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) SUMMARY

Part One of this thesis describes the structural elucida-
- tion of a sulfated tetraglycosyl diether (GL-1), a tetragl}cosyl diether
(GL-2) and a ttiglycosyl diether (GL-3) found in the membrane lipids of the

extreme halophile Halobacterium cutirubrum. The ammonium salt of the sul-

fated tetraglycosyl diether was found to have the molecular formula
C67Hi270265'§ﬁ4’ and on stfoﬁg‘acid hydrolysis i? yielded g#lactoge; mannose
and glucosé in mole ratio 2:1:1, as well as 2,3—di-gfphytanyiJggfglycerol.
The infrared specﬁrum indicated the presence of 2 sulfate group; mild acid
methanolysis reSu%ted in the‘formation‘of ;he‘deshlfated tetragl;cosyl
giether. The sequence and linkage positions of the sugars and‘tﬁe posiééon
of the sulfate group were determined by permethylation analysis of the sul-
: fa;ed tetraglycosyl diether and éf ifs garciai methanolysis products. The
configuration of.che glycosidic linkages was established I.:y'CrO3 Siﬁsation
: studiés and cptical rotation measurements. Fhe fesglts obtained established
the structure of the sulfaged tetraglycaéyl diether (GL-1) as 2,3-di-0-
phytanyl—l—gf[Galgf(3'SO;)@i'+6'Man2j3'+l'aGal£)al'+2'GlcEg]—ngglycerol.
The structure of the natu;;ily occurripg tetraglycosyl diether (GL-2) was
shown to be 2,3:4{793phytényl—l-gf[GaLRBlbhé'ﬂaﬁR(B'+1'aGal£)al'+2'Glcgg]_
sn-glycercl and that of the triglyéosyl diether (GL-3) was shown to be
Z,Q—di-gfphytanyl—lféf[GALRB;'+6'ManEgl‘+2'Glcga]-ggfglycerol. The latter
glycolipid (GL-3) is thus derived from the major sulfated triglycosyl diet-
he} (GLS) with structure 2;3—di-gfphytanyl—l-gf[Galgf(%LSOZ)Bl'+6'ManRgl'+
2'G162g]-§éfglycerola' The structu;al relationship bet;eén GL-1 and GLS

suggests that the sulfated tetraglycosyl diether is derived bilosynthetically

By transfer of a galactofuran&éyl residue to the mannosyl residue of GLS.

-
’
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" Part Two presents the results of further investigations

-

of the lipid composition of.gf'cutirubrum red-and purpléd membrahes: qu—
dimensionalkthin layer chomatography of the polar lipids showed that
botﬁ membranes éontained the 2,3-di-0-phytanyl-sn-glycerol ether analogues
of phosphgtidylglyce?ophosphate (PGP), phosphatidylglycerosulfate (PGS)
'and phosphatidylglycerol (PG), the sulfated triglycos?l diether {(GLS),
the triglycosyl diether (GL-3) and an unidentified}glycolipid sulfate
(GL-4). The presence of tﬁe latter compound in the lipids of H. cutirubrum

has not been gfeviously reported. In contrast, Kushwaha et al., (1975a)

<

observed that the sulfated lipid components, namely GLS and PGS, were pre-

sent in the purple membrane but not in red membrane. Radicisotopiestudies

suggested that the apparent absence of GLS in red membrane may have resulted
from the occurrence of desulfation during membrane isolation, most likely
during the dialysis procedure. A

Part TRreeds a study of the physical properties of the

lipids and membranes of e;:;kmely halophilic‘Pacteria. The 31P-NMR powder

patﬁerns observed for purple and red membranes, purple membrane lipids,
-~

total polar lipids, PGP and a PGP -~ GLS (2:1; w/w) mixture indicated that

in each case the lipids had a bilayer arrangement. Freeze~fracture electron
d -

microscopy of aqueous dispersions of GLS, GL-3, total polar lipids and a

.

