
in N sulphuric acid at 100°, or even 7 hours in
964 formie acid followed by 6 hours in N sulphurie
acid, (both hydrolyses at lgg°) were not suffiecient
for complete hydrolysis, The conditions finally
- adopted as the standgy method of hydrolysis of these
polysaccharides for the purpose of quantitative
analysis, vere 24 hours in 96% formic acid at 100°
followed by 6 hours in N sulphuric acid at-lonép

. The procedure wag-as follovws g
The sample usually 20-40 mg,, was weighed into
a longenecked glass bulb, 2 ml.of 96% formic acid
was added and the neck sealed, It was secured
i'upright in a bollimg water bath and left for 24 hours
after which it was cut open and a weighed cuantity 1
of reference sugar (known not to occur in the
| polysaéccharide) ;as added and the formic aeid
solution then transferred to a distilling flask
where the formic acid was distilled off in vacuo at
45.50°, Usuelly several additions of a few mls, of
water were found necessary before all the acid
was removeds Then 2 ml, of N sulphuric acld was
| added to the syrup and the solution transferred to
another glass bulb vhich was sealed and placed in a

boiling water bath for a further 6 hours, After
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cooling the tube was opened and the contents 1
transferred to a centrifuge tubej the sulphuric
acid was neutralised ﬁith barium carbonate and the
precipitate removed by centrifugation. The next
step, the removal of the bulk of the uronic acid,
was found desirable because of the difficulty
introduced by the trails occurring between the fast
:moving lactone spots and the slow moving uronic acid
ispots; At first the use of Amberlite anion exchangb
resins (IR-4B and IRA-400) were tried,'but not
proceeded with because of the possibi;ity that the
resins would remove some of the free sugars also
E(Boseman, Abeles and Dorfman 1952). It was found that
the uronic aecids could be removed from the neutral

hydrolysate without disturbing the ratio of the free
sugars by precipitation as the barium salts with

|2 volumes of ethanol. The precipitate was removed

by centrifugation; sometimes it was found desirgtle

to let the precipitate and solution stand overnight
in the refrigerator before centrifuging. The i
supernatant from this was treated with Amberlite ]

IR-120 cation exchange resin, and then transferred to

another tube in which it was evaporated to a syrup

by a gentle steam of air blowing into the tube, standing

in a beaker of warm water.

(i1) Chromatography. The syrup from the hydrolysaﬁe

was applied with a micropipette (volume ca.

0,03 ml. made from capillary tubing )
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to chromatogrem sheets cut from Whatmen no. 1
paper. The sheets were 13x58 em., with a
serrated bottom edge. Two lines were drawn
lengthwise 2.5 cm. from each edgo, and spots
marked along the sterting line, one each in
the middle of the side~strips end 4 equally
diatributed in the middle section, One
pipetteful wss applied evenly to the 4 middle
spots, the paper being dried after each
applicatipon with a hair-drier; a halfe
pipetteful wes distributed between the 2 side-
spots, From every hydrolysate 4 - 6
chromstograms weré prepared,

The solvent used for earlier separetions
was benzene~butanol-pyridine-water (10:50:30:30)
(Albon and Gross 1950) which gave good
separation of the sugars but which often
interfered in the estimations because of erratie‘J'
high blank values. This wes replaced by
butanol-ethanol-water (5:1:4) (Hough, Jones and
Wedman 1949) which was found to give equally
good seperation while having reproducible’
small blank values, |

After being run in the tank for a suitable
period (often 6 days) the chromstogrsms were hung
in a fume cupboard for about 2 days to permit the
solvent to evasporste away. The side-strips were
cut and sprayed with aniline oxalate and the

colours developed by heating.,
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-deveioped;ﬁr-hoe%iagm Every side strip was examined

in ultra-violet light for the clearer demarcation
of slight spots, and sometimes the detection of
otherwise invisible spots. The areas from the
central portion of the chromatograms were cut so
that every sugar was obtained on a separate piece.
At this stage, when the pyridine~containing solvent
was used, the paper sections were kepy in a vacuum
desiccator over water for several hours to remove
the last traces of pyridinegy with the butanol=
ethanol solvent this was unnecessary. The sugars
were eluted from the sections using 10~15 ml. of
| cold ﬁéter, after the method described by Laidlaw
and Reid (1950). It was found convenient to cut

the paper sections across diagonally and to
superimpose the two triangular halves thus obtained,
and to elute them together, point downwards. The
shape and double paper surface permitted only a
straight water front to develop, and the drops
from the paper never fell outside the collecting
tube. This arrangement did not appear to interfere
with complete elution.

'(111). Periodate oxggt;on. The énates from the
chromatogram sections were collected in tubes
fitted with ground joints and stoppers. 1 ml.
of 0.3 M sodiﬁm metaperiodate was added to each tube

and the stopper tightly applied. The tubes

vere then heated in boiling water from 30 minutes

|
l
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. in an apparatus which kept the top part of the tubes
- Water-jacketede After the heating the tubes

were cooled in water and about 10 drops of ethylene

5 glycol added to each, Because of the fairly large

. volume of solution in the tubes it was found that

i the glycol required about a minute to destroy the

E excess periodatej it was found convenient therefore,
| during serial determinations, to add the ethylene

. glycol to all the tubes and replace the stoppers

: before commencing the titrations with d11u€§?§§3¥§£
hydroxide, Methyl red or bromthymol blue were used
as indicatorsy a control solution containing

| ethylene glycol and indicstor was always used

- for comparison, With each set of chromatograms,

- blanks corresponding to a range of areas were determined,
. and found to depend on the area, For convenience

' curves relating area to blank titre were drawn and

| used for calculating the blanks of sections of

- Iintermediate areas.

The weight of sugar present in each fraction was
calculated directly from the value of the corrected
titre. Corrections were not made for the deviations
j from the theoretical yield of formic acid, because

. the total errors involved in the procure are
| probably much greater than these deviations, The
following formic acide~carbohydrate equivalences

. were used 3
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Hexose 1 mole sugar = 5 moles formic acid
‘ 1 ml, 0,01 N NaOH = 0,3600 mg.hexose
Pentose 1 mole sugar = 4 moles formic acid
1 ml. 0,01 N NaOH = 0,3753 mg.pentose
6=Deoxyhexose 1 mole sugar = 4 molesformic acid
| 1 ml, 0,01 N NaOH = 0.4103 mg.6=deoxyhexose

After calculating the weights of the sugars present
in each chromatogram, the percentage of each
component in the polysaccharide was derived by
multiplying the weight of the component by the factor

00 where & = Wt of reference sugar added to
X the hydrolysate
r = wt, of reference sugar found in

the chromatogram
P = wt. of polysaccharide hydrolysed.

@v) Uronic acid estimation.
Because of the difficulties introduced by

lactone trails on chromstograms and the amomdlous
yield of formic acid from periodate oxidation,

the uronic acid content of the polysaccharide was
determined by other, specific methods. After
preliminary experiments with several colorimetrie
methods for uronic acids, including those of Hanson
Mills and Williams (1944) and Jarrige (1947) it

was decided that colorimetric methods were not
sufficiently reliable for a study of polysaccharide
. composition when so many other components were

present, Good results were obtained with the
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édecarboaylatinn method of M¢ready, Swenson and Mdlay
g(1946). The apparatus was slightly different
!from that deseribed by the authors, and is shown
Lbelow (Fige 1)« The procedure was as follows g
The sample to be analysed, usually 20-40 mg., was
' put in the dry reaction-flask and some small glass
;"ballotini" added to prevent sudden boiling, 30 ml1,
' of 19% hydrochloric acid were added and the ground
Eneck of the flask lubricated with a drop of syrupy
':phosphoric acid, and the flask attached to the
' condenser and the air inlet tube, The whole
' apparatus was flushed out with a fairly rapid
| current of air to remove traces of carbon dioxide
?before addition of the sodium hydroxide solution,
' 5 minutes was found to be sufficient for this
;purpose. Then the air current was stopped and the
Ztop of the absorption tower opened by removing the
'adaptor, and 25 ml of approx, 0.02 N sodium hydroxide
'and 6«8 drops of butanol added, The absorption
| tower and flask were disconrected from the inlet
tube O 15«30 seconds to allow the butanol to
drain past the glass bulb. The apparatus was
'reconnected and the oil bath rapidly heated, in
:situ, to 145° while a slow alr current was passed,
'After the temperature was stabllised and the expanded
;air was out of the system, the air flow was adjusted
'to a sultable rate (60-80 bubbles/min, st the outlek
:tube). At the end of 90 minutes the absorption
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Fig. 1. Decarboxylation Apparatus
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flask and tower were disconnected from the apparatus

| and the sodium hydroxide sucked down into the flask

' and the tower washed thoroughly vkth water(4 x 10ml),
jand 10 ml. of 10% barium chloride solution added,
Two drops of phenolphthalein were added and the

| solution back-titrated with accurately standarised
;(approx. 0.02 N) hydrochloric acid.,  The
édifference between the titration and a control

| blank was equivalent tothe carbon dloxide released

| from the uronic acid,

i 1 ml, N HC1 = 0,194 mg. uronic acid
|
| within 1%
i

The results were found to be reproducible to
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' Notes on the decarbo ati apparatus and et .

1. It was found easier to control the air flow
by pressure than by suction. If stop-cock grease,

containing a little rubber was used in place of

. vaseline there were few leaks,

1 25 It was found necessary to introduce a small

glass bubble to act as a spray trap at the

. constriction of the absorption tower, because

| droplet spray sometimes carried away significant

| amounts of alkali.

' 3. Olive oil was found to be the best oil~bath

| 1iquids
' 4, The main difficulty found with the apparatu®

was to obtain a suitable type of zinc for the
hydrochloric acld traps, Commercial granulated

zinc appeared to be coated with zinc oxide which

- possibly contained some carbonate as welljy 1t did

. not withstand many determinations with the apparatus

f before hydrechloric acid was able to pass through

into the absorption tower, The problem was very

satisfactorily solved by turning zine rods'(Leclanchel

electrodes) on a lathe, and cutting the turnings
into smaller pleces, By charging the U-tube and
splash~head with this no further difficulty was

encountered,

1

5« (Class wool was used to hold the zinc in place in |

the splash-head, If not previously washed with acid

: the glass wool was sufficlently alkaline to contain



i easlly removed with strong alkali,

? which gave high results, After a few times in use

27

| significant amounts of absorbed carbon dioxide

the zinc granules in the splash-head became cemented
together and the glass wool was dispensed with,
6o After éach determination the reaction flask

' was found to have a purple coloured ring, where the

surface of the liquid inside had been. This was

- (v). 6-Deoxyhexose estimstions. Fucose was found

' in many of the polysaccharides examined in the

| present study § rhamnose was also found in one of

; them, These sugars wvere es%igy&ed by eriodate

:the colorimetric method paralled the results

es

' oxidation from chromatograms/ as described above,
;but as a means of confirmation the Dische and

E Shettles (1948) colorimetric method was also applied.
| The method was c¢laimed by the authors to be specifie
| for 6-~deoxyhexoses but in trial experiments it was
'found_that all the other components of the

| polysaecharides would interfere, but their colour
Iproducing power relative to fucose end rhamnose was
?sligh%, and by obtaining correction factors the

' fucose content of the polysaccharides estimated by

 obtained by perilodate oxidation,

isulphuric acld) vas added to 1 ml, of polysaccharide

The method was as follows ¢ 4.5 ml, of

sulphuric acid ( 1 volume waters & volumes cone,

5801ution while cocling in ice, The mixture was
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then warmed for a few minutes, at 20-22° and then
heated for exactly 10 minutes in a boiling water
bathy, and cooled rapidly. To the cold solution |
0.1 ml. of 3% aqueous cysteine hydrochloride was ;
added with shaking, The colour was measured after
an interval of 1% - 2 hours, by measurirg the
difference in absorption at 3960 & and 4300 & in
a spectrophotometer, In the present study a
Unicam SP 500 Photeelectric Quartz spectrophotometer
was used, |
Dische and Shettles considered the method to

be suitable fw 2 -~ 10 pg. amounts but in the preseit
study a'straight line relationship was obtained
over the range O-So/ng fucose, both when alone or
in the presence of large amounts of glucose and
glucuronic acid when corrections had been made for
the latter sugars.
Serological met .

| Preecipitation tests were carried out with some
of the A,aerogenes polysaccharides to demonstrate
the reaction of the isolated polysaccharides with
antiserum) aml to establish the serological identity
of some of them. The antiserum was kindly provided

|
by Dr. P.N. Edmunds, who prepared it by inoculating
rabbits with A,aerogenes (A43) cells, and was the

same as that used by Wilkinson, Duguid and Edmunds (1954).

Douibling dilutions of the antiserum in saline
from 1/2 to 1/32, were placed in narrow tubes and a
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O.QZéolution of the peolysaccharide in saline was |
superimposed, The tubes were incubated for 15 %
minutes at 37° and examined, when a2 positive reactioni
was indicated by the appearance of a white ring i
at the interface, For precipitin-absorption tests
the absorbing reagent (0,1% pclysaccharide solution) |
was added dropwise with constant agitation to an |
equal volume of antiserum and the mixture incubated
at 37° for 30 minutes, After removal of the
precipitate by centrifugation the supernatant was
tested with the polysaccharide solution to find @
whather precipidating activity had been lost as a |
result of the absorption, If activity remeined,

more of the polysaccharide solution was added

until absorption was complete,

It was found that the capsules of A,aerogenes

strain A3 were firm enough to remain on prolonged
stirring and shaking with water, and with saline
solutions containing up to 20% sodium chloride,

The empirieal observation was made that the eapsules.
of strain .53 could be dissolved by either boiling E

a saline suspension at neutral pH for 15 minutes

or by stirring a suspension in 1% sodium hydroxide |
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_: in the cold for 15-30 minutes, The ecapsular

. polysaccharides thus obtained were found to have

higher nitrogen values than the slime polysaccharide

vhich, after the absence of hexosamines was ascertained

| suggested that bolling or soda treatment of the
| capsular cells caused lysis and contamlination of the

| polysaccharide with the cytoplasmic contents,

| turbldlity of the suspensions during soda trestment,

|
[
|
|
. This was also indicated by the sharp decrease in |
|
|
|
|

| duting the soda method of extraction was appreciably
' reduced if the suspension was first allowed to

| stand in 1% formaldehyde solution for 15 minmites,
| 37° on glucose synthetle liquid medium in Roux
; bottles, The cells were harvested by centrifugation
' end were washed several times with saline, and a

- 20 ml. portions were transferred to 4 cm. Spekler

were to be carried out; one porticn with, and the

- c@lls, in whlch the soda extrasction of the capsules

The following experiment showed that lysis

A culture of strain A3 was grown for 48 hrs at

suspension of Spekker reading 1.0 prpared, T™WO

other withcut, formalin pre-treatment. To one cell
0459 ml. of 364 formaldehyde,sclution was added

to give a finsl concentration of 1% formaldehyde,
while to the other cell 0,59 ml., of saline was

added, fto czuse an equal volume change, At intervalsi
during the 1% ninuteg standing the opaecity of the

suspensions were measured and found to remainconstant
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The forinalin suspension was veryrslightly less
turbid than the other, Then 6,5 ml. of N sodium
hydroxide was added to each cell, and the opacity

of the suspensicns measured frequently during the

following 30 minutes, stirring with glass rods befor%
every reading was made,. The opaclty readings

were made in the Spekker § the results?%geSented
graphically in fig. 2, The experiment was repeated:
with a less dense suspension (initial opacity 0.45)
and similar results were obtained, In both :
experiments the final opacity difference'was 31%
of the initial opacity. If the final opacity of
the soda treated suspensions 1s taken as a measure

'of the number of intact cells remaining, these

results indicate that formaldehyde treatment leads

'to a significant decrease in lysis,:
i To confirm the protective influence of formaldeLyde
itreatment the distribution of nitrogen between the ‘
|cells ar® solution was determined in the case of thei
second suspension referred to above,: After
the soda treatment the contents of the Spekker cells|

were centrifuged and the supernatants withdrawn,

‘The sediments were washed twice with saline and

' then suspended in 5 ml, Kjeldahl determinations

‘were carried out on aliquot portions of the supernatgnts

'and the suspensions, and the following result?éere

obtained 3% i
|
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11ls treate N in total supernatent 0,062 mg. (25%)
th fo e N intotal cells 0,190 75%)
J 0.252 mge

el ot treated N in total supernstant 0,140 mg,. 52%)
with dehyde N in total cells 0,130 48%)

|
A ST AR |

0,270 mge |

From the results 1t will be seen that pre-

|

treatment with formaldehyde reduced the nitrogen {

content of the extiracted rolysaccharide solution

b}' halfa |

Mins. after adding No.OH
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B, Egarimegtg ;e;nt;ng to_the methods cﬁ ggtgmgying

Trial experiments were carried out on various
general and specific methods for sugar estimations,
in order to select those most suitable for the
present investigsiions. Of the general methods i
which could be used in conjunction with paper ;
chromatography, the periodate oxidation method |
(Hirst and Jones 1949) and the colorimetric Somogyi
method (Nelson 1944, Somogyl 1945) were tried,
and the periodate method chosen because of its
greater convenience in serial determinétions. It
is less sensitive than the Somogyi methed but has
the important advantage of being an absolute method.
In the present study it would have been cumbersome
to have had to prepare calibration curves with
every determination of each component,
nxperimen odate . ‘

In the course of eluting the sugar fractions |
from the chromatograms by the method of Laidlaw }
and Reid (1950) the volume of eluate was not always
the same. The followlng result indicated that
differences in volume over the range 6 - 21 ml,

do not influence the oxidation of glucose,



1 ml. of 0.3 M sodium metaperiodate added to

leach tube containing 1,24 mg, glucose, Heated for
30 minutes in boiling water bath,.

