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Studies were carried out on’ the 1ipid composition
. [ <‘\ .
of three microorganisms isolated in pure culture from a

contaminant found in a growth medium for extreme nalophiles
- R
which contains 2SZ\sodium chloride.i‘These three micro—
!
organisms were identified as: (1) Staphylococcus epdi dermidis

o——

(a badterium), (ZL,Wallemia sebi {a fungus), and (3): a-

Nocardia species (a bacterium).

The lipid composition ofiE; sebi and the Nocardia

Sp. were identified oniy partia
in order to compare their lip- th that'of the original-

_mixed'culture The polar 1ipids sebi consisted of five

phospholipids, namely phosphatidylsqrine, phosphatidylcholine
l~ phosphxidylethanolamine two unidentified-phospholipids and
threa. unidentified glycolipids' the total fatty dcids con*

. tained. 1inol€ic-acid (602), oleic acid (132) and palmitﬁcﬁ_

v ‘by chromatographic methods

¥

acid (231) .The polar lipid-compositiom bf a Nocardia sp. N

consisted of five phospholipids and two unidentified glyco-

lipids The phospholipids were tentatively identified as.

phosphatidylcholine, lyso phosphatidy}glyeerol phoﬁ&hatidyl-‘

glycerol and two. unidentified phosphokipids. The total fatty
acids of the Nocardia sp. contained mostly.branthen cgadn
fatty acids, namely tso 15:0 Q?lZ) iso'16:0 (31%), iso_17:0

(19%) and anteiso 17: 0 (227). e

-
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Most of the work ﬁresented in this thesis is con-
r

cerned with . the structural determiﬁation of the hellulaz

.lipids of S. idermi&is. The methods used for strucpural

"-(

determinations of theseh%iiids include analyses of con- «

stituents (phosphorus, sugar, glydtrol and fatty acid)'on;

- *

the pure isolated lipid COmponents- Hegradation studies T

-

using acid, alkaline and specific enzymatic hydrolyses, and

physical methods using. IR, “NMR and optical rotarion measure-

_‘ment,' *From these studiegjthe structure of four pblar 1ipid2

components of S. epidermidis S were elucidated namely:-

» L3

(1) glycerophosphoryl diglucosyl diglyceride of the structure

lg_[ sn-glycerc- 1~phosphoryl 6'-0- (ﬁ -D- glucopyranosyl (1+6)-

. 0-B-D- glucopyranosyl)] 1,2~ diacylrsn -glycerol; (2) diglﬁcosyl ‘

~ giglyceridd of the structure 3 0- [B—D glucopyranosyl (l+6)—
0<B-D glucopyranosyl] 1,2- diacyl~sn glycerol (3) mono-
glucosyl diglyceride having the structure 3-0~ [B D gluco-
‘pyranos;I] 1,2- diacyl sn- glycerol and (4) phnsphatidylglycerol'J

- with the structure l,Z—diacyl—gg-glycero—3-phosphoryl-l'—

| _g—glycerol.‘ Phosnhatidic acid, cardfolfpin and two un-

identified phospholipids were also’ present in small,amounts

] -

-but detailed structural studies were not’ penformed -

L]

Each lipid component studied had essentially th
same fatty acid composition namely,‘anteiso 15:0 (60- 752) ‘w”
anteiso l?.g (18 24%), iso 17:0 (8-202), ‘and small amounts
éf palmitic and stearic gcids (2-5;1. The fatty acids vere

. [ :
found to be non-randomly distributéd, the shorter chain



’

anceiso‘IS:b fatty acid .being exclusivel& esterified to che
2-position and the longer-chain anteiso and iso 15&0 faccy
,aclds (as well as_somehbranched iSfO and other fatty acids)_
are esterified at the.lsposition of the glycerol moilety of
phosphatidylglycerol. y |
Studies:cn the effect of sodium chlo;ide_ccncentra-

“tion in the‘culture‘medium on gfowth,and lipid composition of

- S. epidermidis indicated that S. epidermidis is a halotolerant

bacterium which grows best in the absence of added sodium

chloride, but can tolerate salt in the medium even up to 252

3

conceﬂtration The fatty acid composition was not affected .
by increasing sodium chloride content. in the media-in the ‘
range 0-15% but was affected wAed theasalt cohcentration was
increased td\ZSZ. ‘Howevec, the proportions of polar*chafged

lipids such as phbsphatidyiglycefol cardiolipia and élyceryl;‘
phosphoryl diglucosyl diglyceride wer.e affected when sodium
chloride in che medium was increased from'5 to 252 Thus,

the percentage of phosphatidylglycerol decreased while that
oficardiolipin and glycerophoaphoryl diglucosﬁi diglyceride
increased. The levels of neutral-poldf glycclipids (digluco-

syl diglyceride and monoglucosyl diglyceride) were not

affected by increasing sodium chloride concentration in the

‘-

medium. 1 . =L

$

The metabolism of membrane lipids was studied by

growing S. epidermidis cells in the pfesencc.of [32Plortho—

-

- .t /
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phosphate and [l—lac]glyceroi The results. from pulse

1abeLling and pulse chase experiments suggested that the ; :

‘bilosynthetic pathways for phospholipids and glycolipids of

R o R b r
X .

sy epidgrmidis may be the same as those found in other =
'J‘—'\H .

bacteria (é‘g E. cSli) PhosPhatidylglycerol cardiolipin ‘ i

and glycerophosphoryl diglucosyl digl?teride of S epé&ermidis

¥

a’
were found to undergo rapid turnover. whﬁreas diglucosyl di-

glyceride and neutral lipids were metabolically stablé during

!
the "chase" experiment.
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INTRODUCTION » =

<

‘During routine culturing of the extreme halophile

Halobacterium cutirubrum in our laboratory, it wds observed

that a flask containing unsteriliaed habephile growth ‘ h
» r
medium left at room temperature for 50 days had become con-,

taminated with moldlike colonies on the surface of the

- medium. ' Three §pecies of microorganisms were isolated from-

the contaminafed medium and. identified as (L) Staphylococcus (ﬁ
F

epidermidis, a bacterium, (2) Wallemia sebi, a:fungus; and (3)
a Nocardi; species--a moldlike bacterium (see.Appendix I

. for identification of these organisms) The medium in which
these wicrecorganisms were found was the complex medium of - ‘
Sehgal and Gibbons (1960) containing 253 sodium chloride r a
It was known that H cutirubrum contains a novel class of

o
lipids in which fatty acyl groups are replaced b}’ dihydro-

phytol chains linked to the glycerol backbone by ether bonds
(Kates,'197%3 and the glycerol moiety has .the ppposite

sterébchemical c?nfiguration to that found in the corresponding
PR 3
.diester forms (Joo et al. ’ 1968)., Therefore"it was of

—

l - <

(interest to see whether or not the contaminating microorganisms

~
|0

isolated from the high sait containing halophile growth o <

,medium would have the same type of lipids as H. cutirubrum

‘and other extreme halophiles. This was of particular
o .
interest Q{nce the related types of the above organisms

grown ‘ine normal nedium were known ‘to contain normal fatty
. 1

. . -
1 - .
M -
- ~
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acid -type lipids. A detailed study was then under-

“
taken wthe lipids of the fontgminant otganisms, and in
- . { - . .

the case of S. ggiﬁermidis also on the effect of increased

- -

salt cioncentration on the composition of the cellular lipids.
First, howevy ¥, a general revidw covering the

microbiology and membrane lipids ofithe genera to which the

LY

above orghpigms belong will be givem.- .
H

7
1. Microbiology of the Three Isolated Genera

A. §£;phylococci

LS ‘
<

The genus Staphyloccus is classified in the family’-

-

Micrococcaceae of the order Eubacterialés (Bergey s Manual);
Breed“_g'_i. 1957). Staphylococci are Gramhpositive, non-
mot%le, catafdase- positive ‘cocci which grow in clusters and
can .be isolated from Fir, dust, water, and human and animal
sOurhg;; They are facultative anaerobee“growing best. in the
presence of aii. For aerobic grow;h, the} require a medium
contaieing.apino acids and two oT ﬁoge vitamihs; for anae-
fcbic é{owth they also require uracil-and a fermentable car-
bohydrate (Bergey s Manual Breed et 2l., 1957; Ctuickshank
1960). They are typical mesophiles, growing at temperatu'es
between 6.5 and 46°¢ (dﬁiimum 35- 40 C) and at pH values
between 4.5 and 9.3 (optimum'?.O-?.S). Most straigs while

-

- growing best in absence of addeéd ;salt will grow in the

preéence of up to 157 sodium chloride or 40Z bile (B3dird-

Parker, 1972).
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. - l \ “:‘ '
T The metabolism of staphylococci is both respira-
) ~.
tory and féamentative. Fermentation of glucose under ~

-
g

e anaerobic conditions results in the production -of mainly.

-

laotic acid whereas in the presence of oxygen, mainly

acetic acid and small amounts of carbon dioxide are pro- i?
duced. ‘Most strains produce acetoin from glucnse and ammonia
/ N

from arginine they reduce nitrates and ferment a variety of xx' .
carbohydrates (Eergey s Manual, 1957; Baird-Parker, 19723“ | . g :
_— .
At present, only two‘species are recognized,'these
are Staphylococcus aureus and Stlococcus epidermidis

The main criteria distinguishing ¢t

(Bergey's Manual, Breed et al.

—_— =t

Baird-Parker, 1971).
e two Species are

summarized in Table 1. It will-be ob erved that the species

. are clearly distinguished by a number of . charaoteristics.

The- regent observation by Nielsen (1970) that the ‘from'

S. :aureus will not hybridize with the DNA from St

A 1

epidermidis'

further differentiates these two species
. . 7
) Staphylococci/classified as Staphylococcus

epiderﬁidis produce white colonies while those of S-'aureus
-t

are usually golden-yellow. S. e idermidis is found on the

normal skin, and usually is of low pathogenicity, even when .

deliberatély injected into  human beings or rabbits. On the

"other hand, S. aureus is found in pus, and produces a variety

of toxins. It is thus potentially pathogenic and may cause

;//good poisoning. ' // :



TABLE 1 o
Differential Characteristics of Species of - . : *
. N ’ -
Staphylococcus?®. ) -
LD
Characteristic. -~ aureus . . epidermidis oor
- 5 b A . - ‘ - .
Coagulases - : + -
- i . | ‘ .
Mannitol  * b E : ~
- Acid aerobically . + . d '
Acid anaerobicallyc _ + -
Alpha toxind - : + - -
Heat-resistant endbpucleasec + . . - K
Biotin far growth® o o - -+ -
) - \ o W
Cell wall.f ] o 7 k g;_ﬁ
- Ribitol ' o+ . . M- .
Glycerolf ‘ - + - -
Protein A8 _ + - .
- _ \
a. + = most (90X or more) strains positive;
) ~ =»guost (90Z or more) strains negative; A
* d = some strains positive, some negative. . _ B
b. Standard methods proposed by the ICNB Subcommittee on the ©h

LY

Taxonomy of Staphylococel and Micrococci
(see Baird-Parker, 1971).

c¢. Lachica and Deibel (1969). . o

d. Elek (1959); Bernheimer (1968). o A

e. Jones, Deibel, and Niven (1963). o

f. Davison and Baddiley (1963). - -
g.. Oeding (1965). |

(From Baird-Parker, 1972) >




s A
B. "Wallemia -
L . .
Microorganisms in this genus are Eumzcetes (true
fungi), in the group Fungi Imperfecti (Hyphomycetes) order

ﬁoniliales and family,Dematiaceae (Gilman, l95f). These

ubiquitous fungi, also named Sporendonema, Hemispora or -
. g

Torula (Wilson et 2l., 1969), have been isolated from tallow,

dried fish, sweet gon&ensed milk, and other osmotically arid
@
substrates, as- well as from=%ail and pathologic processes of

man and animals (Wilson et al., 1969). It is familiar to

- 4 @
most mycologists as the small, hemispherical chocolate- .

~

coloured colonies that appear as contaminants on drying agar

plates. N 7

o

A typical characteristic of fungi‘in fheJFuﬂgi

Imperfecti is that. they bear nonmotile‘spores at the tips of

spetNalized hyphae called conidiophores; such spores are

na conidiospores or conidia The conidiophores of the

genus Wallemia are hyaline to subhyaline more or less erect”(;\

in a dense stand;oéylindrical and terminate in a single
phialide-like Structure with a dark cup. Each phialide pro-

ducgs a iilaheﬁtous, sporogenous hypha which Se?arate basi-
petally }o.form a simple chain of arthrospores: These
artﬁrOSporeé are pather cube-éhaped at first and then round
off to produce spherical, pigmented, non—sgpfhte spores
tBérron, 1968). Arthrospores which'develop from a séoro-

b ;

genous hypha originéting from a phialide-like structure are

very unusual and are distinctive, features of the genus

.
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Fd

&lemia. ‘hThe Wallemia sebi studied in this work produce-

arthrospores which are cubical and become globose with

brown coloufrs when grown in media containing malt and .20% T ')
. A ‘ i o .
sucrose, or malt and 25X sodium chloride (see-Appgndix I).
o - - - . . } - i /
C. Nocardia - Yo

Microorganisms. of thil genus are moldi{ke bacggriaﬂ”""ﬁ““

T v

of the order Actinomycetales, family Actinomvcefaceae
" —

-

(Bergey's Manual, Breed et glftﬂ19575; Thef_q;e aerobic

actinomycetes occurriggunafﬁrally in the soil. - Some of them,

e

such as Nocardia’és:eroides'-the causative agent of nocardiosis,

.are found all over the world and are, partly acid fast. They

”"are non-phqtosynthetic organisms which, duriqg the early
stages of growth, produce a well defined mycelium;_léss than
2y in width which‘later“f;a;ments completely ipto bégpched
or unbrénc ed bacillary elements. When aerial my;elia are

produced, it also fragments intq;rods'and,cqﬁcal elements but ’

does not produce differentiated conidia as are found among

the Séreptomycetaceae (Skerman, 1967); However, Gordon and
. V4 -

Mihm (1958), and Bradley. (1959) reported that several

nocardiae, including E; asteroides, formed conidia similar

to those of streptomycetes. This morphological dead-end
was circumvented with the advent of cell wall analysis
(Becker et al., 1964), a technique that permits a clear-cut

separation between the two genera.
]



Other charactﬁ;istics of the Nocardia are: endo~
Socarcia

'spores not formed; aerobic; Gyap-positive; heterotrophic;'
nonmotile (Skerman, 1967). The.organiSds grow well on
laboratory media. Colonies are usually opaque, and pig-
mented white, yellow, orange, red, green, or black. They
may be smooth or wrinkled and doughlike/in consistency,
The_ intensity of,pigmeptatioﬁ varies with the'mgdium

employed (Skerman, 1967).
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IT. Lipids of Microorganisms (Bﬁcteria and Fungi) ~.

g Tge iipfds of the'fgléfively‘simple microorganisms.

'(prbkaryotes),'frequently diffég both quantitatively and

qualitatively from those found in”more complex fo:ﬁs of life

(eukaryotéé). Th'e most striking difference is in the fatty ’

acyl groups which in eukaryote; contain polyunsaturated : ’ , _

fatfy\a;ids but little or no cjcloproﬁane and.branched chéi;"

fatty acids, the reversefbeing trﬁe of prokaryotes

(Asseiineau, 1966; Shaw, 1966; Goldfine, 1972); Sterols

are also absent from bacteria, except the Mycoplasma, where-

in certain strains contain chelesterol and reﬁui}e choles-
terol for growth (Rottem et al., 1973). Other isoprenoid-’
derived compounds are'present in bacteria, however. For

-example, the so-called "bactoprenol” (Css-isopreuoid alcohol)

has been found in Lactobacilli {(Thorne and Kédicek, 1966), .
and an'hndecaprenol, consisting)entirely of unsaturated. iso-

prene units, has been-isolated from L. plantarum (Gouch et 1.,

1970), Micrococcus lysodeikticus (Sch%pfgi_gi., 1968),

Staphylococcus aureus (Higashi et al., 1970) and Listeria

monocytogenes (Vilim et al., 1973).
A brief review of extractable lipids of bacteria

"and fungi will now be given.

-

A. Bacterial .Lipids
Distribution of phospholipids, glycolipids and

: fatty acids among various classes of bacteria were reviewed



(2]

-

extensively by Kates (1964), Asselineau (1966), Lennarz
. . -

(1966), Ikawa (1967), Shaw (1970) and Goldfine (1972). 1In

the last few years, inﬁbrma;ion on the lipid composition
~
of various bacteria has increased greatly. The more recent

data available for each type of iipid (phospholiﬁids, glyco-

lipids "'and fatty acids) have been grouped in Tables 2-4
according to the Gram stain behaviopr of the bacteria, and

subdivided within each groupton the £asis of f%e family and

genus to which they belong (Bergey's Manual, Breed et al.,

1957).

1. Phospholipids

From the information available on phospholipid

composition of various bacteria (see Table 2, Kates, 1964;

- Tkawa, 1967; and Goldfine, 1972) the following conclusions

can be drawn:
i)} Phosphatidylcholine, the most abundant.of the

phosphatides in tissues of higher plants and animals, is

'gEnerally absent in the bacteria studied except in the genus

Brucella (Thiele and Schwirnn, 1973), Micrococcus denitrificans

(Wilkinsongldl972), Lactobacillus casei (Thornme, 1964), .

égrobacteriuﬁ (Goldfine and Ellis, 1964; Oliver and Colwell,

1973 ), Rhizobium japonicum (Bunn and Elkan, 1971), Treponema

pallidum, T. zuelerae (Johnson et al., 1970, Meyer and Meyer,

1971), Nocardia coeliaca (Yano et al., 1969), Rhodospirillum

rubrum (Bensontgg al., 1959), Hyphomicrobiuﬁ vulgare

AT

\/
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(Goldfine and Hagen, 1968), Rhodomicrobium vannielii

‘{Rark ‘and §erger, 1967), Rhodopseudomonas sphercides

- (Gorchein, 1968), and TﬁioBacirff.(Berridge-a d Shively,'r‘_
ca (_, . D "
1968). 1In these bacteria, phosphacidylcholine is present

‘. .as a-major phospholipid (20 d?z)

e

-iij Phosphatidylethanolqmine, which occurs widely

in the plaﬁ% and‘animai wo?lds, is also a major phosphatide

¢

in most of the bacteria gtudied particularly in Gram-

negd/ive bacteria Derivaxives of phosﬁ%atidyleﬁhaholamine

such as'phosphatidyliN-ﬁethylethanolamine anﬁ‘phosphatidyl-
dimethylethanolamine are also found ie Gram-negative bacteria
which . are capable of carrying'out'a stepwise methyla-

tion of ﬁQosphatidy;ethanolamine. Thesert;p deriya;ives of

. - g _ _ :

- _phosP@gtidylethéng%ﬁmine some'times were fpund'together with

phosphatidylcholidéﬁéuch as in Hyphomicrobium vulgare (Hageén

al., 1966)F’Agrobatterium tumefacigns (Law et al., 1963),

»

",

- Azotobacter ggilis (Randle et al. 1969); Thidébacillus
A -’ B N -

novellus (Barridge and Shively, 1968) and Ferrobaciilus,

s+ ferro-oxidans (Short et al., 1969). 1In some organisms

-

‘lacking phosphatidylcholine, N-methyl PE has been found,

for "example, in Clostyidium butyricum (Baumann et al., 1965),

-

and in Proteus vulgaris. (Goldfine and Ell;a, 19645 Randle

t~al., 1969).

et aL.’,

L T IR
L]
~,

./] f

several speéies of'fhiobacillus (Bdrridge and Shively, 1968)
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ii1) Phosphatidylglycerol which is a maJor com-

'ponent in plants and. iS ‘also Present in small amounts in” %

—_

.animal tissues appear§ to be pres&nt ubiquitously in most - E
bacteria along with cardiplipin Gram-po‘itivg bacterta have

a higher proportion of phosphatidylgi}oero "R&r  the phospha- " :

tides derived from 1it, namely cardiolipin and ino-éoyl‘

phoSphatidylglycerol) thdn Gram-negative ganisms in Mhich

.phosphatidylethanolamine is predominant : ,}ﬁiwul

i\:)/, Cardiolipin or diphosph'atidylglyceroﬁl is
found in %oth Gram- positive and Gram- negative bacteria along : | =
with phosphatidylglycerol but in smaller amounts (1 202)
Animal.mi&ochondria‘contain more cardiolipin'(loZ‘of total-'
lphospholipids;_Fleischer et al., I961) than poosphatidylv'

. v Y ) o .
‘glycerol, whereas phosphatidylglycerol predominates in plant

suocellﬁlor ooganeils (Benson, ;964; Kates, 1910): T
s . . ' .
v) AminOFacfl phosphati%&lglyce&olHderivativeg .
"are found widely in Gram-positive ba&tef?g.”-Thézmo%t ommon :
amino.acid components are lysiﬁe; alanine and ornithine Tho
structure of this type of phospholioid was”elucxdated by
Macfarlane (1962 ) who found that the amino acids werei'

esterified to one of the free hydroxyl groups df glycerol

E‘in phosphatidylglyceroll‘-Molotiovsky and_ Bergelson (1968)u

.

'synthesized 1ysyl phosphatidflglycerol with the amino acid
on the 3'—hydroxyl group of ﬁhosphatidylglycerol and showed

it to be identical to the natural compound.

U



i}

;

rol in which lysind ;‘g. -
~

uonmino-acyl ohosphefidylgly

is an amino acid constituent was found in Staphylococcus

faureus (Macfarlane 1962 ), Bacillus subtilis (Bishop et al.,

z =
a .

-

f1967 "0p den Kamp et al., 1963 ), B. megaterium MKlOD (Op

\
den Kamp et al., 1965) and Streptococcus faecalis (Vorbeck

a;?\Marinetti 1965 Kﬁcun, 1970). Alanyl-phosphatid}l-

-

glycerol has been found in §. faecalis} g; welchii, Bifido- . - }

bacterium bifidum (Exterkate and Veerkamp, 1969) and B. cereus
(Lang and Lundgren, 1970). The ornithine derivative has been

reported in B. cereus and tentatively identified in B. natto
e . i S .

(Urakamiland‘Umetani 1968). There are very. few well-~
- ) - 7 .

<

documented reports of the occurrence of this type of phospho-

~

lipid in Gram-negative bacteria. o

vﬁ%’zPhosphatidlysetine is found in small amounts,

or is absent from bacteria ‘generally, except for Bordetella

pertussia, in which it accounts for 207 of the total phospho-.

&

lipids (Thiele and Schwinn, 1973). The low levels of

-

phosphatidylserine could be due tovdecarboxylatdon of phospha-

tidylserine to form phosphatidylethanolamtne, as has been
shown In'g; coli (Kanfer and kennedy, 1964).

% " , . [

vii) Phosphatidic acid, an active biosynthetic

)

‘4-

precursorof warious bacterial phospholip\ds, is present in.

small amounts in "all ‘bacteria studied except in Mycoglasma

" neurolyticum”and the T-strain of Mycoplasma'Tsee Table 2).




LA -6 -

~ 4y

viii) Phosphat}dylindsitol‘is ROt a common

vhospholipid in bacteria as it is in higher organisms, and
it appears to be absent from Gram-negative bacteria. Among
Gram-positive bacteria, phosphatidylinositol is found only

in Mycobacteria, Actinomycetes and Corynebacteria. Phospha-

tidylinositol found in‘Mycob§ctéfia'such as in Mycobacterium

phlei and M. tuberculosis occurs largely igithe form of

mannoside derivatives in which a multiplicity of related

structuré%, ranging from the monomannoside through the hexa-"
mannogide; have been'reported (Lee and Ballou, 1965). How-
éveg, only the monomannoside ﬂérivative of phOSphatidylinositﬁl
was reported in.most sgecies.of:Actinomycetés (Fataoka and

quima; 1967; Yano gﬁ al., 1970) and dimannoside derivative

4
~ .

was found in Corynebacteria such as in Corynebacterium

diphtheriae, L. xeosis, C. equi and C. ovis (Brennan and

Lehane, 1971).

2._ Glvecolipids

"Glycolipids are defined as lipfids which are com-
) -

posed of'carbohydrates in combination with long chain ali-

) ‘ ~— . _
phatic acids or alcohols and which are readily extracted &

fr6ﬁ 3acteria into.organic solyents without the prior use of

-hydrolytiec procedures. - I /

, ' N -
The bacterial glycolipids may be divided.into two
~ s . . _ ,
categofies: (1) glycosyl diglycerides, (ii).acylated sugar
. ‘ A 4
derivatives. The glycosyl diglycerides are structurally

- + - 0
. . s e )



T : T . .
n . ' - :
analogous to thgwphosphgglycerides~as they are composed of

narbohydrate reSidu;s glycqsidicallf'bound to the 3-pnsition
of gn-l,Z—dig;?cefidé”(see Fig. i). The t3Xm acylated sugar
is used to descnibn those glycnlinids'wh h_do not contain
glycerol, but ;hich have fatty acid residues bound directly
to the garbohydréxn residue (see Fié. 2). |

V4 :

e . |
G%féosyl Diglyceride T -

Y

Glycolipids ‘of this type were first found in the

eubacteria in 1961, in a study .of the lipids of Micrococcus

lysodeikticus (Macfarlane, 1961). The mannolipid detected

was- first believed to be a mannosyl diglyceride, but latér
stuqieé showed that the compdund.nontained two mofes of ~
manzoose per mole of glycerol, and that the'cnmplete structurnf
was G—Q-nannosyl-(l -+ 3)—a-2-mnnnosyl—(1.* 35-diglyneride
(Lennarz énd Talamo, 1966). A variety of other glyconyl di- .
'glycé?iaes containing either glucose and/or galactose in the
“form of mon;¥ oT disaccharides linked to the diglyceride
moiety have been reported in Gram-positive bacteria (Shaw,
1970). The major glycqlipids found in most bacteria are
diglycosyl diglycerides; mono— and trLglycosyl diglyceridea,
if preggnt‘apoall; arn usually only minnr compnunds (Sha?,
1970). The_nain types of glycolipids found 1n some-bacteria
are givenrin Table 3 nnd the structures of the diglycosyl.

diglycerides that hane'been.complgtfly characterized are

shown in'Fignre 1. From these structures, it can be seen
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N
FIGURE 1
Structures of the .five major types of diglycosyl digly;eride
i;solat.ed from G'ram-p_ositive bact'éria;. | N \\
(2) 3-(0-a-D-galactopyranosyl-(1+2)-0-a-D-glucopyranosyl-
1,2-diacyl-sn~glycerol .
| ) 3= g—a—-_q—mannopyrgnosyl— (1+3) —g—a—g—mannopyranosyll]—
1, 2-diacyl—g—-gly<_:é:ol *-\\,9
| (¢) 3-[0-a-D- glucopyrangsyl— (1+2) -g-a—g-gluc:—oé}rraiigsyl 1-
1,2-diacyl-sn-glycerol | o
(d) 3-{0-B-D-glucopyranosyl-(1+6) -Q-B—P_-zglucopyranoéyl ]-
1, 2—diacyi—_s_r_x_—glycerol "
“(e)- 3- [Q-B-Q‘—galac?:'opyranosyl-(1-'-6)—Q"%B'—P_;galacfopyranosyll-
. 1,2-diacyl-so-glycerol - | k
(From Shaw, 1970) - - }
i - 4. - 2

e
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— _‘V *
\\ FIGURE 2
/ 1]
e
Structures of acylated glycolipids found in bacteria. -
Vs . .
T (2). Rhammolipid from Pseudomonas aeruginosa
' (Edwards and Hayashi, 1965). k
(b) Tetraacylglucose found in Streptococcus faecalis
(Welsh et al.,. 1968). _
- (e) Triacylglucose found in Mzcoglas strain J
\\\\\\‘ ST~ , (Smith and Mayberry, 1968)
(d) "Cord factor"; 6,6’ -dimycolate of trehalose -

(Lederer! 1967), found in Mycobacterium

tuberculosis.



0

- n . ° -
HO 0—GH.CHo.C.0.CH.CH,CO,H
CH3 > (CHals  (CHp)g
Chz CH3

OH | |

(a) | 0
HO
. CHg
OH OH
CHaOCO.CH3
_— /0
(b) . H, OH
| CH3.C00
0.CO(CHp) o CH3
CH,.OCO.R.
(c) ] )
CadHao . .
CHzo'CO'CH‘Cl:H'CGOHIQQ(OCH%“ )

(d) \0 - _OH \

\ H

\ .0 . _ 2

OH
C
0-CO-CH-CH-Ceohi2l0CH3)
CogHag



- 21 - , ) “
that boch anomeric protons in the disaccharide ﬁoiety-havef//—ﬁ‘d—
‘the same.configuratioc (i.e., both a- or'bcth B-), and thé
the a—link;d dis&ccharides, containing glucose or éalaccose;///’
have c 1+ 2 link;ge between the two sugars, while the B-
linked disaccharides have a 1 - 6 linkage. |

An examination of the d;stribu#ion of glycosyl di-
glycerides (Shaw, 1970) shows that they are most widespread
in Gram;posi;a;e bacteria. . However, glucosyl diglyccride

and related lipids containing uronic acids have been detected

in some species of Pseudomonas (Wilkinson, 1968, 1969).

Certain species of Mycoplasma also contain glycolipids of the
glycosyl diglyceride type (Shaw et al., 1968; Smith"1972).
A lipid related to the glycosyl di&lycerides of

the Cram-positive bacteria has been found in the Gram-negative,

haloﬁhilfcbacterium, Halobacterium cutirubrum. It is an
ether—containing lipid and was identified as 2,3-di-O-phytanyl-
l-gf[B-Q-galactopyranosyl-3'—sulfate-(l‘ - 6f)-g—a—2—ménno-

pyranosyl-(1' + 2')-0-ca-D~glucopyranosyl]-sa-glycerol (Kates.

and Deroco, 1973). An ether-containing glycolipid was also

found in the lipids of Thermoplasma acidophilum, but the

structure has not yet been determined (Langworthy_et alw

1972).

- . ) ’

Shaw and Baddiley (1968) observed that bacteria of

S—

the same genus contain identical glycolipids. For imstance,

all bacteria in the genus Streptococcus 50 far examined con-

tain a major glycolipid of the structure: glucosyl (1+ 2)-a-

PEXPOLSIE BT T
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. \ ’
. . . f “
-glucosyl-sn-1,2-diglyceride (Fig. lc), whereas most Lacto- ‘

. . - 1
bacilli contain a glycolipid of the structure: ‘galactosyl

(i - 2)-a-glggbéyl-§5—l,2-diglyceride (Fig. la). Therefore,
N

. _ . ’ ] N e
it is possible that certain taxonomic relationships might : -~

be established Erom glycolipid compositions as is possible

from ghospholipid and fatty ~acid compositions (Kates, 1964;

Ikawa, 1967; Abel et al., 1963). Further information on

glycolipids wouid-be required for this purpose.
. ~.
) - ) AN

—

ii) Acylated Sugar Derivatives ¥

The first glycol}pid of "this type is the rhamno-

- - , ~. e A
lipid isolated from Pseudomonas aeruginosa. The major

structural features were outlined by Jarvis and Johmson (1949),
-and the complete structure (Fig. 2a) was elucidated by Edwards

.and Hayashi (1965). Another acylated glycolipid was found
<

in Streptococcus faecalis and a tetraacylglucose structure

. 'was proposed on the basis of mass spectrometric studies

(Fig. 2b) (Welsh et al., 1968). Similar glycolipids have

been found in Aerobacter aerogenes, Pseudomonas fluorescens

and E. coli (Welsh et al., 1968). A triacylglucose con-

stitutes the major glycolipid of Hycoplasma strain J, and{

-
2

the full structure (Fig. 2c) has been elucidated (Smith and - -

Mayberry, 1968). Brennan, Flynn and Griffin, (1970) con-

. > bl
- ) . . v

. 3 ] v -
firmed the presence of acylglucoses in E.7coli and separated
- \,_:/ . . )
from them into two components, a tetraacylglucose and

another acylated glucose probably hafing fewer acyl residues.

<
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A complex glycolipid, the so-called "cord factpr"ﬁ;?’

isolated frqﬁ Hycébaéteriumutubercdloeis is an acylated

glycolipid in which tire acyl moieties are mycolic acid and

J_‘ 3
1Y

are directly esterified to the carbohydrate moliety (tre- . -
halose) (Fig. 2d; Lederer, 1967):- /A lipid with a similar

structure to the "cord factor™ has also been isolated from ~—

Corynebacterium diphtheriae (Ioneda et al., 1963). The*
"cord factor" is a toxic glycolipid and 1is known to be - . (

associated with the‘QPgree of virulence of bacteria in which -

it is found a.ederer,-1967).

3. Glycophospholipid

Glycophospholipids, i.e.,_lipids‘containing both

phosphate and carbohydrate residwes (Shaw and Stead, 1972),

. : . ' . A < / |
have been iécently iSOIated'frOT,iE:EEﬁé bacteria; ﬁior to

this, the only known lipids of this type were the family of

phosphatidylinositol mannosides (PI- mannosides) present-#h

mycobacteria (Lee and Ballou, 1965) and ‘'related organisms

(Brennan and Lehane, 1971), and the glucoseminylphOSphatidyl’

glycerols present in Bacillus megaterium and Pseudomonas . =

ovalis (Phizackexrley et al., 1966; Op den Kaﬁﬁ et al. ,p1969z;
and Macﬁouge&l.and‘Phizackerlé?, 1969). In hoth instances,
carbohydraterreéidues aré bound glycosidically to known

phospholipids (PI and PG respectively) ;

¥
~
Four different glucophOSpholipids have been iso- -4
lated’ from a wide variety of bacteria and the established
> ] N b . 4 : ) . \
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structures are summarized in’Fig. 3. {The first élucoph spho-
- . - - . . o

lipid was isolated by Smiﬁh and Henrikson (1965) from

L} ' .
.Acholeplasma laidlawii B and was tdentified as phosphatidyl- N

glucose. -However,frecent studies showed thti;¢his lipid has-

(Fig 33) L “. .

“a glycerylphosphoryldiglucosyl dig%zperide S
(Sh % et al., 1972). "A  similar glucophosphéli was also ~
fowﬁd in StréptOCOCCus'faecalis and S. hemoly Fisoher

t al.

—_—

1973A)¥wfﬁé analogous lipid cdéntaining’ fourjw

fesidues was }solated from §. fagcalis and S. lactis by

Fischer et al.\ (1970, 19733), (Fig. 3b). (“Phosphatidylglu osylr

diglyceride, al tetraacyl derivative containing only one glu;
TN

cose residue, was isolated from Psendomonas diminuta byﬁ

3

Wilkfnson and Bell, 1971; Fig. 3¢). A monoglucosyl dérivé;

tive of phosphatidylglycerol (Figzjﬁ? was fouhd:in an un-
identified Graﬁ—negatioe, halotolerant bacterium (Pelleg

-
-

and Tietz, 1973).- The glucophospholipid Ereéent'ip

Staphylococcus auréus has been studied by Short'and Whitek'

(1970) who proposed the compound To be a’ glucosyl deriva:ive

of phosphatidic acid (Fig. 3e). This proposed structure

will be discussed furthor in the Discussion secﬁion.f' ~

C e - ’ . [

. s ‘ TN M -,
4. The Fatrty Acids of Bacterial Lipids

1
o~

Typical exampleo of fatty acids of ‘both Gram-

negative a Gram-positive bacteria are shown in Table 4. \\_ Tl

In general, the chaip lengths of the various types of fatty \\\ '
-

18

acids are in the range of C;z..o C20 with C16 to C

-
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FIGRE 3~ -

Iy

<

-

-—

Str&érures of glucophospholipids isolated from bacteria.

. 3 o ' : '
(a) 3~ :[én—glycero—l—phosphoryl—S';0—(u-D-glucopyranosmL
J

(1+2)- O—Q-D—g%ucopyranosyl)]-l 2-diacy1—sn-glycerol found in

“'Streptococcuslfaecalis and S. EEEEEZEEEE& or 3*0—[sn-glycero-3_

”phosphoryl 6'-O—(G-D—glucopyranosy1~(1*2)—0—0-D-glucopyranosy1ﬂ

1,2- diacylnsn-glycerol in Acholeplasma laidlawii. .

(b) 3-0-[6-(1, 2-diacyl—sn-g1ycero—3—phpsphory1) 2—0-
(a—D-glucopyranosyl)—a—D-glucopyranosyl]—l Z-diacyl—sﬁ\giycerol

(c) —0-[6—(1 2- diacyl—sn—glycero-B—phoaphoryl)—O—a—D—~
glucopyranosyl]—l 2—diacy1-sn-glycerol..

(d) l-O (1,2- &iacyl—sn-glycero-3—phosphoryl)—2-0—(a—D~.
glutopyranosyl)—sn~glycerol

(e) l,2-d;acylfggrglycero-3;phdsbﬁorylgluéose.
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Io -0-COR , .
. H o 0-COR - \
xnmuo.uoo.m . :
R-0C- OLoz S. _an:m :u_mogq et al, 1970)
:mn o- vo 0 S. —omna__m?_mo_.aq m_ ol, _o...uy
OI~01 o....OI ;
" Iﬂ_w 0-CO-R
che . H,C-0-~CO-R
)
PN
- \l.uw . .

*

7}

. x»m-o-oo..m_".

. Pseudomonas diminula
m.OQu.Osn_m_. _ <+ .(Wilkinson & Bell, 1971)
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{d) - OH .
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[ pePal
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. - (Pelleg & Tietz, 1973) |
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predominating. Thete‘afe mainly four chain types: straight-

cgain satufate¢L\§traight—chain monn-unsaturatgd, cyclo-

—

: ¢
propane, and branched chains, predominantly iso and anteiso

fatty acids. ‘The general formulae of these fattykacids are
b

as follows:

s . ;.
CH3(CHé)SCH:ZH(CH2)9COOH cis=-vaccenlc acid

T

~ L . Lo

CH, : . S —
o _
CH3(CH2)5? ?(CH2)9C00H ‘-lactobacil}ic acid
H ) H . .~__7 . It
CH3

CH,CH(CH,) COOH  iso fatty acid .

3 | | B L
;?HB | .' o /\

cn3-cnz-cn(cnz)ncooﬁ  anteiso fatty acid . (\\

The long chain polyunsaturated fatty acids. typical :
of the lipids oﬁ.higher organiSms are absent in bacteria

The most common unsaturated fatty acids, in bacteria are cis—

vaccenle acid, 18:1,.A1? (rather than oleic acid, 18:1, A )

9

and palmitoleic acid, 16:1, & (Goldfine, 1972). The bio-

synthetic precursors of the cyclopropane fatty acids are the

'corresponding unsaturated fatty. acids (see Kates, 1964), and

4 -
as a consequence, the most commonly occurring cyclopropane

fatty acids are cis- 9,10- methylenehexadecanoic acid and cis-
11,12- methyleneoctadecanoic acid (lactobacillic acid), but
cis—9,lO-methyleneoctadecanoic acid (dihydrosterculic acid)

a ' . S .t
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_ has also been found (Law, 1971). ~%he most commonly en- - ' . (f

countered arancheaébhain‘fatty acids?are anteiso Cisland

anteis? C17, although iso 015’ 180.2;6 and iso ¢19 acids
are also found. Hydroxy fatty acids are not generally found

“4n "éktractable lipids", but frequently occur as a-component
-4
of the lipopolysaccharides in cell walls (Osborn, 1969; Key

™
w

et al., 1970, Hancock et al., 1970). <:1

} There appears to be a fairly clear cut distinction !

’

between the fatty acids of Gram-positive and Gram-negative

-

bacteria. Virtually most of the Gram-posipive organisms thus

e,

far studied contain branched chain fatty acids, often these

acids make up- the major progortion of the total,fatty acid

For instance, in M. lysodeikticus,?SOZ of the total fatty
" acids aré branched C acids (Macfarlane, 1961), and in

»

15
Arthroh!ttertaasceus,~83z of the total fatty acids are

anteibo- CIS (Shaw and Stead 1971). In contrast to Gram--
positiNe bacterial iittle or mno branched-chain acids have
"been foynd in Gram-negative organisms, which typical y con-

tain safturated,’ unsaturated, and- cyclopropane fatty acids

-’

(see Kadés, 1964 and Table h). One major exception to the :
correla ion betweeﬁ Gram stain and’fatty'a;id composftion is. \\,/V
o ) | Ch

the Gram-posit ef Lactobacillaceae. The organisms of this

family contain saturated,-unsaturated, and cyclopropane fatty

acids (see Table 4) that are typical of Gram-negative bacteria.

) - -4 .
Abel et al. (19@3) have suggested that the fatty

;

'aciﬂ domposition of a particnlar microorganism mffht be a

—_—

\
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tool to aid in the classification of the organiSm. ‘Examina-
'tion of the fatty acid’ profiles of various bacteria (Kates,
196& and Tabl; 4) indicates that members of the same family
generally have shalitatively similar fatty acid patterns.
§

For instance, W\Tkinson (1370 examined twelve pseudomonads
and found they have the sam3 }attyacid profiles.r Oliver

and Colwell (1973a) studied the:fatty acid composition of
thirteen species of Vibrio and‘found that all;of them had the
same qualitative fatty acid composition. The Vibrio patterns
were also qualitatively similar to those of the: pseudomonads
examined in that study. Uchida and Mogi {(1972) examined the

fatty acid composition of thirty- eight strains (representing

six Species) of Pediococcus and obtained a fatty acid com-

position profile which was similar to those of Lactobacillus

.and Streptococcus.. The .latter two genera are in the same

family as Pediococcus (i.e., Lactobacillaceae). However,

similarity in'fatty acid profile in different families of
bacteria was also observed among Gram-positdve or Gram—'
‘negative_bacteria (see Table %). It is likely that a certain ’
fatty acid profile cannot specif& the family of bacteria, but
differences in fatty acid profiles of bacteria classified in .
the same family may suggest that the classification of these
bacteria should be reconsidered. ’
'While qualitative‘similarities appear, to be the

rule for fatty acids from microorganisms of the same’ family,

quantitative variations in fatty ‘acid compositions are




observed with changes in medium composition, temperature
. pugs

or culture age of the bacteria (Kates, 1964; Uchida and = °

Mogi, 1972; Oliver and Colwell, 1973a).

5; Lipids of Nocardia

Lipids of Nocardia were first studied by.Michel
(1958) who subsequently identified a series of B-hydroxy-o- .

branched unsaturated acids (CAG‘CO CSS)’ named nocardtc

acids in Nocardia asteroides (Michel et al., 19Gb§ Bordet and
Michel, 1963). These nocardic acids were found aﬂsociated T
with the "bound lipid" of the cell walls ‘and were liberated

after alkaline hydrolysis (Asselingau, 1966). The free

lipids of Nocardia asteroides contain a series of coryno-

mycblic acids (similar in structure to that of nocardic acid) .
ranging from.C28 to 036 and a "cord factor'" which contaims

only corynomycolic acids ranging from 032 to 036 (Ioneda and

Lederer, 1970). The free 1ipids of Nocardia rhodochrous

a2lso contain a "cord factor" with nocardic acids ranging from
C3é to 046 (Ioneda and Lederer, 1970) .
- Cells of Npcardia sp. have a high content of lipids, -
37%2 (on a dry wedight basis) extractable with alcohol- ether\\\
- \
and an additional 6% extractable by chloroform (Guinand et al., ‘\\\\\
: ‘ .

1958; Michel, 1958). The alcohol-ether extract contains a
mixture of peptidolipids, consisting of pepiides bound to

fatty- acids, amounting to 52 of the total lipid (Michel 1958).

The peptide moieties conCain threoninet,alanine, valine, ~

\,_

- —
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isoleuéine, leucine, and proline; the fatty acids consiet
of at‘least four acids -ranging from Clﬁ to C32 (Guinand et
al., 1958). These peptidolipids appear fo be similar to
the peptidolipid, fortuitine; isolated from M. fortuitum
(Vilkas et al., 1963), except that the former contain only
‘D- amino acids (Ikawa and Snell 1962} whereas the latter

contains only L-amino acids f&ilkas et al., 1963).

Phospholipids of Nocardia pelychromogens consisted

of cardielipin (55%), ‘PE. (20%) and:PI—mannoside (25?), no
PG or PC was detected (Kataoka and Nejima, 1967). In N.
leishmdnii, Yano gg‘éi. (1970) found two species of PE

(PE-1 and PE-2) containing-different tatty acids, together
with cardiolipin, PI and PI-mannoside; PG was>e minor com-
ponent. Inqcontratt, phospholipids of N. coelica contains
) PC as the major component accounting fot 25 to 407 of the

totgl phospholipids, together with PE (25 302), PI (11-147)

and cardiolipin (7-152) (Yano et al., 1969). The presence

of PC in N. coelica is unique(IE-the Actinomycetales. FPI-
mannosides, of the dimannosyl %ype, are barely detectable

in N. polvchromogens but were reporteq_by Khuller and Brennan

(1972) to be the most predominant phospholipids in N. coelica.
Besides the "cord factor', other glycolipids found

in :N. polychromogenes and E; coelica include an ‘acylated

mglucose, diglucosyl diglyceride and a glucophospholipid
(Khuller and Brennan, 1972). The latter was suggested to be

the same type as the glucophospholipid found in Pseudomonas

diminuta (Wilkinsonjand Bell, 1971).




o -
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The fatry acids 'of several Nocardia species,
apart from the high molecular welght (C46 to 058) nocardic
" acids (Michel et al., 1960), include normal saturated acids

from.-C14 to C19 (palmitic acid predominating), branched chain

turated .acids - o= -C. . - - -
sa te c (iso- and aeteiso ClS’ 016 and 017, iso

C18 and 10-methyl st®aric acids), and unsaturated acids
(9-hexadecenoic, 10-hexadecenoic, 9-heptadecenocic and oleic
acids) (Bordet and Michel, 1963; Kataoka and Nojima, 1967;

and Yano et al., 1970). Yano et al. (1970) reported the

—— — —

presence of a- hydroxy fatty acids of: iso—ClA (17%), anteiso—

Cys (652), Cy¢ (4%), iso-C., (127) and anteiso- cU' (27) in -

N. leishmanii. These a-hydroxy acids were located exclusively

at the 2-position of the PE-2 of N. leishmanii (§ano et al.,

1970). The physiologicai.function of the o-hydroxy fatty

acid-containing phospholipids remains unknown.

6. Lig}d'Componenﬁs of Staphylococedl
Macfarlane (1962a) investigated the libids of 8.

aureus and found 2.5% of the cell dry weight to be free . g

-

1ipids, of which 16Z was‘neutrel lipids (about half being
diglycerides), the remainder consisting of phosp@atides and
a glycolipid. The phosphatides contained mostly phosphati-A
dylglycerol mixed with an unknown nitrogenow{ component
and smaller amounts of phosphatidic acid and cardiolipin;
inositol, giucosamine, and N- acetylglucosamine were absent.

In a subsequent investigation, Macfarlane (1962 ) found that




-

607 of the phosphatide fraction contained amino acid esters

of phosphatidylglycerol, accounting for the 'nitrogenous

component" reported earlier (Hacfarlane, 19623) The glyco- v
lipid component was presumed to be a B-glycosyl glyceride on .
the basis .of its optical rotation_(fa]D-199, in chloroeform),
and re liberation'of glucose after acid hydrolysis and rb- -
ducing sugar after treatment with emulsin The“fatty acids

in the neutral lipid, phosphatide, and glycolipid fractions
weére similar in composition and consisted mainly of branched

“

chain saturated acids, including anteiso-—C15 (45%), iso- C15

(132), -anteiso~. and iso- 017 (122), and straight chain fatty

acids, including palmitic (92) ‘stearic (9%), and o (37)

20

acids. More recently, Haest et al. (1972), reported a

qualitatively similar fatty. acid pattern Eor Sz aureus but -

. '-
with somewhat different percentages of the majoxr fatty acids,

thus: 1iso-C anteiso—C1 nd straight chain- C15 (60%), .

=15°
anteiso— and iso--C17 (42),}anteiso—c19 (22), stearic (182),

palmitic (7Z) dand C (65) acids. The quantitative differences

20

inp,fatty acid composition are probably due to culture con-

ditions, since Macfarlane (1962a) cultured S. aureus on

7

/

r

li?ids of $. aureus contained 30X neutral lipids, the

N
Marmiteragar while Haest et al. (1972) used a liquid medium.