PGP + GLS (2:1; w/w)_mixtqre revealed the presence of multilamellar lipo-

, - 31 N
somes, in agreement with the present P-NMR studies and previous osmometry
and negative staining electron microscopy studies (Chen et al., 1974). In

- -

contrast, freeze-fracture electron microscopy of PGP in aqueous digpersicn

showed the presence of multilamellar structures which,were not homogeneous

with respect to morphology.- The 31P-NMR spectra and freeze-fracture elec-
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tron micrographs of PG, a minor phospholipid'component}\indicated
. . ' N\
a vesicle type of structure. ' The nature of/:he structures observ
. e :

both PGP and PG would explain the inability of these phospﬁolip

behave as ideal osmometers in aqueous dispersion, as reported

\

et al., (1974).

o«

Temperature dependence studies of the‘BIP-NMﬁ\spectra of -
PGP dispersions and purple membréne:Suspensions showed that.in Zach sfstem
'.bilayer structure was préséfved up go 60°C. In aéreement with previous
studies {Chen et al., 19743 Jackson and §turtevant, 1978a)'bu£ iA contrast
with others (Degani et al., 1978) there was no evidence for a lipid éhase
transition over thé'range 5°-60°C. - These studies also indicated that in

purple membrane interactign of PGP with bacteriorhodopsin and'neutfal

-lipids results in a reduced overall motion of the phospholipid.
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' RESUME
i . e B} .-__ ' ¥ .
La premiére partie de cette thése décrit la détermination des .

structures chimiqﬁes d'un té;rého;oside sulfaté (GL-1l), d'un tétraholoside

"~ {(GL-2) et &'un triholoside qui sont trouvés parmi les lipides membranaires

d'un halophile extréme, Halobacterium cutirubrum. Nous avons trouvé que le

sel d'ammopium du té;raholoside sulfaté (GL-1) a la fo;mhle brute

Ce7H] 270265 .NH,, et aprés méthanolyse il se forme en milieu fortement acide,

kY

un mélange de galactose manhose et glucose dans la proportion 2:1:1; aussi

-que du'2,q;di—gf phytanyle-ggfglycérol. Le spectre infrarouge indigque la
‘présence d'un groupement sulfate; par méthanolyse en milieu faiblement acide.

Nous avens observé la formaéion du tétraholoside désulfaté. Nous avons
- v

L~

déterminé la séguence et la position des liaisons des sucres et celle cdu
groupement sulfate par analyse de méthylation cémplé;e du tétraholoside
sulfaté:et ae ses produits de méthanolyse en milieu faiblement.acidique. L;
configuration des liaisons glucidiques a été établie par étude de 1'oxydation
pgr CxO3 et par mesure du pou?oir rotatoire. Ces résultats ont établi
pour le tétrahclosfde sulfaté la structure suivante: 2,3-di-Q-phytanyle-1-0-
[Galgf(3'504)81*6'Man2j3'+(aGai§)al‘;2'GLcEg]—ggfglycérol. Nous avons‘epseé;\
trouvé que le tétraholoside nature (GL-2) a la strucgggg%z,B-éi-gfphytanyle—l-
QT[GalEﬁl'*ﬁ'Man£(3'+l'uGal£)alf—2'Glcg@]—§gfglycérol eé-le triholoside (GL-3)
a la structure 2,3'—di-gfphytanyle—l-gf[éaigﬁl'*6'Manpal'*2fGlc2g]—§57glycérol.
Donc, le triholoside (GL-3) est der}ﬂé du‘trihéloside sulfaté majeur (GLS)
qui_a _la structure 2,3-di—9fphytanyle—l—gf[Gélgf(B'—SOZ)Bl'*6'Manggl'*2'
Glcgg]—gg7glycérol. La relation s;ructurale entre GL-1 et GLS suggere que
- N

\ ~
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le tétraholoside sulfaté est formé par transfert du groupement galacto-

.