Total volume Titre* Corrected Titre Glucose + %

estimated _

6 ml. 3.29ml. 3,24 ml. 1.180 mg. 95.1
| 3.28 3423 14177 94,9
i 11 ml, 3.28 3.23 1,177 94,9
| 3,27 3,22 1,174 94,5
16 m. 3.30 3.25 1180 95.4
| 3.27 3.20 1.166 94.0@
21 ml, 3.28 3.23 1.177 94,9
| blank 0.05 |

0.05

'* 0,01012 N sodium hydroxide
+ Calculated by using the relationship on p.

| Control experiments were carried out with
rhamnose, ribose and arabinose, the sugars whichwere
used as reference sugars in the quantitative analysis
of the polysaccharide hydrolysates, and the yields
of formic acid were found to be 96%, 95% and 96%
respectivelye.

Control experiments were also carried out with
glucurone and galacturonic acid. With glucurone the
gield of formic acid was found to be unaffected by

the duration of oxidation (from 10 - 60 minutes);
|
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|
and was constant at 4.1 molecules/molecule, In

the case of galacturonic acid the yields of formie

acid were found to decrease with increasing duration
of oxidation, but the results were lower than those
Ireported by Hirst and Jones (1949) ;3 the yields

of formic acild (expressed as mols.,/mol,.,) were found
to vary as follows ¢ 10 min, 3,913 20 min, 3.863%
30 min, 3,633 60 min, 3,10, The highest yield of

formic acid was obtained when oxidation was carried out|
for 100 minutes at room temperature (yield 4,08 mols./mbll-

These experiments were not pursued when it was found

‘that the decarboxylation method for estimating uronic |

g

cids was more suitable, j
eriments with the anthrone met Fairbai .

| ;

| The anthrone method, which is finding increasing |

application as a rapid and sensitive means of estimating

Eolysaccharides, especially in biologlcal studies,

is of little direct value in composition studies,

but it was found to be useful as an independent check
on the composition data derived by the nbrmal methods
of hydrolysis and quantitative paper chromatography.
This was done by comparing the experimental anthrone !
kalue of the polysaccharides with the anthrone values

calculated from the composition data, In order to

balculate anthrone values it was necessary to know
the relative anthrone-colour produecing powers of all

the component sugars.

The rate of colour development with glucose

vas determined ang 8 minutes heating found to give
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moximum colowr (£ig.3) 3 the sharpness of the meximm
chowed the necessity of including glucose standerds with |
every batch of tubes, and thet any vardstion in heating among
the tubes could leed $o apprecisble errors. m%wlﬁmi:a
acid method of Seifter, Deyton, Novic end Muntwyler (199) wos
found to have a similar shorp meximm (£1g.3)s It wes
wwmmmtatm_m_morﬂnmm
mixture becane pregressively less green and more orange as the
| duration of heating increased, The spectrum of the anthrone
mmmmmmaatmmuuMmmwmg
the eight colouy filters. (Teble 3, £ig.b)e The green
component wes seen to be destroyed as the orange=brow:
component was formeds

wwd@mﬁmm.
Filter no, 600 602 603 6ob 605 606 | 607

|60 0e755 04390 0e399 00385 0,342 0,309 0,271

®  Max ﬁ‘!ﬂ‘p S tion L300 L4700 L4330 5200 5500 5830 6250

Blank Oele7Td 0,076 0,046 0,039 0,038 0,036 0,039
. * . ! .

5 min, 0.509 0,42 04116 0,130 0,291 0,295 04370
10 0S8 0,190 0,178 0,180 0,230 O, 04380
15 0s602 04229 0,221 0,228 0,239 0, 0,336
20 0,595 0256 0243 0,232 0,240 O, 0. 312
30 0aB39 0s300 0,305 0,286 0,270 O. 0e272

608
6750

0,030
0x235
0¢ 26
06255
0.238
04223
0218
0.228
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The colours produced by other sugars in the
anthrone reaction were measured, As well as the
sugars known to be present in the polysaccharides
other monosaccharides were included, so that the
behaviour of most types of monosaccharides was
compared, It was not possible to carry out the
reaction with all the sugars simultaneously and
small differences were observed in the value of
the glucose standard included with each batch,

To make the results strictly comparable they

have been corrected to accord with a common glucocse
value. 104 pg. glucose = 0,350 (Table 4, fig. 5).
Table 4, Anthrone Values,

2 ml, of sugar solution and 10 ml, of 0.1%
anthrone in 72% sulphuric acid solution, heated
in bolling water for 8 minutes, cooled rapidly,
and colour measured with Spekker using Ilford
orange-red (607) filters..

:ﬁb;e 4. Seg over.

From these results "anthrone equivalents"
were calculated; i.e. the anthrone~colour producing
power of 100 g of sugar relative to 100 ug.
glucose. The equivalents were used to calculate
the anthrone value from the composition data,
for comparison with the experimental wvalue. The
anthrone equivalents found here are close to those

found by Morris (1948).,
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' Table 4, _ Anthrone Values,
Glucoge Arebinose Duleitel
Nte Reeding Wt, Reading nt. Reading,
52ng 0,187 L3pg 0.008 L2pg | 0
104 00350 86 04020 8l 0400k
208 04660 129 04025 126 0,005
312 0.949
Fructose Fucose Gelectose,
Yte Reading Wte Reading Wi,  Reeding
51)13 0.196 65)43 0._216 Iﬂ}lg | 04102
102 0370 130 0a2i10 ol 0,185
153 0s521 195 0.570 a1 . 0.284
Glucurone Clucosemine Yemnose
Tte Reading Xt Reading Bts Reading
56ye 0,012 L5pg 0 13pg 0,031
112 0.019 90 04002 66 | 04125
168 0,036 180 0,006 132 | 0,228
o600
|
0.400
Anthrone values.
Spekker
reading.
0.200




| separation of the polysaccharide hydrolysates and

of the polysaccharides examined, while rhamnose was

110

Anthrone equivalents.

Glucose 1.00

Arabinose 0,07

Dulecitol 0

Fructose 1.06 |
Fucose 0.92 j
Galactose 0,60 }
Glucosamine 0

Glucurone 0.05

Mannose 0.52

The colorimetric method for estimating

6~deoxyhexoses described by Dische and Shettles (1948)
i
|

was used to check the accuracy of the fucose and

rhamnose results obtained by chromatographic

periodate oxidation, Fucose was used in all the

control experiments because 1t was found in 16 |

found in one,

Control experiments were carried out to determin
the reproducibility and reliability of the method,
to prepare calibration curves and to ascertailn

the extent of interference by other sugars, It was

e

found that determinations carried out in the same
batch was concordant, but the variation from batch
to bateh made it necessary to include fucose

standards with every batch of determinations,.
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| Calibration curves were prepared with fucose alone,

' and with fucose in the presence of glucosé and
! glucurone. (Table 5 ; £ig 6)e |

| Table 5, Cg,}ibratim curve for fucose.

|
! 1 ml, of solution per tube, treated as described

|

| Fucose  Glucose (Glucurone [.3900 E.h300 AR AE, correcteds
|
i 6pg = - 04 06k 0 0406k |
| 12 — - 0,159 0,019 0,140 |
I ol - v 0,299  0.011 0,288 |
. 20 oy s 0.399 0.016 0e383 !
| |
b e - 0.610  0.038 0,572 '
| 6 o » 04296 0a127 04169 0,080
i 12 " " 00396  O.lhk 0.252 0,163
| 18 " " Oudhi6  0.145 0,301 0,212
A " " 0,560 0,168 0,392 0,303 |
. 30 " . 0,600  0.155 0.455 0366
" SN » " 0,875 0,210 0.665 0,576 |
|
IS 2o L __._:L_'._,__
U Ep ";ZZEZZ.IL..‘. ] T
o 5o [ I 1 2 ]—
o-400 |
0-300 .
0200 :
o-1oo I
o |
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The corrected values were close to those for
fucose alone, showing that fucose can be determined
by this method in amounts ranging from 6 - 50 ng.,
and in the presence of lcojug. of glucose and i
glucurone, It was also found that the coclours
produced by glucose and glucurone were proportional
to the amounts of these sugars (Table 6, fig.6d).

In the fucose determinations carried cut on the
polysaccharides, controls for all the compcnents

were inecluded, to allow the corrections to be made |

byldireet proportion,

1 ml., per tube, treated as described above in
methods

|
|

Glucose 43 pg. 0.128 0.074 0.054
86 0.233 0,150 0,083

129 0.372 0.246 0.126

Glucurone 34 Mg 0.040 0,021 0,019
69 . 0.081 0.040 0,041

105 04137 0.062 0.075

The colour producing power of all the component |
sugars present in the fucose-~containg polysaccharidesf
were determined, and the values relative to fucose
(as 1.0) found to bes rhamnose 1.0, glucose 0,058,

glucurone 0.021 and galactose 0,009. Dische and
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Calidration curves for glucose and glucwrone

(Dische and Shettles mePhod) »

Fig. oa :

o]

-

©-Zoo

2o

8o

4o
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hettles recommended the use of internal standards,

but this was thought to be unnecessary when the abovﬁ

mentioned ecorrections were appiied. The values of an internal
Fnd an external blank were found to agree within the ?imits

Lf the method(0,197 and 0,178 respectively). The obsérvation
?ade by the authors that unhydrolysed polysacchaides Fave
bigher results than hydrolysed samples was confirmed when

ﬁt was found that A,gserogenes strain A3(Sl1) polysaccharide was

found to contain 14% fucose when estimated unhydrolysgd, and

}3% shen hydrolysed, (both values uncorrected). i

| The problem to be met in the estimation of the uronic acid

omponents of the polysaccharides under 1nvestigation,!

was to
iind a method which would measure the amount of uronie¢ acid
%ccurately in the presence of large excesses of other!sugars.
It was thought that one of the many colorimetric meth?ds
%ased on "Tollens" naphthoresorcinol reaction would b#
suitable, A method which included extraction of the colour=
iomplex from the reaction mixture was thought to be m%re
iikely to yield accurate results, because of the appa+ent1y
épacific solubility of uronic acide~naphthoresorcinol éomplex

n ether (Tollens 1908) and other organic solvents
reviewed by Jarrige 1947) ‘

{ The procedure deseribed by Hanson, Mills and Wiliiams
1944), in which the colour-complex is extracted with| amyl
jlcohol was tried, The authors claimed that glucose &1& not
Hnterfere, even when present in amounts equal to that of

the uronic aeid, but control experiments showed that |
élucose interfered seriously and diminished the recov%ry

uronic acid, When increasing amounts of glucose |

. (20. 50. 70 and looirg. ) were
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jadded to glucurone ( 7ﬂnpg.), the uronic acid,
as estimated by the method, decreased in the following:
- order 3 (expressed as percentage of colour when no |
glucose was present) & 97, 92, 84 and 77%., As it
| was known that the polysaccharides contained at
| least 60% of other components.this method was
. obviously unsuitable, In the face of often
;conflicting evidence advanced by many authors
(Meughan, Evelyn and Browne 1938; Kepp 1940; Meyer, Blaoch
and Chaffee 1942; Ratish and Bullowa 1943
DPiechmann and Dierker 1946) as to the conditions
irequired for optimum extraction of the uronie
' acid-naphthoresorcinol complex, extraction modificatioﬁs
| of the colorimetrie method were not investigated

| further,
|

 experiments and found to be more satisfactory.

 Although glucose interfered it was to a much lesser

The Jarrige (1947) methqgy was used in control

Eextent than above, A calibration curve was

Iprepared with glucurone and a stralght-line

relationship found over the range 0 - 50 ng.
(rable 7, fig. 7.)




0- 300

0-200

Spekker

o-Joo

1.

HH
S Y 2L .44
NS | i [ EEP=a
S T e e T e
[ S - — = = // .
,’
|
i 1 |7 B Th .
SR RRERaRaRERRaRE- ifmmanAnan +HH
| -~ | I | | |
: : 1 i Ja] | |
IV ] e ‘__L* IS e
r GL 0 ) 1) I E,,__.__
Af |
Jo 20 30 40 50

Fig: 7:

Glucurone (pg).

Glucurone calibration curve (Jarrige method).




117

The extent of interference from glucose was
determined by adding Increasing amounts of glucose
to glucurone samples and carrying out the
estimations in the usual way, (Table 8). The
results showed that the interference from glucose
was constant (mean value of uronic acid recovery 112%
up to a glucose g3 uronic acid ratio of 531 and
that the Jarrige method was sufficiently reliable
for the estimation of uronic acid in these

polysaccharides,

Table nterfere £ Zlucose In

estimation,

ﬁ%&é&%ﬂ added S gstinated Recovery
0 ng 19.8 ng 19.8 }ug 100
10 19,8 22,2 112
25 19.8 21.8 110
50 19.8 22,6 114

100 . 19.8 22,0 111

200 19.8 2645 134
50 0 0

Since the estimations were carried out in
conditions not likely to cause comple® hydrolysis
of the polysaccharide, a sample of polysaccharide
(A3 capsule) was hydrolysed in N sulphurie acid
at 100° and at intervals, samples were withdrawn

and the Jarrige method applied. (table 9).
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It 18 not surprising that the estlmated uronie

acid did not rise above 207, becsuse it is now
known that N sulphuric acid weuld not ceahse complete
hydrolysis to the free urcnic acid. Until the
Jarrige method was abandoned in favour of the
decarboxylaticn method the standard condition of
hydrolysis for uronic acid estimations was 15 hours
with N suiphuric acid at 100%, Although glucurone
standards were used in conjunction with these
determinations it was found that the results

would be applicable to galacurcnic acid, because

equal emounts glucurenle and galacturonic acid

produced the same amount of colour,

Duration of hydrolysis. neorrected Corrected*®
uronic acid

0 10.5% 9¢3%
1 hr, 1142 10.0
2 12.3 11.0
6 16,8 15.0
15 20.3 18,1

* multiplying by factor ‘§%g

The lactone trails found in the chromatograms
of the hydrolysed poclysaccharides reduced the
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Jaccuracy of the results obtained by quantitative
ipaper chromatography. Since the uronic acid

|

| components were to be estimated by a non-chromatographic

|
‘method (decarboxylation) it was thought desitable

'to remove the uronic acids from the hydrolysates
before the chromatographic separation of the other
| components, This could be done satisfactorily

by precipitation of the barium salts of the uronie
acids with alcohol, but it was necessary first to
show that this would not alter the ratio of the
remaining component sugars. The following experime:

was carried out with this aim,

A mixture of glucose, arabinose and glucurone

ieach sugar, respectively. The mixture was dissolve
Ein 3.6 ml, of water and acidified with 0.4 ml. of
ilO N sulphuric acid, to make 4 ml, of N sulphuric
acild, The solution was neutralised with barium
carbonate and the precipitate removed by centri.
ifugation. The supernatant was withdrawn and 2

| volumes of ethanol added to it., A finely divided
T-prc-:'cj.pit'.ate formed which was allowed to settle out

overnight at 4°, After centrifugation the

to contain some uronic acid but there was no lactone

the stages indicated below by withdrawing samples,

|was prepared by taking 22,3, 22,1 and 22,0 mg. of L

isupernatant was examined on a chromatogram and found

trail. The glucose and arabinose were estimated at

|
‘treating with Amberlite IR-120 resin, and chromatographic

aration, followed by periodate oxidation. The re#ults

. dicated that withing the limits of experimsntal error,

'a
|
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there was no change in the relative amounts of

glucose and arabinose, i

Sample taken from Glucose and ar ose
Glucose arabinose
|
1, Initial mixture . |
by weighing. 22,3 mg 22,1 mg
by estimation, 0,746 0.705
o 0,912 0.892 |
2. Supernatant after 0.573 0.534
neutralisation with 0,609 0,576
barium carbonate,
3« Supernatant after 1,031 0.980
precipitation with 1,204 1.153

2 volumes of ethanol.