The effect 5f culture conditions of bacteria on lipid com-

position has been discussed in more detail elsewhere (Kates,
g

ot

1964).

Polonovski et al. (1962} also reported that the

o ~ ' /"

RN L
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remainder being phOSphatides and glycolipids. The phospha-—

tides were mainly phosphatidic acid and ‘phosphatidylglycerol, .

but taﬁgea_of hitrogenous phosphatides were detected (cf.. *
Macfarlane, 1ééza ). “The'glycof§§§§<zﬁfction appea;ed-to |
be the same as that found by Macfarlan (1962 Y, and the - -
hstructure was sheﬁn to Eé a mixture of two compounds:
glucosyl-8-(1 6) glucosyl-B- (1 f\i) diglyceride and

glucosyl B-(1 -+ 3) glucosyl- ~8-(1 + 1) diglyceride (Pclonovski

m

t al.,~1965; Brundish et al., 1966).

In

*

Short. and White (1970) reported the presence of
phosphatidylethanolamine and glucophospholipid as minor lipii
co;phnehts (22) together with the.other phospholipids and
glycolipids found before byaMacfarlane (1962a ) and Y
Polonovski et al. (1962). These polar lipid components, as

-

well s vitamin HK2 and carotenoids, were found in the same
membrane fraction as cytochrome oxidase and cytochromes a,
and hl, ahggesting that these lipids are_part of the same

membranes as the respiratory pigments (White and Frerman,

1967). _ ’ ‘ -

| The membrane compositaon of staphylococcal proto—'
plasts was examined by Mitchell and Moyle (1951), who found
41% protein and 2}% lipid in the {amall particle” (membrane)
fraction from S.‘aureus Duncan. Ward and Perkihs (1968)
examined the protoplast membranes of S. aureus and found
_bhem to contain a similar content of lipids (22~ 252), whereas
the L-form membrane contained higher amounts (25j362)7

8

S B . w
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The lipid content of sdgcellular fractions pre-

|
pared from S. aureus and their induced L- formf has been

Y

'reported by Ward and Perkin (1968), who found 89 947 of the
[

1ipidfin the membrane fraction and the remaining lipid in

the cytoplasmic fraction, none being detected in the cell
walls The major phospholipid component of the protoplast
Zembranes was phosphatidylglycerol together with its

amino-acyl derivatives, whereas the L-form membrane con-

~ -]
tained cardiolipin as the major component. The L—ﬁprms

contained much more glycolipid (dﬁ@iutosyl diglyceride)

than the parent bacteria. ., : ! ~
- &

éergh Webb and McArthur (1964), in their studiles

"-.on the relationship between bacterial lipide and the Gram

staining reaction, reported the fatty acids of S. epidermidis

. to consist mainly of branched chain fatty acids including

- e

branch—Cls (37%), branch—ClY.(IZZ), branch- C19 (20%), branch- "

Csq (11%Z), "and normal fatty acids including palmitic (ZZ),

&

stearic (6Z) and 020 (72)7 neither cyclopropane npr un—;

saturated fat;y/acids were detected. Investigatidns of the

phospholipid and glycolipid content of S. epidermedis have

so, far not been reported. . .o . o
j . o ] ’ : _:-i’,

K B. ‘Lipidsldf the True Fungi (Eumvcetea)

" The true fungi are plantlike, chlorophyll free?:
organisms Included are the varieties. generally called theib

yeasts and . the molds,; as well as another large group, known

4

as the Fungi Inperﬁecti.

o
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" total fatty acid composition of vatrious fungal -spore

bv}
v

|

w -
o

I .
[N Rl

Shaw (1966), and Erwin (1973) -have reviewead the

or

IJ

3 - . )
- mycelia. ‘Generally, fungli contain high amounts of unsatu-

e

[

S ‘ o . \ -
rated fatty 8Cids, including palmitoleic, oleic, linolleic
\ K : LY N o

and linolenic acids and straight chain fatty acids, in luding_

‘malnly palmitic and stearic acids Branched chain and ¢yclo-

- acids. Mﬁ

‘propane fatty acids are generarly absent in fungi

Spores frpm three species of fungi Rhizogus
i

nigricans, Alternarie .olewacea and Neurospora setophile, con—

L]

phosPhoer}d-patterns, with PC, PE,-PS and an,

phoSphatide as major components'(Jack and Laredo,

-
-

‘1968) However, the fatty acid compositions of the phospho—

lipids of the three species were found to differ considerably

\

with'respect to the.contents of C16’ C and - C unsaturated

18 ﬂ_

“ PU
@ . e . x

L

ey

Doaer and Hamilton (1971) studied the . l?ﬁid com-

pos ti n_of. the cell wall and cell sap (lyophilized whole

)l' -

ceBls minus ce}ll wall, containing mitochondr1al and micro-

- (

wr

a//émal fractﬁons) of both yeast and mycelmel phases of
H

1stoplasma capsulatum and Blastomyccs dermatitidis Cell

wall and cell sap of both mycelial and yeast phases had
similar lipid components which consisted of PC, PE PS, tri—

t -
glycerides, diglycerides, sterols, sterol esters-and free ’

J

“fatty aoids. Triglycerides were the greatest single component

An the éxtracts, PC ﬁnd PE were “the’ Pajor phospholipids.

- The main diffbrences between cell walls and homohgous cell

[

1y
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~ sap and befween yeast pha;e and myceliaL phase,’ involved B

primarily the quantities of oleic and Iknoleic acids in the

—

total lipids; these two acids accounted for 75-807%7 of {he

total fatty acids in. both cases. In general,‘oleic acid

,
[

: predominated in yeast phase extracts and linoleic acid was
either equal or.greater in concentration in the mygelial
phase extracts. Cell walls usually contained more oleic

4

a¢id and less'linoleic acid then homologous cell sap (Dom%r‘
and Hamilton, 1971 @ : " }
Mumma et al. (1970, 1971;;\233\Bxuszewski et al.
$1972) examined the lipid composi???n\of nine :EE?mophilic .
and nine mesophilic species of seven gcnera of fungi. Most
fungi studied contained 8- 182 lipids. The predominanc fatty
acids-were found to be palmitic, oleic and, linoleic acids.
Lesser\emonnts of arachidic, linolenic, palmitoleic, penta-
decanoic; myristic and lauric acide were fodnd. ‘Tne neso4

»

philes contained 2-20% linolenic‘acid,-while the thermophiles
o j

did not contain any appreciable amounts of this acid (<0.5%).

The fatty acids of the thermophilic fungi were moTe saturated

than the corre5pond1ng mesophilic species. The mesopﬂ!les,

Mucor globosus, and Humicola grisea contain Y- linolenic acid,

(Mumma et gl..l970). ‘The y-~linolenic acid was also foynd: in

R

-

lipids of Dactylaria ampulliforme (Fungi Imperfecti)(Sumner,“

1970) and in bhaetomium cochliodes (Ascomycete)(Safe and

////f—Brewer, 1973). - . ' r

The yeéSts, Saccharomyces cerevisiae (Baker'§
- S ‘ ‘ ' [ ’ -

! -
5
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tyEast) andFQQg&ida lipolytica, a mesophiie, contain similar

‘ patterns of fatty acids as the .other fungl, that-is, they . B \
contain high percentages of unsaturated fatty acids However,“

Candida lipolyxica contained linoleic acid (35 -55%), together
with oleic aqid (17-347%) and palmitic acid (7592)(Katesﬂand
Paradis, 1973), whereas in baker s yeast, linoleic acid was o o

absent,. or present in trace amounts, and- palmit&leic acid ~

_— =
' -

(42- SOZ) and oleic acid (22 -29%) were the major unsaturated
fatty acids (Suomalainenwand Nurminen, 1970; Hunter and Rose,

1972). In both species, palmiticﬂand stearic acids were the

o

o - a - v
. majorsaturated fatty acids. . ' '

Relatively little gquantitative data on the phospho-
-lipids of fungi are available ' Generally, phospﬁglipids found
in fungi are different from those of bacterial phosphollpids
in that?PC is ubiquitous in fungi and always. present as a

major component, PE PI, . PS and PA are also found. For

example,*Tricholma nudum contained PC. (59%), PE (202), PS (8Z)

and PA (7%) (Leegvater et al.,,1962), and Pythium ultimum,'7

grown at 30° c, contained PC (343), PE . (24%), PG (122), ?‘I 117y,

lyso PC (62) and cardiolipin (ZZ)(Bowman and :Mumma, 1967)

Growth of the latter organism at a lower temperature (20 C)

resulted in higher “amounts of PC (412) and PG (lSZ), and

p

lower amounts of PA (62) and lyso PC (3Z)€/pwman and Mumma,-

1967). Phospholipids of the mesophile Candida lipolytica
LY
‘also showed little quantitative differences in relative
- - o
.amounts of major phospholipid components when grown-at 10

[
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and 25 (Kates and Baxter, '1962). The percentage composition

. at_ZSOC-and‘lOOC, respectively, were PC, 417 and‘362§‘PE,'242'

[0

‘and 29%; and PS + PI, 337 and 31Z. Phqspholipids of Agaricus

bisgorus were composed mainly of PC (&82} and PE (502), PI and
PS were present only in small amounts (<1Z) (Holtz and Schisler,

1971). Mymma et al. (1971) studied the ﬁhOSPhOli£1d5 of a

thermophilic fungus, Humicola grisea (grown at 45TC), and

:found an unusually high content of PA, (322), together with
PC (347), PE (1632), PI (132), cardiolipin (4%Z) add PS (ZZ)
The high content of PA in d _grisea was suggested as a
-chafactetistic'df fungi‘grown at elevated tempgf ture (Mumma

et al.,. 1971 ). However, phospnolipids of the, f

us Blakeslea

trisgora g;Pwn at 29°¢ also contained high amoufgs( of PA (34%7),
together with cardiolipin’ (3&1) and PG (222), neither PC mnor

.o Ty
PE were present (Chenouda, 1972) It should be noted that a

high content of PA may simply be due .to the a¢tion of phospho~

[

lipase and not necessary a characterlstic of thermopﬂiles

Changes*in fatty acids composition of phospholipid components

L~

rather than in phospholipid composition are likely to- oceur

-

when organisms are grown_at different temperatures?} This ¢

"phenomenon was observed when Candida lvtica was grown at
o 0 '
10°C and 25°C: fasay acids of all phospholipid components
were ‘more &nsaturated (higher linoleic acid content) at 10°%¢
than 25°C (Rates and Paradis, 1973).
Neutral iipidsﬂof,fungi consist of sterols, sterol

. glycosides, stercl esters, trigiycerides, diglycerides and free




‘-

fatty acids (Mumma et al.,

— — P

19713;; Chenouda; 1952): The

major sterol in fungi is ergosteroI‘(Chenouda, 1%32, Safe

and Brewer, 1973)%

~

The lipids of fungi in the genus

‘\

allemia havé
not been studied previoﬂsly, However, from\ the available
1nformation ::)fungal lipids, one would expe
of the genﬁs Wallsmia should have a 1ipid compqsi(&on

similar to that ofsfungi in the gfoup Fungil Imperfecti

(e.g. Blastomyces dermatitidis and Histoplasma capsulatum)

that members.

IR

[t S




III.. Subcellular Distribution of Lipids

a
"

-

A. General Characterization of Bacterial Membranes

Cell membranes, identifiable in the electron

microscope by.the characteristic pro ile seen in thim section

_are ubiquitous in Nature as the "unit membrane' ,” that .is;
. PR -

alternate electron-dense, e ectron-transparent.layerihg with

o . ‘ L
overall thickness of about 75\ A (Robertson, 1959). Bacterial

-

cells are much simpler than plant and animal ¢ells in that
they contain only.a few membran *bounded organelles, .such ‘as

mesosomeé-(Fitz—James, 1964; Reusch and Bu;ge;, 1973) and

o

in this rgspect offer a simple system for ipvestigations of

membrane structure and function. The simplest bacterial

membrane systems appear to be th e of protoplasts obtained

from Gram—positige bacteria, and those of the Mycoplasma
group of organisms. In both cases, the cells .are bounded by
agsingle membrane, with little evidence of internal me%;ranes

’

as seen in those bacteria which possess an outer rigid cell P

-wall (Anderson and Barile, 1965; Ryter and Landman, 1968).

More complex than the Mycoplasma and protoplasts are Gram-

positiwe bacteria with walls and’ plasma and.mesosomal mem=
2

branes, ' and Gram-negative bacteria, with their multilayered

. . o 0 {

".envelope structures and, in‘some species, mes%sbmes. ;&he
. _ _ L,

cell envelopés of these two 'types of bacteria ﬁill be

“described briefly. - = T - '

I3

Electron microscopy of thin sections of Gram-

=k

oosiﬁve bacteria clearly established the relationship between
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‘cell walls and membranes. 'The\yallfis seen as a thick (aboet

N . o : - .
200 to_800 A), rather amorphous structure with an underlying

cytoplasmic membrane of "unit membrane" appearance (Fitz-James,

‘“196&; Weibull, 1965). —~The cell wall of Gram-positive bacteria

can be removed by exposure of resiing cells to enzymes such

__hg lysozymee,or by culturing replicating cells in the presence

of a specific inhibitor of cell wall sywnthesis, such as’
L

penicillin (Gooder, 1968). The cell wali;less structures of
J

bdcteria were termed protoplasts, and can be maintained iw’
viable eondition by placing them in a suitable stabilizing

mediuﬁ, such\as in 0.01 M tris-chioride buff@r, pR 7, con-

\ \ 5 =i
taining eithexr 0.6 M’ sucrose or 87 polyethylemeglycol (Gooder,
) 3 — : -

1968) [ .
Ba:EEIialcell walls contain a muc@peptide_(cr

!
peptidoglycan), composed of repeating units(of hexosamine-

muramic acid, and a small peptide which forms the rigid

"backbone of the wall CMartin, 1966). Wa?Ps ‘of probably all

Gram-positive bacteria contain- teichoic acid (polymeric

glycerol or ribitel phosphate) associated with mucopeptides
(Archibald et al., 1968; Knox and Wicken, 1973_), these
teichoic acids apperently are not-syntheéizee by anoy Gram-
nzgablve bacteria (Knox and Wicken, 1973). ‘

' The cell envelope of Gram-negative bacteria are,

more c0mplex, electron microscopy has revealed two membranes,_

' each with a double—track structure (Birch -Anderson et al.

1953; Kellenberger and Ryter 1958). The outer double—trihku
R - \L”ﬁ:\P )
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layer (outer memhrane) contains both the 1ipopolysaccharide

[

and lipoproteins of the cell envelope (Hofshneider and Martin,

1968; Forsberg et al., l970a), while the inner cytoplasmic

membrane is composed of phospholipids and proteins (Forsberg

Y-

et al., 1970 ; Martin. and Macleod, 1971). 1In the space be-
tween the two membranes a thin layer of peptidoglycan has

been cbaerbed in certain bacteria by staining with lead or

lanthanum salts‘(Murraﬁ t al.

—_—

. 1965). Structured layers

- - - . . ) ' ! -
exterior to the outer membrane have been revealed in several

_— a2

Gram-negative bacteria (Pate and Ordal, 1967; Forsberg et 1

1970a) and were 'shown to ccnsist primarily of amino and non-
‘ ~

amino sugars, with significant amounts of protein also pre-
4.____ ; C \:.:"'
sent (Forsberg et al., 1970 ; Martin and Mcleod, 1971)..
Attempts to remofe’completely_the dell wall of
. I—— ' '
Gram-negative bacteria have%lerally been unsuc}cessful,

yielding structures termed spheropragfg; which still contain

fragments of the complex wall. Recently, Forsberg et 1.

.(l9l0a)-demonatrated that in;a marine psendomonad B-16, the _ T
outer double-track layer can be separated from the cytoplaamic
membrane of the cell envelope by repeated suspension of cells
in 0.5 M sucrose in the presence of EDTA.' By this procedure,

these workers were- able to- obtain protoplasts of" Gram-negative

[ipt]

bacteria free of cell wall material.

i
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B. Subcéilular Distribution of Lipids

1. In Gram-positive Bacteria ;' )

- Because of the relative ease with which. membranes

of Gram-positive ‘organisms can be obtained by numerous

techniques (see %ilton, 1967; Guze, 1968 and Kaback 1971),

-t

considerable information on*the subcellular localization of

lipids "is available for Gram-positive bacteria. In general,
cytoplasmic membranes isolated from various Gram- positive |
bacteria contain 15- 302 lipids, &0 80% protein, and in some
cases, 1- 20% carbohydrate and 1-10% RNA (see Salton, 1967).

Vorbeck and Marinetti (1965 ) studiedthe sub-

cellular distribution of lipids in Streptococcus faecalis £
nd found that 962 of the cellular lipid is found in the

membrane fraction, 5.97 in the "protoplasm’, \and none in the
’

cell wall fraction. . The cell wall accounted for 31.27% of
the dry weight of the bacteria, whereas the membrane and \\‘\\J,,,//’//
"protoplasm” accounted'for 8.§ and 57.4%, respectively
Therefore, approximately 302 of the dry weight of the mem-
brane was 1ipid,.whereas only 0.3% of the protoplasm was
lipid. By way of comparison, the value fonnd for membranes

R )
of Bacillus megaterium iégain M, is 15- Zi (Weibull 1957),

- -

<re -

and that of Staphylococcus aareus is 23

Mitchell and Movle,

1951}\ The major lipid components of the membrane are -

identical to those in the cytoplasm of S faecalis and con-

sist of PG, aminoacyl PG and glycosyldiglyceride (Vorbeck '

'andVHarinetti, 1965). Ward and. Perkins(1968) also examined




"'{

,..

the distribution of lipids among subcellular Eractions of

Staphvlococcus auvreus and obtained results similar to those

observed in S. faecalis, namely, 90-94% of: total lipids ‘were

in the membrane fraction, 6=-10Z in @ﬁ% protoplasm, and mnone

in the cell wall.’
In contrast to other Gram-positive bacteria,‘the

cell walls of Mycobacterium sp. also contained phospholipids

in an anount equal to half that of the membrane Cardiolipin

was the predominant phospholipid in the membrane, whereas
. > :
phosphatidylinositol nannosfdes were the principal cell wall.

lipids (Akamatsu_ Motomiya et ért,

t 1966

al

1969).

—

1. (195

’ Kotani.et

9) viewed phosphatidylinositol mannosides’

~ o 1t

cementing substance

s -

of mycobacterial cell walls as a for

the.cell wall skeleton. )
Thus, in Gram-positive bacteria, except for-

.
Mycobacteriumr;;hst,offthfﬂlipids are located in the cyto-

plasmic membrane and\the composition of total cellular 1ipids
(extracts of whole-cel&s) will réeflect the membrane lipid

compesition: I

Lr

2, In Gram=- negative Bacteria T

Recently, suitable procedures for separation of

' ﬁﬁe outer and 1nner membranes of Gram-negative bacteria have

been developed (Schnaitman, 1970; Fox gt al., lQZO,-Forsberg

: )
1. Before the new

_E

1970a, and Osborm: et al 1972).

b

““féchniques of separations were available, most of the work




on the diatribution of subcellular lipids ha?=beem dene on
the cell envelope. Robrish and Marr (1962), studying frag—

ments of the cell envelope of Azotobacter ‘agilis prepared

by osmotic shock or’ by sonication, found that- over 90% of
the phospholipid was found ap the particulate cell fraction.’
Similar results have been found by Lernarz (1966) in .8 study SN
of the lipid distribution in E. coli ruptured by sonication
tand by\extrusion. In any event, it is likely that;a sizable
proportion of tne,cellular.lipid of Gram-negative organisms

is located'in the cell envelope. | .

gy using the technique described by Schnaitman
(1970) fortseparation of cell waIle and cytoplgsmic memPranes
. from . cell envelopes of E; coli, White et gl.Jkl972)'were able-
. : N 2 o -

to examine the lipid composition of cell.walls and cell
membranes separately. They found that both cell_uall and
cell membrane fractions contained a similar lipid composition

(PE, PG -cardiolipin and lyso PE in decreasing order) except

that lyso PE was greater in the wall (9. 42) than in the mem-

brane (<1Z). Fatty acid ana&ysis of these phospholipids
revealed that the wall phospholipids contained a greater
proportion of paimitic acid. ‘Coenzyme Q was-almost exclusively .
localized in the cell membrane (White'et'al. ’1972). Forsberg
et al. (1970a’ ) and Martin and MacLeod (1971) studied the

composition of the various layers of. the cell envelope of

. the marine pseudomonad B-16 and found an outer. double-track

'layer (outer membrane) composed of lipid (26 17y, with almost

”
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- 4972

\ o
eq&?l amounts of carbohydrate (20.8%), together with pro-

-

‘tefn (41 3%)- The cytoplasmic layer, which has recently
been separated from the remaining layers (Forsberg et al. e
1970 ), was composed of large amountshof lipid (30. 52), of

which 782 was phospholipid along with protein (62.8%) and

/w - " s‘-
crace amounts of carbohydrate (22) (Martin and MacLeod, '1971). S ST

&

The predominant phospholipid present was PE, with a lesser
2 : o :

.

amount of cardiolipin, and rracee.of an unidentifiei com-
ponent The underlying layer between the two membr nes

contained amino acids andéamino carbohyd%ates (39 1Z2), with

2’

large amounts of protein'(25.31), and small amounts of lipid -~

. (8.8%) (Martin and MacLeod, 1971).
| ¢

It 1is evident, therefore; that im Gram-negative
oacteria, a major part of the lipid is present in the cell

wall in addition tol{that d¢n the cytoplasmic membrane, and _

-

F v :
is.present mostly as 'phospholipid.
‘. . . { . ) 4'\ - ) . -d




. support growth and cellular i

Iv. Function of Lipids in'Bacteria
The role of lipids in’ bacterial membranes has been

the topilc of a dumber of reviews and papers (Rothfield and

Finkelstein, 1968; Shaw, 19703 Cronan and Vagelos, 1972;

_Machtiger and Fox, 1973) The functions of two classes of

'membrane 1ipids, phospholipids ‘and glycolipids, will be dis-

cussed here. S v . _ —~— qf)

3

A. Phospholipids

_Pposphqlipids are believed to have at least two

.

- distinct roles in biological membranes: (i) as a structural

component, necessary for membrane function (e.g. permeability),

as well as providing a matrix ‘in which membrane proteins are
imbedded, and (ii) as cofactors for the function of certain
membrane—bound enzymes (Cronan and Vagelos, 1972).

The fact that the major. c0mponent of bacterial

e 1

lipids, the phospholipids, are localized in the cell. envelope

S

" supports the idea. of lipids being primarily structural com-

ponents of the cell. In E{ coli, there is evidence suggesting

‘ A
that unsaturated fatty acids of phospholipids are need dx&o_

-*

egrity. The supg&ementation

4 -

of fatty atid auxotrdph of E.
A : : . .
or geometric isomers o \Ahnsaturated- fatty acids causes

N,
defective growth, folloyed\by lysis and cell death (Silbert

511 with unusual positional

et al., 1968; Henning et al \\&Q§9 and Esfahm%g_ 11971).

%)

These findings suggest that lysis is due to the production




of phospholipids lacking an appropriate unsaturated fatty
'acid,'and that such phospholipids are not sufficient for

cell integrity (Esfahuﬁgt 1.

—_—

1971).
a
It is evident’ that phospholipids are involved in
-‘varions permeability processes of cef{ membranes. Studies,
su’ch as-thoa'of Tarlov and Kennedy {(1965) -and Hsu-and Fox
: > L. : .
(1970), demonstrate that the functioning of the B-galactoside
permease system or induction of the lactose transpolt ‘system
in E. coli are accompanied by de novo synthesis of lipid
Recently, Haest et al "(1972) studied permeabilitypof
erythritol and 8§Rb using liposomes prepared from Lysyl PG
'and PG isolated from $. aureus, and found that permeability

of erythritol is high and 86Rb+ low in lysyl PG liposvnes,

whereas the reverse is true in PG 1iposomes. A similar
observation was observed in the intact cell membrane of

S. aureus in which the prOportion of lysyl PG to PG can. be

~varied by growth conditions (Houtsmuller and Van Deenen, 1255).

.IJ‘

Haest é: al. suggested that :hé chemical nature of membrane

phOSpholipids can determine to-a great extent the properties

of the permeability barrier. The general question as to
‘whether the membrahe lipids play an active role in controlling
the entrance'andlexit of compounds from the.bacterial cell'is

w

of great interest and surely warrants further study.

e 3y : -

The function of pﬁoﬁpholipids as a cofactor of

enzymes have ‘beén reviewed by Rothfield and Finkelstein (1968T,

'Cronan‘and Vagelos (1972), Machtiger and Fox (1973); These

]
-~




are mEmbrene—bound enzymes.that may be solubiiized or at
least delipidated to the point where a lipid requinem<§r
°is demonstrable. One of the systems best studied is the ‘ . s .

. T
ga%actosyl ttansferase of Salmonella typhimurium which s

N inrolred;ip iipopoiyséccharide‘synthesis. The delipidated

enzyme was shown to reqw&re PG, PE or cardiolipin {(but not:

S

PC) containing Eat'y acids with at least one double bond, or

-

cyclopropane ring for a tivity (Rothfield and Romeo 1971)}

The second phospholipid requiring membrane edzyme purified

?

from S. typhlmurium by Muller et al. (1972), is glucos§1

-—

transferase, which is also invqlved in 11popolysacchar1de

1 | e
'synthesis and requires the same phosPholipids as the galactosyl

transférase. For both enzymes PE was.the moet effective.
phospholipid. 'The authors have suggested thet PE .interacts
primarily with .the lipopoly556charide acceptor, ?roviding a

‘ mixed lipid matrix into which rne‘traneferase'protein'is

inserted (Rothfield.and“Romeo, lQ?lﬁha;A primary interaction -

|
;
K v

of phoéphofipid with iinopolyeaccharide was further snggested

by .the finding that the'amonnt of PE required for optimal

activity wasfﬁeleted to the amount of lipOpolysaccharide in :
s . .

jthe reaction mixture, rather than to . the amount of enzyme

(Muller et al. \T??ﬂ) The isolation qgjt

he;binary complex
(lipopolysaccharide PE), and‘fae eubsequen olation of a

ternary complex (enzxme lipopolysaccharide -PE) which wag

fully. active when UDP [ C] ~glucose was added supports the

hypothesis of a primary binding of PE with liponolysaceharide

-

(Muller ét.al., 1972).




& ' e - B . [ ' . ' ’
. Another example of a2 Menbrane-bpund enzyme which //

=

has a phospholipid requirement after it iL solubiiizéd, is

, — |
1

- lv ._ ‘ R _7". - - , .
Enzyme II of the phosph transferase systep'of E. tol&7:' {.

-

{(Kundig and Roseman, 19 1). . The purlfied enzyme requlred'

- =

. \
- erude E.-coli lipids for actlvzty, and PG was found to be

the llpia factor which reactlvated the enzyme. The phoepho—
! transferasewsystem is of partlcular signig;cance since there

-

15 evidence (Roseman 1969) suggests that 1% is 1nv01ved 1n _

s
B |

.the active transport of carbohydrates 1nto bacterial cells“
[ -
¢ The E. colx pyruvate oxidase which binds both,

*a AN

thlamine pyrophosphateﬁand FAD as. prosthetlc groups/ﬁnd A ‘\
N .

'catalvzes the oxldative decarboxylation of pyruvate/to acetatéx-
and co, also re?uiree\phospholiplds for activity (Cunnlngham Cow

: and Hager (1971a 197Ib) The crystalline pyruvate oxidase'
B .
act1v1ty is st;mulated 15 100 fold in the’ ﬁresence

.

llpids-orwlong-chaiﬁ*fatty acids. The authors sug eszz? that .:

P

k enzyme in yivo (Cunningham and Hager, 197130

. -

- Phospholiﬁ?ﬁs have also been suggeated to be in- . I
volved in growth and cell div1sion (Ballesta and Scha chter Co \_
L - !

- - [
.?»1971);resistance to antlblotlcs'(Blrmlngq et g_ , 1%71) |

and in the pathogealcity of éycobacteriuw (Asselineau\‘1966 : t

R

Goren ,197?3{ . 'e‘l CLT y S ¢ ) Lﬁ ;




B. Functiom of Glycolipids

/s
Little is known about the functions of glycolipids

in baoterial envelopeg‘_a However, it is wérth considering A%i
: . . ) : - s . )'\_;,;
.the functions which have’been proposed and the\{easoning o <
behind them. L -

.\ ‘ . ) ‘C‘-Q.Q

7\ . Glycolipids as structural components have beeé

;"_ obse{ved .in L- forms of Streptococcus pyogenes (Cohen and

i' Panos, 1966) and in Staphvlococcus aureus (Ward and Perk:\exJ -
E 1968) in uhich the L-forms contain twice as high a glyco— : G;b
r '.
i lipid content as that of normal cells The 1mportance of i

N
phospholipids in maintaining the - structural integrity of the

"membrane\has long beeg recognized and the glycolipids may

%
lfiﬁf_ Imt%etqiunction in the bacterial cell envelope
\ T
Brundish Shaw and Baddily (1967}, by using a molecular merl
- N R

b{\g;glycosyl glyceride, suggested that the. bacterial glyco-
lip

ids of this type can assume a conformation in which all of

4, -

‘the s gar hydroxyl- groups lie on one side of the molecule

and Fhe lipophilic components (i e., fatty acids, ring oxygen

of _sugars and gIQESEI&ic oxygens) 1ie on, the otﬂ‘k side _The'

hydrophilic regions of s veral molecwles could come together

to. form pores .tn - the membrane through\which small molecules

may pass. . The presence in some organlsms of large trl- and

Cw

tetraglycosyl diglycerides may represent an attempt to regu~-

. -.‘__

late the size of these pores (Shaw, 1970)

'Gl%colipids seem. “to play a role: e pathogenicity o

'

sfnce they are fourd associated with antigenic substances

PR <




. isolated ¥rom many pathogenic bacteria. Cross-reactiyity = ' v

wit observed between antisera to Mycoplasma pneumonial and

—_— .

purified glycoliridS'ﬁro; other sources, including the di-
.glucosy} diglvcerides4of a streptococcus (Plackett a d.Shaw,

1967).° Veld’ end Willers- (1973)' found glycolipids (mdno-

glucosyl diglyceride and diglucosyl digtyceride) aschiated

Wlth type III anxigen from cell walls of group F.- and}group 23

f
strcptococcl. Factors associated with the quality oﬁ viru-

!

lence in Clostridium di ht Heri C. tetani, C. botulinum and. , v

’ —

--

Mvcobacterium tuberculosis,‘vere ycolipids containing ?re-—?

L—-’F"‘/

halose as a disaccharide ’ ycolipids include cord o
facter" (6, 6'—dimycolyltrehalose) and sulfolipids (acylated

trehalose-2- sulfates) which were rirst found in Mvcobacterium'

* o

_tuberculosis (see Goren, 1972)

The discovery of glycoSyl diglycerides during in--
_vestigations on pneumococcal polysaccharide biosynthesis led

b
to suggestions that they- might be involved in transfer of

LA

- sugar residues to polysaccharide chains (Distler and Roseman,‘

1964). ‘This suggestion was based on the observations that

“in many-bacteria, such as -the type XIV pneumococci Micrococcus

(g

lysodeikticus,,Staphylococcus aureus and Streptococcus ‘faecalis,

. [ -
the sugar compoments of polysaccharides were similar tp those

found 1n the respective,membrame glycosyl diglycerides. - o
. . - [ - A | ) B

The;éfore,-transier of the complete disacchhfide residue from
glycolipid to polysaccharide chain could have t; ren place&

"However, this hypothesis must be discarded since 1ipid

"




- 56 -
intermediates have now been isolated  in which the sugar
residhes are, bound through a pHosPhodiester or_pyrophOSphaté

linkage to a Css‘isoprendid alcohol (Lenparz and Scher,

1972). . :
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°V. Effect of Salt on Microorganisms

,

A. Definition of Halophiljc amd Halotolerant Organisms._

e

'Micfoorganism§Urequiring@high salt concentrations

for growth are termed “halophilb@ﬁrlthat'is,'salt-léving

-

bacteria. Accbrding to the nomenclature of iixter and

"Gibbons LIQQG), the';grh."éxtgeme" haiophile Aas used fbr

-

those bacterial species (such as Halobacterium species)fwhiéh

~“require a concentration of ‘NaCl in the growth medium of at

3

least 15%Z, and up to a maximum of 317 (w/v). The term
-"moderate” halophile refers to those.épecies that reguire

NaCl-concentration Iin the growth medium ranging from 1 or 27

to about 20%. These ihcludé, fé} exémplq4 the marine bacteria.
. \ ' - .

"Halotolerant" batteria, however, grow in absence of salt,

but may grow (though more slowly) in up to 15-20% -NaCl
(Kushner, 1968); exampleé of these afg Bacillus species and
staphylécocci.:-Since complex media dontain low amounts of"

salt as contaminants, a synthetic medigm may be negded to -

g 1

demonstrate, the requirement for'a small amount of salts,

(MacLeod, 1965). . - ' -
© Based on'evideqﬁe provided in L?é-Reéulss_section,'

- .

the Nocardia spec;es»included‘in the pfesent'study_is a

"mplderate" halophile, whereas W. .5ebi and S.-epidermidis

e

are "halotolerant” fungus and bacterium, respectivedy.

|
-




e

. (1966) to prevent mutu;l repulsion between neéatively charged

negatively charged phosphate groups on the lipids, the latter

‘are assocmated with Mg which is- also required in high con~
of lipids are necessary to support enuelope structure since
.selﬁs‘in prerenring cell lysis (Kushner,:1968).

‘bmarinh pseudomonads lyse"hen suspendedVin ﬁater; while

B. Effect of Salt Qn Cell Structure and Meehanisms'

. of Adaptation to High Salt Concentrations

- .L %
. oo .
Salts are absolutely requifed'by halophiles, pri-

marily @o preserve the srrucﬁgre of their cell wall and

e "‘

iy
membranes and to mainﬁeiﬁ’gtowth¢ ‘The striking effect of
progressive dilution of the saline environment of extreme

halophiles results‘in a change of their_;pd‘lqie form to a

spherical one,&in the case of the halobacteria) which flnally

T

_1yses completely and irreversibly in 1-1.5 M sale (Abram and

Gibboms, 1961). The requirement for high' salt concentration

-

in extreme halophiles was suggestéd'h&_Kushner and Onishi .

groups on nroteins rather than to prevent repulsion between
- 4

-

centrations by'growin&fcells. The Mg -bound phosphate groups

magnesinm‘salts are observed to be more effective than sodium

o
i

——— —

. Costerton et al. (1967)'observeﬁ“that cells of

addition of salts to the’ suspending solution prevents lysis”
y \

The effect of salts.is not in baiancing the lnterual osmotic

pressure of theacells~but.by interacting with components-oﬁ@

Ll

the' wall (Buckmire and MacLeod, 1965). Sucrose added to a

_2



. ! ! R ' . - .
“ma‘ntain envelope structure, and to maintain osmotic pressure

- + A , o
external Na: concentration is also required for growth and -

. l’

e

|
i

alt-free suspending medium at an apprOpriate concentration ) . )

tn

cﬂL also prevent lysis of cells, but cannot hold the cell

all and‘cell mémbrane together, since susPension\of cells

‘in 0.5 § sucrose caused the outer double track layer of the

oells te balloon out from the cell me‘brane (Forsberg et aﬁz :

19703) The protective action of sucrose against lysis has

been found to be due to its inability to penetrate the

osmotic parrier of the cells (Buckmire and.MacLeod, 1965).
Frow these observationsg it is likely that in both extreme
and moderate halophiles, salts seéem to have a dual role:.to

(Kushner, 1968). However, besides these roles,;adhigh'

.

metebolism, as in active transport of a-amino isobutyric

ac1d in a marine pseudomonad (MacLeod 1965), and in gluta;~

mate uptake by Halobacterium Salinarium_(Stevenson, l966)}
~ . " . . . . \ R ' - - .
Two possible explanations for adaptation to high -

~

salt~medium of microorganisms (bo h halophilic and‘halo—_‘

*

tolerant bacteria) have been suggested by Kushner (1964),

o

namely, (i) that resistant organisms may contain a system

-

-

to exclude excess ions so that they can maintain a low
intracellulat'Solute'concentration, optimum for the cell's

enzymes or (ii) the intracellular solute concentration s

v

also high and that, the cell's enzymes ‘are able to function_

in such an'environment.



-

- Experiments measurifig the freezing point depression

of the ekternal'medidm and. of the intracellnlar fluid of v
¢ o : ‘ ' 4
both ha10phile and halotolerant bacteria grown in different

salt concentrations favoured the second possibility (Christian

> and;Ingram, 1959) ! Although the overall internal salt con-

- : Y -\_:
.

centratlon in halophiles or halotolerants is similar to that

-

-of the external medium, the ionic composition is quite

different (Christian’ and Waltho, 1962). For.instance,‘gL
I - .
aureus (a halotolerant bacterium) grown in a medium containing .

-
-

0.15 M NaCl and 0:025" M KCly contains in-tracellular.Na-'-,-'K+

ani Cl ¢ ncentrations of 0.098 0. 680 and 0. 008 molal res-

-

pectively; Halobactérium salinarum (an e%ﬁ;eme halophile)

" grown.in a medium containing Y Nan and 0:-032 M KC1, con- )

-

. - - . .t " -
tains'Na+,:K+ and Cl concentratiens in cells of 1:37, &)51
cand 3.61 molal respectivedy (Christian and Waltho, 1962).' s

This suggests that halophilic and halotolerant bacteria must
] .

+
contain a system to concentrate K and to exclude Na ,

v

especially in extrege halophiles ' Moreover,'Christian and

Waltho (1961) also found that in halotolerant bacteria,
there was a correldtion between internal K content_and salt
-tolerancel

- Recently, Hurst et al. (1973) observed that S.

aureus cells lost their salt tolerance and 30%. of their

‘_‘——‘

membrane lipids when subjectﬁa*to snblethal heating (52°¢C
for 15 min in 100 wM potassium phosphate buffer pH 7.52) and

regained their salt tolerance, but not membrane fFramsport

a
ree
LR A
~Ara
.

SN,
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functiong;rafter incubation in.coﬁplek growth medium. They
. ~ .

- suggested 'that Sglt tolerance might not b:jﬁ‘\ mbrane-— w
bef

- 3

associated function since it was recovere oré~the mem-

brane was completely repaired., Alternatively,Lsalt:toferance
. might be associated with certain membrane site(s) which are
repaired 4t a fast rate after sublethal_heaging damage. The

mechanism of salt toYerance in halotolerant bacteria 1is

still not “clear, and w

1l require further‘study.
- Y .

- The eff
. k

ex$ensifely, probably.bécaugg of the long growth cycle of . ' "

t of splts on fungi have not been studied

Fa

thdse orgéﬁisms. ‘Vaisey (1954) and Ormercd (1967) studied

the nutritional requirements of Sporendonema gpizoum and

foundfthgg_{his,fungus could grow in a medium contaiﬁing NacCl
& o . - N
" between 0.8-4.5 M, but that glucose couldffeblace.N;Cl.
Therefore, the requirement of salts in. this organism is ‘only

. . : , _
. to maintain the osmotic pressure since salts can be replaced |

-

by glucose.  §. epizoum, therefore, should bé designated.as_

an Uosmophilic" (rather than "haloph&lic")!fungus, analogoﬁ{
. . o g ‘ '
to the "osmophilic" yeabpt. :

- s s
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in bacteria:

,_enéymes from the cell envelope;fraction of E. coli (Ray"

VI. Metabolism of Bacterial Lipids.

A. Biosynthesis:- S

;o roo -
rl. Phospholipids : \} . '

~The general scheme of phospholipid biosynthe51s

in bacteria is given in Scheme 1. . f‘ha-

e,

a) Phosphatidic.Acid (PA) /'
‘Two pathways are known for the Biosynthesis of PA

L

' . | o : .
(i) stepwise acylation of sn-glycero-3-phosphate
as foiiowsf' e o :
S " - “
ri L v - . o
' @GP + acyl CoA * lyso PA + CoA
o N ' L ’
Lyso PA + acyl CoA =+ PA + CoA ' o

The evidence for this pathway was obtained from the in vitro

incorporation.of 'n;glycero-inhoéphate into PA and into

small anounts of lyso BA'in the_presence.of acyl CoA and

'. . ) J'J -- "
et al., 1970; Van den ‘Bosch and Vagelos, 1970; and Sinensky,"
1971). The reactions yere catalyzéd by'at least two acyl

b

transferasea (Hechemy and'Goldfine, 1971), which show a

 great specificity in selecting saturated or unsaturated acyl

CoA. The saturated acyl CoA would be addea to the 1- position\\

of n—glycero 3- phosphate, whereas the unsaturated acyl CoA

would be added to the 2- position (Van den Bosch and Vagelos,

1970; Ray et al.; 1970; and Sinensky,'l971) in the formation

o

' of'lyao ﬁﬁtor_Pa; ’ _ L L

1
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3 SCHEME 1 General pathways for the biosynthesis of phospho- . :
. ‘lijids in bacteria. . | S
Y ‘ | :
L - ggrclycero—B—bhpsphéte :
ST <2RC_O.COA :
- ¢ - | 2 CoA” &
. v o h
. Phosphatidic acid _ ¥ .
A
-'. B - ,’
Y, CT?
. r—— v
Nnt
. 133 L
= ) . ,
- Ly 3
;'
sn~glycero-3~phosphmte
o ,
'Phosphatidylserine Phosphatidylglycerophosphate
v .l . . ‘V F‘? . . . .
) cot2<-'/ L S
SR S _ .
\{ l;Ll‘ , V .. .., . Lo ) . ] c.
Phosphatidylethanolamine Phosphatidylglycerol ' .
T L . o
s-adenosylmethionine'\;\ - T ' /—'Phospha_ti_dylgly::erol .
'As-gdenosylhomocyéépine < ) : : \\~ﬁ§gly;erol' . o o
| R v ' ' '
Phosphatidylcholine = -. Cardiolipin
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- (i1) Phbsphoryl%tﬁon of-monpglyceride or di- . : %

glyceride'with ATP "to form lyso PK'or PA; The former was‘

followed by acyla;ion with acyl CoA to fo;m PA. The glyceride ' o -

N

kinase catalyzing this pathway was fir t desc?ibed by Pieringer'

-

and Kune (1965). The enzyme has been hown to have an .

“absolute specificity for 1, 2 diacyl sn- glycerol (Lands et al.
1966; Chang and Kennedy, 1967) and has been purified by .

> Horvath and Pi&ring?r (1970) from cell -free extracts of E.
coli Howe3§r, thi;\\nzyme is not assigned a role in the

biosynthesis pathway, as Chang and Kennedy (1967) have shown_
"" e

#‘ ) , s
that no rapidly metabolized pool oF diglyceride is founﬁ in ) ¢ q\.

growing cell of E. coli such as would be expected fqr a

biosynthetic intermediate“\ . ’. \:
,' .

st

-“b)  CDP- diglyceride B
The only known pathway for thé biosynthesis.of

“CDP~- diglyceride is that cataﬁyzed by CTP g phosphatidic ‘\\

b . : s
l.b'

acid cytidyltransferase' Y o
‘ ]
cTP + PA - cDP-diglyceride + PP

¥ - . © wa

PR, SR

Ry - p‘ . ) - .
‘ This'evidence is based upon‘the presene@ of an '
L : : o ‘
3 / R
enzyme system in the particulate fraCt1?F 0f E. ;Eoli which R .

. o, )
H L

: eatalyies the synthesis of CDP diglyceride frpm CTP and PA A : q;_

,(Carter, 1968). CDP diglycdtide is regarded as an activated 3 7;a: _______

\

phosphatidic acid (Cronan and Vagelos, 1972) and . 1s a key . o }11
intermediate in the syngﬁESiS'Qf bacterial PhosPhOIipidS' | o f'
However, there had been no real proof of the natural ' f.',*' ;//// E
L . ) 1_‘ N - ';
~ " o S N s N -
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nogcurrence of'CDP diglyceride in . Nature until-Raetz “and l??-f ! "
32,

*’Keﬁﬁedy (1973) _vere able to isdlate small amounts of
. ) ‘ ) y
labelled CDP diglyceride from E. cdli'ggllsug:ggnmin s= : " L~
glycerol-aﬁf- P] phosphate. The very'low level of“datlelled

cytosine liponmcleotide relative to labelled P&’l\d Raetz- -~

and Kennedy. (1973) to suggest that the conversion of PA to -

"liponutlectide may be the rate determining step in the over-

TR

.all process of phospholipid biosyntﬁesis in E. 1coli,-_ ) R

i B c) Svnthesis of'PhospHatidvl Glpcerol (RG) - . ‘ - oo

-

The.pathmay or the biosynthe51s of PG in bacteriaf

involves the intermediate formatlon of phosphatidylglycero—

S0 e e e R e s

% hosphate {PGP) from Cprdiglyceride and g&-glycerof3- /j'F
; phosphate'(GP) fdllowed.by‘dephosphorylation to PG: | \
- , « GP + CDP-diglyceride > PGP + CMP
E‘ ’ | a 'dfGPl? PG +.pi o ,ﬁ
;‘ oo _ o g
E' ‘ @his pathway was first demonsttated in E. dcorﬁ
i by Kanfet and Kennedy (1964) based on the evideqce ;f pnd*é.
E' corpor;tion of ﬂ C]GP iaf“ PG, and [ P}GP into PGP in t?e : s
E. Z}“ﬁ presence of CDP Qgglyceride and an- enzyme preparatien from i lk"
g the particulate fraction of'E,‘coli.ﬁ PG synthesis by this_,f ’ ; o
4 S ,
Lz gpathway was also &emonstrated iu a Bacillus megaterium mutamt‘ 7
EJ .‘ _(Patterson and. Léhnarz, l9<3) andﬁin Salmonella 4yphimurium Do '.FJ o
ia %qs}sel et El;s lQ?l). . Il 'f"f ‘: ‘ 2 ' *ﬁ ?J e,}'r
. , 1 . L
o ’L, i o . r—q :
] ;;f— ’ B , : ]
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. o d) Synthesis‘of Cardiolipin _ -

‘ Two.pethways are at:present known for the bio-

S

synthesis of cardiolipfn'in bacteria:
(1) PG + CDP-diglyceride: » cardioclipin + CMP
¢! 2 PG ~+ cﬁrdiolipin + glycerol .

_ Theﬁiirst pathway was proposed by Stanacev, Chang
™~

. and Kennedy (1967) based on evidence ofﬁthe—iormation of

e ﬁqcardiolipin*fromlﬂ -]PG'in_an-g; coli particulate
fraction\containimg high concentrations of exogenous, un-

\ - |
""labelled CDP- diglyceride The second pathway whs shown to

be functioning in bacteria by'DeSiervo and Salton (1973),
with an almost quantitative conversion of -PG to cardlollpin

- - T
by a particulate fractlon frOm:chrDCOCCUS lysodeikt:cus ‘in

- \“l —

the absence of CDP- diglycerlde\\\Re examination of thF bio-
5

T
~.

synthesis of cardiolipin In E. coli by Hirschberg and

Kennedy (1922) indicated that CDP-diglyceride.was not

. . o : e 14
functiontngfas a phosphatidyl donor by the finding that c

from [lAC]PG, but not 32p ¢rom [32P]CDP-diglyceride was - h

incorporated into cardiolipin. ‘Hostetler, Van den Bosch
. .

and Van Deenen (1972) have made similar observations in

E, coli, and the work of Rampini et al (1970) stromngly
. \ . .

';snggested thatrthe same CDP-dig}yceride independent’ pathway

Hfteaction 2) operates in Stdphylococcus aureus.

2T T /_/\
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_ 1 ‘
\Ihe pathway for biosynthéiis of.. .the amino aeyl
e / : r
derivatives of PG, was ﬁirst reported by Lennafz et al (19661,

as follows - _— N : A o

. f . . % , S e
| . . L-lysyl-tRNA + PG > L-1yswl=PG .+ TRNAD )

oy

| . * The evidence 1is baéed-on‘iebeilingfoﬁ L-lvsyf;PG N . .