. furanosyle .ali groupement mannosyle du GLS. -

La deuxiéme partie présente les résultats des examens additionnels des

compositions lipidiques des membranes poupre et rouge du Halobacterium

cutirubrum. La chromatographie sur-couche mince bidimensionnelle des

lipides polaires a démontré que les deux membranes contiennent les dérivés

du 2,3-di-O-phytanyl-sn-glycérol de pbpsphatidylglycérophosphate {bGr), de
———" . R
phosphatidylglycérosulfate (PGS) et de phosphatigglglycérol {(PG), 1le

triholoside sulfaté (GLS), le triholoside (GL-3)- et un gl;colipide sulfaté
inconnu (GL-4). -La présence de GL-4 parmi.les lipides de g, cutirubrum
n'a jamais été rapportée. Par contraste, Kushwaha et al., (1975a) bng
observé qge‘les lipides sulfatés, & savoir GLS et %gs sont trouvés dans la
membrané poupre mais ils sont aﬁggnts de la membrane fouge. Les études

radioisotopiques ont suggeré gque l'absence évidente de GLS dans la membrane

rouge peut résulter d'une réaction de désulfatation pendant la préparation

~ . -

des ﬁembranes, probablement pendant.la procédure de dialyse.

La troisiéme partie comprend une étude des propriétés physiques des
lipides et des membranes des bactéries haiophiles extrémes. Les spectres
. ?e la R.M.N. du 31? de la membrane poupre, de la membfane rouge, des
1ipiﬁes de la membrane-poupre,'des 1ipides~polaires, de PGP et d'un.
mélange de PGP + GLS (2:1; Q/w) on£ montré que les lipides sont arranges
_en dicouche. La microscopie électronigue a cryodécapage des dispers%ons
dans 1'eau de GLS, de GL-3, des lipides polaires et d'un mélange de

PGP + GLS (2:1; w/w) a révélé la présence de liposomes multilamellaires,

PR . 31 s
résultat compatible avec ceux, obtenus par R.M.N. du P, par osmometrie et

il

en microscopie électronique par coloration négative (Chen et al., 1974) .



Par opposition la-miqroscépie électronique 3d cryodécapage des dispersions’

de PGP dans l'edu a indiqué la §résence:de structures multilamellaires

.

. . Y ' ! 3
morphologiquement non homogénes. ‘Les spectres en R.M.N. du lP et la
microscopie électronique & cryodécapage du PG, un phospholipide mineur, ont

indiqué la présence de vésicules. Le type de structure gue nous avons

*

observé pour PGP et PG expliguerait le fait que ces phospholipides n'ont pas’
les propriété des osmométres fermés dans l'eau, comme il 1'a été publié

(Chgn‘gg:gin, 1974). Les études de la température des spectres en R.M.N.

du 3lP pour PGP et la membrane poupre dans l'eau ont montré gque dans chague

systéme, la structure bilamellaire est préservée jusqu'a 60°C. Conformément

avec les -études précédentes (Chenlgglgl.,'l974; Jackson et Sturtevant, 1978a)

mais par opposition avec d'autres travaux (Degani et al., 1978), il n'y a

pas de preube d'une transition de phasé sur l'étendue 5°-60°C. Ces études

ont également indiqué que dans la membrane poupre la rédubpion du mouvement

des phospholipides résulte de 1'interaction du PGP avec la.bactériorhodopsine

-

et les lipides non polaires.

[y
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GENERAL INTRODUCTION
' _ -

Extremely halophilic bactgria, methanogenic bacte?ia and
certain thermocacidophilic bacteria havé been designated aé "archaebact8ria"
and represent a line of early evolutionarxy divergencé from eukaryotes and
prékaryotes (Woeée et al., 1978). These organisms can exist under con-
ditions that are believed to represent those of primitive earth: 1i.e.,
the methanogens are strict anaerobes, the thermocacidophiles occupy a
"hot acid niche" while the extreme halophiles requirxe a hiéh salt environ-

ment. *

?