Fxpe ts w mols e - .

Measurements were made to determine the

absorption of moisture by the polysaccharides. The

|
amount of moisture, and the rate with which it was found

to be absorbed, indicated the necessity of drying

them in vacuo over phosphorus pentoxide, and the _
-
need for speed in weighing out samples for analysis,

A sample of polysaccharide (A,aerogenes, strain
A3(S1) was dried over phosphorus pentoxide in vacuo
and then allowed to stand in contact with the |
atmosphere, The sample was weighed at frequent %
intervals until constant weight was attained. |

The results are shown in fig., 8.

-
- e R
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Ce

The polyseccharide of A,serogenes straln
A3(S1) wzs examined more thoroughly than any other
and the results are given in more detail, because
this strain wes to be used in a study of the influence
of carbon substrate on polysacchavide composition
(Gescribed in Part IT of this thesis)s The other
polysaccharides are dealt with more Lriefly. The
results for the neutral camponént sugars estimated by
paper chromatographic separation end periodate
oxldation) s2are given in some detail separately
for each polysacchariﬁe, bud the mean values for
thegse aud all the other estimations are given in
table 11+ The molescular ratios of the component
sugars present in each polysaccharide, and the
results of the serological experiments are shown
in tables 12 and 14 respectively,
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i
| 1,_Aerobacter serogenes exopolysagchanidos,
5;(EJHEQII§§£¢h8rid€ of strain A3 (81) {(non-capsulate,
slime-producing strain),

The procedure used for culiuring the cells and
isolating the polysaccharide followad the general
lines deseribed above in Materials and Methods.

The yield was generally about 1 g,/ 1,2 iitres of
48 hour culture, Three diffarent samples of the
polysaccharide were prepared, each purified in a
slightly different way, The first sample was not
boiled during the purification procedure, it was
not de-proteinised and was finally isolated by
freeze~drying, The sgecornd sarple was not boiled
but was desproteinised and was isolated by
precipitation with 2 3 3 volumes of acetone from
1% scdium acetate solntion, The third sample
differed from the second only in that it was
boiled, These three A3(8Y) polrsacchaeride pre=
parations are rdfer®ed to hereafter as the freeze=
dried, unboiled sodium salt and boiled sodium
salt preparations respectively.

The homogenelity of the polysaccharide
(A3S1 freezee«dried preparation) was shown by
ultracentrifugation, (XKindly carried out by
Dr, C.T. Greenwood, Chemistry Dept,, Edinburgh
University). The sedimentation @onstant (320)
was determined in 0,1 N sodium hydroxide and found to
have the value 1.8 x 10~ %3, The sedimentation diagram

18 shown in £1g, 9,




Eigc qﬂi
strain A3(S1l) freeze-~dried exopolysaccharide.
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Drastic conditions were found to be necessary

for the optimum hydrolysis of the polysaccharides,

A hydrolysis curve was obtained for A3(Sl) freeze=

| dried polysaccharide by following the reducing
{power of a solution in N sulphuric acid at 100°,

}A sample of polysaccharide (20 mg.) was dissolved in
1100 ml. of N sulphuric acid and heated under reflux
i'1!1 a boiling water-bath, At intervals 2 ml,
isamples were removed and neutralised with N sodivm

|
' hydroxide and the reducing power measured by the

' the volume of the remaining solution was found to

Somogyi method, At the end of the experiment

'be only 2 ml, less than expected, showing that there
iwas nd loss by evaporation and therefore no change
'in carbohydrate concentration. The results

 (table 10 fig.10) show that under these conditions
‘tha maximum reducing power (65%) was reached after
'about 24 hours hydrolysis, and that prolonged

1'
|

hydrolysis led to a decline in reducing power.

iDuration of d ower
hydrolysis (reiat%ve to glucose)
[ 0 hrs 2.5%

= 2
‘ 12 55

19 63

. 6

36

5 (|
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'acid hydrolysis was not sufficient for complete
hydrolysiss Chromatograms were run with samples
| :

| taken after 12, 28 and 65 hours hydrolysis, and
all appeared to be similar., They all showed the

presence of glucose, fucose and a small amount of

galactose. No uronic acid or lactone spots were

' observed but some oligosaccharide spots were detected

the chromatograms of the 12 and 28 hour samples also
ishowed some material at the starting line.

| It was evident that stronger hydrolysis
'conditions were necessarys a sample (19 mg) of the
ipolysaccharide was hydrolised with 95% formie acid
(1 ml,) 1n a sealed tube for 7 hours at 100°,

;After the acid had been removed by distillation in

|
‘vacuo at 45 - 50° the syrup was heated under reflux

%with water (1 ml.) for 5 hours, to hydrolyse formyl
:esters. A chromatogram showed the presence of two
oligosaccharides as well as glucose, fucose and
igalactosa, but free uronic aeid was not observed.
:The ogilosaccharides were isolated from other paper
' chromatograms and hydrolysed with N sulphurie acid
!for 6 hours at 100°, and after neutralisation with

|barium carbonate and treatment with Amberlite resin

IR-=120 the solutions were examined on paper chromato=

‘grams, The faster moving oligosaccharicue contained
| glucose, fucose and galactose, while the slower

Chromatographic evidence showed that N sulphuriec
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| to ' these sugars,

|
| oligosaccharide contained a uronic acid in addition
|

a larger scale hydrolysis using 100 mg., of poly=

isaccharide was carried out with the above conditions
!of hydrolysis (7 hours with 95% formiec aeid (5 ml,)
ifollowed by 6 hours with N sulphuric acid (5 ml.) ).

iThe solution was neutralised with barium carbonate

Iand treated with Amberlite resin li—lzo,'and then

ievaparated to low volume by distillation in vacuo

iat_45~50°. The whole syrup was transferred to

;paper chromatogram sheets which were run in the

| benzene«butanolepyridine-water solvent for 44 hours,

The uronic acid fraction was located by examining

| side-strips, and were eluted from the chromatograms

'with cold water in the normal waye The eluate® were

|
‘combined and treated with Amberlite resin IR-120,

!and then evaporated to a syrup by distillation in

| vacuoj

the syrup was dried over phospharus

;pentoxide and weighed 23 mg. It was dissolved in
‘water ( 15 ml.) and titrated with dilute standard
| (0.,0107N) sodium hydroxide using bromothymol blue
;as.indicator § the titre (6,09 ml,) was equivalent

;to 12,6 mg, of uronic acid, Aliquots of the

To examine the uronic acid fraction and determine
whether it was hydrolysed to the free acid or was |
still bound to other sugars after the above hydrolysis;

|
|

' solution were used for determinations by a variety of

!methods.
|

The Jarrige colorimetric method gave a
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%result equivalent to a total of 5.5 mg, of uronie
'aeid in the solution, The colorimetric Somogyi
Imethod indicated a redueing power equivalent to
4,4 mg, of glucurone or 6.0 mg, of galacturoniec
Iacid. Periodate oxidation indicated 11,5 mg. of

fglucurone. These results suggested that the uronic
‘acid fraction of the hydrolysate did not consist

ior free acid but combined in an aldobiuronie acid

‘or larger oligosaccharide. A sample of the solution

%(3 ml,) was hydrolysed in N sulphuriec acid at.

1120° for 24 hours (sealed ampoule in an air oven).
%The contents were neutralised and prepared for
‘chromatographic separation as described above,

;A chromatogram showed spots with the RG value of an
{uronic acid as well as glucose and fucose, When it
éwas seen that the presuméd uronic aeid was in fact
‘an oligosaccharide, the remainder of the solution
@was hydrolysed under the same conditions and the
irelative amounts of the @omponent sugars estimated
Zby paper chromatographiec separation and periodate
oxidation, The proportions of uronic aeid,
\glucose and fucose was found to be of the order
11135,

The abow experiment showed that more drastic
\conditions were required to obtain complete
hydrolysis, Semples of the polysaccharide Vete
hydrolysed with 95% formic acid under more severe
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conditions, One sample was hydrolysed for 7 hours

at 120° while another was hydrolysed for 24 hours at
100° 3 4n both samples further hydrolysis was

carried out with N sulphuric acid for 6 hours at

100° after the formie acid had been removed by |
distillation in vacuo, Both hydrolysates appeared i
to be the same on chiomatograms; both showed the |
presence of a lactone spot and a lactone trail

running from the lactone to the uronic acid spot |
near the starting line, in addition to the other |
sugars referred to above, The presence of lactones
and trails was taken as indicating complete
hydrolysis of the polysaccharide, Of these two
hydrolytie conditions, the former in which
hydrolysis was carried out with formic acid at 100°
for 24 hours was chosen because it appeared to

cause less destruction, as judged by the degree of
charring 3 this was confirmed by comparing the ;
results of gnglyses carried out under both conditions,
It would have been desirable to have obtained hydrolysis
curves for these conditions but this was not done |
Pecause of the difficulty introduced by the need for |

two succesive hydrolyses, A sample of polysaccharide
| A

was hydrolysed using the 24 hour formic acid /_
6 hour sulphuric acid method and the reducing
power found to be equivalent to 78% glucose, a
higher value than was obtained in the hydrolysis
with N sulphuric acid alone,
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The 24 hour formie acid/ 6 hpuf N sulphurie
acid treatment was chosen as the standard method fo
hydrblysing all the polysaccharides for qualie
tative and quantitative analysis. It was thought
possible that these hydrolyses conditions might
caﬁseISOme decarboxylation of the uronic acid
component whiech would lead %o false results, but
a control experiment in which glucurone and
galacturonic acid were subjected to the hydrolysis
treatment showed that no decarboxylation products
could be detecteds

In conjunction with the experiments on
hydrolysis conditions deseribed aﬁbvé, the
component sugars of the freeze-~dried preparation
of A3(81) polysaccharide were estimated after
hydrolysis under a variety of conditions. The
estimation were carried out by paper chromatography
elution and periodate oxidation, as desecribed
in Methods.

See over =

The reference sugars were found to contain
other sugars as impurities.Afablhose (0.5%) and
galactose (0,5%) were found in the rhamnose,
and galactose (1%) in the arabinose. The above
results were corrected for galactoses

In analyses 1 - 6 the ufonic acid was not

-




CRPATIT SUGARS OF A3 (S1) FRENZE-DRIED P(IR'SRCCIERIIE,

o - mﬁ“-
1 2 3 4 5 6 7 8 9 :
Vt. of polysaccharide 0 1548 1.1 2.8 33,3 8 18,8 21,5 18,8
Reference suger (ug) 13,11 Bh  23,3Rh 213 A  26,9A  21.2A 254 A 1901 A 22,0 A 23,6 A
“Tydrolysis conditions
(1) formic acid Vol 1m lmi iml 2m 1ml 2 ml 2 ml 2 ml 2 ml
Time 7 hr. 7 hr, 2, hwe 24 hr. 7 br, 7 hr, 24 hr, 2, hre 2k hr,
Temps 100° 100° 100° 100° 120° - 120° 100° 100° 100°
(ii) ¥ sulphuric acid
(éhr. at 100°) Vol 1ml 1lm lmnmt 2 ml 1l 2 mi 2 ml 2 ol 2 ml
Component sugars :-
Uronic scid % 19 23 37 39 22 35, - - -
Galactose % 2 2 1 1 1 1 1 1 1
Clucose % 36 41 36 37 31 33 36 38 46
Fucose % 12 8 10 11 6 10 9 9 12
( Bh = rhamnose A = arsbinose ).

Each set of results in the table is the aversge obtained fram 2-4 determinations carvied out on every hydrolysate,
The results are expressed as the nearest whole munber,
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precipitated from thaéhydrolysata‘ In analyses

1 and 2 no lactone or irail was cbserved and the
uronic acid was estimated by periodate oxidation
assuming it to be glucuronic acid and to give

rise to 5 molecules of acid per molecule, In
analyses 3 - 6 lactones and tralls wére'preéent

in addition to uronic acid, The lactone
estimations were made by assuming that 1t was
glucurone and that it would give riseto 4,15
molecules of titrable acid per molecule, The

same assumption was made for the lactone present
inthe trails; which was estimated in small sections
in which no other sugars were present, and then
caleulating the lactone present in the whole trail,
It was necessary to correct the glucose, galactose
and fucose results for the presence of the lactone
trail in their respective sections of the chromatoe
grams, The total uronic acid found in analyses

3 « 6 was obtained by adding the results found for
the free uronic acid, lactone and trail,

The hydrolyses for analyses 3 = 6 were carried
out simultaneously and the hydrolysate of 4 found
to contain less charred material than those of
3,5 and 6, indicating that less destruction had
taken places
_ The chromatograms of analyses 1 « 8 were developed
with the benzene«butanolﬁpyr1dine-water'solvent,

nd were found to have erratic and large blanks,
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The chromatograms of analysis 9 were developed

in the butanoleethanolewater solvent which gave
blanks that were smaller and more reproducibles
Since the compositioﬁ of all the other polysaccharides
were determined using chromatograms run in the
latter solvent, the results of ardlysis 9 were

used for comparison with other polysaccharides,
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- (11). Identification of component sugars |

The component sugars of the A3(Sl) polysaccharides

' were identified by paper chromatography. The |

hydrolysates, after neutralisation and treatment as 5

. described above, were run with sugar standards on !

~ chromatograms irrigated with three different solventai

| The identity of a component was accepted when it was |

- found to travel alongside a standard in all the

| solvents, and to give the same colours as the

. standard with the various spray-reagents. The

' solvents used were: ethyl acetate-pyridine-water é

(532:5) (Jermyn and Isherwood 1949), benzene-butanol-

| pyridine-water (13533:3) and butanol-ethanol-water |

{(531:%). The spray reagent that was most used was |

| saturated aqueous aniline oxalate, but p-anisidine i

' hydrochloride and naphthoresoreinol were also used.