SR . 14 , . *
~ by [140] lysine or [ 4C] lysyl-tRNA ingthe presence of crude

‘“‘f—-éx£ra;js_of S. aureus The reaction was found to proceed in

tuo'steps first formation of 1ysy1 tRNA by a soluble enzyme
) N
requiring Mg . dnd ATP .and seeond ,transfer 5f the lysyl

~

\
moiety from tRNA'to endogenous PG by a “%rticulate enzyme. ¢

( S
.This appears to be the first\\nown involvement of5amino acyl— . .
~_ tRNA in the synthesis of 0- acyl\ESters of amino acxds. In
- ) ~ ‘
ad&itfbn ‘to S. aureus, the pathway" has also been demonstrated
~ ' Y e \ b i
in Bacdillus megaterium, §; cereus and Clostridium welchii~ .
~ , - - ! >
- A . . . J'\ - ‘ {
arz, L1966). ‘ . '
T~ %b) ‘ : . _ k_

.
£) PhOSphatrdgl Serine (PS) and Phosphatidyl

\

— -

Euhanolamine (PE}_ \\5\\R.

. The biosynthesis of PS 1is catalyzed by CDP-

diglyceri@e L~s erine phosphatidyl transferase (PS synrhetase)

’ T
- -

“ as follows: - *_ ‘ : . ‘;//, > S

"%\ ‘ CDP- diglyceride + L- serine +rPS + CMP

\\
) i ‘The reaction was first deecribed by~Kanfer ‘angd. - T \\

CT, ~7 .
Kennedy (1964), whp found that,serine incorporaqion into PSS~ - " . \;\
\ 1 / ¢ .
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by an E. coli cell free extract-was-completely dependent on 4

exggenous CDb- diglyceride. The enzyme shows maximal attivity

in a solution of relatively high ionic strength Containing a ;

neutral surfactant such as octanol. The above pathway has

-

also been demonstrated in a mutant of Bacillus megatarium by

-

' Patterson and Lennarz (1971) and’ in Salmonella typhimurium

v
-

by Bell et al. (1971)- o S I
That biosynthesis of PE involves decarboxylation
‘of PS was suggested by Kanfer and Kennedy (1963) after their ) f

-observation that PE was: heavily labelled but PS only slightly

labelle§ ?ith.32 *in'§; coli grown‘inysz containing medium. .- TN

>3
. R . . - . gcy /
These authors subsequently demonstzated t;z preésence of a PS .

decarboxylase in cell free extracts’ from - coli‘and showed

M -

it to be much mone 7ptive than ES synthetase (Kanfer aﬁd'«

Kennedy, 1964). PS decarboxylese has recen ly been isolated

from E. cold ‘and purified to homogeneity by Wickner and

- J

Kennedy (1971)

- "

PS. synthetase,-togeﬁher with PS decarboxylase, has -

also been detected in a Bacillus mezaterium mutant (Pattersaon -, g

and Lennarz, 1971) and in Salmonella tvphimurium (Bell et al:,

1971).

L

g) Phosphatidyl Cn\iine (PC)

4 A
Although PE 4is widely distributed among Gram-k - .

, fﬁj
1n§gative bacteria, a survey of a variety of bacteria (Table\Z) ")
T -
e !
has revealed_that only a few genera conta - PC and partially .
- ‘h\ + . : , " !f [
. T '
e ‘ i
- ‘-\_ " .
; T : o
\ . . ;?\ . -\ /r
- - o o4
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methyl&ed forms of PE. The formation of the partially and

i

.compl%tely methylated ethanolamine lipids has been studied

in vive and at the enzymatic Ievel. The reaction has.been
.’ -
_shown to proceed in a; stepuise fashion by addition of methyl

groups derived from S- adenosyl methionine*to PE in. the pre~

b3

. sence of cell free extrag%s from Agrobacterium tumefacians' L

(Kaneshiro %nd Law, 196&), Hyphomicrobium vulgare KGoldfine

~and Hagen,\1968) and in the photosyntheﬁic bacterium'

L
;.Rhodopseudomonas spheroides (Gorchein ( 1968)“ The

. -~ /
presence'of N~methyl PE in‘Clostridium butyricum and Proteus

vulgaris suggests that a stepwise methylation of PE is

;
catalyzed by, separate enzymes (Goldfine and Ellis, 1964).

(S
LAY
p)

> N

i h)' Phosphatidyl Inpositol (PI) ~ ’ _ t.

Relatively little {,ﬁknown about the biosynthesist
of PI in the few species of bacteria in which it is found D

-In animal tissues it is formed by a reaction analogous to

— 7
“the bacterial pathways 1eading to PS and PG ife:; reaction

of free inositol with CEP diglyceride (Paulus and Kennedy,

—-—

1960). . o S .

.i. Glycolipids . . ' Vo ,\' e .

Studies to elucidate the biosynthesis of glycosyl.

"

diglyceride with cell free .extracts were figst reported by {‘-

'LEHBaIZ'(1964).' The following pathway was proposed for bio-
-~ ' - r A
synthesis of the mannosfl mannosyl diglgceride found in

Micrococcus lysodeikticus:

LY




- 70 - .
. . 9?7' )
. .GDP-mannose . : . . é
5 -t . '
.Diglyceride - —> Mannosyl diglyceride . ~
L’EGDP-mannose
. Mannosyl mannosyl@liglyceride = 3

-

This pathway was based on evidence that crude extracts of

M. lysodeikticus; when incubated with GDP—mannose, catalyzed

the formation of mannosyl mannosyl diglyceride ‘and two other
mannose containing glyunlipids One was identiﬁied as mono—.
‘mannosyl diglyceride and the other: was unidentified- The

first reaction was catalyzed by a particulate enzyme pre-—

paration which showed a high specificity for a diglyoeride j; ‘ .
containing branchea -chain fatty acids, similar to those found

in M. lysodeikticus,'and also required Mg++ ions and a cationic—

i~

detergen!b(Lennarz and Talamo, 1966) The second reaction;:; ‘63

,was catalyzed by .2 soluble enzyme also requiring Mg++ but no

detergent (Lennarz and Talamo, 1966)

A similar pathway has been demonstrat d‘for the

'biosynthesis ol galactosyl glucosyl diglyceride ﬁr Pneumococcus

type\XIV (Distler ‘and Roseman, 196&), diglucosyl diglyceride

ik

in Streptococcus faecalis (Pieringer )1968), diglucosyl dij/

glyceride in Micoplasma laidlawii (Smith 1969) and diglycosyl

.

diglycetide in Mycobacteriugﬁsmegmatcs (Schultz and Elbein,

' }

1974). In all-examples, glucose or; galactose is transferred

from UBP glucose or UDP-galactose, resPeo ively, to a di-
N ] : .
glycer%ie. The transferases catalyzing glycosyl diglyceride oy

A . - YA ‘\ : S
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.biosynthesis are*present in a particulate fractien (30 000 xg)
LY

o

.of the ctude extracts. .

’-

Biosynthesis of the glucufbnosyl diglyceride found

A )
in Pseudomonas diminuta and P rubesgens (Wilkinson, 1968)

is s{milar to that of glycosyl diglyceride in which- the Rl

glucuronosyL moiety is transferred from QDP‘glucuronic acid.-

I3

The reaction is catalyzed by ‘a transferase from the particu-
ldate fraétion‘&Pieringer, 1971). The same pathway also
functipna 1# biOSyntﬁesﬁs of tne'gluCuronosyi diglyceride
found in a Gram-negative, haletolerant bacteria reported by
-Stern and Tiez (1973). |

: o E

Biosynthesis of a-new'type of glycolip1d~ "glucoe

!phospholipid " has been observed by Pieringer (1968) during
his studies in the biosynthesis of diglucosyl diglyceride in

S. faecalis - The glucophospholipid was feund to form in vitro

'L.from diglucosyl diglyceride and the particulate enzyme. pre-

. parations of S. faecalis (Ambron’ and Pieringer, 197L) Sub-_

”) '
sequent studies indicate that both phosphatidylglycerol and

cardiolipin can function as phosphatidyl donors in the

synthesis of the phosphatidyldiglucosyl diglyceride found

: 5
o im S. faecalfs (Pieringer;_1972); TEis.appears.to be similar
to the synthesis of cardiolipin in E. coli (Hirschberg‘and
.Kennedy, 1972), where a preformed phospholipid rather "than
a’ nucleotide intermediate is the preferred phosphatidyl- -: r

- 9 -

group donor.

~ T e
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el Biosynthesis of the phosphatidylinositol manno- X

. - . .

.l.gides (PI- mannosides) found in Mytobacteria (Lee and'Ballou,- : -

-

3.
1965) has been studied by Hill and Ballou (1966) and Brengan

~and Ballou (1968) The reaction is catalyzed by a particu-
late enzyme frgftion (100 000 ‘xg) which transfers‘mannose : ' .

-

from GDP mannose ty PI, yielding first PI monomannoside and \L .

. v . . -
dimannosides However, it was found that PI-monom;nnoside C. k\
doessnot serve as\an ecceptor for a second mole of mannose ) ’ . AL
,and it was Suggested that perhaps the monomannoside has to

. .be modified" before the second manhose is transferred o ‘-,’

(Takayama and Goldman, 1969).

A' B. Degradation of Polar ﬁipids

Most of the information available on turmover ,of %

. ' Y ‘ :

. . J e
membrane lipids has been-obtained from in vivo experiments

usigg the pulse- -chase technique By this‘teehnique, PE is

reported to°be rather metabolically stable inaE. coli™. . Xz

.(Kanfer and Kennedy, 1963' Kanemasa§u1967 Bright- Gaertner

and Proulx, 1972), Haemophilus parainfluenzae (White and _4’ SR

Tucker, 1969), Staphylococcus aureus (Short and White, IQ?O),M

and in Hicrococcus denitrificans (W;lkinson et al., 1972).

However, in H parainfluenzae, analfsis of each moiety of PE Eﬁ;

indicated that, x/éhough diacylated glycerol and fatry acids BRI

moieties -did not turh over,,the phosphate and ethanolamine
LS A )
moieties turn over at the same rate (he}f-life of about 3 N

]

1

generation'times) (White and Tucker, ;969). f,\J



-

‘glycerﬁl or phosphate moiety. Furthermore, the'Z—linked

. Mycobacteria (Akamatsu et al 1967) and in H parainfluenzae

o™
L

‘the acylated glycerols (White and Tucker, 1969). ?urjiiii;

' . 4 ‘\A ' ‘ ) - -' L. ‘- ) 4
. . In contrast to PE; PG and cardi®lipin (CL) are o
- T ' " . ’ PR “ .
reported to be merabolically acE&veﬁin-El coli (Kanémasa -
B '\. A "

S A
t 1h,_iZi}r Bright -Gaertner ahd Proulx, 1972), S. aureus

— ——

(Short an hite, 19715 and in H. ﬁarainfluenzae\(Whlte and - :
. . « h
Tucker; 1969 Tucker end White, l971) _ In growing cells of

!

,'g; parainfluenzae, the Lree glycerol and phosphate‘gfrtrons

LT . o - '
of,PG turn over at the, same rate (half life'1.3 genefatfbn .

times), which is 2. 7 times that of the acylated glyeerol;

turnover of fatty acid ehains is 2. 3 times that of‘the free.: o -

q - . Lot . N -

/'\.
fatty acids have a. much more active metabolism than the 1-

linked fatty acid (White and Tucker, 1969) Similar finding-
] n~

has been reported for PG in S. aureus (Short and White,
- - 5

- . - - ¥

lg7l)o - { L . - ' . ’
: . : - : a . ST

Cardlolipin has a very. active phosphate turnover in

(Hhité‘and.Tucker, 1969 'Tucker and White,,l&?l Ono and

J

White, 1971). Im H. parainfluenzae, the ‘middle, unacylated

glycerol and phosphate groups of cardiolipin turn over at

the same rate, which is about three times nore rapid than

'more,-in,g;\aureus, the acylated glycerol and the midd
¢ A

glycerol from the PG end of the cardiolipin have a metabolism : -

B
't

essentially identicab to that of the total cellular ‘PG (Short.

and White, 1971), Different cuxnover rates for different \
J'fl-- . .
portions of the same phospholiQid molecule suggest that

. .‘ P
Ee
L

»

My
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partial hydrolysis followed by resynthesis of the lipid

in situ. in the membrane could be an important part of
membrane metabolism (Short 'and White, 1972). ’
" The turnover of monoglucos&l diglyceride,_digluco;

: £ e ,
syldiglyceride and glucophospholipid found in S. aureus and

in Myvcoplasma laidlawii has been‘studied (Short and White,
1970; McElhaney and Tourtellotte, 1970). 1Imn g; aureus,-theﬁ
mono- and digluCOSyl diglycerides showed a rapid loss of l&C | !
glucose (half life of about l generation time) during growth‘
in nonradioactive medium, but no loss o£ ;AC from the fatty
"acids of these lipids. The glucophoSpholipid of S. aureus;
however, behaned in the same way as PE with no loss of 32?
in a pulse-chase experiment; instead 32? and 14C accumulated
(Short and White, 1970). _ : K
The metabolism of glucophospholipid, mono- agé

diglucosyl diglyceride of S aureus contrasts sharpiy with

their metabolism in M. laidlawii - (McElhaney end Tourtellotte,

197Q) wherelthese lipids were reported to be metabolically“
stable (no turnover could be observed). These authors
suggested that membrane function in‘this organism may not
require turnover of membrane lipids. | ‘ B : )}
The informatiom available from the apparent turn= - }
over of these méﬁgrane lipids, however, does not give asclear
picture of the intermediate stepscduring the degradative

process. Van Golde, Schulman and Kennedy (1973) suggested

that radioactive components disappearing from total lipid



fractionS'might be used-by the cells for the'biosynthesis

_of some non-1lipid, water-soluble product which bannot be

¥

"detected in lipid extracts. They found that during the

chase period of E. coli, loss of radioactivity from PG and'
——

cardiolipin was accompanied by increases in the radio ctivity

"of the water- soluble fraction of the cell extracts
. ! ) t

radioactivity of this fraction was found to be associated .'__ .=
; .

-

\with several oligosaccharides, each containing élycerol and
phosphoric acid in equimolar-proportious,'and.glucpsé/as the.

sole detectable sugar Some of these oligogaccharides con—,

tain succinic acid in esterWQinkage (Van Golde. et al., 1973)

The authors suggested that these oligosaccharides are derived
from PG orx- cardiolipin directly or indirectly duPing the e

turnover of these 1ipids.

-

]
I

A general pathway for the cataboliSm of phospho-
lipids has been propoged by Albright et al. (1973) The
pathway involves ‘the acti\? of phogpholipase A and lyso-

-
phospholipase A, which would remove the apolar hydrophobic

,fatty acyl groups. Subsequent action by_a phosphodiesterase'
o ¥ . ., A .

on the resultant water soluble glyceropﬁcsphate would com-

plete the degradative process (Scheme 2) _ ) -
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Scheme 2. Possible reactions javolved in the catabolism of
phospholipids in bacteria (From Albright et al.

— 1973).

The authors have demohétrated the presence of -all

the enzymes involved in this pathway in three subcellular

-

fractions of E. coli (wall, inner membrane and cytosol)'by

using radioactive PE as a model substrate One of the

enzymes, phospholipase Al (Reaction 1, Scheme 2) is

associated with the cell wall(and'vas found to’be the.samew

as the enzyme purified from crude extracts of E. coli by - . Y
. Scandella and Kornberg (1971). The wall associated enzyme

also showed Iysophospholipase Ay activity, Suggesting that

1t can act either as phospholipase Ay ot lysophospholipase Al

Because of the high speeific activity of this enzyme (relative

"‘"J\

to the other lipaseé detected) and its ability to act on both

-~

wintactMFE”andﬂrhe l-acyl lyso compound, it was suggested.that,.

SN | : R “

N . ot Y . . ’
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if isomerizatgon were- sufficiently rapid, it-could éerv és

thanolamine (Reactions I, III- ~and V Scheme 2) (Albr ght

et al., 1973) Phospholipase Al, phospholipase Az,' yso-

' hospholipases and phosPhodiesterases have beén characterized
oefqre in several strains of E. gg%i (Fung and Prou’ x;:l969

Okuyama and Nojima, 1969; Proulx and Fung, 1969 eLnard

(]

t al., 1972). Scandella and Kornberg (1971) fountfilthat -
purified pkospholipase Ay from E. coli can act on.ﬁc-and_
cardiolipin as well as PE. However, the specificity of the

other enzymes in the scheme is not yet known. More 1nforma-

o
/
co 1i, under

tion is required to explain the fact that in E.

<«

. S ;
normal growth conditiens, the phosphate moiety of PE is
metabolically stable but that of PG and cardiolipin is in &

rapid state . of turnover.

¢

-

An alternative pathway for the catabolism of
phospholipids.in bacterfa might involve Xleavage of the‘Eolar,

hydrophilic moiety by action of phospho-diesterases such as

aphospholipase C or’ phospholipase D, followed by the act?oh

of lipases which catalyze the removal of the fatty acyl . :
chains from the glyceryl moiety (Albright et al. l§73)
—So far, phospholipase D has only beemn found in plant tissues

(see Kates, 1960). Phospholipase’ C was found in Clostridium

: ; N
welchii '(Phillips and Batty, 1963; Ikezawa et gl., 1964), in

Bacillusicef@usliSte;n and Logan, 1963; Hevexkate and van

e

Deen‘ﬁf/l9643,.and in yeast (Harrison and Trevelyan, 1963),
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but was absent in most strains of. E coli (Bright=- Gaertner

and Proulx, 1972) Lipases are wide%pread in nature,'

'occurrinﬁ\in animals, plants, inse&fs, bacteria and mo}ds

(see Kates,,l960):

"Tﬁus, it is likely that either pathway could be

-functiﬁning in the catabolism of phogihol;pids in bacteria.

‘The exact function of these-enzymes, as well as the mechanism
. - -

4

of their regulation, is unknown. Clearly, a great deal is

yet to bé learned about phospholipid catabolism in bacteria.

2
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VII. Aims of the Research o S ‘ , L . e ey
. i ‘. . . o

‘ l. To’ determine "the composition of the cellular o
< A . P l' '
1ipids of the three microorganisms, Wallemia sebi, a -+ . L S
: , .¢-> " . :
-Nocardia species and Sﬁhphylococcps epiderﬁidisrcontaminatlng

Qlt growth medium of Sehgal ‘and Gibbon (1&§\3

. - To carry out - complete structural determina-

tigns the“?olar Lipids of S epidermidis, namely (i) a
novel polar lipid of the" glucophospholipid“ class, (1i) two.
_glycolip&ds, &%glucosyl diglyceride and monoglucosyl g&—
-glyceride and (iii) the main phospholipid phOSphatidyl-
. N
_i;glyceror. e '

3. To. study the effect of sodium chlgride con- -

ceﬁtratlon‘in”the groﬁth°mediuu,on‘the~lipid composition

R 4

of S. epidermidis.

4.' “To study the turnover of iudividual 1ipids

-

in 8. epidermidis by pulse- lgbelling and chase technique

us{;E\P P]orthophosphage and [l- C]glycerol.j Results of
such studies ‘may shed light on the 11pid metabolism in this
" Yacterium: ) .- )_ . ’ o . (/
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1. -Materials“

A, Microorganisms

-

- : o S

The microorgamisms studied were isolated from a .,

growth found in unsterilized culture medium for extremely

’

halophilic bacteria (Sehgal and Gibbons, 1960) contsining ;‘ :f,.

’essentially yeast extract and casamino acids in- 252 ’

sodium~cﬁlorideﬁ' The medium had been left‘at room teﬁpera;

"ture for se%eral weeks. °The groﬁth‘found in this medium

e

LT

consisted of several microorganisms : One species was 1iso- -
"lated and purified by Drf M. B. Gochnauer, Biology Depar@»
ment, University of Ottawa and tentatively identified as a

Nocardia species. Twe other: microorganisms were isolated

in pure culture by Dr. J. Harwig, Department of Qational

Health and Welfare, Ottawa asi.,(l).a'fungus identified as - hd

-~
hi

-

_ Wallemia sebi by Dr.‘s. Stolk Centraalbureau voor,

Baarn, Netherland' (2) a bacterium identified as Staphxlo-

coccus epidermidis.by Dr. C. E. Park, Department of Health'
- v

and Welfare of Canada; (see Appendix I).
The lipid and fatty acid compositions wvere
‘examined in dll three groups of microorganisms as well as

in the original unpurified culture " The 1ipid and fatty

-

acid compositions of Bicroorganism in the.Staphxlococcus

epidermi®Pis were sfm;lar to those obtained from the original
Pl .' N : -

-

® N



ﬁnpusified"cultﬁre' and not in the other ‘two g'-rou'g:{s'. This ) N

\_-n

indicated that the major.microorganism present im the’ o .

original culture*was the Staphylococcus species " Thus, mast

of the work presented here was done ‘on _the Staphylococcus

sp. rather than on the other two migroorganisms. N ‘

Al

B. Chemicals‘ - . ;
Unless 2}hefwise stated,_all chemicals used in the
experiments described were.of "Reagent Grade" quality lhe
sources 2f the more common chemicals haue not been given but

suppliers have been given for those chemicals not;readily

available from most supply houses.

1. Solvents. ‘A1l solvents used were distilled over
glass, \IOZ forerun being discarded. 'Solvents for.

spect:oscopic measurement were ‘"spectral reagent grade.

w

2. Silica gel Silica” gel H, silical gel G were

obtained from Brinkman Instruments (Canada) Ltd., Rexdale,.

Ontario;' Unisil silicic ‘acid (200<325 mesh) was supplied
by Clarksqn Chéhical fo., Williamport, Pennsylvania.

3. Standaxd compounds . . ] d

-

a) 'Ligids:' Cardiolipin gPeef heart, Sylvana -
Chemical Co., Ofanged N.J.);.phospnatidylélycerol (Serdary
Reseafch-Lab:, London; ont.); ﬁhosphatiQYlethanolamine,
.phosphatidylserine, phosphatidylinositol (Pierce Chemical
Co., Rockford, 111.); phosphatidylcholine (isolated from

egg lecithin); monogalactosyl diglyceride (MGD)(unsaturated)

~

| .
. |
- -
¢
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' glycero-3-phosphate prepared by the method of Baer and Rates C1950)

Sigma Chemical Comp., St- Louis, Mo.

from, Applied Science_Lab . State College, fa., and also

saturated MGD isolated. from\fﬁpner bean and hydrogenated

(Sastry and Kates, 1964)4 digalactosyl diglycgnide . ' L
\ LR
(hydrogenated) from runner bean (Sastry  and Kates, "1964);

B dipalmitin (synthesized by the method of Baer and Kates, -

l950-\fatty acid methyl esters, 14:0 to 18:0 and 16:1, 18: l‘. | 'f_\

18:2 and 18: 3 (Nu Chek Prep., Elysian,

14:0,

15:0, 17:0 and antelso 15: 0 17:0 (Applied Science Lab. ).

G_g;eefdeS' . a- and.B—methyl;D-glneopyran ide
(Mann Research Laba, New $ork), monzgalactosyl glycerol\and o ;“ --—;Tf
digalactosyl glycerol prepared by deacylation of the 'x-wa
corresponding runner bean glycolipids (Sastry. and gates, l

1964). -

c) Standard alditol acetates and’ methyl gIUCBsides.

were gifts from Dr. M. Perry, N.R.C., Ottawa, barium-sn-

\—-

- -

4. Labelled compounds: | [Irlac]glycerol was purchased,

2
from Amersham/Searle, Arlington Height, Ill and P Plortho

phosphate in dil. hydrochloric acid was from Atomic Energy.

of Canada. ) . -

C. -Enzymes B ' . \\\

-

a-Glucosidase (yeast), sﬁbstantiallyrfree_of g~

glucosidase, a-galacktosidase and B—galac;osidase, Type

r, L, v

.‘Q



. ﬁ-GlUCosyﬁasé (emulsin), a-glucosidase free, cryst

in 2.8M ammonium sulfate; Calbiochen, San Diego, Cali¥}  A

-

a-Glycerophosphate dehydrogenase (rabbit muscle),

htd

crfﬁt., in 2.0M ammoniuvm sulfate, A grade; Calbiochem
San Diego, Calif.

Glucostat for the enzymatic dete{Tination of

glucose; Worthington Biochemical Corp., Fre@hold‘lN J. ¢

Phospholipase A (snake venom); Sigma Chem., St.
Louis, Mo,

Phospholipase C (C. welchii); Calbiochem.,
LaJella, Calif.
_ Phospholipase D. (cabbage); Calbiochem., LaJolla,

Calif. ‘ ' . . ’

2
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fz.. Methods R

A. Growth of Microorganisms ,

l) Culture and Growth of Orﬁgnisms

a) Staphylococcus epidermidZs

The lipids of S. epidermidis studied-in all experi-
_ ments were obtained from cells grown in the medium of Sehgal

and Gibbons (1960) containing 10% sodium chloride instead

-

© . of 257 séﬁium chloride._

'

The composition o% the growth medium was (g per

‘1itre): casamino acids (Difco), 7.5; yeast extract (Difco],

}O.b;‘tri-bodium citrate, 3:0; potassium chloride, Z.Q;

-magneSium sulfate heptahydrate, 20.0;Jsodium chlori&e, 100

and ferrous sulfate heptahydrate, 0 05; ﬂhe'pH was adjusted

ha

tp- 6.5 with’lN sodiuh hyﬁroxide and the medium was autoclaved
for 15 minutes at 120°¢ (15 p-s.i.).
Bacteria were kept on agar slants (Sehgal and

o
Gibbons medium in 10% sodium chleoride and 1.5% bacto-agar)

-end were transferred to new agar slants_every three months.

" Bacteria on slants were incubated at 3760 auntil full growth ‘.
:was obtalmed (approx. 10 days).' The culture'was.then
covered with sterile. mineral 0il and kept in a refrigerator
-L(4°C). :Microscopic examinations of bacteria w;s performeo’\; S 7,
regularly to confirm the purity of the culture - . i ' "

To prepare a starter culture, the bacteria were

-transferred from the slant to-50 ml of liquid growth medium

-
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and grown for 2& hrs at 37 C on a rotary shaker Fivé

milzzlitreSOE this culture was then innoculated to a 4\litre

1 containing 1 litre of medium. Cells’ were incubated at - . ) T -

o .
37 %c. 4n a controlled Environment Incubator Shaker’TNew

Brunswick Co. Inc } at a shaking rate of 120 rpm. Cells were

harve&ted“in the late stationary phase}} =60 - hr) by centri-

N

fugation at 8000xg,_at 4°¢ for 15 min The cells were washed
twice with lOZ sodium chloride solution and kept in the
freezer ( 10 C) until ‘ready for lipid extraction Freezing

of the cells had no discernible effect on their ripid com-

position. - . _ - §

—

o

b) Wallemia sebi

v Q
The media used to grow W sebi were as follows:

(1) the medium of Sehgal and Gibbons (1960) coutaining 257
sodium chlor'ide a# described before and (2) the medium of
Harrold (1950) which composed of (g perxr 1itre) sucrose 400

malt extract 20,.-and yeast extract 5. The" pﬁxgihthe medium

was adjuste%;to 6.2, and autoclaved for 15 min” “at 120°C,

. , —
(15 p.s.1i.). = - ~ T )

\\QQE starting innoculum was'obtained by transferring_ .

a single\spore of "W. sebi to a slant of Harrold s medium L .

.. contain 2Z agar. The slant was placed at rToom: temperature -

A}

In the dark for 2-3 weeks until the appearance of brown
spores. The slaut was then washed witn 10 ‘ml- of salineg S

- solution (0.852 sodium chloride containing 0.05% Tween 80),

-
]
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and shaken to release spores from the agar The spore sus-

pension was poured off and cegtrifuged at 2, SOOxg for 10

min. Ihe spores-were washed once with 10 ml of the saline T ?//
: solution and resuspended_in 5 ml df 0.85% sodium chloride.
’Eiiquots were taken and the number -of spores counted sing

a pemacytometer. Ihensuspeusion was adjusted-to contaiu ;

=10  spores per nl. This®suspension was used as a starter

innoculum. One ml was inneculated to 200 ml of Harrold's

-l

liquid medium in a 2.8 liter Fernback flask The culture
was then kept “in.a cupboard at room temperature until brown .
(_/"\ . ‘
. spores appeared on the sgrface of the medium (= 5 days). The
spores were harvested by filtering with suction, washed twice

-with 0.85% sodium chloride, and subjected to lipid extraction

described below.

'é) Nocardia species'

. The medium used to grow the microorganism e

K

identiffed as a Nocardiaesp. was similar to that described

*ée;‘sﬂﬁphydococcus epidermidis, that is, that of Sehgal , ‘ o=

and Gibbons)TZQGO) with 152 sadium chloride instead of 25%

N ,
- d - . . : . .

é?\ium chloride N “ )

: . “waTﬁEEErganism was kept op agar ‘slants of the Sehgal é:::j

St . : , “

'and Gibborms (i960):iiquid medium in 15% sodium chloride con- .
taining 1.5% bacto-agar. Cells were grown iu’the Sehgal e
lnd Gibbons, (1960) liquid medium (15% ,sodium chloride) on

.. a rotary shaker (120 rpm) at.37°C. Stationary.growth was
‘obtained within 4 days.



: , o . ‘}b | P
The process of prepering the starter culture and - /<//?//<i
harvesting of cells was the same as described for é ’/////,///

'epidermidis

‘e

2) Growth Curves

-

. T -
Growth curves,of‘cells in liquidfmedia were deter-

-
-

mined by optical’&ensity measurement, as follows:

a) 100 ml 'cultures were incubated in 500 ml
Erlenmeyer flasks with sealed-on side-armutube (£8 X }50 mu)“
The optical demsity of’ the culture was measured at .660 nm
"in a Co%eman.junior cpectrophotouetef by tipping the flask
- so as to fill thé side-arm tube with the culture. The
uustrument was edjueted‘co_IOOZT using'uninnoculated-culture
meoiuu as -a blank contained in 500 ul Erlenmeyer flask with
au optical matched sgaled-on side-arm- tube. '

b) For cultures of larger volume, 7 ml aliquots

_were removed periodically and their optical deusity measured

in l9 mm round cuvette against a blank of uninnoculagfd ' -

- e

-

culture medium.
, The growth curve was thained by plotting optical f"
density. against time on semi log graph paper.

‘The exponential growth rate (R), which was.defiued‘

as the number of generatfons per unic_time'is calculated |

T
-y

from the growth curve-using the ‘following formula:
iiog_Nz - log N

& ) /

(Sokatch, -1969)

- §
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L N, are the cqnééntcation of cells (number of cells per

unit volume of culture medium) at/times tl_and-tz-(min)
' g

respectively. |
. Since 0.D. @ N
so, log 0.D. o log N e

Lo log ¢.D, - log 0.D :

. -1 2 -1 .
R(min ) = —G7301 (t, - t,) S -

&

The generation time G (min) is then defined as

s

N ¢) A calibration curve for S. epidermidis (see

Elg. 6) relatihg the cell dry weight per ml of culture'
volume to the optical denélty of ‘the. culture media was deter-
mined-as'follows: R

Cells were harvetted'from aliquot of culture (100
ml aliquot total volume loq%lml) grown to a knownoptical
density and washed twice with distilled water. Cells were
‘dried to comstant welight in wvacuo in a dgsiccatqr over

potassium hﬁdroxide.

B. Lipid Extraction Procedure

\_e

1. Method of Bli}h and Dyer

Lipids mere extracted from-the organisms investil-
gated here bf the method of Bligh and Dyer (1959) as modified
by Kates = (19720 . The washed cells were suspetfided in

lOZfsodlum chloride solution to a concentration of 20-60 mg



. ) . B - . . -
.- - N i L T E . !
. ! - .
’ — ~ - 1 i

of cells (dry weight) ‘per ml. To 200 a14s£‘ln;:ce11'sug; R f
pension were added 750 ml of methanol chloroform (2:1, v/v), '%yr
the mixture was shaken’ and 1e£t'ao,room temperature for’ -
. several hours nitb'intermittent swirling. The suspension
‘was filtered-thronéh giass wool with gentle suction to remove
\\most of the cell debris and"the filter‘was washed with a
mixture of 125 ml chloroform, 100 ml water.and 250 ml .
methanol The combined filtrate was’ diluted with ﬁ?S ml of
.chloroform and 375 ml of water (final solvent ratio, chloro-
form-methanol-water, 1:1:0.9, v/v) and the mixture swirled
and allowed to stand overnight in separating funnel. The iy
‘lower\chloroform phase containing the total lipids was
drained off and the upper phase was washed with ZOd ml of
chloroform. -The combined chloroform extracts were diluted
- with benzene and brought to dryness on the rotary evaporator
-at 30-35°C. The lxpid residue was redissolved in chloroform-

methanol (é:l; v/v) and made up to a valume and aliquots

were taken for dry weightj sugar and phosphorue-determinations.

The lipid solution was stored at -10°¢c.

i

- 2. Isopropanol Extraction (Kates & Eberhardt, 1957)

Hot isopropanol is known to inactivate phospholipid
ading enzymee; so that lipids obtained by this method are

considered to be free of ipid degradation products. ‘ .

In this extpaction procedure, 20 g of wet cells

were suspended in 10Z% sodium chloride to a final volume of
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s
20 ml; 40 ml of hot isopropanol was added and the mixture
‘kept hot for 1 to 2 min with mixing The hat homogenate

was filtered with suction, and the filter residue was washed
twice with hot isopropanol and reextrq&ted with 20 ml of
chloroformfisopropanol (1:1, v/v); the filtrates were com-—
bined. . The residue was again extracted with 19 mnl-of
chloroform-methanol—water (1:2:0.8, VIQ; one‘pnase Bligh‘and
'TDyer mixture). ihe precipitate was’ removed ‘by centrifuga-
tion. Tke supernatant was diluted with 5 ml chloroform and
5 ml water, mixed and centrifuged.- The ehloroform phase

was withdrawn and tombined with the prev1ous isopropanol
extracts. The combined extracts were concentrated in xgggg’
and the residue was taken up'in chloroform. " The chloroform,
solution was then washed twice witﬁ methanol-water (1:0.9,

v/v) to remove water soluble compounds. ' The chloroforn

phase was then diluted with benzene and concenbrated to

»

‘dryness im vacuo (30- 359¢y. The 1ipid residue was immediately

dissolved in chloroform and the sclution cleared by centri*

fugation and stored at -10?C.

A

+

C. General Chromatogranhic Methods

e 1. Column Chromatography

?’_\_p

The total 1lipid extract was first fractionated

‘on a column of "Ynisil" silicic“gcid. The silica was
o il '

activated for 12 hr at 120° before use, made in 2 slurry

-
T

&

.'];j. .

[+
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with solvent and poured into a glass Xolumn equipped with'

-

a Teflon stopcock above which a glass-wool plug had been

introduced. 'The absorbent was. packed down by passing*about
.five column volumes of solvent th;ough the column and a 0.5
cm-layer of basned sea sgpd'was added on ‘the top‘of the
silica surface. A solu:ion of the lipid (0.5- 1 g in 5-10 ml
chlgggﬁgzm_iog_ 50 g silicié acid) was applied to the column
at the top of the sand 1aye§. The solution was allowed to
Tun into'column and 1-2 mifﬁh ,form was used ‘to wash dcwn
-the sides of the column to efisure quantitatiue transfer pf
"11pid mixture to the column. The 501vent for elution was
placed in a 500 ml separatory funnel fitted on top-of the
column and the elution rate was adjusted to about 5 ml per

min by means of the s;opcock.

2. Thin Lavef;Chromatoeraphy {TLC)

a) Analytical TLC

For examination of 1ipid components and for”

monitoring of - column chromacography, thin layer chromato-

grams were runhon 7 5 .m X 2.5 cm microscope slides or

20 em x 20 cm plates coated with silica gel H (0. 25 nm 5
“thickness). . Spots were visualized by spraying with' (i) 40%

~sulfuric acid in e:hanol followed by charring, or (ii) o-

_uapthol—sulfuric acid followed by charring for sugars = _ -

(Siakotos and Rouser,’ 1965), (i) phosphate-detecting rel ‘j, CC T

'agent (Vaskovsky arid Kostetsky, 1968), (iv) ninhydrin

/\ | | a'- .
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/)J solution for amino group é%ntaining lipid (Marinettf 1964)

o

-
bl
-

and (v) periodate-Schiff reagent for vidinal diol and glyco-

14pid (Shaw, 1968). . ‘ o - L

3 e, . - . i ~
-

b) Preparative TLdﬁFg : 5 | "

1N -
-

. ot ,
Preparative thin dayer chromatography was carried

out on 20 cm x 20 cm plates coated with silica gel H (1 mm.
.. ‘—/ . ' ‘ ." -
thickness). The coated plates were washed once by ascending

'chromatography in chloroform-methanol (l:l,_v/v), air dried

and then activated at 110 'overnighnfﬁ The lipid solution

‘(ca. 40 mg/ml), in chloroform metkauol (95: 5 v/v) was'
applied to the plate (40 mg/plate), usipg a “Pelick.StreaEer"
(Applied Scienmce Laboratories, State College,‘?a.). ‘Plates
were developed in preﬂequilibrated rectaégular jars lined
o with Whatman 3MM paper, using a suitable polvent system.
-xThe lipid bands were located by exposing;the air-dried plate

to iodine _vapor., After leaving the plate in the fume hood
(J

ouernightﬁto‘remove iodine, each lipid band was scraped off

into a sintered glass filter, and e}pted with the mixture of:’

chloroform methanol-ethyl etherb{l 1: l viv). _Each extract

was diluted wiph 6enzene and brought to dryness on the . ' ©

" .

fﬁo}éf?ﬁevaporator. f&he residues wére dissolved in .about 5
- . ; a

"‘\ e . -‘
ml of chloroform-bepzene (l l v/v) and centrifuged.- Tye .

silica free supernatants were concentrated in a nitrogen

P e

stream, and gpe lipi residues wéke dried in vacuo, we{gﬁes,
- ab n

apd disi/lved in ch&profo m-metiranol (9: 1 v#v) The puriﬁy“

—
» "

)

. . e - - i ) . Fall
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of each component was determined by analytical TLC or on’

"

microslides. TLC in at 1east two solvent Systems

—-—

! : \ .
c) Solvent Systems for TLC o ‘ . .o s

)

<

The feilowing}solvent systems were used to examine
1ipid components and the pur;t;\hf each }ipid under investi-

; gation. AR “ S ) .
' N ‘ . o

Solvent Svstem ')ﬁ Composition (v[v) ¢ Ref.
LY - n . o

g P ' Q? | ;
o : . . . . - . . v..-'. c

(i) Forx Polar Lipids

cugf,-MeOn-28% NH; . - 65:35:5 Davidson and
y ' ’ ' ) * Stanacev(1970)

L o . .
4 ! ' o
. .t R °

-

cnciS-Meon-goz.Aéepit acid. ¢ ¥ 30:4320 Hancock .and
: . . - Kates (1973)
Z/;13-ueou B, 0. - “5:35:8.  Fischer (1970%
. N ) . 'F’ ) ) .
HCly-Acetone- MeOH glaoial ©a.5.n.7 ° Rouser et al.
_ o sesmzl (g0 ,

acetic acid H 0

‘ i " ..
CHC13-He0H H20 . - ' . 65:25:4 Lepage (1964)
. e - ’ - E .
. -. - ’ ‘? " - ’ ! ol . )
(ii) For Neutral Lipids @ . .
"Pet. ether (b.p. '60-70 C)* | ' . T . ﬁ L 1d.\i969’
ethyl ether- glacial %ketic Beid §9'20'1 ange (1969)
Pet. ether (b.p. 60 70°¢C) - P --1 Mangold an:é’0
ethyl ether- glacial acetic acid 90:10.1 , " iMalins (19 ) f

© 6. ~ bl

3. Silicic Aéid\lmpregnated Paper Ghromatography =
e < b P -

-

4
¥ -

Solvent System

s were chromatographed on silicic acid—

egnated Whatman 3MH°paper_aocording'to the.procedure of

A\l . o . 3
° . e N * . [N - ‘o . . o M
N at h
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Marinetti (1962 and 1964) \ueing daisobutyl ketone-glacial
acetic acid water (40 25: 5 v/v), as solvent.

The prepara—

tion of the impregnatéd paper and details of-the development

"procedure have beenbdescribed by Kates (1967). T

- . : .
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b) Detection andlStaininguof'thedLipids

. The following stains were employed to monitor the

»
r

F , :
purity of isglated, lipids and to detect the presence of
o 3 ‘

specifio“groups during‘structure elucidation studies. 2

i

Rhpdamine 6G: The stain was introduced ty Marinetti

LF%S

andStotz’{l?SG) ang Mafinettib(lQSZ,leG&) hgs described the
'staining procedure in detail An aqueous stock solution
(0. 122) of Rhodamine 6G (colour index 752 Nationel'Aniline
iDividion Allied, Chemical Dye Corp., New York), was prepared
by dissolving 1.2 g in 1 litre of distilled water. In the

absence of light the solution was stable indeﬂnitely,. it

-

“was diluted 1: 100 (vjv) with distilled water immediately -

-before d%e. The developed chromatogram was air-dried fogx
N N :
about 30 min and dipped into the stain solution until the

spots were evident (usually about 1-3 min).  Excess dye was

rinsed from the chxomatogram with distilled water and the f
; o N
spots were viewed eﬁ once under ultgeviolet ‘light (366'nm).

On the wet chromatogram acidic lipids-gave blue or purple

fluoresgent spots, and neutral species, gave yellow or orange

SPOCS, Whereas on the dried chrometogram all components gave

Yellow fluorescent spots. The stained areas were outlined

—
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in'pen i}, their colour noted *and the Rf values of fhe spots
= H . r’ . ] '
were measured. .o : \

~

- -

Ninhydrin: The reagent, specific for free amino groups,

was made. by dissolvin 250 mg ninhydrin in 100 ml acetone-

“lutidine (9:1, v/v), it\ was sprayed sn the dry developed

paker (Sastry and Kates, 1964) of the method devised by

and theun passed through a 1z aqueous sodium metabisulfite . \\\ .

chromatoggam which kept at room temperature, or heated at
LY

110 in an oven, until the mauve spots appeared. The re-

maining (ninhydrin negative) lipid components were located

b\staining the chromatogram with Rhodamine 68

Periodate-Schiff reagent: This stain was used to detect

——— -

vicinal diol groups in natural and synthetic phosphatides b;;///;//

means of the fuchsin colour reaction given b& aldehydo-
lipids derived from cleavage of the lipid dicl. The pro-

& : .
céﬁure used was an adaptation to-silcic acid-impregnated

Baddiley gg g;. (1956) for unimpregnated paper. The developed
dried chromatogram was dipped in a 0.252 aquecus solution of

sodig},metaperiodate, hung for 15-20 min at’room temperature

solution until the liberated ilodine was completely‘;educed.

.n‘ 4 -*,
A dip in Schiff reagent revealed viecinal-diol containing
- —~ A

* : - .

The Schiff =meagent was prepared as follows: 1 g of basic

fuchsin (p-rosaniline) and 10 g of- sodium metabisulfite were

dissolved inm 10 ml of conc. HC1 and 100 ml of water, the

solution was warmed (60°) with rcharcoal for 1 hf, filtered : '
-and .the colourless filtrate wes made up to 500 m with dis-

“ti{lled water. This stock solution was stable for, months

when kept in a well-stoppered bottle. Before use), it was ' :
"diluted with one part 1% sodium metabisulfite sgxhtion and ; =
one -part distilled water. )
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1ipid comggnents within minutes as pink-mauve spots on a
white background Glycerol diol lipids (PG) responded

considerably more quickly to the periodate Schiff test than

-~

did the lipid-sugar derivatives (glycolipids).

4. Chromatography of Water-Soluble Compounds
The water-soluble products obtained from acid or’

alkalime hydr%lysis of lipid‘coﬁponents were examined for

the following-éﬁbs;ances by paper cthromategraphy.

a) Phosphate Ester

Aliquots containing 10 5 ug P were evaporated to

dryness under a strteam of nitrogen \ddssoived dn‘abqut 10wl
of water and applied to a strip of Whatmag No. 1 paper
. - ~ ’
-~_i}2_x ij cm) - The esters wére-chfpmatogrdphed for 16-18 h?
vin the“following solvent systgms.

-

(1) n-butanol acetic acid-water (5:
< ascendf/; technique ;-

(ii) phenol-water (5 2, wiw, ascgnding‘;echnique);

(iiii propaﬁol-lON ammonium hydroxide-(3:2,,v/v),

133cending pechniqﬁe., A - . t

The developed chromatograms of water-soluble com-

ponents were stained with sulfosalicylic acidfferric ch}o;ide

_——.Teagent (Vorbeck_and Marinetti, 1965) The dry chromatograms

were dipped in an/écetgne solution of ferric chloride (175 g

FeCl,.6H;Q in 30 ml of 0.3N Hef diluted to 1 litre with

3 . - .

-
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acetone);‘dried again for 10 min and rhen dipped -in a 1.25%
splution of sulfosalicylic acid in acetone. The spots
appeared white on a violet backéround_

. -

-

b)% Reducing_Sugars and‘Glycerol

Aliquots containing 100 200 ug of sugar or glycerol
were concentrated under a nitrogen stream £o near dryness.
.The.residnes were di¥solved in a drop of water and chroma-
tographed on 2 strip of Whatman No. l.paper (19 x 57 cm) in

solvent systems: pyridine-ethyl acetate-water EZ:S:S, v/v);

upper phase, descending technique . N

~ s - Sugars and‘polyols'were deteoted by the following

stains: . _ o . . | \ o

(1) silver nitrate-sodium hvdroxide dip reagent.) This

is eseenrially the‘method.of Partridge (1946) as-mogdfied by‘
Trevelyan, Practor and Harrieon (19505w The dried chromato—
gram was dipped through silver'nitrate soiution (007 B
silver nitrate in 3 ml water was &[lwted to 200 ml with
acetone). . The chromatogram was dried in the fume hood for
5 nin and then dipped in a solutionm of .sodium hydroxiiﬁ
N

, (0.8 g sodium hydroxide in 10 nl water -was, diluted to 200 ml
with 957 ethanol). The chromatograms were preserved by f"
dippim in a 10% sodium thiosulfate solution and washed im-
mediately with water.“ Compounds appeared as dark brown zzots'
on a'light brown background. Over the period of a few d'
the colours changed to give dark gray spots on an almostr

/ .
white background. R S
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(11) Periodate-Tolidine Stain for Vicinal Hydroxyl

. . \

o . Groups (White and Frerman, 1967) -t

/ . ) S T ‘ .
The dried chromatogram was dipped jin sodium meta-

périodate solution (5 ml of 0.25M sodiuvm periodate diluted

4ith 95 ml acetone, allowed to hang for 15 min &nd then b

dipped in the O-tolidire reagent (0.4 g 0-tolidine, 1.2 =l

-

glacial fcetic acid, 9.§£P1 water and diluted to 200 ml with
acetoné).. Components appeared as yellow 5pots on a ‘blue
background. Since the spots‘produced by this methﬁa were
Lsually éf;ble for 10—15 min, the spots should be circled

by pencil as soon as they appeared.
: e

(i11) Periodate-Schiff Stain for Terminal-Vicinal

Hydroxyl Group (Baddiley et al., 1956)

The dried chroﬁatogram was sPrayeé with 1% aqueous
sodium metaperiodhte ;dd left for 15 min at room tempéraéu;e,
then decolonized by treatment with sulfur-dioxide gas in
closed jar.. The treated chromatogram was then sprayed with
the Schiffis réagent (see footnote, page 95). ?he water-

-solgble compound containing terminal-vicinal hydroxyl group

- [ .
(e.g., deacylated lipid or free glycerol) gives pink colour.

-

\9‘.
'5. Gas-Liquid Chromatography (GLQL -

GLC was used to analyze fatty acid methyl esters,
b -
methylated sugar derivatives- and the aqe;ylated derivatives

*

of the polyol compound..
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‘ a) Fatty Acid Methyl Esters

Gas ohromatograohy was carried out on a Carlo

i Erba.Frattovap unit equipped_with a flame-ionizatioh detector.

5ys:§£.'The columns used for the separation of fatty acid

methyl esters were: 1) 3% SE-30 ultraphase on Chromosorb
W(HP) 80/100 mesh in a 90 cmix 4 mm CID) glass column or

F(1i) 107 butanediol succinate polyester (BDS) on_ Gas Chromo-

sorb W 80/60 mesh in 2 180 cm 'x 4 mm (ID) glass column.
Q

Column oven temperature-was 175 C injeotor port temperature

was 225 °¢ and detector block temperature was, 235°¢C; nitrogen

carrler gas inlet pressure was 0 70 kg/cm2

Preperation of Fatty Acid:Methyl Esters by Methanolysis

) Methanolysisvis geﬁined as the conversion of both
free ane esterified fatty acids to their corresponding
methylesters, by treatment of theilipids.with a2 solution.of
hydrogen chloride in anhfdtous methanol.