Archaebacteria differ from .both proka;yotés and eukaryotes
in sevexral aspects of their moiecular biclogy, fox ex;mple: the presence
of memé;;;e lipids with isoprenoid side chains linked to glycerol by ether
linkagé rather than ester~linked fatty acids; the absence of the peptido-
glycan-type of cell'wal; found in most bacteria.and the presence of cer-
tain characterigtic tRNA and rRNA sequences {Woese et al., 1978). Further-
moré, some specles Of extreme halophiles contain bacteriorhodopsin, a

-

retinal—g;ﬁtciﬁ“complex analogous to the visual pigment rhodopsin but fun-
_ctioning as a light-energy transducex (gto;ckenius et al., 1979).

During the last fifteen years, a large portion of tﬂe work
in this laboratory has dealt with the structure and function of the lipids
of extremely halophilic bacteria. The pelar lipids were shown to be
derivatives of 2,3—di-g-phytanyl-ngglycerol and the ccmplete'sﬁfuctures
of thefphosphqlipids and a major giycolipid sulfate have been determined
{Kates, 1978). Also, pﬁysical studies of the polar lipids indicated that

the major glycolipid sulfate is required for the formation of stable lipid

bilayers (Chen et al., 1974). This thesis is concerned with further studies



of the chemical structure and polymorphism of lipids of halophilic bac-
<teria and with an investigation of the lipid composition of red and

o
purple membranes. Before proceeding with the experimental section, the

characteristics of extremely halophilic bacteria and the properties of

their membranes and lipids will be reviewed.

\

I. \\5\ Microbiology of Halophilic Bacteria

1. Classification

Hélophi;ic bacteria, as the name impli®s, are bacteria
that require sodium chloride, in varicus concentrations, for survival and
growth. They may be divided, into two clésses {(Baxter and Gibbons, 1956}:

(i) ﬁoderately halophilic bacteria (moderate halqphileé)

"which grow in media haviﬁg 0.5 - 3.5 M NaCl;
(ii) extremely halophilic bacteria. (extreme halophiles)

which require .4M to 5M NacCl for optimal growth.

- The extreme halophiles are subdivided into twe_genera,

namely.Hanbacteria and Halococci.

The genus Halobacterium consists of Gram-negative bac

. which grow optimally in 25% N?Cl (4 Mj'and regquire at least 15% NaCl
(2.5 M) for growth. The organisﬁ cén be non-motile or motile by means
of a tuft of polar fiagellae. lobacteria have long been described as
being obligate aerobes, buta:e£Zitly‘§- halobium Aas been shown to be
capaéle of growth iﬁsgnaerobic conditions either by fermentation of

érginine to ornithine or by- illumination provided that the cells contain

sufficient purple membrane (Hartmann et al,, 1980). Some disagreement

.- -

exists concerning the number of species in the genus Halobacterium. Only

two species are listed in Bergey's Manual (Eighth Edition, 1974) namely

{»



H. salinarium and H. halobium. However, the previous edition (Seventh

Edition, 1957) listed five species: H. cutirubrum, H. halobium, H. salin-

arium, H. marismortui and H. trapanicum. It has been suggested that the

apparent homogeneity may result from the isolation methods, and that major

revision is required concerning the taxonomy of the genus Halobacterium

(Rodriquez-Vdlera et al., 19807%.
- Halococci are Gram—negative, non-motile, non-spore—form

ing obligate aerobes which grow optimally in about 207 NaCl (3.2 M) and

require at least 12% NaCl (2 M) for growth; in comparison with Halobacteria

they seem to be more resistant to osmotic damage. These organisms are
classified in the genera Halococcus (Bergey, 1974).

Extreme halophiles grow very slowly, and generation times

of about 7 h and 15 h have been reported for Halobacteria and Halococei,
respectively (Larsen, 1967).

2. Salt Requirements

Progressive dilution gf the salime environrent of Halo-
bacteria frog 4 M to 1.5 M results in a change from a rod shape’to a
spherical one; further dilution below 1-1.5 M results in complete lysis.
The factors responsible for this lysis include the negative charges of

the carboxyl groups of aspartic and glutamic acids present in the membrane
. : "

proteins and the negative charges of the acidic lipids. Replacement of

sodium ion by potassium or ammonium ions results in loss of rod structure,

which suggests that sodium ion is essential for maintenance- of the rod

shape.in a manner which is not purely osmotic (Kushner et al., 1964).