. By this means, the A3(S8l) polysaccharides were shown

: to contain glucose, galactose, fucose and an

~ unidentified uronic acid which formed a lactone. |

. The absence of hexosamine was confirmed by spraying |

chromatograms with ninhydrin and with the Morgan and |

' Elson reagents (Partridge 1948})). |

Because none of the above-mentioned solvents

gave good separations of uronic acids, some chromato-

. grams were irrigated several times in the ethyl

? acetate-pyridine-water solvent, according to the

multiple development technique advocated by Jeanes,
Wise and Dimler (1949). It was found that multiple
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development up to 12 times did not improve the |
felative separation of the spotsy they merely became
more diffuse and thus did not aid the identification
of the uronic acid, Chromatograms of the hydrolysates
together with glucurone, galacturonic and mannnronicé
acid standards were run in acidic solvents which havé
been claimed to give good separation of uronic acidsi
but without success. The A3(Sl) uronic acid on
these chromatograms did not behave exactly like any
of the standards; sometimes it would resemble‘one i
standard and sometimes another so that the results
vere ambiguous. The solvents which were tried in

this connection were butanol~acetic acid-water

(431:5) (Partridge, 1946) and ethanol-acetic acid-

were made to identify the uronic acid by using the
non-chromatographic specific colorimetric tests
devised by Dische (1947, 1948) but the results were
again ambiguous. The only reliable fact that |
emerged from the attempts to identify the uronic ;
acid was that it formed a lactone, and therefore was:
unlikely to be galacturonic acid.

The identification of glucose and fucose was |
confirmed by large-scale isolation from a cellulose |
column and the preparation of derivatives., Trial |
separations on cellulose columns were carried out

with a synthetic mixture of approximately the same

composition as the A3(Sl) polysaccharides, and
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water-satarated butanol found to give better results |
than butanoleethanol-water (5:lsk). The polysaccharide
sample used for the large scale isolation consisted |

of 2 g« of impure material. This was hydrolysed for?

' under reflux at 100°. This large volume of acid was |

used to maintain a low polysaccharide concentration

in order to minimise charring. The solution was

. distilled in vacuo until all the formiec acid was

removed and then heated under reflux for 6 hours at

100° with 100 ml. N sulphuric acid. The soclution

| was then transferred to 50 ml. centrifuge tubes and

neutralised with barium carbonate. After centrifuga«
tion the supernatant was withdrawn and the precipitaté
washed twice with a total of 60 ml. of vater each |
time. The supernatant and washings were combined |
and distilled in vacuo to a smaller volume (30 ml.),

and then poured into methanol (60 ml.) and left ;

overnight at 4°. After centrifugation the supernata#t

| was withdrawn and the buff-coloured precipitate washed

. with 65% aqueous methanolj the washings were

combined with supernatant which was found still to
contain some uronic acid in addition to glucose, |
galactose and fucose. The supernatant was kept at i
4L° for 2 days when a slight amount of precipitate ?
settled out. The clear supernatant was decanted andi
the precipitate, after washing with 65% aqueous

methanol, was combined with the main precipitate. Tﬁe



' butanol-ethanol-water solvent was 1.2. An attempt

| was made to estimate it but it was present in amounts
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supernatant was examined chromatographically and round
to contain uronic acid, glucose and fucose in the |
proportion 1:5:1. Since the proportions in the
polysaccharide are of the order 3:15:1, this showed
that the supernatant now contained only a third of the
total uronic acid and that therefore two-thirds of the
uronic acid was in the precipitate. A hitherto |
unobserved spot was seen on these chromatograms; its

rate of movement relative to that of fucose in the :

that were too small for this purpose. It was only
visible in ultraviolet light. It was possible that
the unknown was fucoketose, formed in slight amounts
by epimerisation of fucose during contact with barium |

carbonate. To test this and to obtain a sample of

. fuecoketose to use as a chromatographic standard,

| fucose solutions were treated overnight with alkali

. at room temperature (one solution was left in contact

with barium carbonate and another with 0.1 N sodium

hydroxide). Both solutions were applied to

. chromatograms with some of the supernatant and very

faint spots found in all three, alongside each other,!
identifying the unknown as a product of alkali actiong
on fucose, most probably fucoketose. !
Because the uronic acid in the supernatant
might interfere with separation by forming a lactone
trail in the column, it was removed by passing the

solution through a column of anion~exchange resin.



. carbohydrate transformations or to retain neutral

sugars like the more strongly basic hydroxide form.
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Amberlite IRA-400 resin was used, in the carbonate

form which has been shown by many authors not to cause

(Roseman, Abeles and Dorfman 1952, Hulme 1953,
Rebenfeld and Pacsu 1953, Woolf 1953). The carbonatﬁ
form of the resin was prepared by washing 100 g. i
successively with 5 litres of wvater, 750 ml. of 2N |
hydrochloric acid, 5 litres of water, 500 ml. of 2% é
sodium carbonate and finally with 10 litres of water,
by which time the effluent was neutral. The E
supernatant solution was passed through the resin
column and emerged distinctly alkaline. It was
collected in a flask in which some Amberlite IR-120
cation-exchange resin had been put to counter-aect the |
alkalinity. The contents of the flask were found to
be at pH 3. The column was washed with water until
the effluent was non-reducing (colorimetric Somogyi |
test). The solution was filtered off from the resini
and a small volume evaporated to a syrup for chrométo%

graphic examination, during which the smell of rormici

|
i
|
1

acld became noticed. Gluceose and fucose were found

to be the main constituents of the solution, in;the
| !
|
presumed fucoketose. It was probably the formic acid

presence of small amounts of uroniec acid and the

that accounted for the acidity of the solution. The
rest of the solution was distilled in vacuo and the

syrup dried over phosphorus pentoxide to constant
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weight (1.5 g.). When 10 « 15 ml. of water-saturated
; butanol was added to the syrup in order to dissolve it
' and add it to the cellulose column, it was found that

- the syrup would not dissolve. Water and ethanol were
added in small amounts until the syrup dissolved while
' maintaining one liquid phase. The final volume was

f approximately 30 ml.

The cellulose column (21 x 1% in) was set up in a
; 37° iﬁcuhator to maintain it at a constant temperature,
:because the laboratory was subjected to large |
i température fluctuations. The dissolved syrup was

- added dropwise to the top of the cellulose, the top
inch of which had been allowed to drain free of solvent.
' The first 300-400 ml. of solvent that was used was

' only half saturated with water, to prevent water

from separating out in the column. Then the fully

; saturated butanol was applied. The effluent was

' collected in 20 ml. tubes changed by hand at 10 ml.

| intervals. To locate the sugar fractions, 1l ml. was

| taken from every 10th tube and evaporated to dryness

' in an air stream and the anthrone test carried out.

| This gave a rapid indlcation of the presence of sugar;
| to identify the sugar another sample was taken from

' the tube, evaporated to a syrup and put on a paper
chromatogram. In connection with the anthrone tests,!
satisfactory results were obtained only when all the

' butanol had been removed. The distribution of sugars

- in the collecting tubes was found to be as follows
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ube Sugars present

O- -

55 = g% fucose -
96 - 12 fucose and increasing amounts of glucose
125 - 140 glucose -
141 - 300 glucose and v. faint trace of uronic acid
301 - 330 we ;
| The fucose fraction was isolated by combining |
' tubes 55 = 95 and distilling in vacuo at 50°.  Jater was
.added and the distillation continued to dryness; this:
'was done to try to remove butanol and butancl products
' but even after 12 additions it was not completely
;successrul. The syrup was dissolved in water (10 ml)i
;and filtered through sintered glass to remove traces of
:eellulose fibres. The sintered glass was washed with:
‘water (5 ml.) which was added to the filtrate. The
solution was distilled in vacuo and the syrup dried
over phosphorus pentoxide and paraffin wax, the latter
' to remove the remaining traces of butanol. Weight

of fucose syrup 93 mg. For the measurement of optical
rotation the syrup was dissolved in 6 ml. of water.
[]3 - 69° (e =1.6, 4=0.5)

L-fucose mutarotation value - 76°, Rodd (1952)

-The sign of the rotation showed that the fucose present
'in A3(Sl) polysaccharide is the L-isomer. The
Iidentification was confirmed by the preparation of
:fucosa phenylhydrazone, following the details described
by Charalambous (1953) on a reduced scale. The fucose

syrup was dissolved in 1 ml. of ethanol and half of

'this taken for the preparation of the derivative.
'The alcoholic solution was evaporated to a thick syrup



141

| and a drop of glacial acetic acid and 0.0l ml. of

| phenyl-hydrazine added. The reaction mixture was

cooled in ice and within a short time yellow crystals§
were formed. More solid was obtalined by gently

f evaporating the liquid in an air current while it was

being cooled. The solid was filtered and carefully
washed with cold ethanol and ether. After drying,

the melting point was found to be 156 - 158°. An
authéntic sample of fucose phenylhydrazone was obtaineg
and found to have a melting point 159 - 160°. A |
mixed melting point was determined and found to show n?
depression. (Mixed m.p., 156 « 159°). (All m.p.
determinations were carried out with a K8fler
micromelting apparatus). The optical rotation and

derivative confirmed that the sugar isolated as fucose

. from the A3(8S1) pdlyaaccharida vas L-fucose.

The glucose fraction was collected by combining

. tubes 125 « 245; the remainder of the glucose-

tubes

- containing/were not used hecause they contained only

' small amounts of sugar. The glucose was obtained as

| a syrup by the same procedure as the fucose, described

above, The weight of the glucose dried syrup was 300 mg.

For the measurement of the optical rotation the syrup

| was dissolved in 10 ml. of water. (d = 1) [&}%5 o+ 50&.

The identification was confirmed by the prepara-
tion of p~penta-acetylglucose, following the method

- described by Mann and Saunders (p. 113) suitably

modified for the much smaller quantity of glucose.
Half of the glucose syrup was taken by dissolving it in
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a small volume of water, removing half and evaporating

to vacuo. Anhydrous sodium acetate (100 mg.) and acetic

. andydride (1 ml.) were added, and the solution heated

5 under reflux for an hour in boiling water. The

solution was poured into cold water (25 ml.) when a ddrk

viscous oil separated out. The water was decanted |

and shaken twice with chloroform (5 ml.) to extract

| dissolved pentaacetylglucose. The chloroform was thén

' added to the oil and was extracted 3= times with water

(10 m1.) to remove any acetic acid that was present. |

|
The chloroform solution was then evaporated to drynesé

at the water-bath, several drops of ethanol were addod

| and the solution was left at room temperature overnigﬁt.

The small amount of solid that appeared was washed
several times with cold ethanol and ether, and dried.é
The melting point was found to be 124 - 126°. The
melting point of an authentic specimen of ﬁ-pentaacetjl-
glucose was determined and found to be 127 - 128°. |

A mixed melting point was determined and no dapressioﬁ

observed. (Mixed m.p. 124 = 127°). This confimed§

| that the sugar isolated from A3(Sl) polysaecharide waé

D=glucose.
The uronic acid in the Amberlite IRA-400 column

' was eluted with 0.2N hydrochloric acid. The elution

| that the effluent contained only uronic acid. The

was continued until the effluent was no longer reducing

(ca., 100 ml. was required). A chromatogram showed

precipitated uronic acid, obtained when the polyéacchgrids
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hydrolysate was precipitated with methanoly was
redissolved and reprecipitated several times and was:
finally combined with the uronic acid from the resin
column. Traces of IRA-400 resin which were present in
the solution were removed by shaking with Amberlite
IR-120 resin. The solution was filtered from the
resin and heutralised with N sodium hydroxide. It
was distilled in vacuo and dried over phosphorus
pentoxide. (Wt. of syrup 600 mg.). The syrup
contained only slight traces of other sugars but it
was feared that some of the uronic acid might still
be combined with other sugars in aldobluronic acids.
It was thought that the following procedure would be
more reliable than direct oxidation of the syrup to the
corresponding saccharic acid. The uronic acid was
to be oxidised with bromine, distilled in a molecular
still and then identified as the diamide, prepared
via the dimethyl ester. The advantage of this
procedure was that the bromine oxidation would converf
only the uronic acid to the saccharic acid, while the
other neutral sugars would be oxidised to the
corresponding aldonic acidsy the saccharic and aldonie
acids would be separated in the molecular still and
the identification would then be finally made on a
pure derivative. _
The uronie acid syrup was dissolved in water (155m1.)
and 1iquid bromine (2 ml.) added. The flask was |
stoppered and left with oceasional shaking at i_;xo*‘. for
7 days. The bromine was removed by blowing a rapid
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current of air through the solution. The solution was
filtered and distilled in vacuo to form a syrup which
was transferred to a molecular still where it was heated
to 200° at very high vacuum. It was maintained at |
this temperature for 5 minutes during which time a small

amount of dark coloured oil collected in the receiver.

| The distillate was dissolved in methanol (12 ml.) and |

acidified with 18% hydrochloric acid (2 ml.) and was

. heated for 2 hours under reflux in boiling water after

which it was left overnight at 0°. The solution of the

. dimethyl ester was neutralised with silver carbonate, |

filtered through sintered glass and charcoal, and was
distilled in vacuo to a syrup. Several drops of

methanol saturated at 0° with gaseous ammonia was added

to the syrup, and the stoppered flask left at 0° for

' 2 days. A precipitate of small crystals was filtered,

; washed with cold ethanol and dried. The melting point

' was found to be 166 - 168° (decomp.). A sample of

. glucosaccharic diamide was prepared and found to have

' a melting point at 163 - 164° (decomp.). When a mixed

' melting point was carried out a large depression was

| observed (mixed m.p. 140 = 145°), Both specimens

were dried thoroughly and the mixed melting point
repeated and found to be the same. This suggested that
the uronic acid from A3(S1l) polysaccharide was not

glucuronic acid. Unfortunately there was not enough

- material with which to carry out further mixed melting

' points, and the attempts to identify the uronic acid
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' terminated.

(iii) Estimations
Using the standard hydrolysis conditions, the

' component sugars of the A3(S1l) polysaccharide samples

' were estimated. (The results for the freeze-dried

preparation are given above, p.l131).

Component sugars of A3(S51) unboiled and boiled Na salts.

Boiled Na_salt|Unboiled Na salt |
£ nmean| & mean

Wt. of sample (mg.) }22.8 20.0 17.1 26.3
Reference sugar (mg.)|16.9 17.2 144 19.8

' (arabinose)

galactose % 1 1 1 1 > ) 3
' glucose 49 51 50 | 46 hg hg

fucose 10 10 10 °

The acid equivalent of the freeze~dried polysacchﬁride

'was determined by titrating a semple (80 mg.) with dilute

standard sodium hydroxide, using phenolphthalein as

'indicator. The acid equivalent was found to be 760,

corresponding with a uronic acid content of 23.2%. The

uronic aecid estimations carried out on the freeze-dried

polysaccharide by the various methods were all of the

' same order, but the decarboxylation results were taken

' as correct. The fucose results obtained by the

' method of Dische and Shettles were in agreement with

the chromatographic results, and were probably more
reliable, because in the latter method the fucose

determinations were open to large errors, due to the

fact that the fucose sections of the chromatograms had
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Every large blanks in relation to the fucose titres. .
iThe results of these estimations are given in table 11.

| The over~all accuracy of the results was checked f
iby calculating the anthrone ratios. The anthrone Valﬁas
iwere calculated from the composition data, using the
Eanthrone equivalents on pJl0, and these calculated
ianthrone values were divided by the experimentally
;dstermined anthrone results. The ratios of the three
EAS(Sl) samples were all close to unity, showing that
:within the limits of error all the anthrone-reactive

icomponants in the polysaccharides had been accounted
| |

for.
. Anthrone Ratios of A:§311 Polysaccharides
! Freeze=dried Unboiled Boiled
5 Sodium Salt Sodium Salt .
% Anthrone % Anthrone % Anthrone |
colour colour colour
(glucose (glucose (glucose |
| equivalent) equivalent) equivalent)
ﬁmc acid 2608 1.3 29-1 1.4 28.2 1.4 |
otose 1 0.6 1 0.6 1 0.6 |
Flucose 46 46 46 46 50 50
Fucose 9 83 9 83 10 92
i 5642 5643 61.2
éalculated
anthrone
value (near- 56 56 6l
est whole
Pumbar
ﬁxpmﬁmenﬂﬂ
pnthrone 5l 55 el
velue
hn

value 1.0, 1.02 0.95
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There is reason to believe that the small amouAt of
galactose found in all the A3(Sl) exopolysaccharideé is
not a component, but arises from contamination of tﬁe
| exopolysaccharides with small amounts of somatic or |
intracellular polysaccharidey which has been found ﬁo be
mainly a galactan (See Part III). Disregarding the

galactosey, the proportions of glucose, uronic acid énd

fucose was found to be almost the same for the thred

preparations, showing that the different purificatiqn

treatment did not affect the composition. |

glucose : uronic scid: gucogei

| A3(81) polysaccharide

freeze~dried 100 3 59 3 20
unboiled Na salt 100 61 8 20 |
boiled Na salt 100 : 56 s 20 |

(b) Po;xsgcchagides-of A.aerogenes strain A3.