A 2.57 (W/V) solution of*hydrgéen chloride in

methanoﬁ was obtained by bubbling hydrogen chloride gas
from a cylfnder into 4 known volume of anhydrous methanol
A solution of total lipid (2 10 mg) in chloroform was brought
to dryness under\efutream“of nitrogen in a 50 ml side-arm

flask (Kates, 1964a). To the residue was added 4.5 ml of

-
P

2.5% methanolic-HC1 a%d the mixture was refluxed for approxi—
mately one hour. °The solution was allowed to cool, diluted

with 0.5 ml of distilled.water and extracted three times

¢

}
:
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with 5 ml of petroleunm ‘ether . (b. p. 60-70° C), (the petroleum
ether being easily decanted off while the aqueous methanol
phase remained in the side-arm tube). The petroleum ethe; ’
_extracts containing the fatty acid methyl esters were
collected and brought to dryness under a stream of nitrogen,
_the resxdue of methyl esters was ;aken up in a small volune
of chloroform (to give approximately a 101 W/V_solution) for
injection into the GLC. ‘Usually 0.5-110 ul were injected:
by a 10 ul Hamilton syringe through the rubber diaphragm
of the %njector port. Samples wereﬂinjecfed repéatedly to -
check reproducibility of ‘retention times an&nﬁéak heights.
A solution of skandard fatty acid methyl esters
(16:0, 16:0, 16:1, 18:0, 1‘8:1_, 18:2, ant 15:0 and 17:0,
iso 14:0, 15:0 and 17:0; 19'0'¢y) in chloroform was prep;red
in a suitable concentration (1- lOZ ‘ﬂﬂ%) ‘Standards (0.5-
1.0 ul) were gnalyzed along with the unknown sambles. Peaks
were identified by their retentioﬁ times reldtive to authéntic
_standards on two different liAuid phases. Quantitative

analyses were obtained by measurement of peak areas by the

procedure of Carroll (1961):

@

"4 h . | .
'zmrﬂ%}xloo- ‘ |
R S

-

where A = peak area
d = distance (mm) l ) ' é

K = peak height (mm).

-

*



- 101 - A

b) Methylated Suggr Deri@ativesi_ -

//// GLC of methylated sugar derivatives was carried
out on: (i) a glass column (180- cm x 4 mm.ID) packed with

107- BDS om Gas-Chrom W; nitrogen inlet pressure,-0.75 RS/sz;f

-

180°C for methyl glycoside derivative and ido°c for alditol
acetate derivative, in the Carlo Erba Fractovap Gas Chrcma:.
tograph, or (ii) on a glass column (120 cm x 4 mm.ID) packed
with 3% ECNSS-M on Gas Chrom Q; helium inlet pressure, "3 psi,.
l?OOC for methyl glycoside and 190°C for alditol acetate.
derivative, using a Hewlett—Pacﬁerd oodel.ﬁog éos chromato~-
graph wlto a flame iomnization detector. _ — 5
The pteparation of methyl glucosides and alditol
acetate derivativee of permethylatedlBGq and GPDGD were
described in the Expetimental Procedure Section II.FJ
Solutions (2 ul aliquots) of tPe methyl.glucoéiﬁe or alditol
acetate derivatives in chloroform-methanol_(l:l, viv)
(20 ng/ml) were injected with a‘lO.ul Hamlltonamicto-syringe.
Authentic stan@arde, methyl glucosides or alditol acetate
derivativesof'2,3,4,6—g—tetramethyl glucose, 2,4,6-0-tri-
methyl glucose, 2,3,6-g-trimethy1-glugose, 2,3,4—gétrimethy1'

glucose, 3,4,6-0-trimethyl glucose, 1,2-0-dimethyl glycerol

and glycerol were used to identify. the peaks.

»

c) Analysis of'"Smith.Degradation Products

"Smith degradation™ products were polyol compounds

“(e.g., glycerol, ethylene gljcol, erythritol;;etc.) which
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were analyzed on GLC as their acetylated derivatives “‘The

S

process of‘“Smithmdegracation- is described in the Experi-
: : ) ﬁd‘
mental Procedure Section II.E.2. *The GLC -analysis was

carried out om a glassrcolumn (180 cm x 4 mm.ID)fpacked

with 186%Z BDS on Gas Chrom. W, nitrogen inlet pressure, 0.75

kg/cmz, 170°¢C. Solution (2 pl) of the acetylated derivative
in‘chloroform-methanol (1:1, v/v) (20 ng/ml) was in;ected
Authentic standards (erythritol tetra—acetate, glycerol tri-

acetate and ethylene glycol diacetate were injected for

reference purposes. z

-

D. Physical Methods

1; Infrareo'SpectroscopQ//
Infr;red spectra oere recorded on a Unicam,S?lOOO
Infrared Spectrophotomeccr. Samples were dissolved in
nspectraQanalyzcd" ciWloroform- or carbontetrachloride (eca. 1%

solution) and placed in a 0.1 mm sodium chloride. cell.

2. Nuclear-ﬂcgnegic RcsocancéiCﬁHRl'SpectroscoEX
‘ ‘NMR spectra wcre run at ambient temperoture'on_a
Variam Associates A-60 (60 ﬁc)'Proton NMR spectrometer and
a Varian HA-iOO (100 Hc);Spectrométer.. All saﬁples were
run at a concentration of 10-20Z% (o/v). Water scluble

samples were run in deuterium oxide (Dzo) with acetone as an

internal standard Chloroform-soluble samples were run in

-

CDC13 with an internal standard of TMS Data for individual’

spectra are given in the corresponding figure legends.
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3. Optical Rotations

All optical rotntions were measured at room \\
temperature at the D line (589 nu) of the sodinm spectrun
in a 1 dmjﬁell nsing a Pernin—Eimertpolarimeter,fﬁodel 141,
with nigital'readout. - |

Optical rotation of the pure,‘yatet-soluble com-
‘pounds were done on‘aquedus solutions (ce: 30-60 mg/ml).

The-rotations of the pure lipids were done on chloroform

solutions (ca. 40-80 mg/ml).

E. Analvtical_Proeedures . | -

. Chloroform solutioms of total lipids or pure com-
ponents were made to known volume in a volumetric flask to
about a 17 concentration. An accurate determination of the
concentration was then made as de;cribed belowaand aliquots

of the stoc¢k solution were taken for the, various analyses

given below.

.1.' Dry Weight of Lipid

A suitable aliquot of the lipid soiution; con-
taining 15-20 mg vas pipetted accurately jnto a 25 ml wide-
mouthed weighing flask with ground glass stopper. The solvent
was evaporated in a stream of nitrogen at 30°¢ ann the flask
was evacnated‘in a desiccator over fresh potassiup‘hydroxide
pellets on 2 high vacuum pump to a pressure of 0.1 mnm Hg.

Nitrogen was introduced into the desiccator and the flask
o . : -
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was stoppered and weighed on an analytical balance to 0.05
mg. Drying of the sample in the desiccator in ggggg was
then repeated as described until the weight was constant to
within 0.05 mg: ’ )

é. Phosphorus Determination

Phosphorus in the intact lipids or in water-

soluble phosphate was determined by modifications of the ; -
methods of Allen_(lQ&O), or Bartlett (1959);

(a) Allen's nethod : - . . —

e : ' ;

The samplg solution, containing 20-80 pg P (less .
than‘2 mg 1ipid), in a straight-walled hLewisw@enedict Sugar
tube" calibrated at 12 5 and 25 ml, was evaporated to dryness
under a nitrogen stream. The residue was digested with 2.0
ml of 72% perchloric acid (Analar, BDH Chemital) at reflux
temperature for 4-5 min; after coeling to room temperature, -
the digeét was diluted to 12 5 ml with distilled water and 5 -
mixed on a vortex mixer. Amidol reagent (2 ml, freshly pre;

pared) and 8-3% ammonium molybdate solution (l ml) were’

added by pipette, with thorough mixing aﬂtér each addition.
The colour was allowed to develop for 20 min, the solution

was then diluted to the 25 ml graduation and mixed by in-

_version. The percent transmission at 680 nm of the’ sample’ s

Amidol reageu{ 1.0 g, 2,4- diaminophenol dihydrochloride /’//
(Anidol)- and 20 g sodium bisulfite dissolved in 100 nl
distilled water and filtered.

[

iy
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and standard solutions was determined 10”19 mm rouand . \

cuvettes against a reagent blank using a Coleman Junior IT.

, - —_

.rspecerophotometer and converted to Opticed density (absor—

....4-._‘3\ ‘

<-‘_ * . o

';bante) from tables. 'Beer s law was obexed in;the range 10-

d|

100 Mg P-

(b) Bartlett s method \ T -

The lipid sample, containing 0.5 to 40 ug P was

diges_ed with 0.4 ml of 72% perchlonic agid;*6.2 ml of dis- o7
oo | -
tilled‘water, 0.2 ml’ of amidol solution and 0. 2 ml of 52 o : e

" ammonium molybdate solution were successively added with - ' -_ - -
. R R
vortex mixing. ' Each tube was covered with a-beaker, heated
) e o
in a boiling'water bath for 7 min and cooled by immersion'
. s \

in a cold water bath._ After 15 min the. absorbance’of the

stable blue colbur was read at*800 nm in 12 mm ronnd

cuvettes in a Coleman Junﬁor fi\izfjii:bhotometer, against
., .
*
standards and a reagent Biank. Eeer ¥ law was obeyed in
> ] C : -

the range l—fO ug P.

* ' = ‘ : Py N

(c). For Quantitative Analysis of PhoSphatidee on TLC

(Rouser et al 1966)- ' ) o g

lg ’ /ﬁl
The TLC plate was sprayed with sulfuric- dichiomate

stlution (0,6% KZC'r,_z_O7 in 552 HZSOA) and charred on 2 hot

* T - X .’.
Standard solution: 1.097 g of KE;PO4 (Primary Standard,
Fisher Scientific Co.) dissolved in 250 ml-of distilled .
water: this solution was diluted 1. to 10 to give a working . G
solution containing 10 ug P/ml (Alleﬁ{\gf 1 to 100 to give - s
1 ug P/ml (Bartlett). _ _ L Dy
hd . "l
- . , ) ‘
{
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plate The lipid spots were circled, and appropriate blank

spots, corresponding to the varf/;s spot sizes, were marked
-
off in the upper right hand corner of the plate. Each spot

“ was %craped”into gp ml Kjelda?l ﬁlasks containing 0.9 ml of-' o

72% perchloric acid .The contents of the flask was digested
T
™ on 2 Kjeldahl rack with gentle refluxing so that digestion

is complete in 20 min'Vith a minimum loss ofr perchloric acid.
The/sides of the’ flask was rinsed down with 5 @l of water . ) ,;T
and 1 ml of:2.6% ammonium nplybdate solution was added and

Qf\\ffred followed by the addition of l ‘ml of 10X ascorbic acid L o
. : =
4 sd&niion (prepared fresh) and 2 ml- of water. The mirture o o

-
was: tran\ferred to ‘a lS xl centrifuge tube with a Pasteur

-

pipetand éas heated in

boiling water bath for .5 min, cooled -,

and the mixture was cleared by centrifugation.“Tne clear

‘
supernatant w3 rapsferred to a 12 mm round cuvette, and

-

the absorbaneenread\\r\790 nm, using "Coleman Junior'II,

Spectrophotometer, against a reagent blank lhe riadings
were corrected by subtracting the absorbance valuee of—the
blank area'corresponding in’ size to that of the sample.
The absorbance valueéffere converted to ug P by means of a

factor derived froq\valueﬁ obtained with known amounts of .

T
KHzPoa stan&ard°_the methed is. suitable in the range 0. 5—
A - - ) ) .

_DugP . _"' . "“9-
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3. leceroi Determination«(Renkonen, l§62)? '-ffma.‘

An aliquok -of phospholipid or- glycolipid (con- «
taining 0.2-1 umole 31?°3r01) Was placed in a Pyrex glass ' ‘ T

tube (1 0 X 15 cm) sealed at one "end and constricted at
¢

the orher Solvent was evaporated in’a stream of nitrogen, o ~

and 3.0 ml of 2N HCl was added.’ The tube was sealed under S _/’1

L]

slight vacuum and was kept in-an oven at 125 C for 48 hr,

cooled and the hydrolysate was. transferred -to f 15 ml cemtri- o

-
>

fuge tube : The pyrex glass tube was washed with 7 ml water
-and the coﬁbined aqueous hydrolysate was shaken with 2’ ml - _ ‘ e
of chloroform and centrifuged briefly to remove free fatty

acids Two ml of .the aqueous layer was pipetted to ,a 15 ml

glass stoppered tube and 0.1 ml of 1ON HZSO&’ 0.5 ml of 0.iM .

- 'Em
NaIO4 were a&ded with mixing The mixture was left at room

-
temperature for S min and 0.5 ml of 10X NaHSO3 was addedﬁ
with mixingg_ “To a 0.5 ml aliquot in a 15 ml glass- ston?ered
B M * 1
_tube was added 5 ml of chromotropicfacid reagent iand/éhe

mixture was heated in boiling water bath for'i35 min;;after

cooling to Toom temperature for 30 min, the,absorbance was o

read at'SYU nm in Coleman. Spectrophotometer against a re- - : /h_ '1f;
agent'hlauk.' Standard amounts of glycerol (0.1 to 0 5 umoles)
were carried through the periodic- chromotroPic acid procedure
(0.5 umole gl&cerol-gives absorbance 0.44 in 12 mm 'roumd . ‘; ;f

o

cuvette). - . ‘ - o o -

* -

Chromotropic acid reagent, dissolve 100 mg of 1,8- dihydroxy-
naphthalene-3,6-disulfonic acid in 10 ml of water and .dilute
with 45 ml of 24N H,SO,. .

T -

At ‘ ) ' - . k
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A.: Vicinal-glycol Determination

\
'

-,

: E)f'Ligids with Tefmipal-élyc°1 Groups: o N

4]

(Ansell and Spanner, 1963) IR
This’ method determines ‘the formaldehyde lﬁberated -

\*ﬁaction of periodatg on lipide having terminal glycol
groups,as in phosphatidyl glycerol and glycerophosphoryl
_diglucosyl diglyceride. )

. The- sample, containing 0.2-1 umole glycerol was
dissolved in 0.3 ml_952 ethanol in a '15 ml glass—stoppered
. centrifuge tube; 0.5 ml of 4 periodic aeid solution was
addedmwith mixing and 1l&ft at .xroom temperature for 1 hr.
_Tge reaction mixtute‘was then-diloted‘with 1.5 ml of water,
aid 0.75 ml of 1.0N HCI, 6.25 gr’of 1.2N sodium arsenite .
‘were .added. The final volume was:orought to 5.0 ml with
water and 0.5-ml aliquot was added to 3. 0 ml of chromotropic
acid (see footnote P- 107) The mixture was heated in a
Hoiling water bath for 30 min. The absorbance was read

against a reagent blank at 570 nm in 12 mm cuvette im a

Cokman Junior Spectrophotometer. The procedure was

"~

standatdized ﬁith 8.2-1 uﬁole-of pure batyl alcohol, or

0.1-0¢.5 umeole glycerol and the calibration curveg was used

~— 4

" to determine the amount of terminal glﬁgol (umoles) in the

sample.

«
(5.
o8
]
)
P2 ]
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b). Total Yiciﬁ%l Hydroxyl Groups

(Cheronis ana Ma, 1964)

Sample, qonté%ning 10-15 umole total vicinal

-

glycol wasﬂdissq#yed in 1.0 ml of 95% ethandbl and 1.0 ml of o ;
0.1 M periodic,acia.was added and diluted to 2.5 ml with 93Z
+ ethanol. The miﬁtuge‘was kept in the dark- at room temperac
ture for 30 min; 2 ml aliq;ot‘was added to 2 ml of saturated
sodium H%carbonate with yigorous stirring and then.éwo mnl of’
0.03 M sodium arsenite*, 0;& ml of 20% ﬁotassium'iodide and
0.8 g Ef anhydrous solid sodium bicarbonate were added. The
nmixture was allowed to stand at room ;eﬁperatﬁré for 15 min
and 0.1 ml of starch indicatog** was added and titrated with
* % %

to a faiat blue end point. The re-

agent blank -was performed without substrate through the whole

2

‘procedure.

5. Total Sugars

a) Phenol-sulfuric acid mechod (Dubois gi al.,1956) "

4

Simple sugars, oligosaccharides, pplysaccharides

A ~

and glycolipids, in%}uding the methyl esters wiCh ﬁreé or

*Standard sodium arsenite solution (0.03 M): dissolve Q
1.484 g of analytical grade'ABZOE in 30 ml of warm 1.0N
NaOH; add 50 ml of water, neutra jze to phenolphthalein
with 3.0N-HCl, and add 2 drdps of acid "n excess; dilute
to. 500 =ml. - ’ ' :

*% A ) , N -

Starch indicator solution (12), 1 g soluble starch I 100 \
" ml of 13% KC1l; bring to 2 be.il:and. cool. _ .

£ k% . A : ' : ) o
""standard iodine solution (0.01N): digsolve 1.269 g of re- ’ .

sublimed iodine and 3.3 'g of KI dim ca: 350 ml of water -

with shaking, and dilute to 1 . licre; stdndardize against e

0.03 M sodium arsenite. . ,‘[
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pocentially “free reducing grouns, give an orange yellow

colour when treated with phenol and comnc itrated sulfuric \

acid. The reaction is senaitive and ‘th .olour is stable.

The method has -been develooed to determine snbmictoamounta-

of sugars and .related substance (10-80 ug sugars). :?‘\
An aliquotfof"lipid solution or hydrolysate, con-

tainfng 10-80 ug of suéar (as hexose) was pipetted intola

25 ml Lewis-Benedict sugar’tnbe, the solvent was evaporated%/

to dryness in a streamn of nitrogen. To‘the'tesidue was

added 2 ml of water and 1.0 ml of 5% phenol gsolution (freshly . . i

prepared) with mixing, followed by 5.0 ml of conc. 'sulfuric' ‘

acid. The sclution was immediately mixed and allowed-to cool

for 30 min. The absorbance was read at 490 nm, against a

reagent blank; for calibration, standards containing 20, 40

and SOng'of'glucose were analyzed simultaneously. Beer's

law holds up to 80 ug of glucose; 10 ug glucose-gave an

absorbance_of ca. 0. 063 in 12 mm round cuvette in a Coleman

Junier Spectrophotometer. 2

b) Enzvmatic Determination of Glucose

-~ " The presence of glucose in hydrolysis mixtures. was

. Jll. .
N g ‘ Z a
detemined quantitatively by the‘“Glucostat“‘reagent.1 The
Sl /—_— -

method is based on the oxidation of glucose by glucose
oxidase. Hydrogen peroxide produced in the reaction in turn . v
oxidizes a "chromogen' in its’ réduced form (colourless)- to

" the oxidized fo:m=(coloured). ?he colour produced is then é

~ measured spectrophotometrically.

w0
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A l.Oiml hliquot of the hydrolysate or standard
solutio£ céntaining‘0.05-0.3 mg glucose‘was added to 9.0
ml of Glucostég reagent#.: A reagent blank and at least two ‘ ) _ -
gténdards were performed simultaneously with each set of ¢
unknowns. ?he mixture was left at Toom teﬁperature for 10
min and 1 drop_of‘h M hy&rochlofic—aéid was added 'to stop
‘the reaction and to stabilize the colour. The reaction time
for all tubes shguld be identical. The tgbes were left at
rooﬁ temperature foF 5 min aftérﬂstpppiéﬁfthe reaction, and
absorbance can’bglread at an& time. The absorbance was read

"at 400 nm, against a reagent blank, (0.05 mg glucose give -

absorbance 0.95 in 19 mm round cuvette). - '

6. Ester Determination (Renkonen, 1961)
) C o=

The priﬁciplg of tHis analysis is based on the

-

reaction of fatty acid esters with alkaline hydroxylamine

to form a hydroxamic acid. The latter forms a complex with
acid ferric perchlorate to give a brown 13- purple colour
_whih.can be measured spectrophotometfical{;.

An aliquot of lipid solution (0.2-2 umoles) wa

_pipet;ed_into a 15 ml glass-stoppered tube. Solvent was

evaporated under nitrogen and 1.0 ml® of alkaline hydroxyl-

x% : : .
amine soluticn was added to the residue. The tube was _Z

e

% S : G . - . )
Glucostat Reagent: 60 pl of chromogen solution and 30 ml

vf glucostat solution in distilled water.
*k

.Alkaline hydroxﬁlamine aolution ‘(prepared fresh), mix equal Ve
volumes of 47 ethanolic hyﬂroxylaminq hydpochloride:(z g in
2.5 ml of water diluted to 50 -ml with absolute ethanol) and

87 ethanolic sodium hydroxide (4 g in 2.5 ml of wateruﬁiLUted . e
to, 50 ml with*absolute alcohol); centrifuge~and -use clear ' :
supernatant. Standargd ester solution, 25.8 mg methyl stearate i
in 100 ml of chld:oformﬁ(i pmole/ml). , . o
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stoppered and che nixture heated "'in a water bath at 65°¢C -

for 2 min. After co:ﬁ}ng for 5 min; 3.0 ml.of diﬁute ferric
perchlorate solution. was added.with‘mixiag and the coloor
allowed to develop for 30 min. The absorbance of the mauve ' ~
colour was read at 530 nm aéainstua reagent blank. Standards
containing 0.5, 1.0, and 2.0 umeles methyl stearate were run
simultaneouely. .Beerue law 1is valid up £} 4 umoles; 1 umole

ester gives an absorbance of ca. 0.24 in 12 mm-round cuverte

- -

- (Coleman Junior Spectrophotometer):

7. &= and B~ Glé;Erophosphate Analvsis

A modified methed of Burmaster (1946) was employed -

to determine the amount of a- and 8- glycerophosphate obtained
’ ‘ .
from aqueous alkaline hydrolysis of phospholipids. Essentially,

the method is based on the congersion of a—glycerophosphate‘

to glycolic aldehyde phosphate by reaction with sodium

periodate at»room téhperature; the excess of periodate and

~

8
the iodate formed are destroyed with sodium sulfite, and the

glycolic aldehyde phosphate ‘is hydrolyzed with hot'acid. . The
~
resulting orthophosphate is measured by a modification of the

standard colorimetric procedure (Allen, 1940). When corrected

for any_inorgandc phosphate produced by hydrolysis of phospho—

* - _ .

Stock ferrid perchlora;gggpfution, 5 g. of Fe(C104)3.6 HZQ\in

10 ml of 70% perchloric id and 10 'ml of water; dilute to —
100 ml with cold absolute ethanol; solutioen is stable at 49C P
for several months. Dilute fexrric perchlorate solution

(freshly prepared), 4 ml of stock ferric perchlorate solutdon

and 3 w1 of 70% perchloric acid diluted teo 100\ml with

absolute alcohol. ~ .

A}

. 1 1 i ! .. -
. . o . - ) . )

G

N

s
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.4.0 ml, then 1.5 ml of 0.12N perchloxic acid and 1.0 ml

L - 13-

lipid the orthophosphate is a meaau;e\of.the o-glycero-
phosphate isomer Total glycerophosphate (a+8) was -measured
on another portion of the sample by converting B- glycero-
phosphate to a-form by acid-catalyzed migration of phosphate
and then to orthophosphate by treating it with sodium
periodate in hot acid solution as above The'B—glycerphos-
phate was found by subtracting the a-phosphorus value from'

the total (a+8) glycerOphosphate phosphorus. Total ﬁhosphorus

ia the sample was= determined by a procedure pf Allen (1940)

a) Total Glycerophosphate (a+B) ' -

To amn- aliquot of the hydrolysate or‘standard solu-
tioul(not more than 5 ml containing 30-60 ug P) in a 25 ml
Benedict-Lewis ‘sugar tube was added 1.0 ml of 72% perchloric
acid (11.8XN) and 1.0 ml 0;03 M sodium periodate and water to
a total volume of 7 ml; the mixture was heated in a boiling
water bath for 1 hr, cooled and diluted with 1.5 nl of 47

sodium sulfite and 1. 0 ml of 722 perchloric acid and water

to 12.5 ml:2 ml of amidol solution (see p- 104) were added

i with-mixing on vortex followed by 1.0 ml of 8.3% ammonium

molybdate. After R0 gin, the.solution was diluted to the

25 ul mark with wdter and the absorbance was read at 680 nm.

o . -~

b) a-Glvcerophosphate

£

To the same-aliquot as in (@), was added water to
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0.08N sodium periodate, the mixture was kept for 10 min at
-+ room temperature, then diluted with 1.5 ml of 4% sodium ‘
ulfite and 1 ml 75% perchloric acid and heated for 1 hruin
yoiling water. Thereafter, 1 ml of 72% perchloric acid was
added and the volume m&@e to‘12.5-m1. " The eolour was
developed.aﬁd the absorbance measured as eg:;e.
¢) Con;roi

To the eame aliquot of sample solutilon as £§fa)
and (b} uas added water to 5.0 ml;plus 1.0 m1'722 perchloric
acid and 1 5 ml of 4% sodium sulfite and 1.0 m1 0.08 M sodium
periodate. The mixture Was left at room temperature for T hr,
1.0 ml 727 perégngic‘acid.was added and the volume was made
to 12.5 ml and the colour was developed.as ueual. ”The phos-~-
phorueobteined in the control is uhe free inorganic phospha;e

in the sample which has to be subtracted from the total /

glycerophosphate ani/fhe a-glycerophosphate.

d) B»GlyceroLhosphaté

no.

This value was obtained by calculation as follows: U

moles B—glycerophoephate = umoles-totel glycerophosphate-

umoles a-glycerophosﬁhate:

8. sn-GlyceroQB-phosphate Analysis (Kennedy, 1962)

"The assay of sm-glycero- 3= phosphate is carried out

spectrophotometrically and’ i& based on.the formation of NADH

et e

in a reaction catalyzed by the enzyme glycerOphosphate-de-
. -
hydrogenase as follows: -

!
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sn-3-GP + NAD === DHAP +"NADH +.H
The enzyme ;s specific for sn-glycero -3- phosphate and does
dot attack gg-glyceéé-l—phosphate. The NADH is measured
by its characteristic absorption at 340 nm. Since. the
equilibrium of the reaction lies well toward the 1eft at
neutral pH it is necessary to add a trapping agent forhthe
dihydroxyacetone phosphosphate (DHAP) and to .run the reactibn
at an alkaline pH in the presence of hydrazinemwhich functions
'bothas an efficient trapping agent and as a buffer.
into a cuvettfe (1.0 cm light path) are pipetted
1.8 ml of the—hydrazine-giycinelmagnesium chloride buffe;f 0.05 ml
of 0.02 M NAD, 0.05 ml of 0.075 M Aré,-o.oz4o.os umole of
glycgrophosphéte ana 0.02 ml glycerophqsphate dehydrogenase
(5 mg protein/ml) in a finallvolume of 2.0 ml. The enzymatic
reaction was followed by measuring absorbance at 340 nm in a -
Perkdn-Elmer Dﬁ spectrophoiometer. " The reaction-was completg
in 1 hr. Pure sn-glycero- 3-phosphate was used as standardr
for preparation of a calibration curve (1 0.0 unit = 0. 8
pmole ggeglycero-3-phosphate). ’

F. Radioisotopic Procedure

1. Radioisotapic Counting

Labelled lipids ( P and lAC) were counted in

Beckman Scintillation counter (Ls-133, Beckman Instruments Inc.).

*
5 g of 100X hydrazine hydrate (d, 1.03), 1.5 g glycine, 0.2
ml of 1M MgCl,, a few drops of lON KOH to bring the pH to 9.8, , o
in total volume of 100 ml in water. . ‘ |
g , - -
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. A
The scintillation fluid composed of d.SZ 2,5-
diphenyloxazole (PPO), 0. OSZ 1 4 bis -2- (S phenyloxazolyl);
benzene (POPOP), 130 ml methanol and 100 nl of solubilizer ' .
(Beckman Bio solv, formula BBS- 3) in 1 litre of toluemne. e |
Counts obtained from doubly labelled sample ( |

and 32?) was corrected for spillover of ? into the 14C . *

window by sgandardizatioh with ?nown amount of 32Py. The
efficlency for aﬁc countlng was §0—952 and for 32? was 95-100Z.
The counts were correcfed.for quenching by extermnal s;andard
ratios aethod. | |

Radioactipe spots omn thin layer'chromatograms were
counted.as follows: the radioactlve spots located by auto-
.radiography were scraped directly into 10 ml of the

"gscintillation cocktail", mixed well and counted as described

above. The counts in each .Sspot was expressed as a percentage

of the total counts recovered from the TLC plate

-

2. Autoradiography

Detection of radiocactive lipids on TLC is readily

and conveniently achieved by autoradiography uslpg X-ray.

film. This method is- sufficiently sensitive to detect 14C
spots with activity as low as 100 cpm above background

within 2 week's exposure, and 32P-labelled spots within 2-3
days. The TLC plate was placed in a light;proof cardboard

holder (Eastman Kodak) 21 x 25 cm. A pre-cut sheet of ‘ SRR

X-ray f£ilm (Kodak blue band, medical X-ray film) was placed

. e

D
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. : . ' . . . to " n
directly on to the silica surface and exposed in the . R
. - - f - . -

folder.

The exposure.time will depend on the amount of' | ,
radioactivity applied to the spots and, the enérgy of the

radiation;'for l C- labelled Spots the following formula

may be used:

%sure time (hr) = . 106. *il (K s 19:2 )
expe’ '~ cpm applied * (] ates, 122

.
The exposure time should be halved for 32P—labelled spots.

i
The.gxposed X-ray film was developed by_standard photo-
graphic technique.

» ' .
. N »~

€

Vet
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_ . EXPERIMENTAL PROCEDURES - ==
- - r—— S ’ L]
o 1. Isolation and -Purification of Lipid Components - o
. A. Preliminary Column Chromatogrdphy : . // -7
(Vorbeck and Marinetti, 1 a)’ - . ) . “
+ .Vﬂ_.'

A chloroform solution of the total lipid of S ) N
-egidermidis (700 mg in 7 ml. chloroform) was applied to a “
column of 50 g silicic acid prepared\in chlorcfornm Ccolumn | : i t _
"dimensions?‘zkg x 38 cm). The column was eluted with the B -
following solvents: chloroform 1300 ml, ?r. 1); chloroforn-
acetone.(lzl, v/v; 400 ml, Fr. 2); acetone (400 ml, Fr. 3);
chloroforn—methanol (1:1, v/v; 500 ml, Fr. 4) and methanol
(500 ml,_Fr; 5){ The solvent from each fraction was removed
on the rotary evaporator to dryness;’ eacf lipid:- fractdon was
weighed and redissolved in chloroform—methanol {(9:1, v/v).
Phosphorus and sugar analyses were carried out on the

fractions, which were then further purified by preparative

TLC.

o -

B. Preparative TLC

o \
Polar lipids obtained from column chromatogriﬁhy".

were fracsionated by preparative TLC as described in Haterfals

and Methods, II.C.Z(b). Lipid solution from Fr. 2-5 in ~ ‘

chloroform-methanol (9:1, v/v) (40 mg/ml) was applied cn a

-~

preparative TLC plate, (1 ml/plate) and developed in chloro- e

form-methanol-water (65:25:4,.vlv){ The bands corresponding :
K . 0" ~

T s
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to GPDGD, PG, DGD.or MGD (see Table_lgﬂfof Rf
. I X o
gcraped woff and elutedﬁwith the -mixture of chloroform-

- o

methanol-diethyl ther (l:1:1, v/v) (100 ml for 40 mg lipid TR N

valne) wege. -~ ©

~

aﬁplied) as describéd Matérigls And Meth ds,-II.C.ftﬁﬁ.'a

-

P ~ The GPDGD obtaine n un-

was qantamipated wi
g. 9). and wagﬂi/rther
purified by repéaEid preparative TL

- in the sgiﬁggﬁ\sastem
Sl :

chloroform-methanoIl-water (65:35:6, v/v). PG obtaine f:;m

2

idehtified.compohent (spoF #3,

the ff%st fradtionation on TLC was further purifiéd by
N S

repeatéd prepafative TLC using the§sol§é;E.system chl&réform? i

neflfanol-90% acetic acid (30:4 :20, v/v). DGD and "MGD were ] \
obtained in a fairly pure state after the firgt“frggtioﬂatign‘ . T

on’TLC. All lipid components (GPDGQZ;SG' DGD and MGD) after TR
‘ - -

repeatel purification on TLC gave aajg‘ﬁne Spbt in at least °

_two ' different solvent systems. The Rf values of these lipids
. FRR _" . H] . -..J

in various solvent systems are'giGen in Table 15. :The phospho~
. lipid component; obtained were in their "patural" salt forms

and were converted to their ammonium salt forms, as des~~

~ N =
cribed below. T

» C. Preparation of Free Acid and Ammonium Salt of

\ . . T - e
. i\ . - A ., . " Do
Phospholipids and Acetone Precipitation - : o

a — — - AR

A solution of the'TLC-purifiedu"na&ural?”salt form,

1]

‘of PO opx’GPDGD (60 mg) in 10 ml of chlorofordFmethanol (1:1,

R

v/v) was acidified with 4.5 ml of 0.2 N aqueous “HC1, and the’

.Biphasic mixture was centfifuged briefly for 1-2 min. The

- - e
-~
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v

T was weighed and . dissolved to a kno?nr:oncentration in . d

- chloroform

'qzlely (95 ~1002) precipitated by cold aq&tone with no change

“beforertheir-analysis. : !‘1

»
IRI
.
<
»

°h1°r°f"“‘ phase, containing the acid £6rm of the 1ipid’

’ <

was neutralized immediately to pH 7-8 uith 1.5 N NHAOH in | ‘ T
mechanol and diIﬁfed with benzene. The mixture was evapo--

rated;to dryness under reduced pressure and thq residual‘

%mmonium salt was weig d and redissolved ol chloroform.

To the chloro orm soLution of ammonium salt of A /7
<

phospholipids (50 ng in 1 0 ml) waSJslowly added 5 ml of ‘ )/'

acetone with mixing on a vortex mixer. After cooling omn ice: [ =
T 1 i

: D) - :

for 1 hr, the precipitate was centrifuged and washed twice LT

by- suspending it in 2 ml of cold ‘acetone- and recentrifuged
The acetone supernatant was removed and discarded. The -’ \“V

precipitated ammonium salt of the; phosphatidt‘vere freed of

excess solvent in a2 stream of nitrogen and dried in vacuo P
M *;‘\‘ I e e
in a, desiccator over pooassfum hydroxide the dried residue {,'q
“ . : 1

>

o
A

The phospholipids “in the solution were quantita-

in.their galt form; contaminants, such as neutral lipids re-

-~

pained in solution. Therefore aceton precipiuation was

used as the final purification step fo‘ the phospholipids : T . -

prior‘to_analysis of their lipid constixuents (e.g-» sugar, b

phosphorus, ester and glycerol) % ' o o

- . - ) : - L
Glycolipids such as’ monoglucos}i diglyceride and . i
diglucosyr diglyceride were partially soli ble in-aceéetone and ° . i

could not{%e used for final purification \Repeated prepara—*

!
!

tive TLC was therefore used ¢o purify these tyo glycolipids ' - }{
: i
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11. Procedures for Structural Determination

. ;. .
o . - . -
f ¥

"A. Mild Alkaline Deacvlation (Dawebn,'1967;¢ﬁa;és’ 19724)

-

An alfquot of 1ipid solution (containfng 25 mg of

L

pure lioid cdmoonent)’intchloroéorm-was pipetted into 15 md'
glass~- stoppered tube, and the solvent was removed under a

stream of nitrogen. To a solution of the re;idue inuo 4 ml

of chleroform and 0.6 ml of methanol was added l.O ml of o_z,hl_
methanolic -sodium hydroxide (freshly Prepared) ;he-mixtﬁre - "‘ .
was kept at room temperature for 15 min and then‘diluted with

. -
0.4 ml of methanol 1. 6 ml of chloroform and l 8 ml of water

wlth mixing The biphasic mixture was - centrifuged for 1 min
‘at 600xg and the upper phase;(methanol-water) vas immediately

removed and” neutralized or sbﬁgbtly acidified (ca PH 5-6)

with l 2 ml of Rexyn RG 50 (H ). The resin was removed by

,centrifugation and the sup&rnatant .was transferred to another

tube. The chloroform phase was washed twice with 'l ml of

methanol-water (10:9, v/v) and the washings wereralsc‘used to
wash the resin. The comhined ﬁethanol;water solutions were

then neutralized with a few drops of l 5N methanolic-.

ammonium hydroxide to a Slightly alkaline pH and concentrated .
. ) i N
under a stream of nitrogen at 40°¢ and_the residue-was‘dried . : -

in the desiccator over potassiun hydrokide i&,%acuo. The

regidue was‘weighed and redissolved in a- known amount of
methanol-water (10:9, v/v). Aliquots were taken for_@aper ' Co 'e
chromatography (50-75% ug per spot) and for analysis of lipid

-~

Tn
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‘constituents (P, -sugar and glycerol) as desciibed”in

Materials and Methods_;I;E.
° . q . . ‘
- . . . ‘ . ', . . con

B. Strong Alﬁéfine Hydrolysis o ' .

~

R

“ To ,a sample of puréd lipid component (10 mg) or its

aeacylated compound (5 mg) in a 15 ml centrifuge tube was

f‘ 13

added 2.0 ml of a. 1.0 N aqueous solution of _sodium hydroxide

with mixing/"éhother 15 ml centrifuge tube containing cold ’

-

water was put on tﬁk-top of the hydrolysis tube to serve as .

2 stopper.ﬁnd condenser. The tube was heated in a boiling

water batb for 2 hr until all turbidity had disanpeared. . The

‘ +
cationic exchange sin (Rexyn RG-50, "H'). The supernatant

P
was removed "and ‘the resin waS/washed twice with 2 ml of

methanol water (10:9 viv). _The combined supernatant was

”extracted with pe/;oleum ether to remove free fatty acid

(only in the case of hydrolysis of 1ipid), and the petroleum
ether extracts were combined, concentrated under nitrogen .
and kept fotr future analysis. Tif.aqueous pbese containing” l/r

water soluble products was neutralized to pH 7-8 with I.5 ¥
; ’ I> —_ -< o
“.." ammonium hydroxide in 'methanol and congentrated almost to

- O S - . x5 . 5-

dryness undek a stream, of nitrogen at 30-40°C. The residue-

was dissolved .in a known amount of methancl-water (10:9, v/v)
and were taken for gquantitative P or sugar analysis and for

.o : .
qualitative a2nalysis on paper chromatography (50-75 ug

deecylatez\afteriel'per spotl. — .,3,\< - o S \g\:

ey
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Isolation of water-soluble product CDiglucosyl glycerol)
Mild deacylation,prqducr of GPDGD (20 mgi was sub;'
jected to alkaline hydrolysis (4 ml of 1 N NaOH, 100°C, 2 he)

] ns described above.  The concentrated and neutralized

P

methanol-water selutfon SZ ml) wasopassed through the column
of Dowex=2 (00;) (10 ml) to remove glxcerophOSphate. The
column was eluted wirh methanol—water ?10:9) (100 ml) and the
eluate was concentrated to dr;ness under Totary evaporator
(50-4000). The residue was dissolved in distilled water to

a known volume and sugar analysis was performed Yield of

chromatographically pure digluCOSyl glycerol obtained was
13 mg. o . -”% - ' ) -
c. Acgn'ny&%oi§éré R : R

1. 1In Glycolipids or Deacylated Glvcolipids
Acid .hydrolysis (0.5 N HCL, 100°C) was carried out
to hydrol&;e glycosidic linkages .as well &s ester linkages

-

< since alkaline hydrolysis cleaves only ester linkages and

does not attack glycosidic linkages

To a sample of glycolipid (5-10 mg) or.- glycoside -
(1 2 mgy in 15 ml centrifuge tube-was added 1.0 ml of 0.5 N ' ‘ L

HC1l,- and the tube was heated in a boiling water bath for l

hr. THe hydrolysis tube was stoppered with another 15 ml

centrifnge tube filled ‘with cold water to prevent the
]

evaporation of HC1l during hydrolysis. In the case of glyco-

lipids, free fatty acids released were removed by extraction
X R . o o | o

]

.




wich.petroledm ether.. The aqueous solution centainiﬁg free
sugars and’ glycerol was concentrated under g stream of
aitrogen (30-490) to a small volume and was dried'over .

potassium hydrpxide in - a desiccator in vacuo overnight to -

remove the last traces of HCl. Care was taken not to bring

\

Ehe solution down to complete dryness because glycerol is

ather volatile and may be . lost during concentration of the

- aqueous ;olution. The residue was. dissolved in 0.1 ml diS'
tilled water "and gas chromatographed'on yhatman No. 1 paper
along with'aufhedtic standards'(glucose, galactose, mannose
and élycerol)xdn the"solvent\sygtém pyridine-ethyl acetate-
water (2:5;5?_v/v; upper phage, descending;technique);

30-50 ugnbf each component gives a good sized SPOt;.

2. In Phospholipids

A solucion of pure phospholipid containing 1-2
ﬁholes.P in chloroform—was.transferred to.a pyrex glaés’tube
(1.0 x 15 em) eealed at %ne end: The solvent was evaporated
under nitrogen and pumped under vacuum for 1 hr to remove
'traca; of chloroform.. Te the residue was added 1.0 ml

of 2 N HC1l and the tﬁbe was sealed under slight vacuum and
kept in an oven at 125°C for 48 hr.” In this conditionm,.all

PhOSPEEEE/BéCGr, acyl ester. and glycosidic bonds will be

- . e n

cleévéﬁ‘with thd\i;Lease of inorganic phosphate, glycerol,

fé%ty acids, and gars -

— .
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After the hydrolysis was complete, the hydrolysate

was extracted with petroleum ether to remove free fatty'

acid as ‘'described before in this section. The aqueous solu- : B
tion containing inorganic phoephate and other water soluble‘

products (éVS- sugar, glycerol, etc.) was concentrated under -

L

astream of nitrogen (30-40 C) and the @esidue dried in a
=]

desiccator over potassium hydroxide to remove traces of

—_—

—
hyvdrochloric acid. The residue was redissolved in distilled.

water and examined by ﬁg?er.chrbmatography as described for
- —_— -

the glycolipids.
R R b <
"The R; value of authentic standards which may

obtain from acid hyd:olysié of various 1ipids-under investi-

gation.-are shown below in Tablel?. ' _ ///’////ﬁ\\

D. Degradation with Hvdroflueric Acid (HF#\\r

Hydrofluoric acid is known to hydrolyze only
phosphate bonds without attacking ‘any gl?cosidic or ester
‘o » . . .

linkages (Archibald et al., 1968)

To a sample of thSpholipids (5 mg GPDGD or 20 mg
PG) in a 15 ml-polyethylene centrifuge tube fitted with a
stopper Qas added 0.5 ml of HF (48—511; w/v, d 1.15—1,18) . o
with mi;ing. The reaction tgbe'mae kept at 0°C for 24 hr, |
with occasional mifing and the mixture was first neutralized
with fIAtN lithium h&dréxide (3.5 ml) and was bropght to . 3 ° e
pH 6.5-7 with 0.2 N lithium carbonate. -The deutrElized

.-rl G- ' . i

aqueous solption was transferred te a 50 ml centrifuge tube

! . S,



and the polyethylene tube was washed several times with
distilled water to make the final volume 9. 0 ml followed
by washing with 10 pl of chloroform and 10 ml of oethanol
(5 ml each time) to ;emove water-insoluble degradefion
products ] The washings were coﬁbined and added to-the -

aqueous solution, mixed and centrifuged. The chloroform

phase was remcved, concentrated under nitrogen aga;the pro-

¢}

ducts were eximined,on TLC developed in petroleum ether-

etayl ether-glhacial acetic acid (80:20:1, v/v) for digly-

ceride and ln-chloroform—methanol-zsz aﬁmoéie (65:35:5,

v/v) for the diglucosyl diglyceride; authentic standarés,

1,28diglyceride and diglucosyl diglyceride (fromfS. epidexr-

nidis) wefé also run. The methanoly-water phase was con-

u

centrate

under nitrogen to a Small.&olome (3 ml), deionized’

with ReXyn. RG=50 (H+), and-examined by paper chromatogfaphy

-(solv nts, phenol water,- 5:2, w/w; and pyridine:ethyl .

o

acetategxwater, 2:5:5, v/v,'upper phase). "Authentic standards

" of glucope, glycerol and diglucosyl glycerol (from S.|

epidermjdis) were also ryn.

f

. E. Periodate Oxidation Studies
3 =
1. Spe Jfophotometric Analysis of Total Vieinal-

Hydroxyl Groog_ (Dixon and Lipkin, 1954)

The consumption of periodate by vicinal glycol

" groups may be followed spe trophotdmetr%?ally by using the

absorption band of metaperiodéte which has a maximum at

——

about 220 :5\240 nm.
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T§ a solution of diglucosyl giycerol (éoﬁtaining
3.6 umole glucbse) from DGD and glycerophosphoryl diglucosyl . ‘55
glycerol (1 1 %3°le P) from GPDGD in 2.0 ml water were added
0.4 ml of 0.5 sodium perdodate. ‘The oxidation was carried
out at room temperature in the da?k ;nd samples 20.1 mii
"wgre'withdrawn at zero time, Qk, 48, 96 and 120 hr and di-
luted to. 10 gl'with'w;tqr. "The optical deﬁsity was followed
at 223 nm in a Perkin-Elmer DB Spectrophotometer; B-methyl-
glucoside (4.3 Umoie) was oxidlzed under identical éondition
" as a control, (0.46 umole,.sodi;m‘periédate/lo ml gave 0.D
. . . : Sp——

0.455).. Sodium periodate solution was standardized according
to 'the method of Jackson (Jackson, 1944).

“~.__. For &etermination Of;form;ldehyde, an gliquot
(0.2 ml) "frem the 120‘§r sample (oxidation complete) was
‘mixed consecutively with a lOZ solution of sodium metabi—
sulfite (0.2 ml) and chromotropic acid reagent (5.0 ml) in
15 ml ﬁgﬁppergd cencrifugeitube. ~The mixtuéf was heated in
Ca éoiliﬁg’water bath-for 135 min and cooled for 30 min.

The absorbance was read at 570 nm in Beckman DB spectrophoto-

qeﬁe¥ against a reagent blank.

Oxidation'of known amounts of glycerol,(O.ZLO.S
umole . in 2 ml solution) was carried out for calibraticn ,
burposes; 0.12 ‘umole formaldehyde equivalent to 0.06 umole

'glyéérol gave 0.D 0.352).

The composition of this reagent was described in Materials -i
and Methods, II.E.3. : T



2. Periodate Oxidation, Borohvdride .Reduction

and hcgd Hydrolysis ("SmithED;grédatioﬁ")
(Abdel-Akher et al., 1952)

-

Diglucosyl glycefol (coataining 12 umole glucosef e
from DGD, glycerophosphoryl diglucosyl glycerol (5 umole P) A, -

from GPDGD or cellobiocse (9 umole) were oxidized in 18 mM .
sodium periodate solution (3 ml) at room temperature fé! a

120 hr. Sodium borohydriée (15 mgj was added and the mixture
wvas left overnight at 4°bl'-A few drops of glacial acetic |

acid were added t¢ destroy excess of sodium borohyaridé and

-

the sbiﬁtion Q;Q.paséed tﬁrdugh a column (10 ml) of Dowex-50
(H+)-résin and evaﬁpfated_to dryness. The boric acid was
‘femovedhﬁy evaporation with three successive Sbrtions (5 ml
each). of methanol. To the dried residue of the reduced
oxidation products obtained“froﬁ diglucosyl glycerol and.
cellosiose were added 1 ml of 0.5 N HC1l and hydrolysi§ was
carrieé out at 100°cC for 1-2 hr és described in the Experi-

mental Procedures II.C.l. Acid hydrolysis of the phosphory-

lated r;ﬁuced product obtained from glycerophosphoryl di-
glucosyl glycerol was perfofmed in a sealed tube gﬁ 125%
with 1 ml of 1 N HC1l for 48 hr as described in the Experi-
mental Procedures II1.C.2.