The protective effect of monovalent cations on the morphological integrity

-



of H. halobium was found to decrease in the same order as their hydration

volumes (Lig Na-s K+>-NH

+ s
4 ), which suggests that the effect of salt concen-

tration results from both electrostatic and osmotic factors (Soo-Hoo and

Brown, 1967). Consistent with this effect is the observation that 0.5 M

® magnesium ion was found to be more effective than 1M sodium ion in pre-

venting lysis of H. cutirubrum cells (Kushner, 1964).

W

usually contain 0.1 — 0.5M MgSO

.In addition to 4M NaCl, growth media for Halobacteria

4 and approximately 0.03M KCl.

II. Membranes of Extremely Halophilic Bacteria

1. Fractionation of the Cell Envelope

Dialysis of H. halobium suspeﬁsions against distilled

water, followed by centrifugation of the dialyzate, gave the following

four cell fractions (Stoeckenius and Rowen, 1967; Stoeckenius and Kunau,

1968):

(1)~

(i1)

(iii)

(iv)

a soluble, colourless, lipid-free fraction which
contained protein and hexosamines and was most likely
cell wall material; Y

a red f{gctiOn which ;onsisted éf 40% -lipid and 60Z
protein

a purple fraction of similar composition to (ii),

which consisted of large membrane sheets;

a fraction of collapsed gas vacuoles, largely protein

in nature

Fraction (i) and (ii) contained high proportion of

aspartic and glutamic acid residues which was consistent with the theory

v
1

that cell disruption at low salt concentration is due to the presence of

a2 high charge density in the cell envelope. Fraction (ii) was later called

-’



red membrane, the colour being due to the presence of the red pigments,

bacterioruberins (C_. carotenoids). Disc gel electrophoresis of the red

50
membrane showed the presence of many separate polypepﬁides (Kushwaha
‘EE.Ei-'i975aL and this membrane probably carries out the usual membrane
functions. The red membrane forms the larg;;t portion of the membrane
in cells growg undex high aeration, bhut the purplé membrane (fraction
(iii)) can account for up to 50% of the cell membrane in illuminated,
oxygen-starved cells. Further studies of pgrple membrane structure and

function prdved to be very exciting (Stoeckerius et al.,1979).

2. Purple Membrane

{a) Structure
. A suspension of purple membrane shows a broad band at

560 nm and a stronger peak at 280 ﬁm in the UV-visible spectrum/(Figure I).
.The purple colour has been shown to be due to retiﬁal complexed ‘with a )
single polyéeptide (bacteriopsin) in a 1:1 molar ratio (see General Intro-
duction, III, 3}; because of its similarity to mammalian rhodopsin it was
called "bacteriorhodopsin" (QOesterhelt and Stoeckenius, 1971). The avail-
able evidehce suggests that the retihal is compléxedits a lysine residue
via a SFhiff base (Oesterhelt and Stoeckenius, 1971; Mendelsohn et al.,
1974).

Freeze—fracture electron microscopy of intact cells
revealed thgt the pu;ple membrane exists as a differentiated but continuocus
part of the céll membrane (Blaurock and’Stoeckenius, 1971). X-ray dif-
fraction date indicated that the protéin molecules ;re arranged as trimers

in a two-dimensional hexagonal lattice in a plane parallel to the membrane
e 44 o

surface. Other features present in the diffraction pattern suggested



Figure 1

Ultravio;et-visibie absorption spectrum of a purple membrane,

-
.

suspénsion in water (Kushwaha et al., 1975a).
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that the protein consisted mainly of a-helical segments (Blaurock and

\

Stoeckenius, 1971) and that the liﬁids are present in a bilayer arrange-

ment (Blaurock, 1975). Further analysis of electron diffraction paﬁterns

Y

and electron images revealed that each protein has seven G-helices about
40 % long-and 10 3 apart traversing the plane of the membrane (Figure 2)

{Henderson and Unwin, 1975). Studies of the dichroism induced by bleaching

»

of the chromophore with polarized light indicated that protein rotational

motion is very slow compared to the mobility of rhodopsin in rod outer
segments (Razi Nagvi et al., 1973). Recentlﬁ, the amino acid sequence of
pacteriorhodopsin has been established, and the protein consists of a

single polypeptide chain with a molecular weight of 26,000 and possessing

248 amino acid residues (Kho;ana et al., 1979).