This strain produced abundant exopolysaccharidé in
| the form of firm capsules and loose slime, which were

isolated separately.

eutral ¢ onent g of lime polvsacce de%
| Pol harid : & 4 e m;aglgg
ysaccharide _ es

Samplﬁ (mg.) 20-1 18.3 8-0 12.6 i

' Reference sugar f
(arahinﬂ Sey ng. ) 17 .0 1? 03 7 "% & 10 -"l' ;

| Galactose$ 1 1 1 3 1 |
Glucose 48 46 46 46 hg ?
Fucose 8 8 8 7 ‘

(All samples were analysed in duplicate. Results ?re
expressed as the nearest whole number). |

| The capsules of A3 were removed from the cellsé
by two procedures, by boiling and by treatment with 1%

sodium hydroxide after formalin pre-treatments the!
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' products are referred to as A3 capsular polysaccharide!

' A and B respectively.

fNeutral component sugars of A3 capsular polysaccharide 4.

mean
result

. Polysaccharide = 2

| sample (mg.) 13.1 12.9

 Reference sugar 12.5 9.9

' (arabinose, mg.)

' galactose% 2 2 2

glucose% 43 L2 43

- fucose% 9 9 9

;(Both samples were analysed in duplicate. Results aré

expressed as the nearest whole number.) |

| Neutral component sugars of A3 capsular polysaccharide B.
< aoan

' Polysaccharide

' Reference sugar 17.9 15.6 14.0 9.9 19.% 21.0 21.9
' (arabinose, ng.)

33 32 3% 32 33 Bg 33 3?
K L 6 7 & 8 7 6

galactose%
glucos%%

fucose |
(All samples were analysed in duplicate. Results are|

expressed as the nearest whole number.)
:(c) Polysaccharide of A.aerogenes strain Al.
| This strain produced very large capsules which were
fremoved from the cells by soda~treatment. The
' relatively small amount of slime was isolated together
with the capsular polysaccharide. |

'Neutral component sugars of Al slime and capsular polzsacchar;da.

| L 2 mean
Polysaccharide
. sample (mg.) - 18.7 30.2

' Reference sugar
' (arabinose, mg.) 15.7 20.0



1 2 mean |
galactose? i 1 4
glucose 47 49 48 l
 fucose 10 10 10

' (Both samples were analysed in triplicate. Results are

é are expressed as the nearest whole number.)

' (e) Polysaccharides of A.serogenes strain A29.

- isolated together. The capsules were removed from

. the cells by soda-treatment.

' Polysaccharide
. sample (mg.) 22.3 22.8

expressed as the nearest whole number,)

(d) Polysaccharide of A.aserogenes strain Ak.
This strain produced abundant exopolysaccharide in

;the form of capsules and slime both of which were 1sol£ted

:togethar. The capsules were removed by soda-treatment.

' Neutral component sugars of A4 slime sulay
RO charide |

| - i 2 mean
. Polysaccharide
. sample (mg.) 22.8 28.3
Reference sugar 16.7 23 M
(ribose, mg.
' galactosed 51 51 51
glucose® 22 22 22 |
' mannose% 3 2 3

| (Both samples were analysed in triplicate. Results

This strain produced abundant exopolysaccharide |

' 4n the form of capsules and slime, both of which vere |




A mean

| Reference sugar

:(ribose, ng. 20.0 - 19.9
Egalactose% 21 21 21
' mannose® 43 Ll Ll

|
|
‘(Both samples were analysed in triplicate. Results

' are expressed as the nearest whole number.)
' 2. Aerobacter cloacae exopolysaccharides
' (a) Polysaccharide of A.cloacae strain NCTC

This non~capsular strain produced moderate amounts

of slime polysaccharide. The homogeneity of the
épolysaccharide was shown by ultracentrifugation (carriéd
' out by Dr. C.T. Greenwood). The sedimentation |
. econstant (qaé) in 0.1 N sodium hydroxide was calculate&
i to be 0.8 x 10‘13; the sedimentation diagram is shown

' in fig. 11.

| Neutral component sugars o 0 _polysaccharide

| i 2 mean

- Polysaccharide

' sample (mg.) 2k .6 23.7

' Reference sugar

| (arabinose, mg.) 2k L 22.3

' galactose? 26 26 26
glucos;% 17 16 17

25 24 25

|

% fucose

' (Both samples were analysed in triplicate. The

| results are expressed as the nearest whole number.)
The acid equivalent of the NCTC 5920 slime -

polysaccha}ide'was determined on a specilally purigied

freeze-dried sample (146 mg, 0.92% ashj. The aé?d

equivalent was found to be 680, equivalent to a uronic
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Fig. 11. Sedimentation diagrams for A. cloacae
NCTC 5920 exopolysascharide. Speed 59, 700 rpm.
Solvent, 0.1 N NaOH. Concentration 2%. Times of
exposure: (a) 30 min., (b) 79 min.g (e) 135 min.,
(d) 171 min., (e) 213 min., from starting the

centrifuge.
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acid content of 25.9%. :
(b) Pblxsaccharide of A.cloacae NCTC 5936. l
This non-capsulate strain produced small amounts|
of slime polysaccharide. Quantitative determinationé
' were not carried out, but the component sugars were |
identified to be glucose, galactose, fucose and a i
uronic acid (estimated to be 21% by the Jarrige metho#)

- 3. Klebsiella exopolysaccharides

(a) Polgfaccharide of Klebsiella type 2 (K. Qneumogiae

This organism produces large amounts of slime and

. eapsular polysaccharides. The sample of polysaccharide
used in the p;esent study was one which had been
prepared in this Department in connection with viral
haemagglutination work, by boiling washed cells, the
details of which treatment are unknown. The prodncti

| was probably mainly capsular polysaecharide contaminaﬂed

- with some intracellular polysaccharide. The sample :
was of low purity, as evidenced by the high ash, |
nitrogen and phosphorus figures. It was not purified
before analysis because of the small quantity |
available, but it was investigated to provide a |
. eompariscn with the results reported by H91delberger,f

. Goebel and Avery (1925).

Neutral component sugars of Klebsie e 2.

2 mean
Polysaccharide . ‘
sample (mg.) 17 .2 18.3

' Reference sugar
(ribose, mg. 18.3 16.7
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. Neutral compoment sugars of Klebsiella type 2 (Contd.)

| x 2 mean
galactosed 17 17 17
glucose% 26 28 27
manpaso% 6 7 7

(Both semples were analysed in triplicate. Results

are expressed as the nearest whole numbers.)

(b) Polysaccharide of Klebsiella type gﬁhﬂ.

This non-capsulate strain produced abundant slime

polysaecharide.
Neutral component su s O o type olysace de
1 mean

Polysaccharide - .
sample (mg.) 20.5 24 .3

. Reference sugar
(ribose, mg. 17 .8 13.1
Galactose® 25 26 26
glucose% 35 35 35
mannose% 23 23 23

(Both samples were analysed in triplicate. Results
are expressed as the nearest whole numbers). ?
(c) Polysaccharide of Klebsiella type « i

This non-capsulate strain produced moderate |

- amounts of slime polysaccharide.

Neut component sugars © tvpe lysaccharide
by 'megg |

Polysaccharide &
sample (mg.) 26.1 37.3
Reference sugar
(ribose’ mg « 18 07 22 " § o
galactose% 31 30 ig‘

. mannose% 13 12

(Both samples were analysed in triplicate. Reﬂnlts:

are expressed as the nearest whole numbers).
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h.\ Escherichia coli exopolysaccharides
' Polysaccharide of E.coli strain A 102.

- This non-capsulate strain produced small amounts |

' of glime polysaccharide.

Iﬂegtral component sugars of Al02 polysaccharide.

| " S 2 mean
polysaccharide

| sa.mple (mgo) 20.6 11?55

Reference sugar

 (arabinose,; mg.) 13.0 =

galactose% 17 17 17
glucose 17 17 17
fucose 16 16 16
rhamnose% 2 1l 2

(Both samprles were analysed in triplicate. Results

' are expressed as the nearest whole numbers.)

* These results were calculated by taking the fucose i
content to be 16% (found.in the first analysis). No |
' reference sugar was added to this hydrolysate because
a slight trace of mannose was seen in a chromatogram
:of this polysaccharide and it was hoped to estimate it;
_Arabinose was the only reference that could be used

' with this polysaecharide, and it would have overlapped
with the mannose. The mannose was present in amounts
too small to estimate.

Hexosamine was proved absent by spraying
chromatograms with the Morgan and Elsen reagents
(Partridge 1948). ‘

Note on the identity of the uronic acids.
All the polysaccharides were found to contain

' uronic acid components but none were identified despite
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;repeated sttempté with chromatographic methods. They
éwére all found to form lactones, thus indicating that
;probahly none of them was galacturonic acid. i
' Serological results !
.. The serological activity of LZ@I) i;reeze-dried |
épolysaccharide was demonstrated by titrating A3 antise%um
' (diluted 13k) against increasing dilutions of the
'polysaccharide in saline. A positive precipitation ‘
was obhserved in the ring test with dilutions up to
131,000,000, showing that the polysaccharide retained |

~ | its serological activity %o a high degree, and was E

' unaffected by the isolation and purification treatment.
; The immunological relatibnships of the |
| polysaccharides of A.aerogenes strains A3@i} A3 and Al
iwere studied. The results (table 1l4) show that A}@i}
A3 slimey, A3 capsular and Al slime and capsular

| polysaccharides are immunologically identical,

| confirming the results found by Wilkinson, Duguid and
' Edmunds (195%).



TARLE 41, Results of enalyses carried out on the cxb-:.-olywccharides of Ae.aerogenes (A3(S1), 43, 11, AL, A29), A,cloccae (ICTC 5920
Klebgiella (KQ, i:.Zé(Sl), K29(s1) ) end Z.eclid (1102), s s s s » cre 5 )

A3(s1)* Az(s1)# A3(s1)* A3 A3 A3 Al Ak A29 T NGO ne ¥ R2olod) Reolsl) Al02
i 2 3 Slime Copsule A CapsuicB 592

Asgh % 1.3 1,0 76 7.8 Be2 De2 5.5 263 3e2 Le3 183 540 849 35

A ' 1,059 CelB Oel? 0,08 0s53 Ca 50 Olil Ta05  0ab9 0a 30 1,058 Cel2 0430 30l

P % Oed0 Cal? Co Ol Oslid  Cell Oe 35 0aC2 Ca25  Oa02 Celd 2407 0a59 1,08 Ce25

‘_Q-TIBU 50 G =4, 0° «399 3 -2 P 770 +95° +22Q° +110° +50° +158° +1206% ) |
| I%ﬁ%%gﬁg;f 1.8 1,6 Ca? 1.2 0.9 0.6 0.7 0.7  0u7 1.6 1.0 0.8 1.0 1.8
: 70 u
“Clucose % P 50 3 L7 k3 57 %8 22 = 17 27 35 - 7
| “Golsctose % 1 1 1 1 ) 3 i 51 21 26 i7 26 31 ;A
| (4RR88atographic) % 12 10 8 8 9 6 10 - - 25 - - - 16
— -
| (88280 4metric) & 9 9 10 9 9 7 11 - “ 28 - - - a1 #
e - - 2 - o o = ki T - 7 25 13 Trace
T Rhammose % - o - - - P e - - - s s - 2
| YEseisasie. sion)s 27 283 29 30 27 26 29 25 28 22 21 17 25 23
| Uronic acid

(colorimetric) % 20 - - 17 . 22 18 _ _ o _ N — -
_{albrges.uaive . 50 56 61 57 ok k7 20 55 57 57 L2 % 3 (7

{Bizone ¥alig 4 5 55 2 59 59 5 70 52 50 56 5 G 50 50
" Anthrone ratio 1e0% 1402 Ce95 097 0eG2 0067 1.C0 1,06 0493 CaSO 1,02 1,09 1,10 Oe B
R e g €3 86 o7 7 39 101 93 93 72 101 &9 79
| ennia ey 90 93 95 96 90 &9 98 07 100 99 95 106 81 100

# 6 x Nt oddeds Ash and excess P added directly, ® A3(S1l)1= freezed dried T Pucoce and rhernose.

2= unboiled, No salt, _ %* Trace of xylose found,
= boiled, No salt, g Polysacahariﬂe noé t’ieprO't-einiseé.

3
§ Solution too turbid to read,



ble e

157

Po;zsagchgr;dg
A3(Sl) freeze~dried

" unboiled

Na salt

| » boiled Na salt

A3 slime
A3 capsular A

" B
Al
A4
429
'NCTC 5920
Kl type 2

K1 type 26(S1)
‘K1 type 29(Sl)

Al02

25(51)) end becoil (ATOD)

Component sugars (Parts present)
glucose (9), uronic acid (5), fucose (2)

glucose (10), uronic acid (5), f#cose (2)
glucose (8), uronic acid (5), fucose (2)
glucose (9), uronic acid (6), fucose (2)
glucose (9), uronic acid (5), fucose (2)
glucose (10), uronic acid (6), fucose (2)
glucose (8), uronie acid (4), fucose (2)

galactose (17), uronic acid (8),
glucose (7), mannose (1)

mannose (2), galactose (1), uronic acid (1)

galactose (3), fucose (3), glucose (2)
uronic acid (2)

glucose (8), uronic aeid (6), galactose (5)
mannose (2)

galactose (%), glucose (3), mannose (3),
uronie aeid (2)

galactose (5), uronic acid (4),
mannose (2).

uronie aeid (10), glucose (8),
galactose (8), fucose (8), rhannose (1)



Polysaccharide
A3(81l) freeze~dried
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Component sugars

glucose

100

unboiled Na salt 100

boiled Na salt
| A3 slime
- A3 capsule A
"

B
AL

Iablﬁ ;“l‘ .