' Each hydrolysate was concéntra:ed under a stream
of nitrogen to a ‘small volume (ca. 0.3 ml) and passed through

a column of Dowex-2 (Cog fdrm, 4 ml). The columg was eluted o

i

a
f’\/'\
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with distilled water (15.ml)'énd the eluate was;éoncentrated
to 2 ml. An aliquot (0.1-0.2 ml) was taken far spotting on : V -

Whatman No. 1 paper chromatograms using tpe solvent systems
4

pyridine-ethyl acetate-water (2:515,{f/v, upper phase,
desceﬁdiﬁg techniqué) and fhenol-water‘(S;Z;/b/w, ascending
technique) along with authentic standdrds (glucose, glycerol,

erythritol and ethylene glycol). - ‘\f. .

et “
. - P
The rest of the soluticn was evaporated tc dryness

o

under a stream of nitrogen, and kept in a desiccator over
potassium hydroxide overnight under vacuum: The residual

polyﬁydroxy compounds were then agetylated with l/fi,iiﬂéﬁié:f//
acetylating reagent (dry pyridine-acetic anhydri&é; 1:1, -
‘v/v) in 2 sfopperéd tube. The mixture was shaken on a -

vortex mixer and\péated for 3 hr at 100°C in an ‘eil bath.

The excess acetylating reagent WZi/iiggzii_iaiﬂn~nitrﬁg?ﬁ’/
and the polyol acetates Weri/EEE’YZEd by GLC as described

in Materialé and He:hods ’_C.S(c). The authentic referemnce

'_.—“ ~

standardﬁ, ethylen lycol diacetate, gl cerol triacetate
__/bY gly /\ sly

o . ind erythrii

tetraacetate werq\prepared by the acetylation
o N
method described above. \

F: Methylation of Glycolipids

1. Preparation of Perﬁethylafed Glycoside

(Brundish et -al., 1967) “{

. Diglucosyl glycerol obtained from DGD (26 mg) was

-

'dissolygd in N,NJHime;hylformamide (1.0 ml), silver oxide.




= 130 - S S i

3 .

(ca.'250 ng) aﬁd freshly distilled ﬁethyl iodide (5 ml) were
added. The mixture was heated under Teflux with mégnetib
stirriné‘at AOOC for 36 hr; more silver_oxide_and'metﬁyl
iodide were added at 12 hr inger§ais. The mixture was shakqn
for a further 60 hr. The mixture of ch%éroform—benzene {1:1,
viv) (5 ml) .was added aqd the silver 'salts were removed by
centrifugation and was®ed twice with 10 ml of the same solvent

4

mixture. The ¢combined supermatants were Brought te dryness -
by rotary evaporation in Gacuo over sﬁifufic,ac;d. The

residue was dissolved in chloroform (2 ml) and examined by

IR.for the presence of free hydroxyl groupé.’ The reaction

was com{iete wheP no free hydroxyl péak could \be detectea.

Yield of cfu&e permethylated diglucosyl'glycerol 24 mg

(colourless compound). | - o . -

The crude product was fractionated on a column of

silica gel (E. Merckég Darmstadt, Germany) (15 g,lmade up in

benzene) gsing the following elution sequence: benzene (59 ;/f
ml), benzéne—ethaﬁol (99:1, v/v, 50 ml), benzene-ethan?i/////// B
(97:3, viv, 100 ml) and benzeﬁe-ethanol ($5:5, v/v,”iab ml).

The permethylated cbmpound_appéargd in the benzene—ethanol ..

{97:3) eluate; 1f was recovered on é%aﬁoration of the solvent
and dried under high»vécuum;: Examination of;the material on
a TLC with solvent system benzene-methanol (9:1, v/v) gave S —

a single spot'with Rf 0.23. Yield, lﬁ_mg.

i
‘I‘I:
.
|
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2. Preparation of Permethylaped GPDGD

The ammonium salt of GPDGD (33 mg) was coenverted
“to the free acid foéﬁ by the metﬁod of Bligh and Dyer'(see
Experimental P:oceoures I.C). The free acid form.obtained
was dried over potesoium hydroxide pellets under high vaguum
for 1 hr, and 5 ml of freshly distilled methyl'iodide and
250 ﬁgjgilver oxideuwere added. The cohditions were the
same as deecribed for meohylation o'f digluco;§i glycerol._rx%
The reaction was complete in 72 hr, as revealed by the
-absence of free OH absorption in the IR ‘spectrum; yieldf
of crude material 44 wg -

The crude proooet wes‘purified on a eolumn of ,
silicic acid:(issg made up in benzene). Materiel was e%uted
plth sucoessiVe portions of the following solvents benzene
(100 ml), benzene-ether (90:10, v/v, 100 ml)~benzene—ether ;3
(75'25 v/;f 200 ml), bengﬂpe egher (50: 50 v/iv, ~100 ml),q'
benzene-ether (25: 75 v/v,‘lDO ml) and etbyl ether 400 ml

The permethylated GPDGD appeared in tle ether fractioen (16

-+
“mg).. The product was_ examined by NMR and IR; on TLC in the

.solvent system benzene-methanol (9:1, V/V), it gave a single\

“spot with R% 0.36. !

.:“
{‘
B
|
]..
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3:; Methylation Analysis

-~

. - ' f
i&” a) Preparation of Methyl Glucoside and Alditol. !

Acetate Deri%?tiyes\of Permethylated

-—

:Diglucos&l Glvce 1
. N

The permethylated diglucosyl glycerol (lo'mg).in
50 ml pga:-shapgd flask was methanolyzed in 2.5% metﬁanolic-
C . N . :
HC1 (2 ml) under reflux at 1006°C in an oil bath for 2 hr.

"The solution was evapo{iﬁgd‘to dryness on a rotary evaporater

cand the last trace of HCl was removed in vacuo over KOH. | \\f

‘

The partially methylated methyl glucosides were examined by

I‘Mékerials and‘Methoda II.C.Q(b). - 7 ;

L

The rest of the O-methylated methyl glycoside was
‘evaporated to dryness'to remove methanol, and the residue was %
heated in 1 ml of 1N aqueous HC1: in a boiling water bath forqit

, 3 hr to hydrolyze methyl glycoside linkage. Hydrochloric»

‘acid was removed by repeated concentration in vacuo on a.

rotary evapérator (bath tempera:ure-SOOC), and the résidual'_

~

ﬁethylated sugars were digsolved in 1 ml of water an reducgd
to the corresponding alditols with excess sodium borohydri
(ca; 10 mg) at room teﬁperature for 3\@:.. Glacial acetic”
acid was added &ropwise to destroy the excess;sodium‘bqrof
hgydride and the mixture was  taken to dryness repeatedly omn
a rotary evaporator with additions of methanol to remove

boric acid as the volatile trimethyl ester. Methanol was

added in three 5 ml poréions, in order to remove. borate ion . .

[
l
o
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quantitatively. The presence of borate”iongywoulg fhterfere

. ' T
with the acetylation of alditols in thefnext‘step. ~{Gee and

I -

Wwalker, 1962). The partielly methylated alditols were .

acetylated with acetic anhydride (2. ml) at 100° C.for 3 hr.

Sodium acetate present in the mixsure served as a catalyst.

- - ;
\’. -’

The acetylation mixture was brought to. dryness on a rotary
evaporator to remove excess' acetic anhydride and redissolved

in chloroform (4-10 mg/ml). The elditol acetates*were

analyzed by GLC on* 10Z BDS column, as described in Materials

' 4
‘1

and/ﬁe:;2d§~llec.5(5?. T o
\/ . s c& m .

-

b) Preparetion of Alditol Acetate Derivative of

g

Permethylated GEDGD - v « - .-

K -

Permethylated GPDGD (6 mg) was subjected”to drastiC"

‘acid H?drolysis (1 m¥iof 1 W HC1) in a sealed tube at’ 125°

0 -
for 12 hr as described in Experimental Procedures II. C 2.

After the reaction was completeu the hydrolysate was trans-

ferred to 15 ml centrifuge tube and the hydrolysis tube’'was

washed threéfzi;es with 1 ml portion each of 90X _methanol
Cin eater foliowed3by petroleum'ether (2x2'm1). The washings

vere combined and the petroleum ether extract containing

vy
" free fetty acids_was removed. The methanol -water phase was D

:égaporaced.to a small volume: (ca. 0.1-m1) and the las:{

traces of HC1l were removed ‘in vacuo over KOH: The residue

was redissolved inm 2. 0 ml water and an aliquot (0.2 ml) was

e -

taken for free_Pi analysis by the Bartlettrmetﬁod (see

x - .
e e e T e ’
. a
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Materidls and Metlods II.E.2(b). . fﬁé:;estaof.tee s_lutiou. T
Was deionized by peeEing througg‘a coiumn}oﬁ Dowex-inCOE ﬂ
fopm, 3 ml) to remove Tree Rﬁ The colu;u%;as waéhed\tuice . .
\ with 9OZ metkhuol in wagter (10° ml),-and the eluate was con~

- -

centrated tona small volume (2.0 aml). Therpaftially methylated

sl

compounds were: then. reduced with sodium borohydride and o

.‘

‘acetylated with acetic anhydride as described for permethylated

diglucosyl glycerol gbe alditol acetate derivative obtained

v

v GLC' as- described in Mhterials ‘and Methods

-y

ey

G. Enzxmatic Hydrolysis ~

Phospholipids and glycolipids can be identified
"by the products of " hydro&ysis with highly sPecific enzymes
(e.g., phospholipases, glycolipid hydrolases) The sterec-
_sp icity of these enzymes also allows the stereochemicai .
aséi:fuent of the 1ipid to be established.‘ The following

}
ﬁEymes were used in the pxesent structural studies.

— " : .
' / 1. Phospholipase A (E.‘C.3.1.1.4) (Haverkate and Van
: e A .-

- Deenen;,” 1965 Wells and Hanahan, 1969) 1 !

This enzyme specifically hyd:olyﬁes the fatty acid =~ - 2 *
3 '";w . o
-~ ester linkege Ln the 2- po%ition of a 1,2~ diacyl 3-sn- » c Lo
'ScherOPhOSPh&tidE, 1301“din8 plasmalogens,’ o liberate the ° e
: . -
2-linked fatty ecids%and fhe“correspbnding lysop@osphatfde " o -?'f
" : o o L .
(see’ Stheme 4y. c ‘ ’ “ _ Lo -
H . b -
. f - -
- i

-
)
~
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Eo a solucion of PG (22 mg}lin 10 mil ethyl ether-

mechanol (98 2 v/v) in a 50 mL-stoppered round bottom flask

was added &4 mg of phospholipase A (snake venom) in 2.0 ml

‘0f-0.1.M borate buffer (pH g. 0 2+5) contaxning 6.4 mg of

»

calcium acetate. The mixture was stirred continuously with
. ' - '
a magnetic stirrer for 3 hr at room temperature. The solvent

was removed 'on a rotaxry evaporator (adding benzene 4% -aid in
Sa A _

removal of water). Tihe residue was dried in vacuo and ©3- -

dissolved . in chloroform-methanol (l:1). The mixturé'ﬁas ST S
centrifuged to"remove salts and the clear solotioh wascon-

L
mpentrated under nitrogen and’ chromaéwgraphed on TLC in

solvent chloroform methanol 907 acetic acid (30:4:20, v/v)

for/geparation of free fatty acid and lyso PG. The‘separated'f

fractions were eluted from the silica (see Materials and
Hetﬁods;II.C.Z(b)) and methanolyzed with 2.57% merhanolic-HCl;

the fatty-acid methyl esters were analyzed :on GLC as described

before (see Materials and Methods II.C.SCa)). . " e

©

im Ca

'“*;2, Phospholigase-c-(E;CL3.1.4.3)(Hanahan and Vercamer,
‘

19543 Ottolenghi 1969) T

This enzyme catalyzes the hydrolysis of the.di-

+

glyceride- phosPhate 1inkage in phoSphOliplds, to liberate
: - f

* the. diglyceride and the phosphorylated water- -soluble moiety

—e——

(see Scheme Aj_~a-””‘f‘f7-“dpprf;i__ ' . p .

To a solutioh .of GPDGD (1.2 umole P), PG (2pmole P)
or PC (from Egg yolk, 6 uymole P) in 1 ml of“ethyi ether- . . " i

. v
- . . . . -
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- X A - :
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ethanol (§8:2 viiv) waé'aaeed 0.2'm1-bfno{1 mM Znélyﬂ )
ml of 0.1 M Tris buffer pH 7.2 and 0. 3 ml of - the enzyme - \
preparation (1 mg protein/ml) from C. welchii in 0.1 M
Tris-buffer pH 7.2. ‘The mixtiure was nixed: incubated at
25°¢C for BJEE, and broughr to qryqégs in ;'stream of

rl

;ﬁhe'residﬁe was dissolved in 2.0 ‘ml of methanol, .

nitrogen.

E.O nl of chloroform and 1.8 ml Sr water, “the biphasic mix- _

ture was centrifuged, and the chloroform phase was chroma- ' 7

: - - ‘
tographed on TLC in n-hexane-etb¥l ether-glacial acetic

i=

.- o - nr B '
acid (70:30:1) to isolate and identify 1,2-diglyceride.

The methanol-water phaseé containing the water-soluble pro-
. ater phs o
ducts were examined by paper chromatography in phenol-water’

-

(5:2, wiw).

. - -,
- . .
v

3. Phospholipase D (E C.3. 1 4. &)(Kates ‘and. Sastry,l969)

- This enzyme catalyzes the hydrolysis of phospho— . 9 

lipids to phosphatidiC‘acid and the respective water-

-

soluble product (see Scheme 4). S ) ' .“ o

»

To a suspension of GPDGD (1:2-mole P), PG (2 umole

P) or .PC jé dmole P) in 0.5 ml of 0.2 M'acetate buffer phH 5.6

was added 0. leml of 1 M CaClZ, 0.4 ml of enzyme solution '; o

(from cabbage- leaves, 20 mg/ml) and 0.4 ml of ethyl ethe;,4 i

The mixture vas shaken vigorously and\éncubated at 25°¢C for

4 hr., The ether was removed ip a stream of nitrogen and

1.0 ml each of methanol and chloroform were added. - The.

~—
=3 .o ¢

« -

s&
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mixture was centrifuged and the chloroform phase was

\ .
chromatographed on TLC ip chloroform methanol- 902 acetio : R g
acid (30:4:20, v/v) and in chloroform-metoanol-zsz amdonia

(65:35:5, v/v) to identify the phosphatidic acid. The - )
methanol—water phase contained the water-soluble ;:oduct ”

was idehtified by paper chromatography inm phenoi;water ‘
(5:2, w{w). Ni :

-

41‘ba-Glueosidase (yeast glucosidase) and B-Glucosidase

“. (almond emulsin) : ’

. -

- r ‘
el These two enzymes catalyze 'the hydrolysis of water

-

soluble "glycosides containing the a- or B-glycés ¢ linkage

¥ respectively, on unsubstituted glucose Tesidue h the,

liberationgwf free glucose.

The enzymes,ha-glucosidase (2 mg .protedin in 1.0 ml
. . \ ) o ) . b "‘ .
water) and B-glucosidase (1l mg protein in 1.0 pl-of 0.3 M

-

ammonium sulfate were dialyzed against 2 litres of %eionized

water at«&.c for 48 hr before use. The final volume of both

R TLe S

enzymes was adgusted to 2 ml with distilled water . Substrates
employed 'in this experiment were the following 5BG from 9 . | \k

,ff’DGD, DGG from strong élkal

e.hydrolyses of GPDGD, MGG from
MGD, maltose and cellobiosel The concentration of each
s‘ubstrat% was appgximately 0 ug in 0.05 ml distilled

- .
water.

The reaction mixture (1 0 ml) contained’ 0.05 ml

of substrate solution, 0.3 ml of enzyme solution and 0.65 ml, . .
O S : - !




~

of 0.1 M bﬁosphate buffe; pH 6.8; inchbatioﬁ at ;o°c‘fof

18 hr. ?he_reactiqg was'stépped'by heating in /a boiling
water bath for i\min-and the golution'wgg eionized with
Amberlite MB-2 (mixed éation—anion gkchén e fesin)'and the
resin was washed twicé with dis;illed water. The s;p;rna—
tant aﬁd the ﬁa%higgs were com?ined and-concentﬁ;ted t? a
small voiqme in a stgeam of nitrogen. The eﬁiyma;iC\
hydfolysate was ex;mined on.papef chromatography in

A

: o ! - '
pyridine-ethyl acetate-water (2:5:5, v/v, upper phase,
: : : . . .
descending technique). Authentic standards (glucose,

glycerol and unhydrolyzed subétfa;eg)'were also chromato-

. . . . .
- N . - N S

graphed simultangouély.h - ) - ‘ﬁ~' , '
The é—gluCOSidasewwas also‘used-té determine the
locatioﬁ of élygzabphosphate'oﬁ.the glucose moieties of
GPDGD_ The produtt of miid deacylating (in 1.6 mifdistilled
water) of GPDGD (2 5 umole P) or of DGD (4.6 umole glucose)
was incubated wlth 0.5 ml of B- glucosidase solutlon (0, 3 mg
protein) in'water'and 1.1 ml of 0.1 M phosphate buffer pH 6.8.
The reqctioh-miﬁture_was incébated at 30°C and aliggo:s
(0.2 ml) were with%;awn at zero time, B, 12, 24 and 30 hr

for enzgﬁatic determination of glucose liberagion by gluco-

stat reégént (see Materials and Methods II.E.5(b)).
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171. Effect of Salt on Growth and Lipid Composition of

. S. epidermidis

v . ~

A, Preparation of Growtﬁ Curve
The ingredieqqé of:Sehgal and Gibbons‘mehium'(see
Haterials and Methods II.A.l(S)) éxéept sodium chioride were
mixed in 100 ml volumetric flask; 0,.5, 10, 15 or 25 g of .
sodium chlgride were then added and the mixtures were dis~
solved in distilled water, the pH was adjus;edlto 6 5 and

the final volunme made ro 100 ml. - The solutions were filtered

through a millipore filfer (0 45 upore size) instead of auto-

- r

claving igiordeﬁhﬁo prevent precipitation of salt “hich occurs
4uring autoclaving Each growttﬁjedium was transféfred to
sterilized 500 ml side arm flasks ready for innoculation.

The started innoculum was obtained by growing

S. epidermidis.in 100 wl of liquid ﬁedium of Sehgal an?

Gibbons: (1960) con:aining 10%Z sodium chloride at 37°Cﬁ;ith

-

rotary shaker to.0.D. =1.0. Bacteria were ngvested and

washed twice to remove salt from the medium and suspended
in 1.0 ml of sterile .distilled water: 0.15 ml of this sus-'- - -
pension was used for innoculatifon of the media containing

different salt concentrations.-- The 0.D. of each culture

Ty

Cl

was followed at, 660 nm and growth curves'werq;prePareﬁ:as

: _ ¢
described before (see Materials and Methods I1.4.2).

. . . . .
f . - 1
. ) .
. el :
. ' " - - ' N
. v -
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B. Analysis of Lipid Composition

For this purpose, §; epidermidis were grown in

1.0 litre .of Sehgal "and Gibbons ‘media containing 0, 5, 10,

.15 or 25% sodium chioride torgaximum growth. Bacteria were

harvested aJ& lipids were extragteduby the Bligh and Dyer
method (see Miggxials ‘and Hetheds‘II.B.l) and were made up

to 10 ml in chloroform-methanol (9:1, n/v). Tetal phosphorus
and suger‘analyseé ef total lipids éfom each cylture were

analyzed and aliquots containing 1-2 pmole P were chromato—
- TN

_graphed on two dimensional TLC, first in chloroform-methanol-

287 ammonia (65:35:5, Y/V) and in the second direction in
N

chloroformeﬁethehol-QOZ acetic acid (30:4:20, v/v). Spots.

correspondingRQO‘GPDGD; PG fnd cardiolipin were-scraped off
after sprayig the plate with dichromate-sulfuric acid solu-
tion and charring (see Materials and Methods II.E.2(c)).
Rfanalysis wasfperformeé.on the silica gel containing PG,

cardiolipin or GPDGD b§ the ﬁethodiof Rouser'(see Materials

and Methods II.E.2(c)). For analysis of sugar content in

. GPDGD, DGD and MGD spote, a duplicate two-dimensional TLC was

run and the ple:e was visualized with iodine vapor, spots

~corresp0nding to GPDGD DGD and MGD were scraped off and

sugar analyses were performed by. phenol sulfuric acid method

{see Materials and Methods IT.E.5(a)).

Fatty acid methyl esters were prepared from total
lipids (=4 mg) of each culture and were analyzed on GLC' as

describEdibéfore (see Materials and Methods IL.C.5(a)).

-
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IV._ Studies on'Metabplism of Lipid Compéhents of . .- -~ : . :
o ‘ ‘

3

S. epidermidis

A. Incorporation of'egPlorthoohosphate and [1-1401' &

glycerol in S..egidérnidis

L

Cells of S. epidermidis were grown to early Lo

stationary phase (O.b. =0.8)‘in gO ml of comolen medinn;of

Sehgal and Gibbons (1960) containing 10% NaCl - (see Materials

and Methods II A. 1(a)) referred to as the phosphate rich"

medium. Cells were harvested by centrifugation at, BOOOxg,‘ ' fih
washednwath 107 NaCl solution and suspended to 1.0 ml in a '

"low bhosPhate"_medium, essentially the same as the "phosphaoe

N /

rich” medium except that the amounts of yeast extract and .]t

casamino acids were decreased by half to reduce the contgnt
of phosphate in the medium. The cell suspension (0.5 ml)

was-innoculated’into 48.5 ml ofrtnoﬂﬂlowmphOSphate" medium y

in a EEg,ml_siée.aF3~£laak~an&~was*tntub&ta¢\iixii?c in a Lo
rotary shaker (120 rpm); growth was followed by measgiingf S -

0.D. at 660 nm when cell growth reached early exponential

phase, I. 0 ml of a solution containing 1 mCi of ﬁ P]ortho--' N

14
phate (neutrelized to pH 7 with NaOH) and 50 uci of [1-7"C]

o,

glycerol were added to the culture and incubation was com-’ ' |-

tinued at 37°C with shaking. .Aliquots of 5 ml were with-

drawn at zero time, 10, 20, 30, 40, 60, 90, 120 and 180 min e
‘2and immediately added to 18.75 ml of chloroform-methanol

(1:2, w/v). After several hours 6.25 ml each of chloroform
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.and water was added, mixed and centrifuged. The chloroform

‘.‘\

layer was removed and the methanol -water layer was washed

—

twice with chloroform and the chlordform solutions oere

\~. . '
combined, diluted with'benzene and blown down td ryness

; unddr-nitroéenﬁ The residue was made up to 1.0 ml in chloro-
7 . T

form and a suitable aliquot was. taken for radioactive counting

(pa. 50&0 cpm 1ag or 2500 cpm-3 P) and for chromatography ' re
Rca. 20,000 cpm‘lAC or 10,000 cpm P) by two dimensional |
/ TLC‘in the solvent aystem chlorororm-methanol—ZSZ ammonia
/' (65:35:5, v/v) and chloroform-ne;hanol-9QZ acetic acid
(30:4:20,.v}d), or for optimal seoaration-of glycolipids
in.chioroform-methanoi-water (65:25:4, v/v) and acetone-
‘glaoiai\acetic‘acid-water (100:2:1, v/v). 'Tne radicactive

components were located by autoradiography and scraped into

COuntingfvials for radiocactive counting (see}Materials and
. e . |

-

Methods II.F).

B. Chase Studies with 32?— and lac-labelled Cells

"S. epidermidis cells were grown at 37°C with

shaking in 100 ml of "low phosphate" Sehgal and Gibbons

medium (see above) containing 50 pCi of [l—iAC]glycerol and

1 mCi[ P]orthophosPhate as described above to early

o

. stationary phase (O 'D. "633) The labelled cells were then
/ T !
ot centrifuged, washed with non-radioactive medium and resus-—

pended in 450 ml of non-radiocactive ('phosphate rich" medium

(Sehgal amd Gibbonms 1(1960) containing 10Z NaCl) and- incubated | S

”» . . . . . |




! . .
-a;:37°C wiﬁh shaHingr"Sﬁmples (50 ml) ﬁere-takén ;very
Hbu; from zero tfmefto“éight hoursg the O;D; was'measured
£§‘660 nm, and the.éells’were'harvested by centrifugation
o g; 8000xg for 5 min a:_4°c._ Célis weré reéusPended in iOZ
wacl (3 ml)_and the lipids were g;tracted_by Bligh_aﬁd.ngr_

procedpfe'(see abdve). . The lipids obtained weré counted.

-

“ and ‘chromatographed as described above. :
. ' ' : S N
T N T : S —
l o - l ' : ‘_ 1——17““. ) !
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RESULTS

”

I. Growth of Individual Organism and Yield. of Lipid -

A. Wallemia sebi \

Good eurﬁace growth of.ﬂl sebil was oboerved after
10 days incubation-in the 25% NaCl-containing medium (Sehgal
.:and Gibbons medium, 1960) but after only 5 days in salt free
medium (ﬁarfold's medium{ 1950). Growth appeared as a dark
browb layer of'spores-covening the aurfaee of‘the media and

amounted to about 1 g and 2 g of fresh spores for 200 ml of

the Sehgal and .Gibbons and the Harrold s medla, re3p&ptivery.

Yield of. total lipid obtained was 1.5'g per 100 g of fresh
spores, correSponding to an estimated lipid content of 7. SZ
on a dry weight Basis (T%ble 5) Approximately the same
yield of lipids was obtained for cells grown in the two

different media. The total lipid was calculated to-contaih

587 phOSpholipid and 202 glycolipid (Table 5)

B. . Nocardia speeies

Growth of_isoiated Nocardia was observed qualita-—
tively in shake culture in the liquid medium of Sehgal and
. fGrowth was observed in the media cont ining 15, 20 dnd 257
_NaCl after one. day and maximum turbidity was attained after

4 daYs in the '15% and 20% NacCl dontaining media but after 7

-

Gibbons containing different cohcentt tions of NaCl (Table 6}.

haba
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 TABLE 6 T "~
~ Qbservation of Growth of Nocardis, sp. in
shake liquid medium of Sehgal and Gibbons (1960)

- ' containing various salt concentratio'ﬁ'; at'37?C : "
Incuba- | NaCl Concentration, Z = i
tion time — . ' ' ;
(days) -0 5 10 - 1 15 20 25 <
1 NG NG NG R o+ +
. - ' ) T N
2 NG NG NG 4+ © 4 +
3 NG NG NG o +
4 - . NG NG " NG e =+ ++ )
5 NG NG~ NG e »{\
6 NG NG ~ NG A L it -
7 NG NG NG " -+ -
- 8 NG NG . NG .. +HH e =
9 .+ NG - NG NG e )
] ' : .
G =
) Abbreviations: NG = No growth observed
/ _ ' + = Slight turbidity N
++ = Moderate growth
n'-; -‘-‘-‘- . o ‘ » '

Y

b
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days in 25% NaCl. ©No growth appeared in media-containing B u . .
0z, 5% and-lOZ NaCl after 7 days. - _— ,f_

The Nocardia sp. forﬁed white, cartifaéinous %

colonies on agar media in a petri>dish which adhered closely.

' R

ro the agar. When the ofganism was grown on the agar medium
of Sehgal and Gibbons containing 10, 12.5 and 15% NaCl, it L e
formed whdte colonies within thgys while it. took.? cays.to | ‘ |
form coloniles omn 29 and 25%. NaCl. No growth appeated on agar
media containing 0% or 5% NaCl after 7 days. |

It can be seen that this species of Nocardia re-
quired salt for growth and grows beot‘in the range of 15-20% -

NaCl. Therefore;‘this organism may be considered to be a

g

"moderagely.hakphilic" bacterium.” In all subsequent studies,
_the”Nocéfdia sP.;was-grown in medium containing 15% NacCl.
Yield of:total l1ipid- obtained from‘the organism was 4.07 and - .

1yaé calculated to contcin 45% phosnholipids'and.lZZ glyco-

-

lipids (Table 5). .

-~ C. Staphylococcns epidermidis_ .. )

Growth of the S. epidermidis isolate in the Sehgal

and Gibbons medium containing various salt concentrations

(0, 5, 10, 15 and 25% NdCl) is shown in Fig. 4. The exponen-

P o v

[
, . BN
tial growth rate (R) calculated from the above*growth curves_‘_’ o f‘k_f

P

(see Haterials apd Hethods,II.A.Z) as well as the maximum

T

growth (measured as 0.D. at 660 nmﬁkdecreased 1inear1y with .~ ‘ e

i . {

’increasing concentration of NaCl in the media, as shown:in

t
\,—/ : L . I
- . ‘ .
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. - . . - ‘\\ ‘. .
i \\\‘
- “\ : &
| Growth curves of Staphylococcus epidermidis grown in Sehgal ’
. and Gibbons (1960) medium containing various sodium chloride
. 7 -
“'t
concentrations. -‘Bacteria were grown In 100 ml medium in 500
i ml Erlenmeyer flasks with sealed-on side-arm tube (18 x 150 mm}'
and incubated at 37°C in a Jshaking incubator (120 pMm) ; R
-
growth was foilowed by measuring optical density at 660 nm. ’,
hat — . .‘:
‘ 3
g
= Y
.‘. \\
T v = a -
B A . \'\\
.‘g - \\ )
Tk - -4 !
o : L . :
o : .
SNl
™ B ”(

-t i -
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Fig. 5. The'generetion time (G = ilR)’:calculeted from the B
R balues; were 30 min, 35 min, 1 hr, 1.3 hr end 40 hr for
growth in 0, 5, lO, 15 and 252 NaCl respectively From these

. Y
" results, it can be seen that S. epidermidis is a "halotolerant”

_bacterium because although it can grow in media containing o0
9 .

NaCl it grows best. in the absence of added -NaCl. In sub-

‘sequent studies S epidermidis was routinely grown in medium

containing lOZ NaCI

«

The . yield of total lipid” obtained by the Bligh and“
Dver extraction (see Materials ‘and Methods' II.B.1) of cells P

_grown 1n 10% NaTl containing medium was 3.X% of cell dry

weight (Table 5), which was not significantly diffeﬂent from
cells grown at lower NaCl conceutration (0Z and 52) or a

0Ny o .
higher NaCl. concentratién (152 and ZSZ Table- 7) However .

-

'the phOSpholipid content ‘of cells growg in 10% NaCl was:
'slightly higher than that of cells grown in extremely low .

‘NaCl oT high NaCl concentration Furthermone, the glycolipid

\

*content appeared to increase with increasing NaCl concentra-v
. e o . . . ol
tion im the medium. "‘ . '

Extracti&n of lipids from cells grown in' the 1102
,NaCl medium with hot isopropanol (see Materials and Methode
11. B.2) followed by Bligh and Dyer extraction gave slightly . =
1hlgher yields of total lipids (? 42) ' o

The yield of cells grown in- lOZ Nag} medium (mg dry

»

we. per ml culture) was essentially linear with the optical " '
N * X

‘density of" the culture (Fig 6) The yield °f cells per ml .. /0
per unit O.D. ‘wis 0.80_mg-‘d ’ ..f‘f' o | '*‘ﬂ“\\/
, . - . i -

»
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' FIGURE CN o :

A. ‘Plot of exﬁbneﬁtial growth rate (R,'miﬁ-l), calculated -

fromng;oyfh.curées of §; epidermidis in’Fig. 5\{efj ca%culation,

in Haqexials and Methods II.A.2) ds a function of sodium

chloride concenttétign in the growth medium.

. N : =
. B Plot of maximum cell yield (obtained from 0.D. values

" - r - I - .‘
a;kgtationgry‘gﬁase,,Fig. 4) as a function of sodium chloride é,
- LA . . ' .o K L
concentration in the growth medium. . o . "
= ,
> " v -
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~The relationship between 0. D. at 660 om and dry\wegght (mg

.

dry cells per ml culture medium of §. egidermidis grown in

Sehgal‘and Gibbons medium (1960) containing 10% NacCl.
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1I. Preliminary Exanination of Total Lipids‘of;Each'

-

Microorganism

. '
- - bl

A. Paper Chromatograpgl .- _—

!
/

Total lipids were first chromatographed on silicic

acid impregnated paper "developed in the solvent system di-
‘sobutylketones glacial acetic acid-water (8 3»1, v/v) and

~

stained with specific reagents (see Materials and‘Methods
II.C.3). The tracings of chromatogram of total 1ipids - T
obtained from a pure culture of each of the three micro-,

organisms ‘under investigation and from the original-mixed

u

CUlture are shown in.Fig. 7, dnd the staining behaviour is
presented in Tables §-9. The‘%ollowing components were

detected and/or identified

~ -

-

ﬁl. Original mixed culture

ey

Six .major. components (spots¢2 3, 4, 5, 6 and 8)

and two minor components (spot 1 and T)\here revealed by

Rhodamine 6G staining (Table 8, Fig. 7). Spot 5, the major
phospholipid detected was tentativelp identified as phos-
phatidylglycerol (PG), on the basis of its blue fluorescence
with Rhodamine 6G (Kates* 1960), its positige pink stain with
periodate Sqﬁiff reagent (Baddily et 5_‘ 1956) and its. Rf

i

value.close to that of the PG isolated from E. coli _(Rf 0. 5&)
¢ « J

Spots 4 and 6 were identified “as- glycolipids by their yellow

f-
‘of standard digalactoSyl.diélyceride and‘monogalactosyl

.fluorgscence .with Rhodamine GG, their R values close to those

r

- -



- 154 - L R J

C

FIGURE 7

Tracing of silicic aeid impregnated paper ehromatogram of.total ‘

-

- lipids 'of: * -
. _ A Original-mixed culture ® ] ' . “
T ; ' '

! B. . Staphvlococcus eJ:idermidis

c.- a‘ Nocardia sp.

D'—.“ Wallemfa sebi =~ ) ‘ ' .

Identity 'of components ._a.:je gliven in Tables 8-9.

——

The chromatogram was stained with Rhodamine 6G and viewed under
ultraviolet light. The fluorescent colours ave indicated by

‘the . ‘following abbreviations B, blue, G grey, Y, ye,llow,

n

0, orange.

Abbreviations of standards: MGD, monogalactosyl diglyceride

DGD, digalactosyl diglyceride for others, see list of

abbreviations.,r

) -

. - . - . ——y
! .~ - . . <
-

% positive periodate-Schiff test

- ' @ positive ninhydrin test ’

A ' A \-minor,; component
L . ! '

\-_’ o .. . -

Solvent syStem: difsobntylketone-écetie geid-water

40:25:5, v/vy
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« of the standard phosphatidic acid (PR) Spot 8 was'a mixture

_ SN . ‘
of neutral lipids. =~ ST T e N »
. ." . ‘: - ' . s ‘ ' -\ +
2. Staphvlococcus epidermidis : N jﬁ ) ‘\\\;\
The pattern of lipid components of S. egidermidis. B

N _,' Yo

; ?
digl ceride (from runner bean),_ne ative £ i .- '
gLy g stain witQ’ngnhydrin Do 1
and purple stain develqping slowly ith ?eriOdate-ﬁchiff L ) .
. Y ]
eagent Spots l and 3 sgzined fai tly with ninhydrin and : . ¢

-

were iy signated’ as ~amino acid contai ing phosphatides (X

and Xz respectively) Spot 2 is. d most interesting component, v
e

showing -a blue yelloﬁ or oranga fluorescéﬁ%e with Rhodamine 6G
a positive stain #pdnk ‘to purple) with periodate-Schiff re- °
agent and a negafT%e stain with ninhydrin reagent ind;cating,
the presence of acidic grou;s, Sugars and terminal ~vicinal -
OH- groups, and the ag§ence of amino group in the lipid. This
compound was designated as a glycophospholipid Spot 7 was

a minor component gave blue flndrescence with Rﬁodamine 6G 5_’ o } A E
1nd1cated acidic property and was tentativeLy identified as. ’ o

phosphatidic acid according to its X, value simiiar to t'natiu

Y .
was similarlto that of the - original- ixed culture- (Fig 7,0

'Tahle g) Spots 2, 4, SFand 6. were studied in detail con—

[ I 4

"'-xerning tbeir sf?ucrural formula and were identified as ;. o 1_

I3

.glycer0ph05phoryl diglucosyl diglyceigde (GfEJD), diglucosyl

diglyceridg (DGD), phosphatidylglycerol (PG) and monoglucosyl
<
diglyceride (HGD) respectively (see‘below)

. . . .
PR . . . . . , , o % . .

(4]

'

b
.
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3. Nocardia sp. ‘j . o
N -
- d .

Seven components wefe;d%}ected (Fig. 7, Teble.Q),

LY ‘ﬁn-.;; ) . -(-I:’ - . -
of dhich qu;s 1, 2, 3,' ,.S‘and b were:theumajor components. .
-
Spot l fluoresced yellow with R odamine 6G_3nd gave a, slou Ut R\

posxtive perioiate Schiff stain3indicating tha ~r$—ds a

\

glycolipid. Sp t 2 was acidic‘(blue fluorescence) and gave O
N

a. positive staiu {pink) with pkriodatq—Schiff reagent; it

had an Rf value clas; toathat:of standard lysophosphatidyl- o
' ‘glycerol (lyso EG) Spot 3 was neutral (yellow fluoresence) , 'ief ’
ES\c and had Rf value g\e same  as Gtandard phosphatidylcholine (PC)
o ¢
. S

.Un%ihels. epidermid{s, the Nocgrdia sp. contnins -

a

the same amount oprhosphatidylglycerol (PG)
: Al

as the other phospholipids‘ Spots 5 a

. relative

(spot &, Fig.

fdecected in the Nocardia sp.

v . L -
- . Bla
T .

4. Wallemia sebi
5 ~ * A

A ' : E; sebi contained higher-amounts 0

- —~
the four periodaceﬁSchiff positive (purple) SPOCS (2,
r"

and 10 Fig 7) detected on chromatogram wene probably glyc‘

ligids. In’tontrast with the other two organisms, no . .

‘\ " . . o o-
1Y

T e
2

‘in W sebi' phospha—

~. ‘.phosphatidylglycerol (PG) {TL detected Lo :
. A utidylcholine (pC), phoéﬁhacidylsetine (PS) endfphosphatidyl_‘:?: a é f
-t¥;/“ ethanolamine (?Ey,-(gbots 4, 6 and 7 resp;étively) w;;e' . .?;;;TF } o

- ) i, . e -]



. three microorganisms Fig 7, Tables 8-9) showed that the

e -

e ’

. ~
- 159 - ; 4
L] \ R .. .

’ " "L - "“-...\ '
1entatively identified by their Staiﬂing bEhaViOur and Rf . . -
values (Table 9). . ‘

o .
Comparisoneof the lipid pattern of the! Original SRR

mixed culture’ with thnt of the isolated pure cultures of th

- -
— . .

’ Iipid pacternﬁoﬁ‘ epidermidis was predominant in the pattern

= S . A S e

~of the original cultuée indicating thar*S --epldermidis must '

be the major organiSm present in the original culture and - o =

the Nocardia and W sebi organisms were only minor contami-

-

nants.. For this reas;n the lipid components of $. epidermidis

were chosen for further detailed structural study.

B. Thin-Layer Chromatography (TLC)‘ T

ﬁreliminary identificabion of the individual liplds‘“:wm
\ v =

of the tnree microorgan;sms was made om- the basis of re%“g}ve*
mobilities on TLC in a variety of solvent sysfems (see
Materials and Methods II.C. 2. c) and by reaction with a\number
of specific’fEagents, to supplement results obtained’by peper -

chromatography (Table 8-9). The characceristics of the major

lipids observed for the three pure Cultures and* the original—

.tixed culture are summarigen in TablesJiﬁ—;l and a composite

chromatogram is showﬁ”in Fig. 8. ) | ' e

- - -

l. Original-mixed cdulture

e

it The same six major components observed on paper - . //

chrcmatogram (Fig. f) werelalso cherved‘on TLC plates charred



o 2 Tracing of thin-layer chgomato‘gram of total 1ipids of:

S ‘ i A. Originél-mixed'chtufe :
‘ B . . .f', . T -
o B. S. epidermidis . - - ) =
"‘_““‘“4"”—L>-——n“‘ﬁ N €. a Nocardia sp.- '

. . o . . ' -
B / .
v —

’ . . . ~
‘Identity of components are given in Tables 10-11.

. . . - . ) . l
Abbreviations of standard, see Fig. 7. '}

-
F . I.\ -y - n -

. - ) . ’ . N\
" Solvent system: chXoroform-methan6l-28% ammonia

. » (65:35:5, v/v)
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with HZSOA' Spot 6 (Fié 8) was the main‘phospholipid and

had R} values in chloroform methanol ZBZ ammonia (65:35:5,

v
~

v/v) and staining properties similar to those of the standard

PG (Table., 10) " However, when the/total lipids were ‘subjected

] -~

to TLC in an acidic or neutral solvent system (see Materials

and Methods I1.C.2. c), spot 6 was resolved into two phospho-

lipid components, ane, having-:he praperties of- PG and‘the PR

other “the characteristics of cardeolipin Spot 2 gave a
positive stain for lipid P and sugar and a}so showed the

presence of free terminal vicinal 0H groups (Table 10); it

is thus-probably identical with the glycophosphelipid seen

on paper chromatograms (spot 2, Fig. 7). Two.gI}colipids

el S

(spots S.and l Fig. 8) were“detected, OHE of which (spot 57
was the major glycolipid with Rf,value similar to thatxot the

standard digalactosyl diglyceride and the other (spot 7) was

.a minor glycolipid having similar R value\as the standard

£

~monogalactosyl diglyceride.- Spot-l a minor phospholipid'

component was proegbly the same as spot 7. seen on paper

-

chromatogram (Fig. 7, Table" 8) and was identified as phospha-

tidie acid (PA) according to its staining properties and Rf

values close to the standard PA in several solvent - systems.
Spots 3 and 4 were weakly stained with ninhydrin the same as

observed’in spots 1 and 2 on paper chromatogram (Fig 7

.Table 8) and were also designated as amino phosphatides (Xl

and-Xz, respectivély).

e




.=+, - The neutral lipid nomponents (spot 8) when analyzed

-8
on TLC in solvent system petrcieum ether- ethyl ether/pcetic

-

80:20:1, v/v) ~ere found to contain 1,2 and 1, 3-

-

dlglyceride, free fatty- acid and ‘small amounts of fast—moving

{
componants (probably hydrocarbons) no choles:erol was

: | \
.

detectedn . \ ’

.« o -

Y -

s 2. \Staphylodoccus epidermidis

The pafter; of phospholipids and glycolipids in
S. epidermidis was agaiﬁ‘faundjto be the same as in the
original'mixed culture when‘analyz;d on TLC (figs. 8 and 9,
Table IU)T‘”Sp;ts,Z, 5, 6 and 8 on TLC plate (Figs. 8 and 9,
Table 10) corresponded to spots 2, 4, 5 and 6 ﬁn the paper:

) )

chromatog?am (Fig. 7, Table 80~%fd were idenkified bylde-‘
wtailed'structural studies (se¢ below) as glycerOphosphoryl
Jdiglucosyl diglyceridea(GPDGD), diglucosyl diglyceride (DGD),
phosphat&dylglycerol (Pé) and .monoglucosyl diglyceride (MGD),

respectively. - , . - . .o

Two-dimensional TLC of the total 11ipid (Fig. 10)
Mshoweﬁ the presence of cardiolipin and phosphatidic acid
which could not be seen clehrly on ong- dimensional TLC _
(Fig. 9). 'These two phospholipiéi were identified by their
chromqtographi?/mobili;ies in basic, &?idi% and nhutral ‘f
solvent systems (dee Haterials and Methods II.C.2.¢c) and

» . . AN T . -
relative to authentic standards and also their staining be-

haviour iéositive staih with ?hosphaté“fESSEﬂt . gative_ .
. . : . .

”,
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- . FIGURE 9
J . .
- " o Y .
' . N "
T .

Thin—layer chromatog;am of total lipids of S epidérmidis grown
'in Sehgal and Gibbons (1960) tediym cdhtaining 102 sodium

chloTride. * - ‘ . ’ -

Identity of co?ponents {see Table 10 for staining behaviour)
A

1.
2.
3.
4.

‘phosphatidic acid
gly/ggophospboryldiglucosyl diglyceride

aminophoSphatide %) .

‘aminophosphatide (Xz)

v

5. digludosyl diglyceride
.-6: -mixture of phosphatidylglycerol and cadrdiclipin
¢ ° - 7. unidentified lipid (X) i
. 8. . monoglucolyl diglyceride
9. neutral lipids —

-J
B P

Solvent system: chloroformmethanol-28% ammonia

% ‘ “

L~ . T (65:35:5, v/v) - .. g
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. Two dimedéibnal thin-layer chromatogram of total lipids of S.
egide dis grown in thq same medium as in Fig 9 Identity

 of c?mpongnts as in~Fig. 9 (see List of Abbreviations)

Solvent systgms: F{Fst directién; c%is;uférm—methaﬁol-ZB?
ammonia (65:35:5, v/v); secondqgirection;:chloroform— -

methanol-90% acetic acid (30:4:20, v/v).
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with ninhydrin and sugar reagents). No degradation studies. ‘

-

o were carried out because’ of insufficient amounts af these

Il

compounds.

3. Nocardia sp. ) A> -

" Five phospholipids (spots 2, 4, 5,7 and 8) and -
/' . ' S ~ . ’ /// . . ‘
two glycolipids (spots 3 and 6, Fig. 8) were observed on TLC
of tobdlrlipids of isolated Nocardia. 0f these, spots 4, 5

and 7 had stafﬁing behaviour'(Table 11) and“\R_ values gor-

f
- responding to authentic standards of PC, lysgq PG and PG in

: solvent systemsﬁ(see Materialé and Methods II.C.2.c);
¢ these TLC spots also corresponded to spots 2, 3 and 4 on
paper chromatograms:(Fig. 7) respectively. PG was not the

major phospholipid as it was in the original-mixed culture
N o . _‘_,

andﬁin the S. epidermidis. but was prESQnt in the same relative
amount as the other PHQJ%holipids.‘ Two glyéolipids.(spots 3
_and 6) wére revealed oo TLC with a-napthol-sulfuric acid
reagent, although only one glycolipid could Be detected on
paper‘chfomatograms (épo; i, Fig. 7). The ;ajor, féstq%
moving gly&olipid (spot 6, Fig. 8)-had.tﬁé same Rf as di~ -
galactosyl diglycefidgiwhile th; minor, slower one (spot 3)
has half the R; values in ﬁeutrai; basic and acidic solvent

systems (see Materials -and Methods II.C.2.c) and contained no

terminal'yiéinal—OH; spot 3 is thus likely to be triglycosyl o~

diglyceride. ]

-

No further structural studies.  of the lipid compgnénts

=

Lo,

I
.
\
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Fy
s

1

‘_TEC, the same as on paper chromatogrqms (Fig. 7,{Tab1e 9).
‘ I

SE0N ,‘J .
i::;f;ﬁ-, ' ;‘&,. T . _
fb?‘chei'drgenish'Wete done except jok-tptal fottflacid L ‘.{
B . e N v B . L4 i ] . .,
adalysits (see Table 12 and Fig. 114) for cdmparison with that ‘
| =y ' el . 3 ,

- .
@« -

of the original-mixed culture,
« In sugmary; the méjor lipid components of- the i -

Nocardia sp. were tentatively identified as_ PC, lyso PG PG,

dlglyCOSyl diglyceride and triglycosyl diglyceride

S R -

I

-ﬁallemia sebi

f : . . - . )

. Five phoépholipids (spots 1-5) and.three glycolipids e

4.