{b) Light-Driven Proton Pumping
Oesterhelt .and Stoéckenius (1973) bostulated:that burple
membrane functions as a light-energy transdhcgr. Thistwas based on the
observation that protons were released from both cells and'purple membrane
fragments upon illumination. Later experiments showed that light could
induce AT# éynthesis and that light driven proton gradients occurred across
both intact cell membranes (Danon and Stoeckeﬁius, 5974; Michel and Qester-—
helt, 1976) and lecithin vesicle preparations containigg purple membrane

+ o+ . ) _
and (Na +K )-ATPase (Racker and Stoeckenius, 1974). Aalso, it was shown

that the action spectra for proton pumping and ATP synthesis in whole cells

followed the abéorp?ion spectrum of purple membrane (Danon and Stoeckenius,
1974).- These experiments demonstrated that bacteriorhodopsin can convert
light energy into a proton gradient which can be used to drive ATP synt-
hesis in accordance with the Mitchell hyvpothesis (Figure 3) (Stoeckenius

et al., 1979 . ' 20

AN



.w

Figure 2’
Dfawing showing the arrangement of a-helices in one protein molecule
of the purple membrane, derived from electron microscopy. Lipid§
have been drawn to occupy their likely but not yet proven position

~

(Henderson, 1977).
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Figure 3

b

Diagram showing the relationéhip between proton transport and energy
metabolism in a haiobacterigm cell. The cell membrane contains
patches of purp;e membrane and also respiratory-chain pigments;
either light or oxygen can promote the.ejection of protons. The
light-powered process is mediated by the purple membréne and the
oxidative process by the respiratory chain provided that an oxi-
dizable substrate is available. The resulting proton gradient
drives a backflow.pf protons through the ATPase which synthesises

ATP from-ADP and inorganic phosphate (Stoeckenius, 1976).
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The function of bacteriorhodoésin is similar to the’

multicomponent electron transport chains of respiratién and photosynthesis.
. 1 .

However, electron transport is abseﬁt and proton translocation is accomp-
lished by tge comparatively simﬁle protein-retina} complex mentioned above.
Experimental{gvidence shows that the molecule undergoces a photochemicall
cycle involving several intermediates (Figure 4). The intermediate having
the longest life is theA4ﬂE nm chromophore, and upon its appearance a
proton is released‘i;to the médium; regeneration of the pu;ple complex
is associated withnthe.uptake of a proton from the cytoplasm (Oesterheit
and Hess, 1973); It has been §uggested that proton Eranéaocation results
from conformational changes in bacte;iérhodopsin which affect the pXa -
values of side chains arranged aé a hydroéeﬂ bondéd bridge (Stoekenius
et al., 1979). Despite the concentrated efforts of several fesearch groups,
at present there is insufficgent experimental proof for a detailed mec-
hanism of bacteriorhodopsin action. Recently a secon? ﬁetin&l—protein
complex, called halorhodepsin, has been shown teo function as a light—

driven sodium pump in H. halobium (Greene and Lanyi, 1979; Weber and

Bogomolni, 1981; Matsﬁno—Yagi and Mukohata, 1980}.