100
100
100
100
100

uronic acid fucose

22
20
24
21
23
2l
25

izhest dilutions of antiserum giv recipitatio
| reactions w V. ous polysacchar 8 of A.aerogenes.

tigen
inIysacch-

A3 antiserum absorbed with the féllow-

ing polysaccharides

aride)
Nil | A3(S1)*| a3 Al
slime | capsule B
A3(S1) * 16 0 0 2 0
A3 slime 16 0 0 0 0
A3 capsular B 16 0 0 0 0
Al 16 0 0 0 0

* A3(81) freeze-dried preparation.
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DISCUSSION

All bacterial hetero-exopolysaccharides that have
been examined with the aid of modern techniques have |
been found to contain uronic acid or hexosamine

components, The exopolysaccharides of the strains of!

erogenes, A. cloacae, Klebsiella and E, coll |

. examined in the present study were all found to be poly=-
- uronides, and therefore to conform with the general i
pattern, They all contained small amounts of nitrogeﬁ

' known not to come from hexosamine, but to be due most
jprobably to the presence of protein and nucleic acid
:contaminants; the latter material probably also
;accounts for much or all of the phosphorus found preseﬁt.
' With the exception of the results for the K29(S1) |

| polysaccharide, the totals of the components found in |
ieach polysaccharide (given in table 11) were all of |

' the same order (90 - 107%4) and indicate that all the

 components were accounted for in the analyses; this

' was supported by the anthrone ratios. The low value |

' this polysaccharide.

of the total for the K29(S1) polysaccharide arises

' most probably from the resistance of the polysaccharide

to hydrolysis; wunfortunately pressure of time prevented

investigation into suitable hydrolysis conditions for

!
An unusual feature that was found was that six of

the strains (A, gerogenes strains A3(Sl), A3, Alj |

Ia, cloacae strains NCTC 5920, NCTC 59363 E, coli A102)
' produced polysaccharides containing fucose, which in

:the case of strain A3(Sl) was identified as L-fucose.
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' Until the recent report by Norris, de Sipin, Zilliken,
Harvey and Gy8rgy (1954) that fucose was a component |

- of the polysaccharide of a mucoid mutant of Lactobacillus
bif y fucose had never been found in a bacterial
:polysaccharide, although rhamnose has been identified |
j1n the polysaccharides of a variety of micro-organisms
(see table 2). Tt is believed that the combinations of

sugars found in the fucose-containing polysaccharides |

have not been met before in polysaccharides from any

- source, It is Interesting to note that all the

polysaccharides contained either mannose or fucose, and
Ethat they were not found to occur together,
| The galactose found in the polysaccharides of
istrains A3(S1), A3 and A1, 1s believed not to be a
‘component of the exopolysaccharides, but to arise from
_contamination with a somatic polysaccharide, which hasj
;been found to contain a large proportion of galactose
:(see Part IIT of this thesis). fhis view is
' supported by the discovery of larger amounts of
fgalactose in the capsular polysaccharide of strain A3
' than in the slime because the former was isolated by
treatment which was likely to lead to greater
' contamination by the somatic polyséccharide. In the |
discussion that follows, the galactose found in the |
' A3(S1), A3 and Al polysaccharides will therefore be
' disregarded.

Since no previous report has been made of the
écomposition of the polysaccharides of A, aerogenes and:
Egl_glggggg, with the exception of the few inconclusive
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. attempts described in the Introduction, the results

| found fon these polysaccharides cannot be discussed 1&
'~ the light of previous results, In the present study
| the most closely examined polysaccharide was that

- produced by A, aerogenes strain A3(S1l) which was found
to contain D-glucose (9 parts), uronic acid (5 parts)i
and Le-fucose (2 parts), Iﬁ was shown by ultracentrifi»
gation to be homogeneous, but this method would not

. detect contaminating polysaccharides if present in

. amounts less than 5%, and thus does not rule out the

| possibility that the 1% galactose found in the

| polysaccharide could arise from a contaminating |
polysaccharide, The sedimentation constant (85g) of a
2.5% solution of the polysaccharide in 0.1N sodium
: hydroxide was 1.8 x 10713, At present no information
- 1s available regarding the shape of the molecule, but |
by using the expression |
| M= 2.45 x 10°2 (1‘/1"-,)a % 3 (8,¢/ (1 - vp) )i' |
vhere M = molecular weight
f/fo = frictional ratio i
V = partial specific volume
P = density of the solution
" and assuming various values for the frictional ratio,
ipossible values for the molecular weight of the
' polysaccharide were calculated.,
M =6,600 where f/f, =1.1 (i.e., spherical)
16,000 2.0
30,000 3.0
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M = 85,000 where f£/f, = 6.0 (frictional ratio

found for pneumococcus
type II polysaccharide
(Record and Stacey

1948) This 1s |

the highest value for
f/fo found in a |
bacterial polysaccharide,

(results calculated assuming ¥ = 0.60,p = 1)

The molecular proportions of the components j
present in the polysaccharide indicate a repeating unft
of glucose (9 residues), uronic acid (5 residues) and!
fucose (2 residues), with a molecular weight of 2630.i
The minimum value for M (6,600) suggests that the |

. polysaccharide molecule contains at least 3 repeating
" units (M 7890) with a total of 48 residues. Other

|
data 1s required before it is possible to be more i
specific, ;
The polysaccharide of A, cloacae strain NCTC 592&

was found to contain galactose (3 parts), fucose (3

. parts), glucose (2 parts) and uronic acid (2 parts). |

E Ultracentrifugal measurements were also made with this?

polysaccharide: 1ts sedimentation constant (S,,) in

|
' 0.1N sodium hydroxide (2% polysaccharide solution) !

was 0.8 x 10713, The absence of knowledge of the
molecular shape poses the same problems as with the
polysaccharide of strain A3(S1), but by making the
same assumptions as above, and using the same equation;

it 1is found that

M = 2,000 vhere f/f, = 1.1

25,000 6.0
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| The repeating unit of the polysaccharide appeaﬁs
ito bes galactose (3 residues), fucose (3 residues),
?glucose (2 residues) and uronic acid (2 residues),
'with a molecular weight of 1,610, suggesting that if
;the polysaccharide molecule is spherical, it will
contain one repeating unit. .

The results found for A, aerogenes strain A4

' polysaccharide indicate that it contains glucose (7

parts), galactose (17 parts), uronic acid (8 parts)
Eand mannose (1 part). However, if the small amount
iof mannose found 1is regarded as being derived from

ga contaminatineg somatic or intracellular polysaccharide,
| the composition of the polysaccharide would be

| glucose (1 part), galactose (2 parts) and uroniec
iacid (1 part).

| The presence of glucose and a uronic acid in the
Ipolysaccharide of Klebgiella type 2 (Friedlénder's
'bacillus type B) reported by Heidelberger, Goebel and
;Avary (1925) was confirmed, but galactose and mannose

'were also found, together with traces of xylose which

I
imay be from a contaminating polysaccharide. The |
'polysaccharide of B, coll strain A102 differed 1n-ani
.important respect from the polysaccharides of other |
i ¢ coli strains that have been examined (see table 2)
;1n that it contained a uronic acid in place of the .
?glucosamine found in the other polysaccharides, The
!trace of mannose found in the chromatograms of the

polysaccharides of strain A102 was probably from a

contaminating somatic or Intracellular polysaccharide,
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If the small amount of rhamnose found in the poly=-
saccharide is regarded as a true componenty the
composition ‘is found to be uronic acid (10 parts),
glucose (8 parts), galactose (8 parts), fucose (8 |
parts) and rhamnose (1 part). But because it is ;

[

the rhamnose is derived from a contaminating somatié

or intracellular polysaecharide, in which case the
polysaccharide would contain uronic acid, glucose, |
galactose and fucose in equimolecular amounts, If!
the rhamnose is a true component, the exopolysaecha*ide

of strain A102 would be noteworthy as probably !

| the first polysaccharide found to contain both the |

naturally occurring methylpentoses - fucose and
rhamnose,

No previous aﬁtempt has been made to show by
chemical means that the slime and capsular
pelysaecharides of an organism are the same, Edwaids
and Fife (1952) and Wilkinson, Duguid and Bdmunds |
(1954) demonstrated the immunological ldentity of the
slime and capsular polysaccharides of Klebsiella ;

type 14 and A, aerogenes strain A3 respectively, ]

; but serological methods of proving identity are open

to the doubt that the apparent identity may be the |

result of cross-reactions between antigens
possessing similar patterns of immunologically dominant
groups while the other parts of the molecules may

. be different, By separately isolating and analysing

. the slime and capsular polysaccharide of A, aerogenes
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strain A3 it was shown that they were identical in ;
compositiony this is readily seen from the molecular -
ratios in tables 12 and 13, Complete proof must
awalt structural studies and molecular weight

determinations on the slime and capsular material,

The result is in keeping with the hypothesis that

i capsules derive their shape and rigidity from

1§keleta1 fréme-workl or networks, such as have been

1found by Tomesik (1951) and Ivanovies and Horvath

| (1953)« According to this hypothesis capsules

iare formed by the filling of the interseptal spaces

of the skeleton with exopolysaccharide; as the '

' latter diffuses outwards from the framework it |

becomes loose slime, The capsular and slime |

polysaccharides would thus be identical, i
It was shown for the first time, in the presenﬂ

|
study, that the exopolysaccharide of a non-capsulate

|

:slime-forming variant (A3(S1)) retains the comp031~|
|tion of the exopolysaccharide of the parent strain,;
| (A3)s . The report by Wilkinson,Duguid and Edmunds
(1954) that strains A3 and A3(S1) were identical
immunologically was confirmed by showing that the

isolated exopolysaccharides of these strains werz

| identical immunologically. This result is also in |
| keeping with the skeletal hypothesis of capsule
iformation, according to which the slime-forming
'variants of capsular species could be postulated
;to arise through loss of the ability to produce the
 skeletal framework.
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i Edmunds (1954) showed that A, gerogenes strain@

i Al and A3 were immunologically identical, In the
| present study it was shown that the exOpolysacchari¢es
| of these strains were identical in composition and ?
immunological specificity. " fe

" The high degree of immmological specificity
. found among the Klebsiella-jerobacter types (see
| Ddwards and Fife, 1952} Edmunds, 1954) is remarkable

| in view of the present observation that the
| exopolysaccharides of the § different types that
|

were examined (using the Edwards and Fife notation

these weres K2, K8, K26, K29, K54 and K57) all |
contained similar amounts of uronic acid (20 - 30%),
which would lead one to expect frequent cross=
reactions because uronic acids dominate the
immunological patterns of the polysaccharides in
which they occur, The low incidence of eross
reaction suggests that the spatial distribution of
the uronic acid residues must be different in each
|polysacchar5de, at least sufficiently different to |
Iprevent immunological cross reactions, which in turn
‘1ndicates that all the polysaccharides of the

' Klebsiella-Aerobacter group must have different

complex structures,

SUMMARY part I |
[ le The exopolysaccharides of five strains of
Ay gerogenes, two of A, cloacae, three of Klebsiella

and one of E, coll were isolated and examined,



167

' 2, They were found to be unusual polyuronides with
the following compositions (expressed in

molecular ratios,)

As_acrogenes
strain A1  glucose (8)4 uronic acid (4), fucose (2)
" A3 ' glucose (9), uronic acid (5),.fuoése (2)
®  A3(S1l) glucose (9), uronic acid (5), fucose (2)
" A4 galactose (17), uronic acid (8),

| glucose (7), mannose (1)
" A29 mannose (2), galactose (1), uronic acid (1)
A, cloacae |

NCTC 5920 alact y, fu lucose (2
? Beris anis iny et {00 gAUSORE S0

NCTC 5936  glucose, galactose, fucose, uronic acid
type K2 %1ucose (8), uronic acid (6), galactose
. 5), mannose (2) :

" K26(sl) galactose (4), glucose (3), manndée (3),
uroniec aecid (5) :

" K¥29(Sl) galactose (5), uronic acid (4),
mannose (2),

E. coll

strain A102 uronic acid (10), glucose.CB), |
- galactose (8), fucose (8), rhamnose (1).

Deglucose and Lefucose were confirmed in the
polysaccharide of A, serogenes strain A3(Sl) by

isolation and preparation of derivatives, None

| of the uronic acid components were identified,

f 3¢+ The slime and capsular polysaccharides of
A, gerogeneg strain A3 were isolated separately
and shown to be identical,

4, The exopolysaccharide of a slime-forming variant
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(As_gerogenes strain A3(S1)) was shown to retain
the composition of the exopolysaccharide of its
parent capsulate strain (A3).

The immunological relationship of the exopolye
saccharides of A, aerogenes strains Al, A3 and
A3(S1) were examined and shown to be identical,
The exopolysaccharide of strain A3(S1) in
dilutions of 1,000,000 was found to react with

homologous immune serum.

|
|
1
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THE INFLUENCE OF CARBON SUBSTRATE ON

THE COMPOSITION OF THE EXOPOLYSACCHARIDE OF
AEROBACTER AEROGENES (STRAIN A3(S1

No attempt has been made to investigate

quantitatively the influence of carbon substrate on the

'ecomposition of bacterial heteroexopolysaccharides. It

%13 a commonly observed fact-that, apart from type |
%transformations and antigenic variations of the smooths
irough type, the 1mmnnologicai specificity of an |
Eorganism remains constant regardless of the medium on !
iwhich it 1s cultured., For example, Morgan and
|Beckwith (1939) showed that the immunological specifi-
!city of a strain of E.colil was unaffected when it was

cultured on a synthetic medium containing sucrbse,

|

‘glucose, rhamnose or xylose as sole carbon source.
?But immunological methods of proving identity are Openi
'to the objection that the apparent identity is the j
result of cross-reactions between antigens possessing E
similar patterns of immunologically dominant groups |
while the remainder of the molecules are different.

Forsyth and Webley (1949) made a qualitative examina-

tion of the exopolysaccharides of a number of species |
ior genus Bacillus grown on synthetic media in which
!sucrose, fructose, glucose, galactose and arablinose 5
!were used singly és sole sources of carbon and energy, |
and found that the component sugars of the §

polysaccharides remained unchanged.




| synthetic liquid media containing 1% carbohydrate and

. in the case of fucose, which because of its scarcity
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In the present study an examination was made of
the exopolysaccharide of A.aerogenes isolated from
cells grown in liquid synthetic medium eontaining
different sugars as sole source of carbon and energy.
Strain A3(Sl) was chosen for several reasons. It
produced abundant slime, and being non-capsulate the

cells could be more easily centrifuged from the

viscous cultures and thus facilitated the isolation |
of the polysaccharide. Its neutral component sugarai
(glucose and fucose) were easily separable on paper

chromatograms, and the fucose results could be checked

by the independent colorimetriec method.

IALS A oDS

Organism: A.aerogenes strain A3(Sl) was used. (See
part I)

Cultural conditions: The organism was grown on

the same inorganic salts in the same concentrations %
as in the medium described in Part I. The sugars on!
which the organism was grown were glucose, galaétose,
mannitol, xylose, rhamnose, fucose, glucurone and
sucrose. When the glucurone medium was prepared it
was adjusted to pH 7.3 by adding N sodium hydroxide.

With each sugar 3.6 1. of medium was prepared, except

was used to prepare 2.4 1. of medium econtaining 0.5%

fucose.
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Growth was carried out in 1 1. screw=capped

bottles (200 ml. of medium per bottle) in the rotor,
as described in Part I. The bottles were inoculated
with loopfuls of the organism which had previously
been adapted to the sugar in the medium by being

cultured on solid synthetic medium containing the

sugar as the sole source of carbon and energy. The

' eultures were grown for 2 - 3 days at 37°, by which
time they were highly viscous. With the glucurone
cultures the pH was found to be high ( 8 -~ 9 ) after
24 hours growth, and N hydrochloric acid was added
under aseptic conditions to each bottle to adjust the

pH to about 7.

Isolation of the exopolysaccharides: The method used

for isolating the exopolysaccharide from each culture ;

was the same as that described in Part I for the i

isolation of slime polysaccharide. The yields of

' polysaccharide were all of the same order - 1.0 - 1.2
of purified polysaccharide from 3.6 1. of culture. |
The fucose culture produced 0.6 g. of polysaccharide. |
All the po;ysaccharidea were isolated as boiled sodium?

salts. !

| Analytical methods: The methods described above in

t
|
| Part I were used.
|

RESUL!
The exopolysaccharides produced by strain A3(Sl1l)

' when grown on the different sugars as sole carbon and

| energy source were all analysed in the same way as the
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polysaccharides in Part I, to elucidate their
composition. Two samples of each polysaccharide were
| hydrolysed under standard conditions (2% hours with

| 95% formic acid at 100°, followed by 6 hours with N
sulphuric acid at 100°) and the neutral component

sugars present in each hydrolysate were estimated in |
duplicate or triplicate. Arabinose was vsed as |
reference sugar with all the polysaccharides. All the
| other analyses were also carried out in duplicate.
The results have been summarised in table 15, where
the data for the glucose-grown polysaccharide are also
included (taken from Part I). The results show that |
there is no detectable qualitative or_quantitafiva
difference between any of polysacchﬁrides produced by
strain A3(Sl) when grown with any of the sugars.
The anthrone values were all around unity, indicating |
the estimations were complete. The slight amounts

of galactose found in the polysaccharides were

regarded as coming from a contaminating polysaecharide
(see Part III). It is unfortunate that the uronic :

' acid components could not be identified from their 'i
chromatograms, for the same reasons that prevented thJ
identification of the uronic acids of the polysaccharipes

studiad‘in Part I.
The polysaccharide produced by the organism when |
grown on sucrose as sole carbon and energy source was

not analysed quantitativelyy it was found to contain

the same sugars as the other polysaccharides, in the
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same relative amounts in as far as could be judged
from visual examination of the chromatograms. |
_Fructose was not found even when the polysaeccharide
!waa hydrolysed by gentle conditions, e.g.