(spots 7-9) were obsefved~in W. sebi (FigL 8, Table ll) on\\cx L .

oy

A
GlycophOSpholipid (spot 1 on TLC

\fig; 8 correSpOnded‘to soot 2

7) was also detected, i% this

on paper chromatogram, Fig.. .
oxganism PG ;as not detected on TﬁC nor on paper chroma- ”, .-
'togtams, The remaing phOSpholipids, epots“Z, 4 and 5;v C e -
(Fig.. 8), corre5ponding t:o spots 6, 4 znd 7 (Fig.."ij respéctivel'i;

. -

were identified aSoPS' PC and PE respectively according to

2

r

their chromatg;taphic mobilities relative to authermtic

standards And their staining properties (Table%_. Spot 3

&nd 6 (Fi
-4

(spots 7 9,-

% 8) were unidentified lipids Three glycolipids

Fig. 8) moved fdster ‘than the:standard digalac-

tosyl digiyceride but cPose tb'monogaladtosyl diglyceride as ;|
alw observed - ongpaper chromatograﬂ% (Fig. 7). Therefore,e'
these three glycolipids might ‘represent different monogly—
cosyl contai ng lipids or acylated mono- ot diglycosyl

diglyoeride derivatives. . o . ‘ s




. N Y R
169 - . PR 2 -
| | | o . a
‘ Fur:her identif‘catbon of the lipid compon;nts of‘ -
.this ofganism'was not tarr;\d out except for the total fatty
acid analysfs (see T%gle 12 ‘ ; llC) o  “ ‘
In summary,'the lipi@ c mponengs of?ﬁ | eﬁi'were' ‘ a &
e ly identified as: PC, PS, \PE glycophogfg;gigid | :
fast moviﬁé\ﬁlycolipids. ' \Q\ - ; . 5 : ' -
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.'ment (see Fig. 26). Other fatty acids present in small

S. epidermidis, i 15:0 fatty acid peak was detected when the

. | o -170 - I S

III. ~Fatty Acid Composition ‘:

Identification of. fatty acids in the three organisms
studied was made on the basis of GLC relative retention data
on the two 1iquid phases, 10Z% BDS and 3% SE-30 as given in

Table 12, The SE~30 liquid phase is not efficient in separa-

tion of iso- from anteiso fag?y acids and monoenoic from

dienoic acids, while the 10Z BDS liquid phase showed the s

\.

oeparation of peaks between the latter two fatty acids and -

i’

.gave a shouhkrof iso-fatty acid on the anteiso peak (Fig. ll) T

However, when one of these branched fatty acids was: present
in much higher amounts than the other, the minor component was

not detectable (see Fig. 26).

~ .
LAt

The, total 1ipids &f the’ thxee organisms studied

contained different fatty acids &Table 12, Fig..ll) as
N :

)
Y
LN

follows. B iT?

S. epidermidis contained a 15:0 (642), i 17 0 (72),

a 17 0 (182) and 18:0° (42), (Fig. 11, Table 12) as the main
fatty acid components. As mentioned before, the a 15:0 fatty

acid peak probably contains the minor cemponent i ‘15:0 fatty

acid, since in the case of* PG, the main 1ipid component of

major a 15 0 fatty acid was removed by phospholipase A treat-.

YN

amounté were: a 1"3:0d i 14:0,"1 1610, i 18£0 14:0 and 16:0. ﬁ‘.;

//Neitheqaunsaturated nor cyclopropane' fatty acid were detected . " TJ

" (Table 12, Fige 113) C ' . . g

—— . . s

o . . ' NS



r a2 L .

. = / X
‘ . . . /
- . Nocardia sp also contained largely branched\thain -
; \
.acids bntfthe components werq i 15 0 (212), i 16:0 (312) : A

i, 17 0 (191) and a\%7 0 (222) (Fig 114, Table 12). Again,

"the 1-15:0 fatty acid probably contained a small amount of '

4

a 15:0 as»can be seenuby-the slight shoulder on the i 15-0

b ]

peak (Fig. 11A). A small amount of 18: l (0 87) was also o j?

[

detected but there . was no cyclopropane fatty acid present in

~this Nocardia &p. . f ’ ‘ : N L

In contrast wtth tﬁé étﬂg{:organisms, W. sebi.con-
tained. high amounts of unsaturated_tgtty acids, linoleié,
acid (60%), oleic acid (137) and palmitic acid (232) (Fig.
llC,'Tﬁbie 12), A‘pattern charaqteristic of;yeast ana fungi.

Comparison of the'totsilfatty acid coméosition of
the il%lated pure cultures with thgt of the original-mixed
culture (fig. 12, Table 12) showed that the latter had a

-

pattern similar to that of S. epidermidis which confirmed

the presence of S. epidermidis as a predominant organism. in
o : . . L

the original-mixed culture.

!

*
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i £
" FIGURE 11
. - i - Y i
- = o GLC chromatograms of total fatty acids (analyzed'as méthyl
esters) from: ' o 6

. ‘ N

A. Nocardia sp.. _ . -

B. Staphylococcus.épidermidis

. C. Wallemia sebi . ‘ -

Column*con&itiéns:
Liquid phase: 10% Butanediol-éucciﬁate éolyester on
Gas—Chrom W-
iemperature:- i?SPC

Carrier gas:‘ Ni%ziéen, pressure 0.7 kg/cm? . .
. S : B

e

Abbreviations: the first number indicates chain length, the second

number, number of double bond; a, antelso, i, iso.’

ek
N
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. ) | _ . - FIGURE 12

GLC chromatogram of total fattylﬁcids (analyzed.as their

L4

. e _ ;ﬁethyl esters) of of%gigal—mixedrdhlture.

.

Colutm conditions and'abbreviationpgare given in Fig.. 11.

[
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Iv. Isolation of Individual Lipid Componentsof S..epidermid

Chromatography of the total lipids on si;}cifzacid

/..
column yielded the following maiop:ijjifgﬁﬁ/{Table 13):
fraction 1 (chloroform eluate), ¢ aining neutral lipids;

fraction 2 (chloroform-acefone, 1:1 eluate), containing a

—_

-

,/
small amount of monoglucosyl diglyceride (MGD) and traces of

-l

neutral lipids and phospholipid (PG); fraction 3 (acetone
eluate), containing mostly glycolipid'(DGD); fraction 4
(chloroform-methanol, 1:1 eluate), thc main fraction (652 by
wt.), containing the major phospholipid (PG), cardiolipin,

P

glucophospholipid (GPDGD), X, and traces of X, and-an-un-

identffied phospholipid (spbt 7, Fig. 9); and fraction 5

(methanol eluate), containing X,, PA and traces of GPDGD

1’

and PG.
Fractions 2, 3 and 4 were subjected to repeated

preparative TLC for final purification of MGD, DGD and GPDGD

and PG respectively (Table 14). Prcparative TLC of fractions
2 and 3 in chloroform-methanol—watef (65:25:45 gave MGD and ‘ H _ ‘i
lDGD in'jields‘of 75% and 90% from each fraction respectively,

-
accounting foF 3.3 and'lS.SZerespecciyely,‘of the total : <
lipids. TLC of Fr. 4 in the same-soloeot as above separatéd
PG, cardiolipin and GPDGD. lpc was repurified by TLC in
solvent chloroforo-mcthanol—902 acetic acid (30:4:20) and
oas recovered in 79% Yielﬂ'from'fraction'4; it aécoohted for . L
602‘of total .1ipids h& weight.and 77.5% of total lipid P. . P

GPDGD was repurified hy TLC ip chloroform-methanol-water (65:35:8) ' A
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TABLE 14 S o

" Preparative TLC Fractionation 6f_Poiar_Lipids of o | ’
S. epidermidis obtained from column Chromatography

o

. : a . .Recoveryb
Column fraction _ Component
. % by wt. © Z Pd
2 : MGD 75 (3.3)
3 ' DGD 90 (15.3)
GPDGD 13 (9.5) 12.7 (9.7) )
.4 CL 5:4’(3.5) 2.9 (2.7
6 F 79 (60) 82 (77.5) \

a.\ See Tablg 13.

b. Material was recovered by elution of the corresponding bands of
silica with CHCly:MeOH:diethyl ether (1¢1:1, v/v)(see Materials
and Methods, II.C.2.b.). For details of solvent systems, see
text. Recovaries are expressed as percent of lipid weight and
lipid P of eayh fraction applied to the plate.

c. Values in parentheses are percentages of total lipid.

d. Values in parentheses ‘are percentages of total lipid P

w
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t\and was recévergd from Fr. &4 in 13% yield, it accounted for
'g.5%7 of total lipids by wetght and 9.7% of total lipid .P
" (Table 147. '

- : _ )i -
All lipid components before being subjected to ‘\H‘b

neutral, acidic or basic solvent systems (Fig. 13). The Rf
values of these lipids in various solvent systems are given

in Table 15.

L

[
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v PIGWRE 13
Thin~layer chrbmatograms~of pure lipid components of s. egidermidis
) 1. Glycerophosphoryl diglucosyl diglyceride
2.
HJ 3. l;
4, Hbﬁbglucqsxlﬁiglyceride , ’ 5
Solvent syslems: ' ;3
| A chloroform—methanol—ZSZ ammonia (65 35 5, v/v)
B. chloroform-methanol-Qoz acetic acid (30 4: 20 v/v)
- C. chloroform—methanol—water (65:35:8, v/v)
. o7 ) -

(
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V. - Strucpurai Studiés\bf Glutophospholipid (GPDGD)’

A, ‘Characterization‘of GPDGD

-

The TEF'pupe component had staining propepfies.

.(spotZ, Table 10) and Rf valﬁes_(Table 15) éiva:above; It
] -

o,

gave analytical-data fof pggsphorps, hexese glycerol and
fatty acid esters corresponding to those expected for the
_molecular:tomposition of a gluCOphospholipid Found, molar
ratios fbr P hexose glycerol acyl esters, 1: l 94:2.03:1.99; (ﬁ

Calcd.,'le:Z:Z,(Table 16). The compound had a#Specific
* N . ' : ' -
‘rotation, [a]%s = -16.3° and molecular rotation, [M]D.- -170.7

>

when measured in chlbroform

The infrared Spectrum of GPDGD (Fig. 14) showed -

broad OH absorption at 3250 cm l, strong-CHz
1

‘tion at 2940, 2850 c¢m -1 and 1465 cm-l; isopropyl absorption .

an&~CH3 absorp-

. -7 Pl -
_at 1380 cmal. An ester C=0 band is seen at. 1740 -cm l, a

C-0-C streﬁch‘at 1165 cm-l, a phosphate P=0 at 1300 cm 1, \

v' T
L

éloﬁé with P-0" absorption between 1090-1100 and P 0-C at
. A8

1625 cm L. A'C—OH (primary) absorption was overlapped with
P

the' P-0-C peak: but the C-OH (secondary) absorption may be

discerned at ca. 1110 cm -1 as a dhoulder on the broad P-0

b

band. " . v
. R 4 - - - . L
P
B. Hydrolytic Degradation of GPDGD i;
- The reactious used in the structural determination ! 'E

of GPDGD, consisting of both non-enzymatic and enzymatic I

hydrolyses are,summarized ian Scheme 3: : 3 ._;- : {
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FIGURE 14 -

Yy

Infrared Spectrum of Glycerophosphoryl Diglucosyl Diglyceride

(ammonium salt form) in chloroform.
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SCHEME 3
Degradaéiqn squences.establishing the st

glycerophosphoryl diglucpsyl diglyceride.
=N .

iy

%
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1. Treatment with Bydrofluoric acid (48X, w/v)

As.ment;oned before, HF is knownAto cleave phospho-
diesters and pﬁosphomonoesters without attacking fatty éster.
linkages or glycosidic bonds.(Archibald et Ei;, 1968). As
shown in Fig. 15 no’diglyceride was detected after HF treat-
ment of cpbgn (Fig. 15A) while 1,2- and 1,3-diglycerides
were liberated from PG (Fig. ldB),'l,3—d;glycetide resulting
from ;somerizétion of the 1l,2-iscomer (Shaw and Stead;‘l972).
The main chloroform soluble product obtained from the re-

action of GPDGD with HF was a carbohydrate cogt;ining compound

which co- chromatographed with the main glycolipid DGD (spot 2,

Fig. 16) found in thcusame organism, minor component spotWZa
m\

and 2b (Fig 16) weréW@nreacted GPDGD :and a lyso-compound_

of DGD (tentatively identified), reSpectiJ1g.. The waterr

soluble fraction of HF treated GPDGD contained %}y:erol and "

Pi as analyzed ou paper chromdtography in solvents 1 and 2

of Table 17.

These results indicate that in the structure of - .
GRDGD, the glycerol and DGD moleties are linked by phospho- 
diester iinkage‘(Schemé 3), since no diglyceride 'was liberdted
by HF hydrolysis. Therefore the two meles of fatty acid'
which were present 'pe:.; mole of GPDGD ('ra'ble 16) must be
esterified at the vicinal OH of glycerol and not at those'of
glycerophosphate. Lack of hydrolysis of GPDGD with phosPho-
lipase$§ C and D (see next section).also confirmed this

conclusion.
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FIGURE 15

Thin-layer chromatograms of the chloroform-soluble, break:

down products of:

r

A. GPDGD treated with 482 HF
B. PG tréated with 487 HF

N 4 . N
1. .Standard DGD (1solated from S. epidermidis) and

1,2-dipalmitin -  °
2. Untreated GPDGD
3. HF-treated GPDGD
4. ﬁF—treatedyPG
5. Untreated PG

6. > Standard 1,2-dipalmitin °

a, DGD, GPDGD and PG respectively; ' e

b,'l,2-diglyéeride; ¢, 1,3~diglyceride; d, e, £, free
fatty acids.

Solvent system: ‘ .

Petroleum etﬁer~ethyl ether-acetic acid (80:20:1,_v/v)

S
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FIGURE 16
e - » o
Thin-layer chromatogram of the phloroform—soluble,_B}aak—
d;wn products of GPDGD and PG grgated with 432 HF:
1.  untreated GPDGD' |
2. HF-treated GPDGD

.
3. diglucosyl diglyceride isolated from

S. epidermidis
4. standard 1,2-dipalmitin
K*\\ 5. HF-treated PG

6. untreatéd PG

a, GPDGD; b, lyso'DGDﬁ(tentatively identifjed);

¢, DGD; d, PG; e, DG

Solvent system:

chloroform-methanol-28% ammonia (65:35:5, v/v) .

AF,

5
gt - .

|
I

/
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Treatment with Phospholipases C and D

o

'U'."

" ; The mechanism of action of phospﬁolipase%fb énd D

tou@qu phosphoglycerides is known to be as shown in Scheme 4. .

e - . , ' - T4

If thg glucophosPholipid had a glycerophosphatide structure . -

[

(ScHeme 4, X '= DGG), the products would be with phoSpholipase . :

‘

¢, diglyceride plus phosphodiglucosyl glycerol and with ) o . ' ,f
~ phospholipase D, phosphatidic}gcid plus diglucqbyl glycerol'
(066) - s | | R S e

When GPDGD was treated with phospholipases C or D S

" (see Experimental’-Procedures II.G), no_ﬁydrolytic'preakdown o T .

of the substrate wasgdetected. In contraét; PC (from egg
lecithin) gave the expected products (Scheme 4) when treatéd'

b}

with phospholipases T and D. N

The negative result obtained with GP?GSwthnfirmed
that ‘this compound was not a glycerophosPhatide, i.e., the

two fatty acy} groups were not esterified with the egceto—
phosphate moigtygbut rather with the glycerql moiety.

d :“'

3. Deacvlation (mild.alkaline hy@rolxsis)
_After mild alkaline hydrolysis (see.E%perimehtal

Procedﬁreq~;I.A), a single water-soluble qompoﬁndlwas X

fobtained The cdmpound-cou1d~be detected on-péper'éhromato-

-’

grams. with periodate Schiff reagent with which it rapidly

gavera pink to purple colour. This is characteristic of

formaldehyde which would be produced from a 1l- substituted

glycerol (Roberts et al., 1963). The deacylatéﬁ ‘product of

. -
*
B
»
v
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GPDGD moved slightly slower than the deacylated glu#ophospho- -

2

1£pid from Acholeplasma laidlawii (gift from,Dr N. Shi”}-on

; paperdehromatogram ﬁRf 0.39-and 0.42, respectively in solvent

3, Table 17).

- . Il o N ‘ - .
The water-fniuble component obtained was found to

/
be non—reducing to Fehling s solution and had a specific
25 - o

rotation, [u]D = =29

-~

and the molecular rotation] [M} D= -170.4

(Table 16). The compound contained all the 1lipid phosphorus,

hetoseand glycerol in the molar ratio of 1: 2 02:1.96 (Tablel6),

I
similz to the ratios found for the intact lipid indicating

_that the 1ipid cOntains only fatty acyl ester 1inkages and

no alkyl ether bonds.

”

v ’ »

4. Acid Hydrolysis

Drastic acid hydrolysis of GPDGD (2 N HC1, 125°¢

.-in a seal tube) followed by chromatography of the water-

soluble products yielded only one sugar component which co-

Y
e -
) n

chromatographed with authentic standard, glucose (solvent l .
Table l75$'-The othe: two components were identified chroma-
'tographiéally as ;lycerol and inorganic phosphate (solvents: 2
and 3, Tahle“l&} The chloroform—soluble fraction contained

only fattx acids with the same composition‘es that of the

intact GPDGD (see Table 26). -f”\\

Therefore from the. 4nfordation "obtajned from acid
P .

‘hydrolysis, the two hexose residues present in GPDGD were

b
[

. revealed as glucose. The stereo-configuratibn_of the linkage,
sivind 2, . _

e

' B .
. . - .
2 S ' S :
' . . . A-‘k__ . . L hnd )
“ .
. : .

N
]
-




. TABLE 17 N - ‘
32.Values of Various Water-Soluble Cowpoﬁnds (standards)
which mighf‘be obtained from hydrolysis of lipid components . : ¢
. c ' ‘ R o
. b Roww — £ : -
Component Solvent 1 Solvent 2° Solvent 3°
P4 o - 0.14 0.20 . ’
G"GP - 0-30 0-31
G-PE o - 0.61 -
‘G-PG - 0.36 0.34
SLPGPG - 0.04 -
G-Gal 0.61 0.51 -
G-Gal-Gal 0.16 0.39 -
Galactose 0.85 - - )
- Glucose . 1.00 0.40 0.50
Mannose . 1.20 - To-e }
Inositol 0.36 - -
Erythritel | 1.70 , -
Glycerol 2.3 0.70 0.79

:a. Whatman No. 1; papef\chromatography

Pi, indrganic phosphate; GP, glycerophosphate; GPE, GPG and
GPGPG were deacylated products obtained from PE, PG and cardio-
S lipin respectively; G-Gal and G-Gal-Gal were déacylated products
R obtained £fom monogalactosyl diglyceride atid digalactosyl
diglyceride (runner bean) respectively.

¢. Relative to gluéose in pyridine:gtﬁyl acetate:water (2:5:5, v/v;i 2
upper phase), descending chromatography. =

. d. Phenol:water (5:2, w/vw), ascending chromatograph§.

e. Propanol:10 N HHAOE (3:2, v/v), ascending chromatography.

¢
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and- the posdition beéﬁeen these two glucose were established

as discussed“below.

-

5. étroﬁgﬁAikaline Hydrol is
Dreecic aqueous alkaline hydrolysis of GPDGD (1 N
NaOH, ibOOC) or. its deacylated product'yielded two water-—
-&Lénduble componéﬁcs, one of which was identified chromato-
graphically as glycerophosphate (solvents 2 and 3, Tablei77‘
and the other faster moving component gave a periodaéﬁiSchiff
posi;ive-spot with chromatographic mobilities identical to ’
that of :he deac&lation product obtained from.DGD,'the main
glycolipidﬂfound in this organitsm (Rf'O.%9 in soivent 2, -
Tablel?{. Glycerophosphate was the only phospnorus_containiné
" product and no sugar phosphate was detected. |

The glycerophosphate was anaiyzed'for a- and B-

. isomers by the method of Burmaster (1946) and found to con-

-

tain 422 a- and 58%. 8- isomers. These two isomers accounted

for 99.5%2 of the tqtal water- soluble P (Table 18).

@

The chloroform-soluble fraction obtained from the LN

‘hydrolysis was composed entirely of free fatty acids; having

i
. identical‘composition to that of ‘the intact GPDGD (Table 26) : |
A < _ ) - . _ ]
. L ' !

- €. Gonfigurationm of lecerophosphate'

Since the glycerophosphate moiety is preéent
originally as the a isomer, in view of the.periodate~oxida— -

tion results (see Results V.F. 1), the presence of the B/l‘some‘—
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L TABLE 18 ‘ ‘N

" Analysis of the Glycerophosphates Liberated on Strong
Alkaline Hydrolysis (1N NaOH, 2 hrs, 100°C)

% of Total Water Soluble-P .
Glycerophosphate Isomers =

Deacylated GPDGD beacylated PG
Total'g}ycerophosphatea" 99.5 99.0
u-glycerophosphatea : 41.7 41.0
. S-glycerophoéphateb 58.3 ' 59.0 )
. . ‘ ' *
sa- 3-a-glyceropho sphate® 0(0.0) © B 19.7 (48.2)
. . d ’ - * ) - .*
ggfl—a-glycerophosphate 41.7(100) 21.3 (51.8)

.*Vélues in parentheéis are given as % of a-GP

a) ~Method of Burmaster (1946) p

b) Difference between total GP and 0-GP . O w
c) ‘Glycero-B-phosphate dehydrogenase assay

d) Difference between a—GPE;nd sn-3-GP

o’
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+
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indicated that isomerization must have occurred during the
aikaline hydrolysis. Such isomerization occPrs in phospho— e
diesters via a tyeclic phosphate intermediate (see Scheme 3)

.‘1

as shown previously (Baer and Kates, 19&8), resulting in

am

— ™

retention of configuration of the a-isomer. fi\ ‘{j
./%he configuration of a-glycerophosphate was deter-;

mined by the tréatment with the s;ereospecific enzyme glycero-
phosphate dehydrogenase (see Materials and Methods TI.E.8)

which is specific for sn- glycero -3~ phOSphate and not for sn-i -
glycero 1- phesphate The u-glycerophosphate (a-GP) obtained

from strong alka{iﬁt hydrolysis of deacylated GPDGD was not
Jdehydrcgenated at all\h1 the enzyme, in contrast to the u—GP" -
fpom}the deacylated PG which was dehydrogenated to the '
Cextent of 50% (Table 1é3. o | ' r_l‘ <

These results show that'fpe ecnfiguration of’q-GPj' |

in GPDGD is the unusual sa- glycero-1- -phosphate while that

<3 1

from PG was anbequimolecular mixture of sn-1 and sm- -3 isomers, R

as expected for PG with the structure 1l,2- diacyl-sn-glycero- ' E

- »

3-pH§?phoryl-l'-gg—glycerolQ
™ -

D. Llocation of Glycerophosphate

l

l

|

1

%

Since there are two’ glucose residues present in \

the structure of GPDGD (Table !’), it remained to be deter— ‘

.mined which glucosyl portion is attached ;o the glycero- -~ s . 't

phosphate (GP). The deacylated GPDGD (i.e., GPDGG) was i

ffgzted with B-glucosidese‘along with the\deacquted DGD . \
. \\ ... s '_\

: : _ T . \
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'SCHEME 5

-3

Mechanism for the strong alkaline hydrolysié of élycero-

phosphoryl diglucosyl glycerol. (Modifed  from .Ba'er' and
Kates, 1948). 2 |

b

LY

<




- GPDGG

0 . .
1] ' a
;;:- O — Glu—-Glu~- Giycerol

IN NaOH, 100°C, 2hrs. —

P

HC-0.__ 0

l P=0—Glu-Glu- Glycerol
H,C-07" 0~

Hé(‘:- OH

PZ . 4 Glu-Glu-Glycerol

.
H
Nty
, «
o
<
u
w |
»
-
-
-
-
= - Fad
e,

Hacl;_OH L H2(|:-‘0H'cn)
H'(‘.‘.-OH +  HC-0-P-0

e l .0 o
 HpC-0-P-0 HL=OHT T
.

a-GP - B=GP
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(i.e., DGG) of the same organism (see Experimental—Procedures
11.G6.4). _Even after prolonged incubation {30 hr) only traces
of glucose (6. 08 umole) were released fron GPDGG (1 umole)
while in the,cese of DGG, -the reaction was complete within.

24 hr (Pi£¢‘17).

fﬂe‘results obtained, indicatﬁdfthat G? migog be
T . . : - "

located‘on the terminal glucosyl residue‘yhere'it is con-

sidered to E}ock the attack by the enzyme Another explana—.

tion, namely that. G?DGD contai s, besides GP linked to the

internal glucose,'a nown substituent in position 6 of

the uermiA _ glucose, and this substituent was removed by
trong\alkaline hydrolysis to give diglucosyl glycerol (DGG)
(see Re\ults V. B 5). The other possibility is that GP may
be linked\to the fmternal glucose but in this position may -
inhibit the enzymatic hydrolysis of the terminal glycosidic
linkage by\steric hindrance even though the terminal un-

-

substituted glucose is available for cleavage. The position

"0f glycerophosphate was established unambiguously by the

methylation studies (see Results V.F.3).

4
v

E. .Determination of the Configuretiou of Glyvcosidic

-}s Linkages Present im GPDGD

e

Two glycosidic linkages are preseut'in the structure
of GPDGD, one between the two'glucose'residues, the other be-
tween the second glucose and glycerol. Several experiments
were carried out to determine the configuration of these

linkages.

|
l_
5
I
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f B . N

‘.. <FIGURE 17

Enéyhatiﬁ hydrolysis of glycerophosphoryl diglucosyl glycer

- (GPDGGY} and diglucosyl glycerol (DGG) with B-glucosidase
(emulsin).

¢ \

Asséy system (vol., 3.2 ml): GPDGG (2 5 umole P) or DGG (4.€

_umole glucose) in 1.6 ml water, 0 1 M phosphate buffer PH 6.

(1.1 m1) and B—glucosidase (0 5 ml containing 0.3 mg protein
The reaction mixture was incugéted at 30°¢C and aliquots (0.2
were withdrawn at indicated times and apalyzed for glucose

release by the glucostat reagent,
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1. Treatment with the specific enzymes .a-glucosidase

T
Y

o

-

and _B-glucosidase . o o &

K N

Pure.diglucosyl-glycerol (DGG)_obtainedyfrom strong‘

~

alkaline hydrolysis of ,GPDGG (see'Exper ental-Procedures

‘II B) was treated with a-glucosidase (from yeagt; free of.

»indicated that _both, glycosidic linkages were in B-configura-"’

°

|
’_/ LT

5 - activity) and Bdglucosidase (emulsin, eed a- activity)

Controls q&}ng;maltose and cellobiose as substr't‘-weré per-
- d - foe
formed at the same time It was found that DGG Was not .

attacked by «- glucosidase but was atgack&ﬁ by B- glucosidase
2t o

and both glucose and glycerol were released as revealed by

paper chrematography in solvent 1 (see Tablel?) - a-Gluco;

sidase and B- 1ucosidase were ghown to be active au& Specific
? g
L IR

by hydrolyzing only maltose and Eellobiose, re5pective1y.
However; the B- Slucosidase contained tightly bound glucose

which wasg undialyzable and showed up when the enzyme alone
was subjected to paper chromatography. The.a—glucosidase
. _

ysed was reasonably pure and easily freed of;glucose by.
dialysis. !
~ Y

The result obtained from enzymatic hydrolysis\

tion since only glucose and glycbrol werg, detected. If'tﬁe

‘.)
) linkages were in ‘a- and B"configuration, monoglucosyl

lycer or maltose should be detected but none of these. was

L

observed In order to estahlish conclusivelg-the configura—
tion of the glycosidic linkages, the optical rotation and

the NMR spectrum of GPDGG were determined . .o

3
r
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2. Optical Rouation Measurement of - GPDGG -
- The theoretical"_values of molecul;; rotations. '
of GPDGG were cachlaged according to Hudspn s rule of R
?oLtical rotag&on (%Edson,ll909), namely "tba.molecular S f: f;
rotation of an opt al active Compound containlng moTe than i

one asymmetric ceé er can be calculated from the arithmetic

'sum of the “molecular rotations of their optically active

constituents. On.this.basis, the molecular rotations of

- - -

GPDGG were cdloulated as follows.

a.aﬂﬁgsuming ;ll‘ailinkages, (sn 1~ a-GP élu o-glu -o- gliifrolk. . f!
_?[M]GPDGG {ng_ 1-6p z[Mla menhykg;ucoside - oo
. l * [¥1 - -acylglycerol . )
. ; .- 2.99 & zroos &) - 18; I “
‘ ' o +602 1_ Es ,4 *

.'.-l"

b, Assuming all B linkages, (gg-l—m-GP—glu-@-g%o—B-glyoerol)

[“]GPDGG [M}gg-l-GP +2[H]Q-metﬁylglucosi&e

v . < . . s
+ [M]§_~3-ac§lglycerol

e

= 2.99 - 2(66.4).- 181

R

- - = .-147.9 T S

-~

- - N . ) N - o :

¢.’ Assuming bne «- ‘and one nglycosﬁgic linkage, .
: : ) ST .

N\ . : .~

[M] a—methﬁ%glutoside { . . y K

GPDGG -nlnlsn—l—GP + (]

o

* [M]B methylglucoside [nlgg 3—acy1 glycerol

- Tl

g ™ 3.99 + 308.6 - 66.% - 1§. , . I g

1
1
|
|
!
= $227.1 . wo : - . l
W i
1
!
|
e
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Q’ Values for the [a]D of the model compounds in the | o

same solvent as GPDGG were taken from the literature. Theo

caiculated [M] values of these‘model compouqu-ané:liﬁera—

-
8

ture’ ‘references are given in Table 19.
P The Specific rotation of the deacylated GPDGD [a]g5

was found to bﬁ‘-29.02_; which borrespondéd tod[MJD - 170.4 v

(Tables 16 and 19). Compa;iéon of the,observed_moiecuia%_n-~
rotation with the theoretical molectdlar rotati%ns calculated
for all a-, all é?‘br one u—uand"one;B-linkﬁgq§jbﬁo;edlclosesf
agréegent'wiéh that‘kof t%ejall B-configuratidn"(Table i93.

This "finding waS'ip“accora_with the reséﬁts obtained
from the enzymatic hydf%lyses that both glycosidic linkages

~ R . W - (-
present were in the Beconfiguration. g

‘.

3. Nﬁclear-Hagnetic Reéonangf §Eudieé (NMR)
NMR studies wére carried out to.COnfirﬁ thebpre-
ceding indications {hat the glycosidic linkages of the
glucosyl-glu;osyl—glyce;al in' GPDGG were in the B“bqnfigura—

T

tion. ) ‘Q

re
"

-'Tﬁe‘spectra of the a- #nd B‘hethy@-nﬂglﬁcdpyréno-

side show che'cheﬁical shift-oﬁ the anomeric protah in B and

o configurations’ respehtively. Thefdoubletzat 4.686'13 due

o
to HB whil& the doublet at 4. 206 is due to H (H and H~ are 4 :
o - o

the anomeric procons in a- and B-D- glucoside reSpectively3 : . o

The area underx - ':each doublet, obtained by integration, : ! :?f
rep:;sents'lﬁ on %he c~-1 carbon atom of the sugar (Table 20; Fig 18)

~ - - ‘ 3
O
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* FIGURE 18

< ‘ 100 Mt NMR Spectra of Mbdel Compounds ’_
Al Methyl-O—a-D—glucopyranoside

B. Methy%fgfﬁﬁgrglucopﬁranoside

Solvent “ D0

. \ | | \
S Temperature Ambient
Sweep wideh . 500 Hz .
’ Sweep tihe. T 500 sec

Lock Sigﬁai d Acetone

See Table 20 for assignmentégi peaks
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v

The assigﬁment of,theée siggais'is in accord with the fact

that an‘axially origgétd hydrogen (Has is m;re ghielded ;hén
‘ an equaﬁoriaily ofientgd h&drogen (HB) #ndAshould respﬁate,

at higher applied magnetic.field. Furthermore, the spin-

spin coupling constant try - ) between.the protons on -C
- quHZ. . l

and C2 1s 3.5 Hz.in the case of a—mehhy1«9~éffcoside (typical

of axiél-équaforial cduplings) and 7.5 Hz for 8~methyi-2—

~

glucoside (typical of axial-axial coupling), Table 20.

4

The 100 Mc NMR spectrum of GgDGGj (Fig. 19) showed,

a series of four peaks centered at approximately 4.56. The

" center 6f this éroups of peaks 1s approximately 24 Hz up-

. ’ . . ie
field from the HDO"peak. This group of peaks is. probably a

-

. T . . .
pair of oveérlapping doublets, -each doublet arising from one

of the anomeric hydrogens. It is aésumed that the upfield ‘ »

beak of the doublet of one C-1 hydrogen:overlaps the down-
field peak of tVe‘QOuﬁlet of the C-llhydrdgen of the second

'sugar §4.48 and 4.526). .Bbth doublets have the game coupling

- ——

‘constant, i.e., 7.5 Hz, tbe.sameﬁcbupling constant as observed
in B-methyl-D—glucbéideh(Iablé-ﬂO); It is possible, although
f : ‘ .

noaﬁgry probable that the Dvo;inner (overlapped) peaks are \\,/
- due to one ofwthe C-1 hydrogené while the two outexr| peaks are

- - {? . - ' . .

due to the C-1 hydrogen of the other sugar. -This is not

probab%e since the'coupliﬁg constant (JHI_HZ) of the Inner .

peaks would be about'F Bz which is rather smal%fr'than,that
) AN : .
- ever observed for any carE?hydraté._/Another ggssibility is
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- : S FIGURE 19
ﬂ . '- ( . - . ‘ .
~ i . oo )
: 100 Mc NMR Spectrum of Glycerophosphoryl Diglucosyl Glycerol
3 : ‘ ' _ .
" (GPDGG)
. a
. 'Sd:}vent D,0
Temperature . Ambient
‘Sweep width ~ 500 Hz
Sweep time . 250 sec .
. ’ Lock signal Acetone
See' Table 2Q for asgignment of peaks
5%
G | B
i > '
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that the firét and second peaks of this‘group formed a daublet
due to one of .the C-1 hydrogens'and_tﬁat.the third and fourth
peaks‘comprise‘% doublet due to the ofher aﬂomeric;hydrogen.
However,\therqoupling'constant Obsérved in this case would be
5.5 Hz wﬁi&h is in betwéen the value for axial-axial coupling
&7 Hz) or axial-equatorial coupling (=3 Hz) mentioned before

Therefore, the assigament in which the two doublets give the

coupling constaat 7.5 Hz is the one that should represent the
anomeric p?otous of the two sugar mofeties. 'There was no’

doublet peak present iq the-reéion where one wou{d.gxpect to.
fﬁnd.anomeric protons of a-linked glucosides (i.e., downfield

from the 'HDO paak).. The peaks in the region 3.48-4.33 are
due to the protons éf the, sugars other thaa the é;:;eric
protons and to tﬂelprotons”of the glycerol moiety.. However,
this group does not‘ﬁ;clude -0H protons since these have been
exchanged-'with bzo. Any—of-theée rapidly diséociated protons
ﬁgemaiﬁing would appear in the HDO peak. I
' This qnalysis.of the NMR épecﬁ;um.confirmed the
linkage configuration obtained from énzyﬁgtic hydrolyses and

optial rotation measurements, since the line positions and

the coupling constant (7;5 Hz) of the peaks, of the anomeric

protons: were characteristic. of B%E-glucosides, th&iefq;ing _ Gy e mim

- : ' :
’,,,»’Eﬁgfzgz—fresence of a-linkages. ) : T
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g

F. Determination oﬁ the Positions of the Glycosidic Linkages
| The deacylated product of GPDGD was nonreducible.

to Fehling's solution; indicatiﬁg\tha; the OH of‘aﬁqmeric

carbons of‘both sﬁgars were linked with -0H groups o¢f the.

other sugar and glycerol. Three different methods were
by .

carried out to determine the posiiion of the glycosidic
linkage.

1. Qpanticatfﬁe Analysis of Periodate Consumption

N

On periodate oxidation, GPDGG consumed about 6
moles of,NaIOa per mole'of the compound with ghe Ifbgqation
of about 2 moles of formaldehyde'(éee Scheme 6 and Table 21). 7 B
Periodate oxidation of the deacylated-product from the main
glycolipid (DGG) was carried out at the same time and was
found te be about 5 mole;/mole with‘the 1iberation of 1 mole
of formaldehyde per mole of DGG (Table 21). These values
for periodate consumption agreed closely witﬁ-tHOSe c%lcu-
lated fof a1l + 6 linkage between the sugars both 'in GPDGG:
and for DGC (see Table 215Z The mole of formaldehyde released

. . X . o
At .y

from DGG confirms the presence of terminal vicihal—OH groups

,/jfgfiied”ffom a.l, 2- -diglyceride structure in the original DGD S

The formation of 2 moles of formaldehyde from GPDGG indicates

the presence of two pairs of terminal vicinal OH's, one from

the glycerol of the DGGC moiety and the other from the glycero-

phosphate moiety. The iatter moiety must therefore be the /

. . Sy, : . . .
a-isomer and not?the 8-isomer. ‘ - i
e

s

~ -
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SCHEME 6

i
Reactions. represent "Smith Degradation".process of

glycerophosphoryl diglucosyl glycerol.

M




HzC‘O'TO-O - )
CHp, . _CHe HO-CH
GPDGG 09~ o0—CHa
OH OH -
HO ™ HO

oHCHO'|+ C“,HO

HyG-0~PO-0 | o
2HCOOH =} LN
| ta, o, 1O :

CHyp :
Jo¢” J—aQ~CH .
onc - o 3‘
| OHC OHC
1) NuBH4

. 2) INHCL, 125°C, 24 hrs

2 Ethylene glycol+2 GLYCEROL
Pit+ 2 Glycolaldehyde

No Erythritol
No Glucose
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TABLE 21 ¥ *iz
. Q:E * } -'_: vy * ) . . .
.Periodate Consumption and Formaldehyde Formation T T L "
of GPDGG and DGG | o . .
: i .
"ePDGG* el . L
Calculated —- - : — . 2 _
for T - * . : -
Linkage 10, uptake . HCHO released _,‘IOA uptake = HCHO released : - : :
moles/moles  moles/moles . .moles/moles moles/moles
1+ 2 5 7 4, . 1
1+73: I 4 " 2’ o 3 o~ 1
1.4 . =5 2 4, Vo1
1+6 6 . 2 T s | 1 |
‘Found . 6.1 © 2.10 485 1.15
e
* -
See structure in Scheme 6 i
.-/ a
*x 3
See structure in Scheme 9
]
""./ ) -'-: .
% P
-
L"; o ‘ 15
o ::-J j’y ‘ | I
’ . X
k]
. / !
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Smith Degradation e i
Y - : -"’ Y-

—

L Additional pro'f £or the 1+ 6 glycosidic linkage
. - ] o ‘f e
in*DGD and GPDGD was obtained.by means of-the Smith‘d igradation
- o
procedure. (see Experimental Procedures II E. 2) The rﬁaction

K

scheme and the final products’ expected from a GPDGG hav&ng

a 1 + 6 glycosidic linkage between the glucose units are

-~ -'_

shown in Scheme 6. Table 22 summari;es.the propucts expected

.
- -

[gcm the other isomers. G oo -

- - ieg

After Smith degradation of ‘the bacterial GPDGG and
‘bGchonly lycerol was detected on paper cbromatograms cf
,:hefggoducte“(solvent.l, Table ll) or by GLC df the acety-
lated products-(Table‘ZB).i No erythritol eor glucoee was
detected small molecules such as glycolaldehyde, glycer-
aldehyde and ethylene glycol could ;ot be detected’ due,to
their loss by volatilization during the work- up pzecedure{
:Ce lobiqse was used as i control and gave glycerol and
er thritol as expected (Tables 22 and 23) Glucose would
e formed only when the linkage is 1 -3 while erythritol
#//iou}d be formed only when the linkage is 1 + 4 (Table 22):
Since(QF_glu;nse oT. erythritol was detected among the de-
gradation products, the presence of these two possible
linkages ﬂl -+ 3 or 1 + h) in GPDGD and ‘DGD isqthus excluded.{
Glycerol- would be obtained either from a l + 2:0or- l +'6
. linkage, but the 1 & 2 linkage is eiiminated by the finding

thatithe Teriodate uptake was about 6 moles/mole (1 -+ 6

linkage) natner;chan 5 moles/mole expected for a 1 = 2°

fp

linkage (Table 21).
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A

* -
Analyzed by
Chrom W) at

*%
Relative to
time 5 min.

GLC as the acefﬁlated derivative on 10%Z BDS (Gas-

180°c. ~

triacetin (1,2,3-triacetyl glycerol); retention

R r—
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A © TABLE 23 S S \
Smith Degradgtion Pro&ucts'Obtained;from
. -* M e
GPDGG and DGG
. S kR ‘
Compound Relative Retention g, ° Identification
= - '

Standards .
- ) ¢

etlylene glycol 0.14

glycerol 1.00

erythritol." 4.17 et
< . - .
Degradation prodﬁcts from - . -

 GPDGG i . 1.00 glycerol «
DGG - 1.0 ! _glycerol
Cellobiose peak #1 - 1.01 . glycerol
‘ f#2 . ’ ©4.15 - erythritol
v , " .,
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The results of the Smith dEgradation thus are -
_consistent with-the presefice 'of a 1 > 6 glycosidic linkage

between the two glucose moieties in GPDGD. ’
“ e . . ' L

The lack of reducing -ability of GPDGG (negative
reaction with Fehling s solution) and a rapid staining with
periodate Schiff reagent indicated thot the other glycosidic
11nkage~1n_GPDGG_is between Cl‘of glucoserto.C—l.or'C-B of-

giycersl. = .

-

t.p‘ ) Therefore these studies showed that the glycosidic

lie@ages poeltion in GPDGG were glucose "(1 e 6) glucose (1 + 1

or 3) glycerol.

3. Methylation ofTGPDGD

v‘
The 1ocation of the a-GP and the position of the

' Y
glycosi{xc linkage in. GPDGD was established unambiguously by

v

<the reSults obtained on methylation of GPDGD -

‘The permethylated GPDGB‘finally obtained Lhowed no

free —Oﬁ abSorptianﬁ;n the infrared. The NMR spectrum of .

the permethylated GPDGD (Fig 20A, Table 24}-ehowed the e
fonoving. an envelope of overlapping sharp signals (CH g L.

branchee and term 1s of the fatty acyl chains) at 0.815 -

O 950, a sharp me hylene sigiil (-CHz- of the fatty acyl

*

.chdlns) &t 1. 235

‘signals attributable to- tge protons
o to‘fhe carbonyl of the ‘fatty acyl groups ( CH -E 0 ) at -

.2.2gm‘—~%.406; end a group of Signale between 3.356 and 3 608 .
ii/éssigoedAtoltpec§—0—0H3 groups of toe sugar rings and the ." ﬁsl

-/ . | ) | \ -' N . " ' .



A
.

. T ' .
- 214 -
- | L s 3 €
.. - T
) ~ | FIGURE 20

-

Diglyceride
6 | ; /

A. 31P-1H normal J%ectrum.

B. 31? decoupled'spect:um

Solvent. epe

. ' ' . . Temperature - Ambient

im

éwaep width 250 Hz
Sweep time 250 sec
* s ‘ ) | Lock signal Tetramethylsilane

See Table 24 for éssignmqnt of peaks -

<

P

? 100 Mc NHR‘Spect;a of e:methylate& Glycerophosﬁhoryl Diglucosy

l.v

.

. ‘b\
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glycerol'nofEty. Two sharp signalé at 3,738 ano“3.846
. ..!l‘l . - "‘r-T —
(equivalent to 3 protons) with a %onpling constant (J) of . ~

L

11.5 Hz were collapsed to a single peak (3. 786) when the

spectrum was simplifie&\by 31P~spin decoupling,(Fig. 20B).

This corresponds to the assignment for the P-0- CH3 group

‘ (Kates and Hancock, 1971). The last two sharp signals at
\\g. 3.956 and 3.996 (2.5 protons) with a coupling constant (1)
of 6 Hz which were not changed when;the}SPectrum was de-
coupled“areaassigned to tne anomeric protons of the two augar
rings even though the coopling constant was sliéhtly lower .
than that previously reported for anoneric-orotons of B-

WS

glycosidic linkage (7~7.5 Hz, Table 20).’

After drastic acid hydrolysis of.the permethylated
GPDGD (1IN HC1, 125°C, 48 br in a sealed tube), followed by
I:IaBH4 reduction'and acEtylat;on-of-the rednotion produfts
obtained from the hydrolysis (Scheme 7), only one.methyfated
sugar coerresponding to the alditol acetate of 5,3,4;gf
trimethyl‘glucose was,detec;eg by GLC. The other produc

\ .

‘ : o S
~obtained were the acetylated derivatixe&zof’i,2—dimethy1 ~

glycerol and-gl -ot—(Table 25)- ‘ :
.,,ff*’””;#””ggngjti{that only one partially methylated glu-

—
a

L
m

cose,.the 2,3,4-0-trimethyl derivative was cbtained indicated - _—
thac'the two:glucose moieties in GPDGD must be linked by a

1 +6 glycosidic linkage and the Cs-position of the terminal

o —

glucose- moiety must be attached to the - glycerophosphate
moiety. No other arrangement could yield only the 2,3,4- 0—

trimethyl glucose.

&
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T N T . SCHEME 7
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Methylation analysis of permethylated glycerophosphoryl
diglucosyl diglyceride. '




'Haclz;-onne
H-?<0Mg"
HpC~0-PO-OMe
| 0T chy, -
'PERMETHYLATED / Z0.0—CH; |
GPDGD . . 0.0 oMe— Yy H*C«0-CO-R -
| NMe /- MeoNmmnf 1y C_0.CO-R
':}ng} OMe . OMe =

IN. HCI, 125°C

. 4
Pi + | HC-OMe + 2 /_ON\;y + né_ony |+ 2R-COOH !
. (I: OH MeO e OI':I,Jt | i
H,C— ) ] _ i
2 | OMNe . HpC—OH \
1) NaBHg4
2) AC,0, NaOAc.
. H,C—OMe CHyOAc HyC~0AC |
oo OAc | _
. HCI;—OMe +2 OMe CH2'0A0 + H_H?-OAC L R
' | ) Meo . ) » . ' ;
" H,C~OAc .  H,C—o0Ac =
& é i i




/,//’//‘ ,TABLE'25
— .

szrdl§éis Products of Permethylated G?DGD and DGG.' U

/
N . " b .
. a . Relative Retention - —_—
. - ]
Components .

- . Standard GPDGD DGG )
1,2-dimethyk glycerol - " 0.05 0.06 . 0.05 ®
glycerol R o 0.29 0.29 -

23,4, 6- tetramethyl glucose T 1.0 - . 1.02
2,4,6-rrimethyl glucose _— ) 1.82 - - - -
2,3,6=trimethyl glucose 2.05 h ) e
. 2,3,4-trimethyl glucose , 2.17 .. 2,17 2.19
, C ' N . v
3,4,6-trimethyl glucose 2.7 7 - - -

Analyzed by GLC as the partially methylated alditol acetates
on 10% BDS. (Gas-Chrom W) at 200°C. . . . . .

bRelative to 1, S*di—o-acetyl-Z 3,4 6—tetra—O—methyl—D—glucitol
retention time, 8.5 min.

h,xh
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El

4 , These studies, therefore, establ;sh‘cohclusively

that in GPDGD the glﬁcosé units are joined by a 1 —+ 6 ‘ | . -
glycosidic linkﬁge'and that thasafcf'is esterffied on.qhe i
-0H grouﬁ oﬁ.és of the;terminai giueose moiety, thus con-
firming the résults-obtained_from quantitative perro&ati
oxidation a&ﬁ'Smith Aegradatibn“sggdies:

. : P

G. Fatty Acid Composition of GPDGD L '

Gas liquid chromatographic analysis of the fatty

. $ - :
acids of GPDGD showed that the major fatty acids were

-2 15:0 (602), a 17:0 (23%), 1 17:0 (10%) and 18:0 (4%)

(q;ble 26). The amount of 3_15:0 was essentially the same

.mﬁas in MGD but lower than that of PG and DGD (Table 26).)‘_ . o
L - -
‘ -
A~ -
. .
. . J
- @
‘\:; -
&
.
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“TABLE 26 -
‘Fatty Acid Composition of Purifigd Lipid Components P
' from S. epidermidis ' S
Expressed in % of total area | | C T
R i' lative** . ’
co etention relative R 1 N + Z ~—
Fatti to methyl myristate * ° Lipid Component™ ..
acid BDS  SE-30 GPDGD G DGD - MGD .
- 11410 0.85 0.91 0.2 - ~0.2 + 0.2
s 4 . . . h '
14:0 1.0 1.0 - - - . 0.1
i 15:0 - 1.20 1.,24} )
al15:0 - - 1.25° ~1.28).  60.00  74.6°  70.5% s7.8"
i 16:0 1.66 1.68 0.8 - 0.6 1.0
16:0 1.98  2.13 7 - 1.2 1.6 -
31’/‘:00 2.28 2.5 .7 7 9.5 7.8, - 7.3 10.3
a 17:0 2.44 S 23.4  17.6  17.8  24.0
©18:0  3.8L 4.56 4.3 - 2.3 5.0
— — .
See Table 12 for abbreviations.
*% ) _ . S
Conditions were the same as in Table 12. ‘ < A
P ~ o - =
., TSee list of abbrMM?? _ S ' T
: +.1-.“15:0 » was the &nor compodent and was not Jete_.ctable in presenée B _
of large proporti a~15:0. See Table 31. , ‘ ’ ) !

v

—
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vI. Structu;al Studies of the Main Glvcolipid (DGD) s
- !'l -
A. Characterizatiou of DGD ) =
The TLC pure compondht gave analytical data T,
(Tabk 27) for hexose, glycerol fatty acyl estens, cor- _ A

respording to those expected for a diglycosyl diglyceride

‘(molev;atios, glycerol.hexose.acyl esters; found, 1:1.83:1.80,

caled., 1:2:2; Table 27).