{c) Biosynthesis

The purple membrane presents an excellent system for'the
study of membrane biosynthesis because its biogenesis is inducible and
' . , . . 32
only one protein and two major polar lipid components are present. P
35 o . L ' |
and S labelling experiments indicated that the lipids cof purple membrane
are. formed long befor® the start of retinal and bacterioopsin synthesis

(Sumper et al., 1976). Using nicotine to inhibit retinal synthesis ,

the .precursor of purple membrane has been shown to be a brown membrane
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Figure A‘
Photochemical cycle of lighé—adapted bacteriorhodopsin. Wavy lines
indicate the light reaction. "All-trans" and "13-cis" indicate the
retinal isomer extracted under conditions in which most of the pig-

ment is present as bR570 and M&lz’ respectively (Stoeckenius, 1979).
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EBn;aining bacteriocopsin and a- cytochrome-b' type protein (Sumper et al.,
~., ‘ . _

1976).  "THiS brown membrane-ieacts'w;th'rétinél and then crystallizes |

to form purple membrane in an- ATP-regquiring process. The synthesis of

.o , Y
both retinal and bacterioopsin are separately induced by low oxXygen tension,

but the molecular mechanism of this is unknown. -

IITI. Chemlstry of the Lipids of Extremely Halophlllc Bacteria

The total llplds of the extreme halophiles account for

about 2.5-4% of the cell dry weight (Sehgal et al., 1962; Kates et al.,

196S; Joo et al., 1968). The addition of acetone to a chloroform solution

r

of the total lipids yields a "polar" lipid fraction as an insoluble pre- ¥

cipitate {90% w/w of total lipids) and an acetone-soluble "non-polax”

lipid plus bacterioruberins fraction (10% w/w of total lipids).

1. Polar Lipids

The acetone insoluble iipids were recognized as being
atvplcal of Gram negatzve bacterla in four respects (Sehgal et al., 1962):
> (i) the low nitrogen content (0.18%) indicated that
nitrogenous lipids were present in only trace amounts;

y (ii) an unusually high lipid phosphorus content (p = 4.3-

. 4.6%) was present; .

(1ii) ?fatty_acids were nog releastd b; ﬁild alk;line hydro-
lysis (Dawson, 1954) ,- whick showed that the lipids
were.not derivatives of diacylglycerol;

(iv) Hydrolysis of -the total polar lipids yielded 65-76%

of a non-saponifiable matef which *was shown
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later to be 2,3—di-g'-[3",7‘ ,11',15"-tetramethyl-
hexadeéyll-gafglycerol (Kates et al., 1965; Joo et
al., 1968; Faure EE.EE‘L 1963). Each of the three
asyﬁmetric centres of ;ﬁ; 3,7,11,15-tetramethyl-
hexadecyl (phytanyl)Agroups had the E:absolute con-—
figuration (Kates ég_g;., 1967a).

Chromatography of the polar lipids revealed the presence
QL two majér components and several minor components (Figure 5) {Sehgal
et al., 1962). All of the polar lipids chara;teiized were shown to be
derivatives of 2,3-di-gfphytanyl—§§7glycerol.

The major component (Spot 6, Figure S) was an acidic phos-
pholipid and accounted for about 60% (w/w) of the polar lipids. Elemental
analysis and studies by degradative hydrolysis (Kates et al., 1965} indi-

_cated that the phospholipid had a phosphatidylglycerophosphate structur;
in which ether-linked pﬁytanyl groups réplaced the acyl groups. Chemical
'synthesis (Joo and Kates, 1969) yielded a lipid identical with the natural

substance and established that its structure and configuration was 2,3-

-
'

di-Qfghy§$nyl—ggfglycerol—l-phosphoryl—3'—ngglycero—l'—phosphate {PGP; ;;B%
Strucﬁure 1I, Figure 6}. The c0nfiéuration of both glycercl mqieties‘is
opposite to that of diacyl-PGP foung in other bacteria (Slotboom and Bonsen,
1970). Although only-two acid groups per molecule cou;d be detected by

NaOH titration with phenolpthalein indicator, NMR studies of permethylaﬁed
PGP and PGP trimethyl ester and elemental analyses of the various salt

- forms of PGP have e§tabiished that there are three ionizable P-QO-groups

per molecule (Hancock, 1972; Kates and Hancock, 1971). .

One of the minor components (Spot 8, Figure 5) was a

&y
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Figure 5

Tracing of a chromatogram of the total lipids of H. cutirubrum cells
and envelopes. The chromatogram was stained with Rhodamine 6G and
viewed under ultraviole; lighi.‘ The fluorescent.colors are indicated

o
by the following abbreviations: B, blue; G, grey; Y, yellow; O,

orange. Broken lines indicate minor components (Kushner et al., 1964).