30 minutes with 0.1 N sulphuriec acid or

4 hours with N sulphuric acid, both at 100°.

5 The sucrose-grown polysaccharide also gave a negative

| Seliwanoff test.
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Table 16.

ene source.

Proportions o ucose-uronic acid-fucose
Substrate Belaaigzet: gucosg geéigéggetg §5P§osa:
glucose 815132 100 ¢ 58 & 24
galactose 9: 53 2 100 s 60 3 23
mannitol 931512 100 s 5% 3 23
xylose 931 53 2 100 s 53 s 23
fucose 9% 51312 100 3 57 3 23
rhamnose 9131513 2 100 s 51 3 21
glucurone 931512 100 3 58 3 22
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DISCUSSION
The composition of the exopolysaccharide of

' A.aerogenes strain A3(S1) was shown to remain unchanged

' when the organism was grown on media containing

' glucose, galactose, arabinose, mannitol, rhamnose,
| fucose and glucurone as the sole source of carbon and
energy. The identical composition of the poly=-
saccharides is readily seen from the table of |
molecular proportions of the components found in each |
preparation (table 16). The proportions calculated
in the ordinary way, relative to the smallest
component (in this case fucose) showed that all the

! polysaccharides contained the component sugars in the

| same proportionss glucose (9 parts), uronic acid

(5 parts) and fucose (2 parts). The only exception ‘
to this was the glucose-grown polysaccharide which hai
i 8 parts of glucose instead of 9, but this difference |
| is probably within the limits of error involved in the
determinations of glucose and fucose. It should be |
noted that for the calculation of these results the
colorimetric fucose values were used, because they ;
. seemed to be more consistent and reliable than the

| results found by chromatography and periodate |
| oxidation. When the molecular proportions were |
. ecalculated relative to glucose (taken arbitrarily to i
‘ be 100, so that the proportion of each sugar could be;
. expressed as two significant figures, thus permiﬁtingg

the appearance of smaller variations) some small !
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|
|
variations were found, but these were small and withi&
the limits of error of the method. The mean
molecular proportions relative to glucose were found
to be 100:56323 (glucosesuronic acid:fucose)
The organism was grown in sucrose-containing
medium to find whether it possessed the ability to

|
|
synthésise a levan in addition to its ﬁolyuronide, as!
was found to be the case with B.polymyxa and |
|
|

' B. mepatherium (Hestrin, Avineri-Schapiro and Aschner |

19433 Forsyth and Webley 1949). The absence of
fructose in the hydrolysate showed that no levan was
produced by strain A3(Sl).

The results of the present experiments show for
the first time that the composition of a heteropoly-
saccharide remains unaltered when the organism
producing the polysaccharide is grown on a variety of
different sugars as the sole sources of carbon and
energy. The sugars used included representatives

of different types of monosaccharides -~ hexoses,

. methylpentoses, a pentose, a uronic acid (lactone)

|
|
|
and a hexitol, and included the sugars which occur as
components of the polysaccharide. These results |

|

show that the composition of bacterial

heteroexopolysaccharides remain constant, and !

| therefore that heteropolysaccharides must be

synthesised by some means that are capable of repro- @
ducing the specific molecules.
Nothing is yet known about the mechanism of i
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heteropolysaccharide synthesis, but it has been shown
that homopolysaccharides are synthesised by unit i
steps which may be expressed by the general equation :
D-glycoside + R <=~ R-glycoside + D
where D-glycoside is the donor of high energy glycosyl
units, and R is the carbohydrate receptor. Two main|
types of glycosyl donors have been found to partici- i
pate in homopolysaccharide synthesis: sugar %
phosphates, and di- and higher saccharides. In |
heteropolysaccharide synthesis it may be assumed that
glycosyl donors function in a similar way. Unless
all the carbon substrates are metabolised by the

|
|
|
organism to a common intermediate from which all |
glycosyl donors are formed, and there is evidence I

| from the incorporation of free glucosamine into

| hyaluronic acid by Strep. haemolyticus (Topper and

Lipton, 1952) to show that this is not so, it follows |
that by varying the nature of the carbon substrate |
during growth and polysaccharide synthesis it can be

glycosyl donors are varied so that their relative

| proportions are different. If heteropolysaccharide

|
|
|
|
i
assumed that the equilibrium concentrations of the |
|
|
synthesis is carried out by a comparatively non-
selective enzyme, or enzymes which join togetheg ?
glycosyl units according to the availability of} }
glycosyl donors, then it would be expected that the |
nature of the heteropolysaccharides should vary

according to the concentration of the glycosyl donors,



| of enzymes is unlikely, in particular since the

and thus according to the nature of the carbon |
substrate. The results of the present study show \
that this does not happen, and therefore some other i
synthetic mechanism is involved. There appear to be

two possible alternative mechanismss synthesis by a !
series of completely specific enzymes, or synfhesis by
a template mechanism as visualised for protein ;
synthesis. The former mechanism would involve a i
large number of specific enzymes to synthesise the |
smailest repeating unit of the heteropolysaccharide |
molecule, which in the case of A3(Sl) polysaccharide |
contains 9 parts of glucose, 5 of uronic acid and 2 of
fucose; in addition to which further enzymes would b{
required to link the repeating units together to form

the heteropolysaccharide molecule. This large number

ability to synthesise exopolysaccharide, and therefore

to form mucoid colonies, is apparently controlled by a

single mutable step, and this according to current ‘

views, by one enzyme.

A template mechamism is thus favoured. Such a

| mechanism is supported by the narrow molecular weight |

distributions found in many bacterial heteropoly=-
saccharides. Close control of molecular size can be
more easily visualised to occur with a template
mechanism than with one involving the action of
polymerising enzymes alone. In view of ifs

importance in type transformations it is likely that
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deoxyribonucleic acid is involved in the template.
Thus the evidence suggests that heteropolysaccharides
and homopolysaccharides differ in their mode of
synthesis.

SUMMARY Part II
A non-capsulate slime-forming strain (A3(Sl))

f of A.aerogenes was cultured in simple synthetic medium|
1 |

| containing glucose, galactose, mannitol, xylose, fucosé,

| rhamnose, glucurone and sucrose (used singly) as sole

carbon and energy source. The exopolysaccharide

produced by the organism from each sugar was examined f

and its composition found to be the same in each cases|

glucose (9 parts), uronic acid (5 parts) and fucose

(2 parts). No levan was produced by the organism

| vhen grown on sucrose. The constant composition of

the polysaccharide is interpreted to indicate that

heteropolysaccharides are synthesised by some form of |

template mechanism.
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SOMATIC AN RACE R POLYSACCHAR .'
OF AEROBAC OGENE IN A3(0). :

An examination was made of the pol&saccharides of

' A. aerogenes strain A3(0), a non-capsulate and non- |
' |

| slime~producing smooth variant of strain A3, in order

| to gain some knowledge of the somatic and intracellula;-
; polysaecharides of A. aerogenes about which very litt1§

' 4s known, and to complement the results found for the

i exopolysaccharides. A non-exopolysaecharide-producink
strain was chosen because it would produce only the j
| somatic and intracellular polysaccharides and thus

. prevent any possibility of contamination with

| exopolysaccharide. This strain in particular was
chosen because it was known to have the same somatic i
antigen (and therefore the same somatic polysaccharidé)
as strains A3(Sl), A3 and Al (Wilkinson, Duguid and |
' Edmunds 1954), and therefore the results found for !
. strain A3(0) could be applied to strains A3(Sl), A3
and Al. It was hoped that by elucidating the
| composition of the somatiec polysaccharide of these

| strains to show that the galactose found in small f

. amounts in their exopolysaccharides was likely to havé
|
|

. arisen through contamination with small amounts of
somatic polysaccharide.

| The only previous attempt to investigate a somatfc
| or intracellular polysaccharide of A. serogenes was |

made recently by Levine, Stevenson, Tabor, Bordner
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and Chambers (1953). They isolated a glycogen=like

| methods: extraction with 30% potassium hydroxide for

- giving smooth non-mucoid growths.

|
polysaccharide from an unspecified strain by two ‘
|

3 hours at 100°, and ultrasonic lysis. They were
unable to extract the polysaccharide with boiling watér.
After purification the polysaeccharide products were

found to have low nitrogen and phosphorus values and
to have the general properties of glycogen. The %
optical rotation was found to be of the order of i
[G]D + 200°. The polysaccharide dissolved in water !
to form opalescent solutions which reacted with 1od1n$
to form the characteristic reddish-brown colourj |
both these properties were 1ost'rapid1y when the
solutions were treated with saliva. Paper chromato-
graphic analysis of the hydrolysate showed the

presence of a single component which was identified

by its Rp value as glucose. The reducing value of
the hydrolysed polysaccharide was equivalent to

91 « 93% glucose. The infra-red spéctrum of the
polysﬁccharide was similar to that of glycogen.

MATERIALS AND METHODS

Organism: The strain of A. aerogenes used (A3(0))
was a variant isolated by Dr. P.N. Edmunds from strain

A3 by culturing in broth containing homologous
antiserum. It differed from the parent strain in

being non-capsulate and noneslime-forming, and in ‘
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Cultural conditions: The synthetic liquid medium
described in Part I was used, with slightly increased

|
nitrogen (ammonium sulphate 0.05%). Growth was i
carried out for 24 hours at 35° in 5 1. flasks aarato&
by bubbling sterile air through the medium. Each |

flask was inoculated with 10 ml of 2% hour broth f

culture of the organism.
Extraction and purificetion of the polysaccharides:

The polysaecharides were isolated in fraetions from tﬁo

1

washed cells by using a series of increasingly severei
extraction procedures, described in detail in the
experimental section below.

Analytical methods: The analytical methods described
above in Part I were used. Hydrolysis of the

polysaccharides was carried out under different
conditions, described below in the text.

PE A RES

Extraction and isolation of the polysaccharides.
The cells from 10 1. of a 24%~hour culture of

strain A3(0) were harvested by centrifugation in a |
Sharples "supercentrifuge", and were washed three timés
with saline (ca. 200 ml). The black sediment found ;
on top of the deposit of cells was removed, and the |
whole crop suspended in water (500 ml). The total
bacterial dry weight, estimated by withdrawing 1 ml. |
aliquots and drying them at 120° to constant weight, I
was found to be about 5 g. After the pH of the.

suspension was checked and found to be 7, it was




' (6 x 100 m1.), and the first washings added to the
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heated in boiling water under reflux. At intervals |
(0, 1, 3 and % hours) 10 ml, samples were withdrawn for
the purpose-of following the course of the extraction!
with the anthrone method. The samples were centrifuged.
and the supernatants withdrawni all the supernatantsi
except the first (O hour) were opalescent., The i
residues were washed with water (10 ml) and were madei
up to 10 ml. in volumetric flasks. Anthrone determiﬂ
nations were carried out on 0.l ml. samples of the |

supernatants and on 0.2 ml. samples of the suspensions.

The results were as follows: |

sace de tio nlo s |
Duration of |
heating w deposit fotal |
0 hr 0.055 mg 0.665 mg 0.720 mg
1 0. 533 0.245 0.7%% !
a 0.172 0.720 ‘
0 554% 0.16% 0.718
The extraction was stopped after 4 hours by which

time it was seen that no further polysaccharide was i
being extracted; the polysaccharide distribution;: |
between the supernatant and residue was 77% and 23% !
respectively. The cold suspension was centrifuged

at high speed and the palé yellow opalescent supernatqnt

withdrawn. The residue was washed with water

supernatant. An attempt was made to clear the latteﬁ

with "hyflo-supercel® but with little success. A
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A small scale experiment showed that in the absence
of added salts 2 volumes of acetone caused no
precipitation of the polysaccharide from the supernatant,
but in the presence of sodium acetate the addition of
2 volumes of acetone caused rapid precipitation.
Sodium acetate (10 g) was added to the supernatant
(600 ml.) and 2 volumes of acetone were addedj withih
a few minutes a white flocculent precipitate formed
. and was left to develop overnight at 4°. The
precipitate was separated by centrifugation and washed
with 75% aqueous acetone (2 x 40 ml.). The pale
E white powder was dissolved in water (40 ml.) giving
a buff-coloured solution which frothed on shaking.
The solution was de-proteinised by the Sevag
procedure; the de-proteinisation process was
repeated 16 times by which time only a slight protein
gel formed at the interface between the two liquids.
The solution was dialysed against running tap-water
for 42 hours, after which it was found to be an
opalescent non-viscous solution. It was centrifuged
at high speed but no deposit was obtained. The
polysaccharide was isolated from the solution by
freeze-drying:s 0.65 g of soft white flakes was
obtained. This fraction was designated
"polysaccharide I".

The extraction of polysaccharide from the cell

debris was taken a stage further. The washed boiled

residue was suspended in 10% potassium hydroxide
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(100 ml.) and heated in a boiling water-bath under

| reflux in an atmosphere of nitrogen. Samples (2.5 ml.)
wvere removed at intervals (0, 1 and 2 hours) to

' follow the course of the extraction by the same method

. as described above for the water extractionjy the

' samples were neutralised with 2 N sulphuric acid

i before centrifuging etc. The anthrone determinations

| gave the results shown below, indicating that the

. extraction was complete after 2 hours.

| Duratign olys ride ution in 2.5 ml.
of heating ample
supernatant residue ;otg;
0 hr 15 ug 126 ug 141 pg
1 103 23 126
2 109 21
2% 115 18 133

* neutralised with glacial acetic acid.

The extraction was stopped after 2 hours; the
polysaccharide distribution was now 85% (20%) in the
supernatant and 15% (3%) in the residue, the figures
in parenthesis being the results in terms of the
initial total polysaccharide in the A3(0) cells.

The alkaline suspension was neutralised with glacial
acetic acid and centrifuged. The supernatant was

.~ withdrawn and the residue washed with water (3 x 30 ml.)
the first two washings were added to the supernatant.
Acetone (2 vols) was added to the supernatant

(120 ml.) and the beaker was cooled in ice for 30
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minutes, after which the precipitate was separated
by centrifugation and washed with acetone (2 x 50 ml.).

' The powder dissolved easily in water (30 ml.) to give

a pale yellow solution which was de-proteinised by the

| Sevag procedure. The process was repeated only 8

times with this extract, and the solution was then
dialysed for 4% hours against running tap-water.

Finally the solution was centrifuged at high speed to

remove solid matter, and the solution was freeze-

| dried, yielding 0.10 g. of dried polysaccharide.

' This was designated "polysaccharide II".

The anthrone determinations indicated the
presence of only 3% of the initial polysaccharide in

the alkali-extracted residue. However, it was

| decided to continue with further extractions in case

the anthrone results were under-estimating the
remaining polysaccharidey which could have been the
case if the polysaccharide contained sugars which

produce little or no colour in the anthrone reaction. |

- Furthermore, the results for this extraction, obtained

by the anthrone method, were rendered less reliable

owing to interference in the reaction by an

. unknown cause which gave rise to a purple colour in

addition to the usual green.

The washed neutralised alkali-extracted residue

- was dried with acetone and suspended in 2 N sulphurie
- aecid (25 ml.) and heated in boiling water for 30 f

minutes. The residue was centrifuged and waahed



188

' with 2N sulphuric acid (3 x 5 ml.) and the washings
| added to the supernatant (35 ml.) which was treated
with % volumes of acetone and left overnight at 4°.
As no precipitate was obtained from the supernatant
; even after the addition of a further % volumes of
- acetone, it was not investigated further. The
| residue from the 2 N acid extraction was dissolved
? in 60% sulphurie acid (10 ml.) at room temperature
- and a yellow-brown solution obtained which was left
' for 10 hours at 4°, during which time no darkening
5 of the solution was observed. The acid was diluted
with water (6 volumes) when immediate precipitation
- was causedj the precipitate was removed by
' centrifugation and washed with 2 N sulphuric acid
 after which it was dried with acetone. This final
residue which was obtained in the form of dark brown
| granules (35 mg.) was designated nwresidue.