[a]gé = ~18.2° and ﬁolecular rotation, [H]D‘- -160.1 (TabEEZYj
. )

The compound had a specific }otation‘»

when measured in chloroform. ) Lo :

. N N I

The infrared spectrum &f DGD (Fig. 21) showed
strong OH ‘absorption at 3400 cmfl, stronngthand CEB

absorption at 2940, 2850 and 1470'em“L; ;éHé branches at

1385 cm_l; ester -C=0 at 1740 cn” 1 and C-0-C atl11&0.ep_l-

C~ 0 (secondary alcohol at ca. 1100 cm_l»ahd c-0 (p;#mary'
-

dalcohol) as a shoulder at ca. 1020 cm 1 on the“stnong <-0 :
(secondary,alcohol). ) Lt
. 5

Y . -

B.'.Hydrolgggc-Deggedatipn of- DGD .

The hydrolytic reactions used for structural deee;:

-
F3

mination ef DGD are shown in'Scheme 8.

1. -Deacylation‘

Mild alkaline hydroltysis (Experim ntal Procedures;:

II A) of DGD gave a single water- soluble co pound with R

‘ -Glu
, (tplvent 1, Table 17) 0. 20 ﬂf glues in solvents 2 and 3
(Tabh 17) o. 43 and 0. 45 respectively similar to that of ,
o AN o ,' ..
¢ B i
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| TABLE 27 )
Analysis of Purified Diglucosyl Diglyderide (DGD) -
. and Its Deacylated Product (DGG)
. | DGD . -+ DGG - o
Composition . . S
- . : - Found " cale? Found \Calcb )

- .glycerol, Z | ‘_\\ 1.7 iO.S - 21.4 e 2201

. L~ o S !
hexose, % . . K 41.0 41.0. . 86.4 86.5 .
' . . A -
ester, % S 54,3 56.8 - -
Mole ratio's -~ . | : i
uglyéerolzhexose:ester", 1:1.83:1.80. l:ﬁ:Z 1:2.08 . IQZ .
P -18.2°¢ . -38.23°¢
e _ ~160.13 -159.0  -150.¢°
a. For C, Hy O ¢ (M.W = 878). - B8 ; .
b. For CqH 28013 (M. W 416) . : .
‘ c. In CHCl, . - - _ . . |
d. In H,0 L - L
. 2_, - . R ‘ .. . ‘ - |
e. Calc. “for all B—glycosidic linkages (see Table 19) o : S
o : - . <s. -t . - . ( : . “ I ’
' - ' | ‘4 . ’ - t& T
g { W
. a ;
.. ’ T q. ;
. . ¥
. f” ';" '..' B - ;1[
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. ‘ — Degradative sequences establishing the structure of .
‘ diglucosyl diglyceride. . ’
. L - .\ ) ) ’ ’
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’ 1
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. R 1 !‘l
7 N - |
g - - .f v i
!
— ) 'a
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_ —-'CHé h
H»qu CO-R
Hac 0-CO- Rf*

. 02 N .NGOH/MeOH '

0—CH, |
HdeOH

~ +2R-CO-OMe .

N HCI 100° c_:,‘2 hrs.

HpC=OH
HC—OH:
Hac OH * o

Glycerol - o 7
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VG-Gel‘el'(Table 17). The deacyleted'product from DGD gave
positive stain (yellow colour) with periodate tolidine
reagent and periodate Schiff reagenc (pink colour) and had
che same chromaoographic properties as those of thﬁ.sugare
containing product obteined from strong alkaline hydrolysis

“ofCPDGD-(see Results.V.Blé)t The compound was found to be
non- reducing to Fehling s reagent and .had a specific rota-

25 -38. 23 in yater and [ﬁiD -159.0 (Table 27) ..

- It ga%e analptical data for hexose and glycerol in the molar

tion, [o]

ratio-?y 1:2.08 (Teble 24) Expecred for a,diglycosyl,glycerol.
R o ! | | | P _ ot

2., Acid Hvdrolysis
Hydrelysis ‘of DGD with 1N HC1 (I0Q°C) yielded .gwo

wncer-soluble'products which'oere identif fed chromatographi-

-

cally as glucose and glycerol (solvent 1, Table. 13} There-

fore, it was revealed that the h%xose moiety of—DGD was

N

.glucme, the same as-in GPDGD ¢ ee Results V.B;Q). The'
cbloroform soluble fraction was composed entirelyggf free

fatty acids which had the same comp051tion ap thoa'from the'

1ntact 5CD (Table 28) ‘ : . o V-T/‘.

P . " . ' © .
ooy A . . / ~ . P
L ~ ;o

é:: DeterningﬁiOn'of the Configuratign of Qlycosidic

fa .
e

;Liniages o ll"'- R s - e,

1
1'15;'61

.Y - Tuwo glycosidic linkages are preseng,in\che structure
‘pf,DCD,loné between the two giucose units and the other be-
. - . f.‘ . ’ M ) D ‘ B - g .
tween the dis ccharide,andfthetglﬁcerol; as occurs' also dm b
'i ! ., ” ‘n
. . _

E ) ; s . . T B
. . ‘ / - ) ' -;:c-’ ]

$\\\\ SR TN A R ’ ot ‘
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GPDGIL Both glycosidic linkages were found to have the B~

configuration the same as in GPDGD by the following methods:
. K . &

1.‘ Treatment with - or 8-glucosidase

The deacylated product of DGD e., DGG was found

to be hydrolyzed by B- glucosidase and not by a-glucosidase

H_ ‘
’The products obtained were identified by pa?er chromatography

as glucose and glycerol approximately 2 moles glueoee pPere
mole DGG_were releasedlfrom bGG and‘rhe reaétion was complete
in 24 hr (Fig. yé). |

h_Therefore, hoth ;lyeoaidic linkages in DGD are rhe
iB—configuration,'as foundfalso for DGG,obrained‘from DPDGE-

. C \ SR S
by 'strong alkaline hydrolysis. :

- u

2. Optical-Rotation"

The: specific rotation, [a]zs'of the deatylated DGD

D
(DGG) waS'-BS 2_ and the molecular rotation [M]D was -159.0\

‘(Tabze 27). This value of [M]b‘das compared with the
theoretical v3ilues calculated for'vaqdous'confiéuration of
glycosidic linkages (see ﬁesults'V}E.Z and Table 19?. Since

3 the ohserved [M] value ( 159 0) was closer go the value .

| —

calculated for the B~ linkages (-150 9) rather than those cal-

- ) - s
culated for tuo a—iinkages (+599 1) of one a= and one B- -

'lig.,kage (+224 1)(Table 19). This (ﬁnding indicsted that both ; -

glycosidic lighages in DGD have the B*configuration.-

<.
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3. Nuclear Magnetic‘Resonance Studies

. ~ The NMR spectrum of DGG showed two doublets - : )

'

centered at %.25 and 4.317 with the coupling constant 7.0 Hz
(Fig_.ZZ and Table 20). As mentioned in the NMR studies"of
Pry

GPDGG (see Resﬂlts V.E.3), these two doublets were due toﬁ

o

" the two anomeric protons“of the two sugar moieties present
in DGG. .The coupling donstant (J) and the relative‘location,
of these two doubletéxfi.e., quield'from HDO peak) were

similar to those of the corresponding signals in-the'spectrum

of the ‘model compound 8- methyl glutoside but were?different

o
.. frbm.those for the a-methyl glucoside (Table 20). . .' -

v

These results tegether with those from specific

glucosidase studies and optical rotation measurements, there-'
»

@ﬁore showsthat - the configuration of both glycosidic 11nkages

'1nDGD ‘have the g- configuration the same as in GPDED. “

*

‘ b. Determination of the Position of the lecosidic

Linkage

P The linkage position between the two glucose

moieties of DGD was found to‘bg the same as thcse in GPDGD

‘j by thelfollowing.methods: o ' . . S .

.~ ., A . ’ " i ’

t‘[:

#. Periddate Consumption and Smith Degradation S A B

T - DGG consumed 4 85 moles of" NaIO4 per mole. of the

kcompound with ‘the. Liberation of 1,15 umoles of formaldehyde
A
ﬂa‘(Table 21). When the oxidatign products were reduced with

e
. -\
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FIGURE 22
100 Mc NMR Spectrum of Diglucosyl Glycerol (DGG) _
Solvent Déo_;;;:) : -%Z
Temperature ? Ambie o
' o ' ~ . v
Sweep width ' 1000 Hz
, Sweep time - 500 sec
. ’ Lock signal - 'Agetong
See Table 20 for assignment of peaks } '
N
- i '
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4.! -
LI - .
-{: .
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R
NaBHa, followed b} acid hydrolysiS'(Smith degrhdetionf,
.Scheme 9{; only glycerol was detected and no glucose of
erythritol were found when examined by-paper.chromatographyu'
or throf their acetylated derivatives (Table 23). -As dis-

cussed before (see Results V.F. 2), the absence of*erythritol

and glucose excluded the possibility of .2 1 + 3 and 1 ~ 4

-

the consumption.of about 5 ‘moles of -

»~

linkage {Table 22) a

NaIO4 per mole GG ndicated a 1 = 6 linkage and not a

*

l +.2 linkage (Table 21) _
¢ o The lack of reducing ability of DGG (negative
: _Fehling S test) and a rapid staining with periodat +Schiff
ireagent indicated that. the other glycosidic” linkage in DGG
‘is-éitween'Cl of glucose and Cl;on C3‘of‘glycerol.

‘ 7 fherefore; these.studies showed that, the glye- idic

‘dlinkages position in DGG were also glucose (1L -+ 6) glqco e

-

(L > 1 or 3) glycerol, the- same 35 those in GPDGD

2. Hethylation Studies

L=

The product obtained by exheustive methylation’of‘
DGG (Experimental Procedures II.F.1}, showed no free 0 -
absorption in the inf;ared Acid hydrolysis of the per—
methylated DGG yie%d partially methylated,sugars cor—
responding to 2 3, 4 6-0- tetramethyl glucose and 2, 3 4~ 0—

' trimethyl glucose (Scheme 8) which were detected by GLC of
-ﬁtheir methyl glycosides (Table 28) or of alditol acetate -
‘derivanives (Table 25). In’ addition,.l ,2-di-0-methyl glyceroI

was detected as the acetylated derivative. The tormation of
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| H'a(i‘—OH

0 Z0.0—CH, . |
oss <0H: Yoot
-. . HO™™ ‘HO & . L |
) o l 510, oy

S - cnaon CH2 GHo -

00 - HCHO| = —
2HCOOH+OHC)0_HC> ond >°_ CH, * =

onc?

[ . | 1NeBHg
- a)oanncpsoc'c. 12 hrs

| . 12 Glycerol +I-Ethyl*ene gl_ycol'
s - . . <4 2Glycol Aldehyde
| No Erythrito} |

" .. -~ | No Glucose
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“TABLE 28 . g

N .
Relative Retention Times on GLC of Methyl Glycosides

of Partially Methylated Sugars Obtained from Acid - . coe T
Hydrolysis of Permethylated DGG T : - S .
- . . \ . - \.' A '
Tl ) \ . ‘Relative Retention.Times** E
© T Methyl glycoside VR : C
y.-giycoside Standards - From DGG ) - a
s 2,3,4,6—tetré—g}methyl-gvglucose 1.00 © o 1.06 w‘~~»w-‘wk_‘k_mﬁ_ ‘
el : ‘ : 1.36. - .Ll.s0 : .7
2,3,4-tri-0-methyl-D-glucose - ‘ J1.98 - 2.00
~ T . N ¢ 2.63 x 2.63
\\\'n.\ . S . L
3,4,6-tri-0-methyl-D-glucose = ~1 2.36
. . - 2.55
_ 2,3,6-tri-0-methyl-D-glucose 7.54 e
o . 3.18 T
\\\ Py R
* : . .\\‘o X ) v oo~
Column 3% ECNSS-M on Gas Chtom. A at 175°C.- . O\

Values are relative to 2,3,4 G—tetra—o-methyl B—D-glucopyranoside
with a retention time of 10 min. -Each\methyl glycoside gives two
peaks (a- and -B-anomers).

N . -




thEsethrtiallg meEhylated proquctspindicagé éﬁao.both.glu-:
. T ' ' . <7 :

. R _ ] .
cose moleties must be joined: by a 1 -+ 6 linkage and internal

. e L el gy . :
glucosa is joined tQ the-CB-Qﬁ (ox CleoH)-group of the’

glycerol moiety of DGG.

Ve ¥ .
The three methods, quantitative uptake of sodium N

| . ’ !

- -

Eeriodate, Smith degrcdatioﬁ-aﬁd the'methylotion of DGG thus'

establish the presence of a 1 + 6 liokage;betdeen the two

sugcr moieties din. DGD~ The DGG moiety of DGD must therefore

#

be the same ‘as the DGD moiety in the structure "of ~GPDGD.
. . : - e

E. ~Fattv Acid Composition of'ncﬁ

. o
L
- . Gas 1iquid chromatographic analysis of the fatty

acids of DGD ShOWed that the major acids were a 15:0 (71%),

<
72 -17:0 (182), 1'17:0 ¢77) and 18:0 (ZZ)(Table 26). The
- 1 -y
~fatty acid. composition of ,DGD was similar to that of PG but

R

--___\ - .../-' ‘\

rnther difgerent in the*pertentage of‘main fattykpcids (a

v

15: 0 and a- 17*01 freom those of GPD D* andbwGD.'
LT —
BN
- - N -..__‘__‘ -
. o e & s = ‘\"'--i . , .
} -”’tf’, * ‘ T e— . ‘ fJﬁ‘i‘“~ .
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VII. Structukal Stﬁdies:of the Minor Glvycolipid (MGD)

-

,A. Characterization of MGD

The TLC pure component gave analytical data T
(Table 29) for hexose, glyoerol fatty acyl esters, cor-
responding to those expected for a monoglycosyl‘diglyceride

(mole ratios; glyterol.h%xose.acyl esters, found, 1:1. 06 2.16;

caled,, 1:1:2; Table 29).

1

“ The infrared spectrum of MGD (Fig. 23) showed free

.OH absorption at 3@00-cm-l, strong CH2 and.CH& absorption
L o _ i oL e
at 2940, 2850 and 1470 cm ' -CH,) brgaches at 1385 cm 1

| A v
ester Cm=0 at 1740 and C-0 at 1180 cm 1; C-0H (secondary
aicohol)'may be -discerned at ca. 1110 as g shoulder on the

strong.C-O Cprdﬁary alcohol)'Pand.et 10 SVCm_l,J e
s 2 . B .

B. Hydrolvytic Degradationm of MGD

3

ihe‘hyd;olytic reactions used for structural deter-

mination of MGD are shown, insScheme 1L.
. s -

1. ‘Deacylation -

" - - . -

Mild alkaline hydrolysis of MGD gave a single water—

t

sol&ble product with Ro, 0.70 in solvent 1 and Rf 0.58 in
solvent 2 (see Table 17)+ It rapidly developed a pink colour

with the periodate Schiff ;:dents, indicative of formalde—

hyde produced from a 1- substituted glycerol (Roberts et al.

T~
1963 and was found to be non- ﬁeducing to Fehling s solution.
T . .
. R
Since there~was not énough material, optical rotation measure-
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" TABLE 29
-An%}ysis_of Purified Monoglucosyl Diglyceride (Mcﬁl - Lo

. ’ -

: ; ’ MGD - )
Composition " _

M T . L o - ' " *‘

. : . : .. Found o Cg&c‘

" . glycerol, % - . S 12.7 R7 o
hexése, % o ' .‘23.4 : N 24.8
66.8\ - 70.0 |
. ) . /,’ - -
Mole-ratio's ' : : . | -

ester, %

) gly&erol:hexose:ester ‘ _‘) 1:1.06:2.16 - S 1:l:2

For C41H78010 (M W. 7 730.0)

Fd
. L)

Sy
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.- 7 HaC-0-CO-Rz

-

- R;600-Me] ./
RoCOO-Me) .

!

. H,C-OH (//

H-C-0-CO-R, : MGD

0.2N NaOH/MeOH. .

inT
.

1

- mée

B- Glacosidase or 1N HCI, 100°C

HffOH' e
Glycerol 1
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+-‘ment and constituent.analysis (hexose, glycerolj could not
be done. . & L

=y

2. &cid Hvdrolysis

Hydrolysis of MGD with 1N HC1 (100°C) yielded two
water-soluble products which were identified chromatographi-
callf as glucoSe and glycerol. The chlorofofm-soluble

l
fraction was composed entirely of free fatty acids which had

1he same composition as that from the intact MGD (Table 26)

R
-

T. Configuration and the Position of Glvcosidic Linkage

Only one glycosidic linkage is present in. the

stfucture of MGD, 1i.e., between glucose and glycerol moieties.

Since there was not enough matefial only treatment with
spmific a- and B- glucosidase was used to determine the con=-
figuration. The deacylated.product of MGD was found to be

hydrolyzed by B-glucosidase  and not by a-glucosidase. The

products obtained were identified hy'psper chrouatograph§ as

‘glucose and'glfcerol.

éince the deacylated compound was found to be non-~
reducible by Fehling's solution and rapidly gave pink when.f
stained with periodate Schiff reagent, therefore it was

assumed that the glycosidic linkage is between C, of glucose

H

and C., (or Cl) of glycerol, i 2., glucose ¢1 ~+ l or 3)glycerol.

3

L T

_—
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.-D. Fatty Aéid Composition of MGD

1
e

Gas liquid_chromatographic analysis of .the fatty : -
acids of MGD showed "that the major acids were é 15:0. (58%),
~ 117:0 (10%), a 17:0 (24%) and 18:0 (5%Z){Table 26), similar

G to those observed in GPDGD.

o~
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VIII. Structural Studies of the Main Pjt¥ptolipids (PG)

A. . Characterizafion of PG

The TBC pure component gave'analytical data for’
phosphorus, glycerol, fatty acyl esters, corresponding to.

those expected for phosphatidylglycerol (mole ratios;

Qﬁbsphorus:glycerol:écyl esters, foun f:1293:1.90' caled.,

.\\;1:2:2; Table 30). The compound had a specific’ rotation,
25

[a]D = +7.97° 'in chloroform and a ;ﬁlcula ed molecular
) (=]

»*rotation, [M] = 57.9. (Table.30). The fa:tyhacids in this
baaerial lipid were isclated quantitatively and consisted
mainly Of,cls and C17 branched acids, predominantly the
‘anteiso-acia.(fablo 26); the mixed acids were optically

active ([Q]gs of methyl estersrin.chloroform ;;0.20).

-

The infrared Spectrum-of PG (Fig. 24)'showed_03

obsorption at 3250 cm-l,“strong CH2 and CH3 absorption_aE

12940, 2850 and 1470 en™!, CH, branch absorption at 1385 en” L.

A broad band between 1230 1180 cm -1 were -ester C-0-C and

phosphatets-‘, a weak phosphate p-0~ absorption may be dis-

cerned at 1090 cm -1 as a shoulder on the strong P-0-C band

at 1065 cm *.

B. Hydrolytilec Degradation of PG

" Structural determination of PG was based on both
non-enzymatic and enzymatic h&drolysis studies as shown in

Scheme 12.



_ o ‘F\' . ._ o ¢ | . <
B % R ) - . i
. TABLE 30 - ‘ : - ’
Analysis of purified Phosphatidyl Glycerol (PG) | e
. A . - . '
and its deacylated product (GPG) . g A
| T 1 ¢ . - |
Composition S ) . . ax - ®
: Found .+, Cale - Four}d ' Calc
P, 2 4.26 424 119  11.8
Glycerol, % 24.3 -, 25.2 67.8 70.0
“ : N ' .
Ester, 4% - 65.7 68.9 - -
Mole ratio's : S . o
P:glycerol:ester 1:1.93v¥1.50 1:2:2 1:1.94 1:2 ,
fal . +7.97" S - $0.00 0.0 i >
M1 - +58.2 ‘0.0 - 0.0 -
*for C37H73010P NH, (MW= 730 6) T
* TN .
2 ) ' C -
"*for CyH, 0P NH, Ge.w X 263) . _
+:{_.l_n GHCL, : _ R
in water ) ‘ .
.
Tt
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in carbontetrachloride -
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° - .
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rs

—~ FIGURE 24

.

Infrared Spectrum.of Phosphatidylglycerel (sodi{nﬁ' salt qurm)

.
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oS | ‘ _ ' ' SCHEME 12
'? Degradative seqqénces est:ablishi_ng the structurle;;f i
. -~ . phosphatidylglycerol.
: ‘
| =

R TIE R

;g
ey

1 o :
i = :
e 8 -
o : % ’3
fir. . e ‘
R 1 ’
l’ -
g .

v

kTt

[+]

R
¢

it

b

- A

-_— - 2

- -

. g
Y

: z
N B
N ~ ;
P s ,: )
| = ) - )
i - T
1 - >
- Q l : . )
LS N i - .
1, ! '
. < @ —_ Py
. -
o - g ~ - .
P . o
¢ |




N \_ﬁ v \ ~
R Nzuwlo... i-0-3%H : \
- . . . —
n_o Q&o PToo_ HOON NI ;o M_E 0 _,_n_u-oz X _ozm_ieszm g+d
L  HO-O% Io..of |
L S O ms_ooomm
| \ HO3W/HOPN NZ°0 . aN00D'Y
L R ,Nzollomo..%: S |
L l_ohwozo C o 2 | . o.ra
v_oc o_uzoc%ocm_ a amoa._oﬁmoé:o n_v: © IM 0~ oo m_o 33__2%2@_ mo:mozoﬁ.& |
q -~ HO- o«x 14-09-0-0%H o
: » o s | RN |
SR ’ : ...._I %8Y | | e .
c ) N - qH.,.. o | 4\& _ _. N . .z.”.. !
| 0190K1D + OpLIBOKIBIP -2 1 +!d



1. ’Deacylation

Mild alkalineih?dro\ysis (6.2 N- NaOH/HEGH) of PG

gave a single water soluble compound having Rf value in'

solvent 2, Table 17, identical to th&t of the deacylated

. ,___,..__.....r--.. .

™
compound Of G isolated fronm E éoli (R, 0.36). The cqs:

\

pound gave a pink stain with the\periodate Schiff ‘reagent. \“
which developed more rapidly than\with the intact lipid (PG)
\

indicating that the deacylated comgound contained more

terminal vicinal OH groups tham the parent lipid. TheSe

results are consistent with the deacylated .preoduct being GPG. |

e

The deacylated compound E;ntained inorganic phos-
phate and glycerol in the molar ratdo of 1:1.94 (Qable 30)

and was optically inactive, indicating that two a-substituted

glycemls must have opposite configurations

2. Treatment with 487 HF o o

‘As mentioned for GPDGD (see Results V.B.l), after

treatment of PG with 482 HF, 1, 2- and . l 3-diglycerides were’

rdetected in the chloroform phase (Figs 15 and 16) and”

<y

glycerol and P were detected in the-aqueous phase. The
liberation oﬁrdiglyceride indicated that the two fatty acyl
.gToups prcsent in the lipid (Table.30) were both esterified’

‘on qne of the two glycerol moieties as expected for a PG and

rot for a ly%Ovbis-phosphatidic.aéid.




3. Enzymatic Hx&rq}ysis of. PG . S0

PG from S. epidermidie was found to be completely

hydrolyzed by phospholipases.A C and D. The reactions are

indicated in Scheme 4; Co . S
,Treatment of PG with Phoeohplipase A yieldeqtho

chloroform—soluble products which were identified chrema- -

J
tographically as lyso PG and free fatty acid (ﬂ‘g 25&)

Reaction of #E with phospholipase C nroduced a water soluble

- -

oroduct which was paper chromatographically identical to
_standard &—glycerophosphate (solvent 2 Table 17), and a
chloroform-soluble product identified by TLC as 1,2- diglyceride
(Fig. ?53). With phospholipase D, phosphatidic aoid was de-

tected as the chloroform-soluble‘product.(Fig.JZSC) and free

glycerol was detégted as the water-solnble product (solvent 2,

Table 7). .
Y

The results of the enzymatic hydrolyses together-
with those from the HF hydrolysis and the periodate Schiff .
‘ -.‘,
staining behaviour confirm the presence in the PG component

of a 1,2- diacyl sn- glycero phosphoryl group linked to an _' I

a-hydroxy group,of glycerol. ,\5

¥

-4, Strong Alkaline +Hydrolvsis

¢

Drastic aqueous alkaline hydrolysis of PG (1 N NaOH,

100" C) or “irs deacylated product yielded only one;water—

soluble Component identified by paper chromatography as

glycerophosphate (solvent 2, Table 17).

{

IR




Thin-layex chromatoiﬁams of the chloroform~-soluble products

_ obtained from enzymatic hydrolyses of PG with phospholipases A,

C and D. _ o

v - A. Treatment with phospholipase A
. . ; J L A

3 N a 1. untreated-PG o

N ' Zsa;chloroformégoluble products of PG hydrolysis :

*
-@ lyso PG (lower spot) and free fhtty acid

“(at solvent front) v

.\J’

Solvent system: chloroforurmethanol-QOZraoetic acid

J ot _ . (30:4:20, v/v)
¥ B. Treatment with phobpholipase c ‘ ) e
= 1. .untreated PG ' ¢

2, 1 2-diglyceride obtained from {feated-PG
3. standard 1 2—dipalmitin

s

Solvent system? n-hexane-ethyl ether-~glacial acetic.acid
. (70:30:1, v/v) = -

i
f

C. Treatment with phospholipase D

-1. phosphatidic acid obtained from trea:ed—PG ‘.
2.. untreated-PG

3. standard phosphatidic acid

Solvent systeﬁ: chloroform-methanol-28% ammonia
(65:35:5, v/v)

To—
r
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.//\\\\\fégbnﬁ 25
. Thin—layef‘ch:omatograms of the cﬁloroform—soluble products

obtained from enzymatic hydrolyses of PG with'phospholipasm;A,
A. Treatment with phospholipase A

C and D.

1. untreated-PG o _ Ao

2.~'chloroform-soiub}e products of PG{pﬁﬁ;oiysis:
lyso PG (lcﬁe;-sPOt)ifnd free faéfj acid::
(at solyeﬁt front) .

Solvent system: chloroform-methanql-90% acetic acid
- . (30:4:20, v/v)

B. Treatment with phospholipase.C
1. untreated PG ,
2. 1,2-diglyceride obtained from treated-pG
3. s:agéard l,2—dipalmi§in ’

r
4

Solvent system: n;hexane—ethyl ether—glatiéi acetic acid
N _ (70:30:1, v/v) -

. C. Treatment with phospholipase D

2

1. phosphatidic acid obtained from treated-PG
~ _ 2. untreated-PG

3. standard phosphatidic acid R

Solvent syitem: chioroformhmethanol—ZSZ ammonia
- (65:35:5, v/v)

-

L
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[

. The glycerophosphate obtained consieted of two
isomers: a-isomer (41Z) and R- isomer (592) (Qable 18
These two isomers ‘accounted for -99% of the tot- water-
" soluble P (Table 18).. The glycerophosphate and glyoerol
moietiesof PG were preseﬁt/originally as the a-isomer, in

~ : - -

vibw of the rapiiixngg;;ing pink with periodate-Schiff-
reagent of its.;eacflated compcund; the B8-isomer arose from
isomerization during the alkaline oydrolysis, (see Results

V.B.5 and Scheme 5).

C. The - Configuration of PG

In regard to the configuration of: the phosphatidyl
moiety of PG, the experiment with snake venom:pbospholipase 4
indicated'the.3-gg-phosphatidyl configuration, siuce the
enzyme only acts on 1l,2-diacyl derivatives of gg—glyceroJB;
phosphate but not on teose of sn-glycero-l-phosphate (Van
Deenen and De.Haas, 1963). The optical inaotivity of the
deacylated compound from PG (Table 30) indicated that the
second glycerol moiety must have the configuration opposite
to the first one, 1l.e., sn-glycero-l-phosphate. This was.
confirmed by the finding that the a-glycerophosphate obtained
after strong alkaline hydrolysis of PG was a mixture of sn-.
glycero-3-phosphate (48Z) and gg—giycero—l;phosphate (52%)
(Table 18)

The experiment described above unambiguously

establish the structure of PG from S. epidermidis as
g ’

-
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o . . -7 ¥4 '
1,2-diacyl-éﬂ'81YCEPO-3-phOSPh0r¥lfl,-glycerOl, the same as

reported before by Benson and Miyano (1961) for-fp_from phofo-.

. synthetic tissue and confirmed by Heverkate and Van

~Deenen (1965).

-

DR . -~

] ) ™.
-4

D.. Patty Acid Comﬁosition of PG

. GLC aﬁﬁlysis of the %atty acids of PG showed :hael : _./\¥"‘.
oo . '..h - _'

the major acids were a 15:0 (74.62), i 17:0 (7-8%) and a 17:0

T (18%) (Table 26), similar co those  observed in other -1ipid
. . .
components of S. epidermidis, except 18:0 was not detected.

The positional distribution of the fatty acids was’
investigated after hydro;yﬁis of.PG by phospholipase A from
snake venom;which Iiberates epeeifically'the fatty-ac¢ids from
the 2- position (Van Deenen and De Haas, 1963) After separa-
tion of the/ hydrolysis products (lyso PG and -fatrty acids) on.
'TLC- (Fig. 25A), GLC analyses showed that the 2-position. con-
tained exclusively the a 15:0 fatty acids (Table 31, Fig. 26).
Position 1, however, cantained both i 15 0 (152) and a 15: 0
(212) as well as both i 1i7: 0 (182) and a3 17:0 (401) In to;al
‘fatty acids of PG, i 15:0 was present 4n very small amount

(11Z) compared to 2z 15:6}(892)(fable 26), and the column used

was not sufficient}y-efficient to_separéte them. However,

when a large pért\of a 15:0 was removed by phospholipase A
$‘ -
treatment, i 15:0 could be detected among the fatty acids, i

-

in the l-position (Fig. 26). The single peak obtained for

) . . . "|-- E—
:thé fatty acids in the 2-position (Fig. 26) was clearly due =

1 il : : _

|- o ’ |
to only the a 15:0 acid because it was sharper~phan the cor- -

responding- peak observed in total fatty.acids.of PG.

~ ' . L
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Ity

-FIGURE 26

GLC chromatograms of fatty acid methjrl esters of PG:

A.

B.

Total fatty acids of PG ‘

Fatty acid at B(2)-position of PG, -obtained frog
PG treated with phosPholipase'A (snake venom)
Fatty acid at a(l)-position of PG, obtained from

lyso PG (after treated-PG with phospholipase 4).

Colum conditions and abbfgviations were gliven in Fig. 1l.
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TABLE 31 :

*

Positfonal Distribution of Fatty Acids in "PG"..

Expresﬁéd in Z of total area under fatty acids peaks*

-

: L kk - Area, 2 )
Fatty Acids — = .
IR Total - ~ leposition 2—position*

3 15:0 g g 15.1 ' -
e 74.6 ‘ ‘
a 15:0 ; ' 20,9 .. 100.0
_i_~16:0 - o 2.6 . _

16:0 - < 3.3 -
i17:0 7.8 18.3 o T
a 17:0 17.6 o 39.5 ' -

By GLC on 10% BDS at 180 C with N

See Fig. 26.

p @38 carrier gas (0. 8 kg/cm Y,

**For abbreviatiogs, see Table 12.

+Frt;am isolated lyso PG.

w.-"'q.

*Released by phospholipase A trea:ment._

LR
§Contained mostly a 15:0 andfonly small amount of 1 15 0 which was
not clearly detectable on the tracing chromatogram (Fig 26).

'\(.\‘

-
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1X. Effect of Salt on Lipid Composition of S.lepidermidis

. Ly - . o | SRR
"A. Total Lipid Content and Lipid Composition
) . IR /\_-

Bacteria grown in Sehgal and Gibbons medium con-

taining increasing sodium chloride'concentrations showed
. . - .

only slight increase in total lipid content (Table 7) ‘and no

cnaIitatimemdiffErences in lipid composition, the pattern of:.

o QL

| . e

components being essentially the same as shown in Fig. 10 for

.S. epidermidis grown in 10% NaCl containing medium. However;

quantitative changes in ccmposition”were observed, especially
. ~ . "

with the phosphorus cgntaining lipids, PG, GPDGD 3Ind.cardio-
.lipin (Fig. 27; Iabie 32). The.amount of PG decreased from
677 to 50%7 while the'amounts of cardioiipin and' GPDGD in-
creased from 0.5 to 11Z and.5 to 152 respectively, as :he
sodium chloride level was increased from 0Z to 25%. On the

other hand the amounts of glycolipids (DGD and” MGD) were
<
bnly slightly changed with increasing of salt in the media.

| .
N, N -

R ,'-) ' .

B. § Fatty Acid Compositiqp B

‘The 1ipids of cell§ grofn at each of the salt con-

-

centrations contained qnalitacively the same fatty acid com-

ponents (Table 330 However, quantitative change ¥n the

»
/6;:;%rtion of the major fatty acids (a' 15 0 and a “17: %&'were

observed when 5alt cbncentration Was increased from 15( to .

‘—"_

25% (Table:33), The perggntages of a lS ﬂiwere practically

sthe same (¥98% im Eaiie;}rbwq,)n the range 0- 152 NG
N S A

/ . | N
N B . Sm

o

a



,_appeared to be higher (751Y vhen cells were grown in 25i

NaCl. The percentages of a 17 0 were relatively the same

™

'throughout the range 0 252 NaCl while the percentages Qf

S

.

--i 17 0 and 1 19:0 decreased when the percentages of NaCl . Ja

in the mediumﬁincre)sed. *The percentage*of minor fatty—

5 ~

acid components did not changewsignfficantly in the range-

0

0-15% but were - generally lower in cells gnown in 25% NaCl
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TABLE 32

Lipid Composition of S. egide dis grown in
Sehgal and Gibbons media Containing Various NaCl Concentrations

2

[~]
K .hx"ﬁfﬁiéid Composition, moles ¥ x " s
. . o * ° - < = - 3 -
Lipid Component 7 - NaCl conec., ¥ :
o s 10 15 25 7
N - . , .
Cardiolipid (CL) 0.5 0.7 0.9 1.6  10.8
o B ' -
Diglucosyl diglyceride (DGD) 20.5  17.7 18.9 22.8 - 19.8
= ' - § :
Glycerophosphoryl diglucosxl ' . ]
dlglyceride (GPDGD) : 5.3 . 6.0 7.2 ° 9.7 14.5
Monoglucesyl d{glyceride (MGD) 6.6 ° 5.9 4.0 3.5 5.2
. Phosphatidyl glycerol (PG) .  67.1  69.7 - 69.0 .62.4 ~ 49.6
* . ‘
¥ See Fig. 27.
b ¢
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. FIGURE 27

Vs

The effect of sodium chloride concentration in the growth
medium (Sehgal and Gibbons, 1960) on the polar 1ipid com~
position of §. egidemidis‘. Yalues of each lipid component
.are given as moles ¥ (ob't’éfed from s:.igar or f-analysis) of
_ total .lipids. Each 1lipid compodent was Séparatled from Total
lipids of cells.grown in various salt concentrations media
by two dimensional TLC in the sloivenc ‘systez,nsl shown in

Fig. 10. - 3
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-kl
-TABLE 33
i Fatty Acid Composition of Total Lipids of S. egide rmidis

Grown in Sehgal and Gibbons Media Containing Various

¢ NaCl Concentration

Expressed in.X of total atea unQer fatty acid peaks

. Retention Lo NaCl conc., %
Fatty Relative to - —
 Acids* 14:0 Me*% 0 5 10 15 25 o
a 13:0 0.66 0.2 0.2 0.1 . 0.4 0.4 -
£ 14:0° 0.87 0.4 0.3 0.3 0.3 0.4
14:0 - 1,00 - . 0.3 0.3 0.22 0.4 0.4
a 15:0 1.28 - 58.0  s8.1. 57.4  57.6 74.6
1,06:6 170 1.7 1.1 0.9 = 0.9 1.6
©16:0 2.00 2.0 2.0 1.9 2.4 1,3
1 17:0 2.3 - . 8.6 8.0 6.6 4.@@’_&‘ -
217:0 2.49 17.0  16.8  16.64  16.8  15.8
i 18:0 3.32 . 0.4l 0.3 (2.4 0 0.2 0.4
18:0 s.87 - 3.40 3.6 38 47 Lo
18:1 | 4.30 0.7 0.4 0.6 1.1 0.4
i 19:0 4.64 3.1 2.9 2.3 1.7 ¢ 0.6
a 19:0 4.86 1.7 2.4 2.4 2.7 ., 1.4
20:0 7.55 .2, 3.0 3.5 4.5 2.1
For abbreviations, see Table 12 o ) _ N

GLC on 10% BDS column at 180°C with N2 as carrier gas (0 8 kg/cm ).




- 256, - . 4

& . .
-k

X. Metabolism of Polar Lipids .of S. epidermidis

A. Incorporation of 140 @gdeZP’into Total Lipids

~

S. epidermidis grown in "low phosphate” Sehgal

and Gibbons medium (10%Z NaCl) in the presence of PzP
orthophosphate and [l—I&C]glyctrol (Fig..28) had a genera- _

tion ﬁime'IBG min, which was longer than that in the

"phosphate rich” mediu (60 min) at the same concentration

of NaCI (see Result& I.C)..- This is most likely due

. s
to the higher amount of cells used (0.D. =0.5) and the lower

lad -

amount of nutrients (casamino acids and yeast extract) in ‘o

the "low phosphaé%" medium.
14 . 1% e . -
-~*C from [1-*"Clglycerol was incorporated into
' 32 2
total lipids much faster than P from P)orthophosphate
(Fig. 28). Mdximum inccrporatién of EAC]egcerol (47 of
totallac) was achieved after 10 min but decreased slightly
éuring exponential pﬁase and remained fairly constant d{i}ng
: - 32 " X
statioﬁary phase. In contrast incorporation of P into
phosphblipids was slower than that of ﬁ C]glycerol and in-
creased continuously during exponential and stationary phase;

v ae 180 min, 0.9%Z of the P P]orthophosphate in the medium

7 was intorpgrated into phospholipids.

B. Distributioﬁ of IAC and 32? among Lipid Components

During d%owth Cycle

- 4

Typical autoradiograms of two dimensional TLC
' !
‘14
plates showing separation of 32? -and C.labelled l}pids

R C o i {

v

L

v ey

o



‘and lipids were extractéd and counted.

] - 2‘57 -

FIGURE 28

[}

Incorporation of,[32P] orthophosphate and [l—mcl glycerol

"into total lipids of §S. epidermidis.

Cells were grown in "low phosphate”" Sehgal and Gibbons (1960)
medium containin-g 10X .sodiuin chloride ltO' early_' exponential
growt.h phase, the above’ Yadioactive Precursors were added at
the time indicated, by arrow and éells were aliowed to grow as
shown .in the 'growth cu:rve, Aliquots (5‘ ml) n;ere taken at .

various’ times after:the addition of ridiocactive precursors

~

(d



OPTICAL DENSITY AT 660 nm.

GROWTH CURVE

] L _loa
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after short term (3 min) g%d long term (180 min) labelling

';}ﬁgé ﬁresented in Figs. 29 and 30.respective1y; In the
solvent systems used (Fig. 30), Fhe PG_and DGD‘compoﬁen;s
were not gell resolved. TLC was then-rep?ﬁgéEWin a sui;ablé§
solvent for separation of glycolipid from phospholipid -
(Fig. 31). In this way radicactivity in DGD can be méas;red
separately from that in PG. The labelled component§-were-
écraped off from the TLC Plate and counted.. The values for

) ,
3“? and 14C activity of each lipid component during the

,J_‘\

growth cycle are given in Table 34 and the results are also

p;esented‘as percent distribution of 32? and C among the

different lipid components as a functiom of,incubation time

after addition of the radiocactive precursors (Fig.'32).i It

may be seen that the percent of lZ‘C- and 32? in PA was high

(ca. 38%) during the first 3 min of incubation, thereafter
W N >
declining to low values at 20 min. At the same time, the

percent 32P and 140 in PG showed a corresponding increase,

indicating a precursor product relationship between PA ?nq’

a)}.._,. e ~|_

PG (Fig. 32).

Other precursor-product relétionéhips which may.
be discerned are between PG andtcardiolipin and between PG
and GPDCD. The Aecrease_in percent of PzPJ?G was accomﬂaqied
by a corresponding increase ;nm?ercent of EZP]cardiolipin
and PZP}GPDCD between 20 and 60 min of incorporation period;

no further changes percentagewise occurred after 60 min.

The percentage decrease in EAC]PG also corresponded with-
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FIGURE 29
A
v £
_ IS
Autoradiogram of two dimensional thin-layer plate of[32P]and.

HAC]total lipids of S. .eplidermidis obtained from cells grown

for 3 min in the medium described in Fig. 28.

Solvent systems: First direction, chloroform—methaﬁol—zsz
ammonia (65:35:5, v/v); Second direction, chloroform-

methanol-90% acetic acid (30:4:20, v/v).
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FIGURE 30 - .
Autoradiogram of two dimensional thin-layer plate of 132 and

[lac‘] total lipids of S_ :egidermidis obtained from cells grown

for 180 min. in the medium described in Fig. 28.

N

Solvent systems: the same as in Fig. 29. l : ]

Ve v 1
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- j ' FIGURE 31
1 o ca ) - ' ‘--‘ \ \{
. . ‘ . ..

e

Autoradiogram of two dimensional thin-Iaﬁer plate of[32p]and

-

ﬁ Cltotal 1lipids of S. eEidermidis for separation of glyco-

Tipid from phospholipid components. Total lipids analyzed
"t

on this plate are the same as in Fig. 30 <
o
.. Solvent systems:
First direction, chlorofonm~mcthano1-water (65:25:4,
. \fjv) _
Second direction, acetone—acetic acid—water (100:2:1,
v/ ). '
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. ‘ FIGURE 32

Percent distribution of MG and 21’ activities among individyal

lipid _components of §. epidermidis cells grown for shorz: periods .

of time with [1— C] glycerol and [ P] orthophosphate in the

medium described in Fig.’28. Lipid components ‘fractionated on
G . two dimensignal .TLC (Figs. 29, 30 and/or 31) were scraped into
vials and ,couﬁted. Values are glven as z of total cpm recovered

o . 3 :
from-each plate. Bacterial'c‘lensity‘at_ ‘the time of lipid extrac-

" tion is indicated on the growth curve.
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FIGURE 33
Aﬁtoradiograﬁ of thin-layer p;ate ofIBZPIend Eacltetel lipids
of §;:egidermidis in non-polar qolvent'systems'showing the
composition of eeufral 1lipid componente. The total lipids
were obtained from cells grown in the medium as described in

Fig. 28 at various periods of ‘time as follows:

1. 3 md
2. 10 min
1. 60 min ‘ )
. 4. 180 min ;

Abbreviations: PL, polar lipids DG, 'diglyceride; FA free

-

fatty acid F.AMe, fatty acid methyl ester HC, hydrocarbon.

2
' \‘
.

" N - e
g & . Solvent system‘ petroleum ether-ethyl ether-acetic acid
i ' o (80:20:1, v/v)
N : . . T Y
5 . }

i £

(fn

eF
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pergentage'inéreaées'in 64C1cat§£olipin‘and'ﬁAC]¢PDGD but
ghe-decrg?se in 140 activit§ of PG and the increases in EAC]
cardiolipin and EAC]GPDGD were continuous during the period'
of:incorﬁora;ion 20 min to 180 min. Since labelling of GPDGD
and cardiolipin occurred almost siﬁultaneously, it is most
probable, that cardiolipin is Aot.the precursor of GPDGD or
vice versa (Fdig.-32).

The percent of EFC]MGD decreased in thygr first 20
ﬁin of incubation, thereafter remaining constant at level
of 1% during the remainder of the growth cycle. Con-
‘comitﬁantiy, the[lachGD increased to a maximum at 10 min,
thereafter decre;sing to a constant value at 20 mim. Thus,
sthere is mest likely precursor-product relationéhip Setgeen
MGD' and DGD- (Fig. 32).

The ﬁercent activity of HAC}neutral lipid (wmainly,
l¥2— and 1,3-diglyceride .and free fatty acids (Fig. 33)

increased steadily between 20 and 90 min incubation.

4

C. Turnover of Lipid Components. (Pulse-Chase Studies)

Grow ]urves of 8. epidermidié cells during the

"pulse!” and "chase periods are given in Fig. 34.

) 32
.. The turnover of total lipids labelled with P

and %&C during growth of the cells in non—;adioactivt medium

32
is shown in Fig. 354. It may be seen that the loss of P

" 14
was more rapid than the loss of =~ C durimg exponential grovwth
and the loss of both was relatively slow during the early

stationary growth.



curve, 79 min.

=)
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FIGURE 34

@

Growth of S. epldermidis (measured as 0.D. at 660 om) in the

J——

presence of [32P] orthophosphate and [,J.-lAC] glycerol in 2

pulse-chase experiment. Cells were grown\ in 100 ml of, "low

phosphate™ medium (Sehgal and Gibbons, 1960, containing 10%

NaCl); '[3??] orthophosphate‘_‘(-l-‘ mCi) and [1—140] glycerol

(50 uCi) were added at point A; labeiled cells were har-

vested at point B, and resuspended in 450 ml non-radioactive,

"phpsphate-rich" med:l.mnp(Sehgal'a"hd ‘Gibbons, 1960) containing

10Z NaCl). Generation times: "pulge" curvé, 82 min, "chage"

/

st minssar. o E—
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L Autoradiograms of TLC plates of total lipids

-+

thfoughout the chase experiment were similar to t%at found .
at the end of_the puise experiment (180 min, see Fig. 30),
. - -

except that MGD was not detected during the chase pefﬁéd
. ‘ ¢

o

: andspots'xl and X, were observed. Again labelling_pf DGD _

-

was determined from TLC plates run in the solvent_sysﬁems
- i . ! :

‘ , .
shown in Fig. -31. -

Distribution of 32? and l[‘C activities of each
1ipid component during the chase are given in Table 35 as

percent of total cpm; the absolute counts as cph pef nl

"culture during the chase period are plotted ip Fig. 35. It

Jatter having the highest rate of loss of

.is apparent that the loss of 32? and 14C observed in total

lipids are mostly due to the loss of 32p ana **c in PG, the

32? durihg the

first 1.5 bacterial doublings (1 generation = 79 uin,

Fig. 34). 1In four hours (=3 bacterial doublings), 90% of
3%? and 403 of 14C were lost from PG whereas_the'remaining
S

32? and 14c beth appear to be fairly stable during stationary

32 14

phase of growth (Fig. 35B). The P and C activities of

PA decreased similarily during the chase period (Fig. 33C).
' 32

i

In contrast, both P and lﬁC of cardiolipin showed initial

increases to maximum values during exponential growth, then
/ ' .

decreasing to fairly constant values in statlionary phase

' 32
(Fig.-35C). GPDGD also showed a rapid increase im P and
I&C during expomential growth (Fig. 35D) but thereafter

showed a continuous decrease to low values 'in stationary,
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ph For both cardioii e =T 32
phase. or both cardiolipin and GPDGD, changes in ~7P and

140 were parallel throughaut the chase pegioﬁ.n DGD lost

1&0 actiﬁity du;}ng exponential growth and £emained constant

after this period, whereas 140 of néutralllipids showed an
[ .

initial increase and then 'also remained constant after two
~ .

hours (Fig. 35D). The 32P and 14C activicies of xl_and kz

o

during the chase period are not plotted but the values are

given in Table 35. -

I

]
%
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S kS

Tur}over of 21’ and lac‘i\total 1ipid~s and in the individual

s

1ipid compon nt of S. epidermi is’ Cells were obtained frOm

\".,

| the "chase" experiment. \"\‘ erj a_ ‘pulsgl Iabelling rrith [l J

S ' RS

- glycerol and [32P] or_thophoep%ai\bg.%o min (Fig. 34); 50 ol
aliquots were withdrawn at the times indicated. and o;;ticel

density (at 660 nm) measug_ement and li.pid extractfon were per-

formed on each ali&uc% The lipid components were separated "
on two. dimensional TLC (Figs. 30 31) and counted for MC and

32[’ activities. Values are given as cpm pe’r “ml culture "

PN

. .
A, total 1ipidsl{ B, phosphatidylglycerol C cardiolipin and

phosphatidic acid D, neutral l‘.!qaid's d:[glucosyl diglyceride

‘-“-

and glycerophospﬁoryl diglucosyl diglyceride. . \‘:;'
‘ 14
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I. Lipids of Nocardia Species . | h . 3

‘ Thﬁ major ?hDSPholipids found in the species of ' l:“
r#dﬂocafdia studied_here were ?C 1yso PG and PG (Tables 9 11). h
?C has been.fogﬁg as a ﬁajor ﬁhosphoiigid-gquponen: of

5 A

Nocardia coeliaca (Yano et al., 1969) together #itthE:ﬁ?I“,"

and cérdiolipin. In the order Actinomycetales, .the presence

of PC so far has been reported only in thé Nocardia.coeliaca

-

‘but not in.other species oﬁ;Nocardia nor in othe?"megbers"qg

this order (eﬁﬁl, Streptomyces or‘Mycobagterium).‘ Hagen

et al. (1966) suggested g-tprrélation between bacrerial PC

-~

and intracytoplasmic pembran§ structure, and demonstrated BC

ta . -

to be present iq Hyphqmicrobiug.and Nitrocystis o;eanUS,:
o}ganisms which ﬁave such structures. 1kawa'(l967), in his -
reviews of bacterial phospholipids, observed that PC is
present in bacteria requiring highly efficient electron
t:ansport, and he specglatgd that PC-COn:\ining bactgria*

might be the more advanced evolutionary form.

The two unidentified phospholipids (spot "2 and 8,
* . i . , - - G . - .
Fig. 8) were not PE since hoth,age‘ninhydriu negative
. . 7
(Table 11); however, one of them, spot 2, might be. PI, since :

it had relatively low mobilities*in several solvent systems

'(see_Hateriais and Methods I1I.C.2.c) close to those reported

for PI (Kates, 1972a). Free PI_ﬁas_reported to be pfésgnt in

N. coeliata and in<ﬂicromonospora'(Tabaud_gg‘g;., 1971) bur
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not in N. Qplychromogenes -or in Streptomyces griseus

= '

(Kataoka and Nojima,01967) The latter two organisms con-

-

g
tained monomannoside derivative of PI which was’ not found

“

hd 1

in the species of Nocardia studied- here The phospholipid. )
—====

' pattiern of this»Nocardia species resembles that of N. . ' ‘ -i

coeliaca more than any other species of Nocardia.

_Glyoolipids found in a few strains of N. polvy- -
. . o .f-.'
chromogenes and N. coeltdca have been identified .as acylated o .
: : -2
glucose (Bremnan et al., 1970) and diglucosyl diglyceride

(Khuller and Brennan, 1972). "Two unidentified giycolipids

.weté‘found-in the Nocardia sPecies studied (spots 3 and 6,
stte~ll and Figd 8Y. 0o the basis of the R, value on TLC

| of the fast moving glycolipid (spot 6), it may be a di-

glycosyl diglyceride . The slower .moving one (spot 3) could

not be aeylated sugar due to its low mobility, and may per-

: haps be a triglycosyl diglyceride. :

P ~ The farty acid composition of the ggggggig species

studied here (Table 12) is similar to those of N.wcoeliaca

(Yano et g;., 1969) N. polychromogenes (Kataoka and No;ima,.’/

kgﬁll_apd N. leishmanii (Yano et al 1970) The major com~ .. .

el

poﬁeﬁts e<e highly branched chain EEItqucids (iso 15:0,

- \| .
iso lﬁzogyiso 17:0 and anteiso 17:0). However, palmitic

acid which was present in fair amounts (13-20%) iun these
‘Nocardia was found only in small amounts (32) in the Nocardia

. o Sl
species studied here. Moreover, tuberculostearic acid (10-

methyl stearic acid) was found in sma{i to trace amounts %Er- \K§\



-

P

»

L

N. 1eishmanii and Nt

coeliaca but was not found in ‘N. Qoli—

T

'chromogenes nor in our speeieshqf-Nocardia.. Thus; it is

' ”ppssible that, branched chain fat;j‘eciQS are typical of

the genus. Noeardia, and differences in the presence of

[,

minor farty acid components such as palmitic acid or tuber-—

culostearic acid may be due to species differences

In general, it can be seen that the lipid-com-

position of the Nocardia species studied hereé -is similar

to that of N. coeliaca more than‘other Species'of Nocardia.

Further studies should be ,done to. identify or to confirm
the types of phOSpholipids and glycezipids present in this
species ‘Such detailed studies on. the lipids might help to
identify the Speties of the Nocardia studied

Q‘\
>
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II. Lipids of Wallemia sebi

Phospholipids'of ﬁ; gég; were tenfatively identi-
fied as PC, PS, PE and a "glucophospholipid" (proeably a
PI-mannosi&e)f The occurrence of PC is more common in
fungt ehan iﬁ‘bacteria (ﬁangnall and,Ge;e,‘;973).; The
phosphoiiﬁid composition of W. sebi is'eimilar to that found

in other species of fungl such as in yeasts, Saccharomvces

cerevisiae (Suomalainen and Nurminen,.l97Q),~Candida lipolvtica

{Kates and Paradis, 1973) or in Humicola grisea (Humma et al.

1971) in which PC, PE, PI and PS were" the- major phospholipids
(in decreasing proportions) and PG is rarely found. 1ﬁthough
PI—mannosides are uncommon in fungil, ehe pﬁesence of complex
inositides coﬁtaiping mannose in Baker's yeast has been
reported (Lester and Steiner, 1968; Trevelyan, 1968). Thus,
the glucophospholipid" found 1& w. seei mey verf weil be a

" PI-mannoside derivative ‘on the basis of its similar Rf Yaiue

to that reported for PI mannoside (Yano et al., 1969). - The

te

absence of PI in W. sebi may be due to its being entirely “in
the form of mannoside derivatives. ; _

The three fast moving g}ycolipids observed in W." °
ggh; mey be monoglycosyl diglyceride, acylated monoglyéosyl
and acylated diglycosyl diglyceride becauee of their relative
high’ﬁﬁﬁfzities on TLC. The poésibility.that these glyco-
lipids might -be lycosphingolipids or cergbrosides known to

be present in Ba er's_yeasgﬁ(Treveiyan, 1968) could be
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eliminated since'g;ycosphingolipidg have much-iower mobili-
ties (Kates, 1972a).

The fatty_acld composition of W. sebi is typical -’
of fungi in which’uneaturated fatty acids are present as

major components. The unsaturated fatty acids found in W. sebi

M °

are E}noleic and oleic acids (60X and 13%, respectively) to-
. . \\ .
gether with palmitic acid (232). 1In examining the available

T

literature dealing with the fatty acids of fungi in The

class Fungi Imperfecti in which W. seBi is placed the

-, LS

N

general pattern of major fatty acids in this class is _ found

-

to consist of oleic, linoleic and palmitic acid (see Shau,

1966; Erwin, 1973). The differences among the genera are:

(i) the occurrence of fair amounts of linoleic acid in

S

spedes such as in Candida scotti (287) (Kates an Baxter,

1962), Humicola grisea (19%), and H. nigrescens 223

(Mumma et al., 1970); (ii) the presénce or bsence of palmi-
L , T

toleic acid gnd (iii) the relative proportions of oleic acid

and linoleic acids. The fatty acid composition of W. sebi

is qualitatively the same as that in Microsporum gipseum -

(Wirth et al., 1964), Trichophyton rubrum (Wirth and Anand,

1954),-Hirsutella giganta (Shaw, 1965) and Sporotrichium

-

exile (Mumma et al., 1970). In these spegcves, linolenic

and palmitoleic acids are absent and the proportion of

_-.._"

linolefes, palmitic and olelc acids are present in decreasing .

order of abundance, as was found in W. sebi.- The similarities

infatty acid pattern of W. sebi witl ‘those of the OCth members .

of the Fungi Imperfecti is consistent with iciqclassificacion'

’
<«

S é-fungus in this class.
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'III. Lipids of Staphylococcus epidermidis

4,

Values for lipid conteat of S. epidermidis obtained

by the two methods of extraction namely,-Bligh and Dyer (1959) | |
andhot isopropanol extraction (Kates and Eberhardt, 1957), o | .
. we're very similar (3.1 and,&.hz, respec;ively) "Hot-iso-_ |
propanol is known to stop the action of hydrolytic enzymes.

Since the lipids'obtainednby both procedures haé:she same-

- - 1

patten, it ¢ ' be econcluded that the lipid components of .

S. epidermidis studied in this work are "free'" membrane
1 : b

lipids and were not derived from "bound" fggms covalently

linked to other membrane components such as. proteins“

teYchoic acids- Although the isopropanol extraetion gi_es

a slightly highex &ipid yield thamithe Bligh and Dyer pro

L

cedure, it is more time consuming and less convenient. TWus;

all the lipid extractions were performed by Bligh and Dyen

procedure.

-

/" The polar lipids of 5. epidermidis contained five

\

phospholipids (phosphatidyl glycerol \cardiolipin phospha-

...tidic acid X "and X ), two. glycolipids\(diglucosyl - and

‘

1
monoglucosyl diglyceride) and a novel glucophospholipid . S N
(Fig.’S). 0f these, the four components, phosphatidyll
glycerol diglucosyl* and monoglucosy& diglyceride -and the
gluc0phospholipid were isolated and their gtructoresugstaf'
blished to be as shovn'in Fig. 36, . z ' ' - <

\ -



FIGURE 36 |

Final §tmctures.-estai:lishe& for the polar 1ipid components

of S. epidermidis. Values in brackets are glven as per-

"-centages? by weight of total lipids.
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A. clucophoqphg;;pid cchcn)

On the basis of the results reported above, the
‘scructure of this lipid component is most likely to be
j-g-[g&—glycero-l-phosphoryl-é'—g—(B—gfglucopyéhnOSyl-(1*6)-
Q-B-g-glucopyr;nosyli]—l,2-diacyl-sn—glycerol“(gig 36&)

The elucidation of this struggpre ‘was primarily based on-
chemical analysis -of the lipid constituents (P, glycerol,
fatty acid and sugar) of'both intac; lipid and its deécylat;d
product (Taﬁle 16) as'weil as the IR spectrum (Fig. 14).

The configurations of the 3lycerbphosphate moiety and the

glycosidiq'lihkages were determined by the use of specific
purified enzymes, and also in the case of the glycosidic

linkages by optical rotation and NMR. The (1+6) position

of the glycosidic linkage between the two:glucose moieties

was determined by quantitative periodate consumption of the '-\A
deacylated product (Table ﬁl), by Smith degradatiou (Table

©22) and"by permethylation analggfa (Table 25). Tye pg;iodaig"‘ \\\\
method, althougﬁ ‘simple and _rel\a\tive'ly- quantitative_‘:i‘s sub; @
ject to ceonsiderable error and.ga? lead to erronéoué.inteﬁ;‘
pfetation of the linkage position (see Table 21). Them_.
resﬁlts obtained from periodate consumption were therefore
cdnfir;ed by examination of the oxidation products ("Smith
degradation”) and fipnally by methylation analysis of the
methylatéd GPDGD. Since all three methods gave the same

‘ results, the structure shown in Fig. ‘37 is most 1iEe1y

correct.
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This structure is similar to that established for

the glucophospholipid in Streptococcus faecalis, S. hemo-

lyticus (Fischereta1l973 ) and Acholeplasma laidlawii (Shaw

et al., 1972) (Fig. 3a) except that the disaccharide moiety
in the glucophospholipid of the latter three organisms is
- kojibiose (2—g-a-g;glucopyfanosyl—E}glubopyranosé) whereas.

”‘inlg; epidermidis, it is gentiobiose (6-0-8-D-glucopyranosyl-

D-glucopyranose). However, the glucobhospholipid of S.

epidermidis differs further from that of A. laidlawii

(Shaw et El;: 1972) in the configuration -of glycetophosphété_

moiety. In the latter organism, the configuration of glycero-

-

phosphate moiéty‘is sn-glycero-3-phosphate whereas in S.

fepiderhidis, it is gg—glycefo-l-phosphape.

The-structure of _the qucoﬁhospholipid of S.

- epidermidis is different from that repor:éd for Staphvlococcus e
éurehs by Short ané‘White (19?0); "In S. aureus, the structure
of the glucophospholipid proposed by these authors was 3-sn-
phosphatidylglucose (Fig.\Seg. Characterization cf this

structure was based on chemicai\analysis showing that the -
. ' T

-~

lipid contained two moles of fétty-acids,'one mole of glucose
and one mole of glycerol per mole of phosphate. Pg?tial acid
hydrolysis yielded glucose and glycerophosphatg, and mild
alkaline hydrolysis yilelded a non-redﬁcing glucoside.  Treat-
me;t with phospholipase C gave diglyceride andrlow yields of
Elgcose«l-phogphate and treatment with phospholipase D gavg

'-tracés\of phosphatidic acid.

\\\ T .

AN . . .
- !
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Shaw and Stead (1972), in their study on the
structure of glucophospholipid in A. laidlawii examined the
glucophospholipid of S. aureus and found that the deacylation
product-of the glucophospholipid from S. aureus did not cor-
respond“cﬁromatographically to synthetic glucose-6-phosphoryl
’glycerol or a,f-glucose-l-phosphoryl glycerol,‘but rather to
thé glycerylphosphbrﬁl diglucosyl glycérol from the cor-
reifonding glucophgspholipid_in~é;‘l§ig;§3%l-' They sugge§€E@
thgt the structure of the glucophogpholipid-of S. aureus ﬁay

X

be similar to that in A. laidlawii (Fig. 3a). On this basis

the glucophospholipid in §;;qp;dermid£s is probably d;?ferent
‘. from that in g# auréusl .HGWEQer, further detailed séédits v
are needed to establish the structure of.the S. aure;s gluco-
‘phospholipid with certainty. -
It is interesting to note that the ‘glycolipid

portim of the glucophOSpﬂ’Eipi&‘of S epidermidis is the game

as the main glycolipid_found in thi% bacterium, namely 3-0-
[8-D-glucopyranosyl-(1+6)-0-B-D-glucopyranosyl}l-1,2-diacyl-

-
sn-glycerol. (Fig. 36b). A structural relationship between

————

the glucoph05pholipid and the diglucosyl diglyceride com-.
’ Ponents.has also been observed in A. laidlawii (Shaw et al.
19725 and in Streptococci (A;born and Pileringer, 1971;
Fischer et al., 1973a ), indiéﬁtigg a biosynthe;?c relation-
ship between these two lipids. . CT ." | “

brane of these bacteria is not known. However, the recent

.

s

-

The function of phosphoglucolipid in the cell mem-
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;splation’df lipoteichoic acids from Lactobacilli (Wicken

aQ%?Knox, 1970).and S. faeca%%s (Toonlgg gi., 19725~whgch'_i‘
contain covaiently;bound.lipi , uggesteé a possible
.function for gl;cophospholipid as componéht of a lipo-
teichoic acid; Treatgent of lipoteichoic acid from S.

faecalis with hydrogen fluoride yielded diglucosyl diglyceriﬁé:

t _a_l"‘:'

: " .
together with diglyceride and'monoglycer{ge (Toon

1972). The presence of the neutral lipids suggests that the

“lipid compbnent,may be a phosphoglycolipid rather than the \ff
glycolipid itself (Toon et al., 1972). The lipid portion of 
lipoteichoic moleculé may interact'hydropthically with other
membrane lipids and in this way the polymer of the tgicﬁoig T
acid chain can be ;t;ach;d to the membrane surface (Knox
and Wicken, 1973). E%é gnbound giucophpspholipid is usually

Yk

present in small quantities in most bacteria with the

exception of A. laidlawii, where it is a _major compoment.

B. Diglucosyl Diglyceride (DGD)

This lipié component is the main gly;olipid;
accounting for.ls.szgaf total lipids. On the basis of ghe
results given in Section Reéults Vf, the structure of the
deacylaéed product was estaﬁlished as: é(l)—g-[B-Q-gluco-
pyranosyl-(l+6)-Qrs-g-glucopgranosyi]-gg-glycérol.

| Tﬁé—configuration‘of the dLglyéeridé portion of
the diglucosyl diglyceride was not determined in this-study,

but it is reasonable ﬁo assume that the diglyceride is a




1;2-diacy1-§3-glycerol,'thE-s&ﬁé as that sﬂ?wn to be“present ‘!
« - T '

in the PG of this bacterium (see Results VIII-.C). fﬁis
assumption 1s baséd on the fact that diglycerides are pre-
cursors of bacterial glycolipids '(Lennarz and TaIamo, 1966
Pieringer,.1968): and th;t'the glyeosyltransferase-c?taryzing

the'biosynthes@s of él&colipids is séaﬁific only fof tﬁe‘ -
l,2-diacyl—§éfglycer61 isomer (Pierinég;, 1968). '
. “Thus,-thé strucfur;\of the intact digluéos§l o
‘ ‘diglyceride is most likely td be. 3- -N\8-D- -gluceopyranosyl- °

G

(1+6)-0-8-D~ glucopyranosyl] 1 2= diacyl sn- glycerol (Tig 36b).
o~
This strncture is identical with that :of ‘the major

_diglucosyl diglyceride in S aureus (?olon?vski t1965;
Brundish-et .al., 1966). However, Polonomski (1965) also

reported the pPresence of another isomer, namely o~ [B D*

14

glucopyranosyl- (1+3) -0-R- D—gluc0pyranosy1] diglyceride

In contragt, the results obtained from Smith degradatioq

and methylation studies gof the_déglycasyinglycerol from S.

epidermidis.igp{ude the presence of this or any other isomer.

The diglucosyl diglyéériae found in S. epidermidis is also

"hasidentical structure to that in Bacillus subtilis

Jfgrundish‘gg al., 1966) and in‘ﬁé cereus -(Saito and

Mukoyama, 19fo: ’ o

———

',Honoglucosyl’Dig}fcetiﬁe (MGD) . n

- )

On the basis of the results -given in Results VII,

o ) . ”__. -
the structuré of_this minor glycolipid (3.3% of”tdtal 'lipids)

i



The configuration f diglyceride moiety was not detenmined

and was assymed to be " 1 2% diacyl sn glycerol (see D{ scussion

¢
-~

&

-

for the structure of &lglucgizi\diglyceride in this seqtion)
th |

”5 In most bacteria, monogLycosyl diglyceride

0
- -

component usually has a structure correSponding to that of" —_—

P

the diglyceosyl diglyceride component, .since the' monoglycosyl

compound is the biosyuthe&ic precursor of the diglycosyl

Introduction—VI A 2). The monoglycosyl di-

glyceride herefore does not usually accunmulate in signifi-
cant amounts but, a few organisms, do contain monoglycosyl
Lo -
diglycerides as major components, e.g. Pseudomonas diminuta

{(Wilkinson, 1969), species of Arthrobacter (Shaw and Stead,

1971) and Mycoplasma lafflawii (Shaw et al.; 1968).

D. 'Phosphat;dylglycerol"

This is the niin phospholipid of S. epidermidis

j
agﬂ accounts for 60% by weight. of total lipids. From the"

//4;Su1ts obtained {see Results VIIIL the structure of the
;_ main PhOSpholipid Eps established as l 2- diacyl sn- glycero—
3- phosphoryl 1 sn-giycerol (Fig 36c). Phosphatidylglycerol
with this structure and cqpfiguration has been isolated pre-.

viously from 5pinach leaves (Haverkate and Van?Deenen, 11965),

‘and this structure q§s been confirmed bY chemical synthesis

- . . -
.
i

T(Saunders and Schwarz; 1966)
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Macfarlane (1961) isolated %G in large amounts

from whole. cells of Micrococcus lysodeikticus, its specific

rotation_was [a]D + 5% 4n ethanol similar to.that-of the

PG isolated from S. epidermidis ([a] + 7.97° in[chlo;oforms.

'

The difference in rotation 1s probably due to différing _ .

amounts of optically active branched:éhain'(anteisb)-fatty

acids present in both bacteria (cf, Tables 4 and 26). :The

fatty acids of -PG isolatéduirpm M. lvéodeikticus'had {a]D¥3°

Pl

in chloroform (Macfarlane, 1961) ‘whereas that of S. epidermidis N

~

e

is +10.2°% in the same soivent. On this basis, PG in the
Patter organism has a higher coﬁzzg?\Pﬁ anteiso acids.

Other minor polar lipids presenc in S epidermidis

arexzardiolipin, phosphatidic acid and‘two unidentified

phosgholipids.fx .and XZ, Fig. 9). The two unidentiffed

phospholipids may- be amino. acid deriv&tives‘of:PG. However,
it was obéerved that freg¢ amino acids if present in the

lipid extracts give spots with the same chromatographic pro- .
’ . 3 .

perties as Xy and X, Further s;u&ies such as mild alkaline

deacylation must be ‘done-on the isolated X, and X, lipids to

[

establish whether .they are amino acyl derivatives of BG,

such as lysyl-PG. : ‘-

-
o

The phospholipid and glycolipid composition of €

e,

S. epidermidis is very similar to that of §: auFeus. 'I“ both
: = :

species, PG, diglucosyl diglyceride, SlucophOSpthipid

cardiolipih and monoglucosyl diglycefide in‘decreasing amounts o
were fgund. The ‘differences are in PE and lysyl- -PG which were

¥
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reported to’B‘e-\gresent in'-s' aureus (Short and, White 1970-- \

Haesr_ggjg;. 1972) but were not detected in S ‘epidermidis. ‘

The level of lysyl -PG in S. aurveus was found to be greatly

'dependent on pH of the growth medium (Houtsmubler and Van

Deenen, * l96&i Cells of S. aureus grown at pH 4.7, contained

high percentages of positively charged lysyl PG (about 802) e
:whereas cells grown at pH 7.0 contain low level of lysyl-PG
but high percentage of the negatively charged free PG (about

55%) (Houtsmuller and Van‘ﬁeenen 1965) . Based on‘evfdence

obtained\from a considerably reduced permeability for RbT of

Q o

jlysyl PG liposomes compared to that of PG- 1iposomes, it was

suggested that the high level of 1ysyI¥PG formedu_gen cells
are grown in low pH medium was involvedtin control of mem-

brane ion perﬁeability (Haest et al., 1972). Moreover,

Hopfer et al. (1970) also found that”bilayer membranes pre-
pared from PG are far mere.permeable to-protonS‘than that of
lysyl-PGY _

Lysyl-PG eppears‘co be absent, or preeent only in
small amounts 1f Xl or XZ prove mo‘be lysyd-PG. éguepddernfdis_
ds gronn in the cémplex medium or'Sehga;Sandréibbons (1960)

at a néutral pH (6.5 - 6.8), under which conditions the cells:
_would not require the positively charged lysyl -PG to cogtrol,4
its H' permeability. White and Frerman (1967).5u889533d7

; ! o ,

4

that lysyl-PG is rather susceptible to enzymatic hydrolysis

during lipid extraction ‘and to 'prevent such hydrolysis, they

&>
]
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acidified the culture medium to- pH 2 0 prior to harvescing 0
‘ -

S. aureus cells. Since Qpcﬁ a- high pH might destroy
cellular polar lipid components, it was cdnsidered inadvis-
able to include this acidification step here before har-

vesting of the cells . Thus, the low level or absence of

lysyl—PG in S. epidermieisemayrbe due to enzymatic hydrolysis

during extragtion. On the other hénd, it 1is possible that

N

“1'1¥8y1~PG might not 'be synthesized -at all in S. epidermidis.

-

The dbsénce of BE and the presence of diglucosyl

diglyceride is a rather common occurrence in Gram—positive
. . ¢ :

4

bacteria'.and S. epidermidis fits into this generﬁl ttern.

- F

Phosphatidylethanolamine 1s more -typical ‘of Gram tive
bacteria (Kgtes, 1964; Ikawa, 1967) 'and glycosyl d¥glyverideg-

are more characteristic of Gram-positive bacteria~(Shaw,
. e ': ) ‘A‘ - .

1970) and most bacteria contain one or the other of these two

lipids’. "However,in certain Gram-positive organismé they occur to-

‘gether, e\g S. asreus (Short and“ﬁhite, 19703, Bacillu{

e

cereus T, and.ﬁL subtilis-W23 (Minikin et al., 1971): :

During the growth tycle of B. cereus, there is s

ea . . \
an interrelaticonship between these two neutral polar lipids.

" The level of PE defTeases concomitantly with increasing

level_of diglucosy Eaiglyceride to a maximum at the station-

'3‘-'}' Phasei{}firiikingm.l97- These observations suggest that

these two lipid types may have a similar and perhaps Inter-

changeable role in bacterial membranes (Minnikingdl971). ,

Studies on medel p;leyer membranes prepared from bacterial
. F . . . ‘ . -

"
—1

Y s
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1970).

‘interchangeable (Minnikin et al., 1971). S -
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hospholipids and glycolipids showed that those

. €
= r;épafed

rom PE ~and digLucosyL diglycerides have similar/ slight
" -

‘selectivity to cations, whereas those invo} ing PG and,

cardiolipin are highly cation selective (Hppfer et zl.,
o ' -—-_."‘.‘. ? . ' —-

.

Generally, it can be seen that most cel%fmembraﬁes

contain both net.chargedehospholipids (e.g. Pé, lysyl-PG or

cardiolipin) and neutral polar lipids te.g- PC, PE or glyto—

i

lipids). Polar 1lipids having charged groups may be expected

‘to play ‘a role in ion-selectivity'of the membranes in which

they reside whereas the neutral poia; lipids might be in-

volved in non-electrolyte permeabilitf.(HOPEer'gg gl-;_1970)-

It is, therefore; possible that biological membranes in
7 ' v _ . -
general have a reg@irement for one or more acidic polar

lipids. and in additioo, one or more neutral pelar lipdds "and

that within each class tﬁe lipids may be to some extent -

E. Fatty Acid Composition and Positional Fatty

Acid Distribution

Fatty acid patternSof each lipid component of
i

S. epidermidis studied are similar (Table 26), suggestins

‘that the diglyceride moiety of each l1ipid may be gerived

from the same phosPhatidic ‘acid piecursor (see Introduction

- .

VI). The total fatty acid composition °f 5. epidermidis

ot -

Teported here is’ qualitatively similar to that reported

s

LR
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5.

" of mafinly C
“énd‘C

-aléo found‘in PE'of Bacillus® cereus (Saito and Sato,

. and among the saturated fatty acidst/F

before_ip this
- aureus and o
(Table 4).

From
of fatty acids

following four

in phosphatidylglycerol (Table 31),

~J
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spebies (Bergh et

m—

al.

—

. 1964) and to that of

ther bacteria in the family Micrococcaceae

-

the results of the positional distribution
xhé

molecular species of phosphatidylglycerol in

S. épTderabdis nay be present:
=R .
-l .
a 17:0" a 15:0 ~. i 17:0 1 15:0
a 15:0/ a 15:0 a 15:0 a 15:0
: . ,’
P-G = P-G P-G - . P-G
407% 18% 157

217

4

‘ﬁ = glycerol

The positional distributiog'of fatcy acids in PG

Abbrev.: P = phbsphate'group,

studied here is the same as found in phoépholipidg of

Listeria monocvtogenes in which"C

15 branched chain fgtcf?

‘acids Qere_pre{prgﬁtially esterified to the 2-position ' 1

and palmitic acid were at
- .

1971).

whereas the brahcbed';hain 017

the l-position (Kosaric and Carrol, The presence

1s branched chain fatty acida at the 2-position

branched chain fatty acids at the l-position were

1968) -

17"

and in Nocardia 1eishmanii (Yano et al. 1970)- '( T

‘In animal and plant tissues,'the 2-position qi/,f//{//,

#
phospholipid 1is largely occupied by. unsaturated/fatty acids

shorter chain fatty

——
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aciqs such as 014-'0'16 show a greater tendeﬂcy to cccupy the

2-position than. honger chains (Lands, 1965; Haverkate and ; . -

“van.Degneﬁﬁ 1365; Couch and Saloma, T973)... In bacteria), tﬂé

- ~

. positional distribution of fatty}adidé s similar to théc in

animal and plant tissues (McElhaney‘and Tourlette, 1970a)

except for CloEE;ddium Eutvricum in which C16 was located

-

malnly at the 2-position while 16:1 ;ﬁd cyclopfopane acids

(17:0 and 19:0) were at the l-position=(Hildebrand_anJ'Law,fﬂx

1964) - It was suggested thag this may reflect a methylatien e

specificity superimposed.by the cyclopropane fatty acid

a

synthetase (Hildebrand and Law, 1964).
: - >

Thélgﬁtitional distribution of fatty acids in
GPDGD, DGD andthﬁ? was not analyzed ~gdnce ;uitable specific

lipases were not available. Saitb_éﬁd_ﬂukoyama (1971) and

Fischer et 2l. (1973a) used lipase from Rhizopus delemar
to study the positicnal distfibution.of fatty acids in glyco-
lipid and glucophospholipid from B. cereus and Streptococci

respectively. The R. delemar lipase 1s known to éttgsk/thé

P

terminal ester linkage‘of the "synthetic"” trig;ycefide-

(Hanahan et al., 1960), however, the reaction with glycolipid

== ‘ /

is slower-than—with the usual trigl?derides (Saito and Muko- ;

vama, 1970). - The positional distribution of fatty acids . /

found in glycolipid and/or glucop¥dspholipid was the-same as /
that for the phospholipids present in the respective bacteria |
(Saito and Hukﬁyaﬁa, 1971; Fischer et al., 19733 ). There-

e .
fore, it is reasonable to assume: t in S. epidermidis, the
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) _
positional distributicn

may be the same as found ig PG.

the contention that the diglyceride moiety of PG

and MGD may be derived from the same phosphatidic acid 'pre-

- CUrsor.

Y

L
~of fatty acids in GPDGD, DGD and MGD
This would further supporc - ° i
GPDGD, DGD
» .
A /
L
-

-
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S IV, Effect.SE Salt on Growth and Lipid

\

R ' P !

-..‘_-!
]

Composition of

S. epidermidis ) o ' ' ?L'
Resuits}dn the effect of salts on growth of §.

'-\-

epidermidis (Figs. 4, 5) indicated that s. idermidis is’

- a halotolerant bacternmnwhich grows’ best in the absence of
added salt but. can tolerate salt in the medium up to near “ -
saturation. Clearly, these cells must be adapted to growth
and survival in'a high salt medium and such adaptatioﬁ may
fﬁvolve changes in memb;ane components, such as lipids and

- proteins,‘or in cytoplaémic enzymec.

o The lipic content of cells grown in media.of in-

creasing salt concentration remained fairly constant\\\

(TaBle 7). However, the proportion of PG decrejséd while ™

that of cgrdioiipin'and GPDGD, increased with incréasing

salt'concentraciqn;xthe proportions of the glycolipid com-

' ponents (DGD and MGD) remained umchanged (Fig. 27). A
similar effect was reported in S. aureus, in that the per-
centage of cafdiolipin was markedly increased while that of

PG diminished with the rise in thg sodium chloride concentra-

-

tion (0-10%) (¥oshioka et glk, 1972).

Generally, Bactenég growing in media containing

-

‘high sodium chloride concentrations {extreme halophiles,

—

moderate haldphiles,‘or halotolerant organisms) usually

contain high contents of acidic lipids. For instance, in

H. cutirubrum, alI of the membrane polar lipids are acidic
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(see Kates, 1972); in a halotolerant-moderate haicphile

(Pelleg and Tienz,‘1971 1973), an acidic glycolipid (grn-

curonosyl diglyceride) .and acidic glucophospholipid were .

found together with PG and cardiolipin°-in g. aureus and

é; epidermidis, high contents of PG were present along\uith
 cardio1ipin and glucophospholipid. Thua it is likely :Hén
k-
these acidic lipids might play an important role in con= 3
trolling -ion permeability of cells grown in salt media.
Quantitative experiments on model.bilayen/;embfanes preparear¢
from PG or cardioiipin,indicated that theyzwere highly cation
aselectiﬁe {Hopfer;g& gl:, 1970). 'Moreover, it has been shown
that;acidic phosphclipias such as PG and Ré are capable.in
model membranes of discriminating between uniraient cations
whereas.aeutral ionic phospag}ipids such as PE and PC are
nct'(Papahadjopouloa, 19715. The author:suggested that dis-
criminating between monovalent cations in biclcgical membraaes
‘could dependlupon carboxfl'as well as a chQSPhate'group. The
acidic glucophospholipid such as GPDGﬂ present in §. epider~
: f‘gigig might perhaps be capable of.carrying_out an ion
o Lf

selectivity function similar to that demonstrated for PG and
PS. -

. The observed reciprocal increase in percentages

of cardiolipin and GPDGB and decrease in percentage of PG
with increasing salt concentration of the medium (Eig 27)

Suggest that the highly acidic cardiolipin and GPDGD may be

.more effective than PG in controlling ion permeabiTity when

r
¢
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cells are grown in a' high salt zedium.

The decreased pro:
portion of PG might be explained by increased turnover ofd
PG to cardiolipin and GPDGD -stimulated by high salt. The
unccanged lcvel of neutral giycolipids (DGD and MCD) with
increasing conceptration‘qﬁtsodium chloride id the growth
jﬁmgdium is consistent with the vieo that neotrai polar lipids
lﬁare not involved in membrane ion"?ermeability (Hopfer et al.,

1970).

" The total fattf acid composition of S. epidermidis

growo in medium of salt concentration in thehrange of 0-157%

was practically constant, but when the salt concentration
' o

. . . N ~
was increased to 25%, the proporticn og anteiso 15:0 fatry
acid increased greatly'from 58 to 757 (Table 32). Uchida

and Moji (1§72) reported that Pediococcus sovae, a3 haio—

tolerant organism, showed littte change in fatty acid com-
position with increasing salt concentration in the medium
(0 to 182) The increase. in percentage of anteiso 15: 0
fatty acid at the high. salt concentration (251) observed
here might be due to partial inhibition of chain elongation
‘of branched 15 0 to, branched 17: 0 fatty acids by high salt
concentration. .

In summary; it may be concluded that polar groups
such as phosohates or hydroxyl groups of acidic glucophospho-
lipid"’probably'play a’ more important role than the non-
'polar acyl chains in controlling ion permeability of the.

-

membrane.

T .xv‘
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V. Metabolism of Membrane Lipids of S. epidermidie

o .

Time course of incorporation of [ P]orthophosphete

and [I- C]glycerol into individuai 1ipid components during

growth of S. 'epidermidis cells revealed a sequence of label—

Iy -ling of the membrane lipids (see Fig. 32 en§=Results X)

-

which suggﬁsts the following precursor-product relationship

among the lipid components:

) g ) . o & '

PA. —>»PG = CL

\ GPDGD

DG —>NGD —> DGD

The biosynthesis of~phosphatidylglycexol (PG) H
- @
from phospha®idic -acid (PA) and cardiolipin (CL) from ?G.
: : ’ . . T
,hdve been demonstrated clearly &~E. coli and ip other

. bacteria (see Introduction V?f- The presence,of- these Pathf

ways in S. epidermidis is. supported by the sequential label-

ling of PA, FG and cafdiolipin (Fig. 32), suggesting 2 pro-.

duct:preCursor relationship between PA and PG and between
[

PG aﬂd.cardiolipin. Diglyceride (DG) way be formed by the
-;action of phosphatidic acid phosphatase on PA as fopnd in’ i
v E. coli (Van Den Bosch and Vagelos, 1970), and also by
. action of phospholipase C on PG The increase in percentage

he
of Y%C in neutral 1ipid (mainly dislyceridev Fig. 33) at ¢

[
~
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14 o '
© expense of C.in PG during the growth period suggests that

breakdown of %F to DG was occurring. However, no definite

conclusions concerning the existence of these pathways for

BG in S. epidermidis can be made from thevpresent results,

since diglyceride éas{not specifically determineﬁ. In'mdsc

.strains 6f E. coli, phospholipase C was not detected (Bright:
. . L ) ' _ T — :

Gaertner and Proulx, 1972) but it has been found in many »

other genera of bacteria such as Clostridium welchii

(Ikezawa et al., 1964), Bacillus cereus (Haverkate and Van
Deenen, 1964) and in S. aureus (Doery et al 1965). The
presence of phosphatidic acid phosphatase and phospholipase c

has not previously been reported in S. epidermidis, to the

best of my‘knowledge.

nglyceride may serve as the precursor of mono-

ﬁglucosyl diglyceride (MGD) which in turP 15 the precursor of

~

diglucosyl diglyceride (DGD). " This biosynthesis’ pathway has

. been demonstrated in ﬁtreptococcus\faecalis (Pieringer, 1968)

'3.

”

and in other bacteria (see Introduction vi). In S. epidermidis,

the’ labelling sequence of MGD and DGD (Fig 32) suggests a

prodmct precursor relationship between these two SIYC°1iPid54
o

consistent with the f this pathway

Biosfnthes sCpt gl cophospholipid in S. faecalis

has been shown. to 4avo both PG and dislu°°syl diglyceride

: ‘ - the
-as’ precursors (Pieringer; IQ132< In S. epidermidis,

,lahelling pattern (Fig. 32) SUSSEStS that Pcﬁﬁﬁy be %he donor

of the Eg-glycero—l-phOSbhate moiety.oflGPD?D,‘since both



. A
Y
. A\
14 32 - ' - : ' -
the C and P percentage activity of PG decreased while . AN
these activities increased in GPDGD. However, the per- ‘

14 W :

centage c activity.of.DGD did not change with 4ncreasing
4 : N

1 C-activity in GPDGD. - One explanaﬂion of this observation
is that the rate of conversion of DGD to GPDGD may be equal

to the rate of b¥osynthesis of DGD from MGD. .Altermatively,

Isome othegtprecursor (as yet unidentified) of the giucosyl

: diglyceride moietw maylbe involved. The presence‘of ?A and
MGD accaunting for considerable proportions of radioactivity
in the early growth period (up to 10 min) is consistent with _ !

the explanation that they are intermediates in lipid bio- o

synthesis. . L o

: 3 ' e
In the pulsenchase experiment, ZP is "chased'

out of PG faster than E c}®eéG, during exponential growth !

32
(Fig. 35) but thereafter up to the stationary phase both “7P

and'lAC decrease in parallel. This pattern of turnover of

32 - and 140 activities of PG is the- same as that observed in

the total lipids (Fig. 35). During the early chase period

; 32 -
(2 hr), the - increase in both P and 8 in GPDGD ang cardio

- 32, b, g
lipin concomitant with the decrease in “7P and C-radto- -

- L \

activity of PG, supports the conclusion from the pulse'experi-

‘ment (Fig. 32) that both: cardiolipin and GPDGD are synthesized

from PG. In the early stationary phase,,radioagtiVities in -
cardiolipin, PG and DGD reached fairly constant levels
whereas those of GPDGD continued to’Fecrease to.very low

values (Fig. 35). Thus, turnover Hf GPDGD is much more 3 o
>, - .



;rapidhthanhthat of DGD, PG or cardiolipin in S. epicerﬁidis.

.JIn'contrast ‘the glucophospholipid in S. aureus was meta-

; .

™
bolically stable while DGD turned over (Short and White,

~ %

1970), just the reverse of that in S. epidermidis.'

These observations suggest that in S epidermidis,

tL

the main catabolic enzymes involved in‘lipid turnover wquld -

perhapslbe phospholipase C, -and phospholipase A together with
lysophosphblipaseﬁ The latter two, enZymes qcting in sequence

were thought to be conceruned with the degradation of phospho-

A

lipids in E. coli (Bright Gaertner and Proulx, 1972 Albright

1973). 1In g; aureus, phosPholipase A, lysophospho—
lipase and phospholipase C activities were found in the \\‘

.culture fluids of the organisms (Doery et al., 1965). These \\\

t al.

—_—

enzymes have not been reported in S. epidermidis The zadfo-

4

activity lost from PG may be converted to other lipid com:

ponents such as cardiolipin, "GPDGD a'diglyceride, as well as-

-‘-"'- ~

X Ton- lipid water- soluble compounds as suggested by_

"

Kanfer and’ Kennedy (1963). Hoqever, definitive conclusions
concerning the operation of the abovg;pathways for meta- s

bolism of lipids in S epidermidis can only be based on

Sefrnee

further studies w cell -free system(: </

- i - = -

\"'N.._._..,

-
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CHARACTERISTICS AND IDENTIFICATION OF THE Co

. - “ E . v.,"' i =
MICRQORGANISMS BXAMINED IN THIS THESIS o

-
-

. . . - ’ M
S A Staﬁhyldcoccus epidermidis - . ' - -

-

, A pure cultur& of this bagterium was isolated by h/W.
. . -.} ~ v
Dr. J._ﬂarwig, Food and Drug Directorateﬁ Departmen; of. ' .
. s : :‘ - . . . K l '\ R .

‘National Health and Welfare, Ottawa, Canada. The organism-

was found to be a colpurless, G;am-ﬁositive coccus and-was
9 . . . . . "

identified as Sﬁaphylococcué epidermidis by Dr. C. . Parg§
N N
{above address} on the basis of the following tests (see

-

Iﬂtroduction 'I.A.):

.  Mannitol Fermentation .- = ' . . .*Positive R

_Catalase Production . . ; POSiCiﬂ? . VR

' . . ) .- ..‘ ' ¢ ) . i e h‘!
inéole Production o ' ) 'Ne;;?}{f 'zﬁ‘ L
. ' ' . : L P [ P

Coaguigse_?rodu&ftoﬁ_ Co - j’Negétivg,
AcetoianroddEtion o o ' | ; m" {>$egative:
Glucose Ferment;FiQ_,(anaerobic) S jPositive;“ d
Gas from A;;erobic GIlucose Fermentation _'Negaéiﬁg'
--qﬂclucose Fefhentation (aerobic)s . - B ' ‘P°3?Fi%3”'5 \[ . 'q
’ Gaé“from Aerobic Glucose Fermentatioﬁ\\ . Negé;ive'
. - o v |
. B;‘ Wallemia sebi ' lf_" N e —~;;_*_ )
- \'L': A purg culture. was. isolated by Dr, o+ - Har‘-'ig ) ’ '8
and sén; to\b{ A. .% S;olk Cen:ralbureau VooB Schimmel-  ‘ : o

:

culLures’{g§5terstratt Nethe:land for identificati°n‘ o
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His description and identification of this“crganism ﬂas as

follows (Stolk, 1971):
"Wallemia sebi (Fr.) V.Arx (Sparendonema sebi Fr.,

. AN
‘Hemispora stellata Vuill ) 1is character

y. arthrospores

(spores which develop by disarticulation of hyphae) In

this species -the disarticulating hyphal Structures are pro-

g .,v
]

zduced by large, flask-shaped phialides Young spores are

\..

®
because of their development as arthroSpores somewhat cubical,

but most&? they become very soon globose. They show yellowish

’

or redcish'colourg, their walls are slightly roughened and

they measure 2.5-3.5p. = - ST

PR

The species is’strongly'osmophilic, growing
on media as malt +202 suc%fse, or malt +25% NaCl. The
o S ~

cultures are somewhat restricted and show brown colours.
. e N [ * -

.

g ‘ Do e A e - . ‘ - .
Identification of this'species is entireiv_based on its
morphologicaL characteristics, which are rather unique.

Cytoldgical\or biochemical tests were .not necessary for. its

' identi_fication.‘ .

cC. A Noqa;dia SpP. 3

A pure culture of this bacterium was isolated and

identified as a Nocardia sp. by Df- M B Gochnauer,,Biolﬁgy

Department University of Ottawa; Ottawa, Canada, who carried

.
- ™ -t

'out .the tests for characterization of the orsa“igh as f°1l°ws:

- - (' ke . —“
- The organism is an aerobic, Ggam positive, obligate -
R

thaloohile which grows in media containing at ieast 10 percent,d

’,' o ] . o C. . B .- s _:‘,‘ o




-
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NaCl with the optimum‘at 15-20 percent'NaCl.ﬁiOn a_ solid-. s
nediun, this organism produces branched aerial and substrate

mycelia. The lattegabccasionally fragments Long chains of . “ .

~ ’ 8

conidia argugroduced on both aerial and substrete\mycelia. o
T v S o

The spores are oval and have smooth surfaces as shown by 7

gcanning:and transmission electron microscopy. The, aerial

A

mycelium is white at all salt ‘concentrations. The substrQ{iJ
- - L, ‘ . . v
on

mycelium is pigmented;'the colour produced is dependent
1. r

the salt concentfation. In media containing 25% NaCl or

‘more‘it-is yellow. As” the concentration of salt is decreased G;S
5 yess .~ ] o

' ) . ! .
the substrate mycelium becomes darker.r Ip the.presence of—lo
. . . o] - : !
afd 12.5% NaCl, it-#s dark brdwn ‘and the-pigment-diffuses out
<F ’ : ) - ’ o,
inteo the medium. The pigments developed in about seyen.days

of growth _ ' \’ Vo “ ) "‘ Ce e
\\\\\ o The morphology of the two gene?a Ndcardia and

wr

Stkeptomyces are very similar but can be distinguished by‘

1l

1'!

n —

A%
deyermination of the chemical composition of the cell wall

-TJe folloWing results of cell weh_analyses of. this organiSm.

were . obtained:-'(l) 3 presente of meso- diaminopiqﬁlic aCtd

as determined by th thod of Beckér et al (196&), (2) the__

»

o3 i
presencetof 1arge amounts of arabinose and galactose using )
the methods of . Becker et al. (1965) - These. findings establi;h‘

} -
the’ identity of the organism as a Nocardia sp -

,-.I a.
-~

& T
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CLAIMS TO ORIGINAL RESEARCH

L

C.

- ~

L. Lipid combonents of. a Nocardia species and .
"~ R " ° . \ -

of,Waﬁiemia sebi have been identified chromatographically,

and total.fatty acid compoeition determined. The lipid com-
- o P . : | :
position of these two species have not.previously been
- 1 ‘\ . . . . =
reported.

S

2. Complete structural determinations of the polar

lipid components of StaphyloLbQ;uE,epidermidis haw:been

"
carded out.

L)

S
-

3.. A novel‘glucoﬁhsgbﬁalipid has been isolated

frmls epidermidis and its chemical structure Has been ‘esta-

ﬂl—-

blished as 3- 0 [sn glycero-1- phosphoryl -6’ -0~ (B -D- gluco—

yranosyl (1+6) Q-B D glucopyranosyl)] l 2 diacyl sn- glycerol

The complete structure of glucophospholipids in other

'Stag_ylococeus species has not previously been determined

4, Studies on ‘the effect of sodium chloride con-

“centration (b to 251) in the growth medium on the lipid com—

position of 5. epidermidis reveal considerable changes ig-

thﬁ proportions of charges polar 1ipids ‘and relatively small
Al Fd .

hchanges in percentages of knteisovcls,fatty aCid These - 7/

1

 changes may be involved in %fntro; of iomn permeability of
(K N N 4 '

: r i . . . . ‘ ‘
- the celI membrane.‘ A ' . )
_—

‘ 5., Metabolism of membrane lipids has been studied

. ‘ - . ul' "
in intact cellﬁ 0fS. ‘epiderni is, by means ofqtiﬂlse—chase_

i 4 N
_experimen:s u%ingl[ P]orthophosphate and [1- g}jCerol. . -

- v

- . . . <
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