The acid supernatant was tested for the presence
of polysaccharide by adding sodium acetate to a
small sample and precipitating with 2 volumes of
- acetone; a flocculent white precipitate was obtained,
| indicating that the acid had extracted something
fron the cell residues. Before precipitating the
| main supernatant solution it was examined on a.paper
chromatogram to find whether any hydrolysis had been =
caused by the cold 60% acid; free glucose and
oligosaccharides were found in addition to

unhydrolysed material which remained at the starting
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line. The acid supernatant was neutralised with
barium carbonate and the precipitate removed by

centrifugation. The precipitate was washed with water

' (3 x 100 ml.) and the washings added to the supernatant,

which was then distilled in vacuo at 45-50° to low

- volume (20 ml.). Sodium acetate (0.l g) was added to

' the concentrated solution and the polysaccharide

precipitated with acetone (2 volumes) and left
overnight at 4°. The precipitate was centrifuged

and washed with 75% aqueous acetone and then dried with
pure acetone and ether. This fraction waé designated

"polysaccharide IIIv. (18 mg.)

| Parification

Only polysaccharides I and II were purified,
because the other fractions were not available in

large enough amounts. Polysaccharides I and II were

' found to have high nitrogen and phosphorus values

(N 7.5%, 8,5%3 P 5.4%, 6.6% respectively) equivalent
to 40% - 50% of nucleic acid in each preparation.
Nucleic scid contamination was confirmed by the |
presence of large amounts of ribose on the chromatograms

of hydrolysed polysaccharide I. The method for

| removing nucleic acid described by Aubert (1951)

. was used on both polysaccharides.

Polysaccharide I (0.6 g) was dissolved in water
(50 ml.) and 10% lead acetate solution (5 ml.) was
added; a white flocculent precipitate was produéed

| immediately. The precipitate was increased when the
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solution was adjusted to pH 3.9 by dropwise addition

| of glacial acetic acid (approx. 3 ml.). The

. suspension was centrifuged and the precipitate was

} washed with 10% acetic acid (30 ml.) which was added

| to the supernatantj the precipitate was discarded.

. Acetone (3 volumes) was added to the supernatant and

| a white flocculent precipitate was obtained whieh

| was separated by centrifugation and redissolved in 10%

acetic acid (30 ml.). The solution was neutralised

. with solid sodium carbonate. When acetone was added

' to preciplitate the polysaccharide it was found that

- the solution was immiscible with acetone and two

: layers were formed; prolonged stirring had no effect.

It was thought that this phenomendn was caused by the
high salt concentration of the solution. The |
acetone was decanted and the aqueous layer dialysed

for 40 hours against running tap-water, during which

a slight precipitate settled out of the soclution.

. After centrifugation, the opalescent dialysate (55 ml.)

. was tested for the presence of further-precipitable

nucleié acid, by adding a few drops to acidified lead
acetate solution (pH 3.9)t as no precipitate was
obtained, further purification was not attempted.

A small sample of the solution was acidified with
sulphuric acid to give a N solution, and was hydrolysed
for 24 hours at 100°. The paper chromatogram |
showed the presence of ribose but in much smaller

amounts than was found in the initially 1solated'_
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polysaccharide, showing that a detectable purification

" had been achieved. The polysaccharide was isolated |

; by adding acetone (3 volumes) to the solution and

. leaving the precipitate to settle out overnight at 4°.

. The supernatant was decanted and after being tested

with more acetone to find that it contained no

| unprecipitated polysaccharide, it was discarded. The

: precipitate was washed several times with acetone and

; ether, and was dried over phosphorus pentoxide. |

~ The purified polysaccharide (I) weighed 130 mg.
Polysaccharide II was purified in a similar

manner. The whole sample was dissolved in water

| (15 ml.) and 10% lead acetate solution (1 ml.) was

: added. Glacial acetic acid was added dropwise to the

solution to adjust the pH to 3.9, and the precipitate

' thus formed was centrifuged and washed with 10% |

- acetic acid (10 ml.); the washings were added to the

supernatant. Acetone was added to the supernatant

" which was left overnight at L4°. The supernatant was.

- poured off from the flocculent white precipitate

- which had settled out. The preeipitate was washed

. with acetone and ether, and was finally dried over

phosphorus pentoxide. The sample of puririedl

polysaccharide II weighed 10 mg.

Properties and Composition of the polysaccharides.

Polysaccharides I, II and III dissolved easily
in water, forming non-viscous solutions, in marked

contrast with the exopolysaccharides. None of the
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; solutions gave colour reactions when tested with iodine.
i The specific rotation of polysaccharide I was
| {ﬂ;]]gi- 105° (e 0.19, waterjy d = 1).

The nitrogen and phosphorus results (44 and 2%
respectively) for the purified specimen of
polysaccharide I indicated that purification had halved
the nucleic acid present in the polysaccharide, but
that the material was still heavily contaminated, with
: about 25% nucleic acid. This was confirmed by the
' low anthrone values for polysaccharides I and II,

. found to be 39% and 22% respectively. |
The eomponent sugars of the polysaccharides were
identified on paper chromatograms run in butanole ;
é ethanol-water solvent (5:lsk v/v). Trial experiments
- showed that 5 hours hydrolysis with N sulphuric acid |
| at 100° was insufficient for complete hydrolysis.
The conditions described for the hydrolysis of each
% polysaccharide was chosen empirically and found to
| give complete hydrolysis in 24 hours. The absence of
| hexosamine was ascertained in polysaccharide I and II
| by spraying the chromatograms with the Morgan and
' Elson reagent. |
omponent sugars o 0) polysaecharides

drolysed for
2% hr at 100°

. Fraction wviths Component sugars |

Polysaecharide I N sulphuric acid galactose, little glucoae
a ribose (from nucleic acid

" II " Galactose, little glucose
" III ". Glucose, little ga1éctose
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Component sugars of 0) polysaccharides (Contd.

' Residue 95% formic acid glucose

followed by 3 hr
with N sulphuriec
acid

The components were identified by comparison with
standards run alongside on the same chromatogram
sheets. The galactose and glucose in polysaccharides
I and II were confirmed by adding galactose to part of
the hydrolysates and cémparing them on chromatograms
with the hydrolysates to which no galactose was added{
The chromatographic patterns of the hydrolysates with |
and without added galactose were identical,
confirming the identification of the spots. The

presence of galactose in polysaccharide I was

. confirmed by the isolation of mucic acid. The

polysaccharide (1 g. of crude boiling-water-extracted
material) was dissolved in water (10 ml.) and an i
equal volume of concentrated nitric acid addgd. Thgé
solutiony, in a boiling tube, was heated for an hour
in a boiling water bath. A small amount of whife
cerystals separated on coolingy the solution was left
for several days at 4°, and then concentrated to a |
smaller volume (6 ml.) by the action of a gentle |
stream of air. More crystals separated when the tubé
was dooled in ice. The solution was filtered at the
pump and the crystals were washed thoroughly with |
cold water and dried with acetone. Without further
purification the crystals were found to have a sharp

melting point. (Yield 40 mg.)
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: M.p. of crystals 209 - 210° decomp.

| M.p. of authentie muecie acid 210 « 211° decomp.
Mixed m.pe. 210° decomp.

| The isolation of mucie acid from oxidised polysacchariﬁe
: I confirmed the presence of galactose in the

| polysaccharide. ‘

| It would have been desirable to have examined the
homogeneity of the polysaccharides by carrying out

. fractionations of the polysaccharide preparations but
; they were present in amounts that were too small for
I ehen: cat fxuetionataoniil it was) found by oxsnizine il
two different preparations of polysaccharide I that

| the galactosesglucose ratio varied significantly.

. suggesting the possibility that polysaccharide I was

- a mixture of a galactan and a glucan. The poly=-
saccharides were analysed by hydrolysing 20 mge.

| samples in N sulphuric acid (2 ml.) at 100° for 24

| hours.‘ The solutions were neutralised with barium @
| carbonate, treated with Amberlite resin 1R-120, and
applied as syrups to the chromatogranms. No

é reference sugars were used in these determinations
because only the relative amounts of the two

| components were to be found. The chromatography
and the estimations by periodate oxidation were

. earried out in the manner described for the exopoly-

' saccharides, in Part I above. The galactoseiglucose

? ratio in the two preparations was found to be l5s§ and

fi

15:1 respectively.
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Serological results

The immunological reactions of polysaecharide I'.

. were examined to find whether it was the somatiec

' antigenic polysaccharide of the A3 group of

A, serogenes strains. Immune serum obtained by inject=

- ing rabbits with cells of strain A3(0) was kindly

. provided by Dr. P.N. Edmunds. Precipitation tests,

carried out as described in Methods in Part I of this
thesis, were carried out using polysaccharide I

solution to titrate the A3(0) antiserum. The serum

. was absorbed with A3(0) cells and with polysaccharide_

I, and the absorbed sera tested in precipitation
tests with polysaccharide I, and in agglutination

- reactions with washed A3(0) cells. The results are

shown in table

Highest dilutions of antiserum giving precipitation

| and agg ination reactions with various antigen

preparations of strain A3(0).
' 43(0) antiserum absorbed withs-

Antigen Test N1 Polysaecharide I A3(0) cells

polysac=

| charide I P 32 0 0
- A3(0)
cells A 10,240 2560 -0
P = precipitation A = agglutination

The reactivity of polysaccharide I with A3
antiserum was also tested, in precipitafion reactionaé
A3 antiserum absorbed with various exopolysaccharides
were titrated with polysaccharide I, with the |
results shown in the table.
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ighest dilution of antiser vi recipitation
- reaction with polysaccharide I antigen.

g%ugftiserum absorbed A ti%eg;egglggizgggi%de.
M1 | |
A3Sl freeze-dried
A3 slime

A3 capsule B

Al
Polysaecharide I 0

© £ o o0 @

ﬁhon the various exopolysaccharide antigens

| were titrated with A3 antiserum absorbed with A3(0)
| polysaccharide I their titres were found to be the
. same as for the unabsorbed serum, i.e., the highest

. dilutions were 16 (see p.159
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DISCUSSION

f The results found for the polysaccharides of
é&. aerogenes strain A3(0) must be regarded as being
:preliminary, but they provide some information
Eregarding the general nature of these polysaccharides.
| The polysaccharide fractions isolated by the different
| extractions were most probably mixtures of monohexosan
' polysaccharides, the different fractions containing
the hexosans in different proportions. Thus
polyséccharide I appeared to be mainly a galactan in
the presence of smaller amounts of a glucan.
Polysaccharide II contained the same components in
much the same proportions, vhile polysaccharide III
appeared to contain less galactan and more glucan.
The residue contained veryllittle polysaccharide, most
of it glucan.

The glucan found in the polysaccharides was

probably glycogen, but when the polysaecharides were

‘tested with iodine none gave the characteristic |
ireddish—brown colour. Polysaccharide II however, was

}observed to possess iodine~binding properties, for

]when the polysaccharides in dilute solutiony to which
|were added small amounts of iodine, were left to stanﬂ'
:for several hours it was found that the lodine had !
volatilised from all the solutions except that of |

polysaccharide II, suggesting the possibility of the ;

| presence of a degraded glycogen. The present results

|
|
!contrast with those reported by Levine et al., who ;
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found large amounts of glycogen in an unspecified
strain of A. a2erogenes. They also reported that !
boiling water did not extract glycogen from the cellsi
but did not mention whether the cells contained any
other polysaccharide or wvhether these were extractable
by boiling water. The discovery of large amounts of:

charides supports the view that contamination with i
these polysaccharides is responsible for the small |
amounts of galactose found in the exopolysaccharides
of strains A¥Sl), A3 and Al. |
There is little doubt that the ribose found in :
the hydrolysates of polysaccharide I was from the i
contaminating ribosenucleic acid (RNA). This was |
shown by the marked decrease in the relative intensity
of the ribose spot on the chromatograms after the i
polysaccharide had been purified. It is 1nterest1ng!
that polysaccharide II showed no trace of ribose i
although its nitrogen and phosphorus content indicated
heavy contamination with nucleic acid. This may

have been because all the RNA had been extracted by |
|

leaving the deoxyribosenucleic acid to be extracted |

by the alkali together with polysaccharide II. ﬂb

boiling water together with polysaccharide I,

deoxyribose was found on the chromatograms of _ |
polysaeccharide II, but this is not surprising in éiew!
of the instability of the sugarj it may have been |
destroyed by the alkaline extraction, and by the acid|
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hydrolysis prior to chromatography.
The serological tests with A3(0) antiserum

| indicated that polysaecharide I contained one of the

antigens responsible for the immunological specificity;
of strain A3(0) cells, i.e. that there are at least |
two antigens responsible for the antigenicity of
A3(0) cells and only one is present in polysaccharide
I. This was shown by the fact that absorption of _
A3(0) antiserum with polysaccharide I reduced fourfold

the titre of the agglutination reaction with A3(0) i

| cells but could not eliminate it completely, despite

| the repeated addition of solid polysaecharide I to

I
|
the absorbed serum which was sufficient to eliminate
the reaction between A3(0) antiserum and the absorhingi

polysaccharide.
The serological tests with A3 antiserum indicated

' that the component polysaccharides of polysaccharide I?

contribute to the antigenicity of the capsulate strainL

. eonfirming the results found by Wilkinson, Duguid

. polysaccharides. This is not incompatible withf&hﬁ I

|
reaction between polysaccharide I and the A3 antiserum
i

absorbed with A3 capsular polysaccharide B indicated

and Edmunds (1954). The decrease in titre of the

that the latfer polysaccharide contained a small but
immunologically significant amount of polysaccharide I}
confirming the view that the galactose found in the |

exopolysaccharides of strains A381, A3 and Al ar;se

| from contamination with the somatic and intracellular

| observation that absorption of A3 antiserum with the
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other exopolysaccharides did not reduce the titre of
the precipitation reaction with polysaccharide I,
because their lower galactose figures indicated that
they contained much less of the contaminating poly-
saccharide than the A3 capsular polysaccharide.

The polysaccharides of strain A3(0), and

therefore the somatic and intracellular polysaecharidJs

of strains AYS), A3 and Al, differed from the
exopolysaccharides of the latter strains in two
respects. The former polysaccharides appear to
be simple hexosans and are therefore much less
complex than the triheteroglycan polyuronides which
eonstitute the exopolysaccharides, and also they
contain galactose as the main component while the
exopolysaccharides contain none. There is no
obvious relationship between the exopolysaccharides

and the somatic and intracellular polysaccharides
of A. aerogenes strains A38l, A3 and Al.

SUMMARY  Part IIX

The somatic and intracellular polysaccharides
of a smooth strain (A3(0)) of A:_ggzgggggg'ﬁere
extracted by a series of increasingly drastic
conditions: boiling water, boiling 10% potassium
hydroxide and cold 60% sulphuric seid. The first
and second stages remove 77% and 20% of the total
polysaccharide respectively. The fractions appear

to be mixtures of a galactan and a glucan in various
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proportions. The galactan cdﬁprises the bulk of |
the totéi polysaccharide of tpis strain, and is
!believe§ to account for the small amounts of galactoFe
found in the exopolysaccharides of A. serogenes
strains Al, A3 and A3(S1). The identity of the
galactose was confirmed by oxidation of some of the |
main fraction and isolation of mucic acid. |

The main fraction of isolated polysaccharide

absorb all the antibody against A3(0) cells.

|
|
reacted with A3(0) antiserum but could not completel?

| |
|

|

|

|

|
|
|
|
|

R ——
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