Identification of components:

Spot 1 sulfated tetraglycosyl diether (GL-1)*
Spot 2 sulfated triglycosyl diether
Spotr 3 unidentified phosphatide
Spot 4 criglycosyl diether (GL-3)*
) Spot 5  phosphatidyl glycerosulfate (PGS) '
Spot 6&7 phosphatidyl glycerophosphate (PGP)
Spot 8 phosphatidyl giycerol (PG)
Spot 9. neutral lipids (including pigﬁents)

*See Part One of this thesis ' A

- Solvent System:

Diisobutylketone-acetic acid-water (45:25:5; v/v/v) on siliecic ~

acid impregnated- paper.
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Figure 16
Projection for;ulae of:
I. 2,3-di-97(3'§,7'5,11'&,15'-tetramethylhexadecyl)-ngglycerol—l-
phosphoryl-3'-sn-glycerol (PG).
II. %,3—di-gf(3‘§?7'39ll,%715'—tetramethylhexadgcyl)-ggfglycero-l-
« phosphoryl-3"-sn-glycero-1"-phosphoric acid (PGP).
III. 2,3—di—97(3'§,7'g?ll‘gg15,-tetramethylhexadecyl)fggfglycefo-,

l—phosphoryl-3"-sn-glycero-l";sulfuric acid (PGS). ——

g
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phosphplipid accounting for ca. 4% of the peolar lipids, and its‘structure
was.shown to be 2,3-di—gfphytanylfgg—g1ycero-l—phosphoryl—3'—ngglycerol
(Pé; Structure I, Figure 6) (Faure et al., 1964; Kates et al., 1966;
Joo and Kates,‘l9683. A second minor phosphatide (Spot 5, Figure 5)
accouqted for ca. 4% of the polar lipids and contained sulfur in addition
to phosphorus. Degradative studies and chemical synthesis showed its
structure to be 2,3—di-prhytanyl—ggfglycero-1—phosphoryl—3‘-ggfglycero-
1'-sulfate (PGS; Structure III, Figure 6) (Hancock and Kates, 1972, 1973).
As in PGP, these minor phospholipids have glycerol moieties with config-
urations opposite to those found in other bacteria. ' Preliminary evidence
sﬁggested that a minox Ehospholipid found in H. halobium purple membrane
is the diphytanyl ether analogue of cardiolipin with the strucﬁure bis(di-
O-phytanyl-glycerophosphoryl)-glycerol (Ushakov et al., 1978). Further
investigation is however necessary to establish this structure with cer- '
tainty. <

At least four glycolipids have been found among the polér
lipids of H. cutirubrum and H. halobium. The second major polar lipid
component was a sulfated glycolipid (GLS; Spot 2, Figure 5) accounting
for 20-25% w/w of the polar lipids. Preliminary studies (Kates et al.,
1967k} had shown that the compougd contained sulfate, diphytanyl glycerol,
glucose, galactose and mannose in equimclar amounts. Permethylation analysis
indicated that thquluéosé was linked at positioen 2, the mannose at position
6, and the terminal ‘galactose residue was sulfated at position 3. Because
of the high positive optical rotation of tﬁercompound, it was concluded
that all glycosidic linkages had the &-configurétion- Later studies
{Deroo, 1974; Kates and Deréo, 1973) establ;;hed the sugar seqﬁence and

confirmed the sugar linkages given above. However, molecular rotation
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_data in comparison with calculated values indicated that éhe galactose
residue had the B-configuration rather than the a-configuration. This

was coﬁfirmed by the action of specific.glycosidases on the terminal gal-
man disaccharide released from tﬁe glycolipid by mild acid hydrolysis.

The anomeric configurations of the sugar residues in the Qulfated trig-
lycosyl diether have been confirmed by lH-NMR of the permethylated com-
pound {éalk et al., 1980). The complete structure of the glycolipid
sﬁlfate in E, cutirubrum is thus established as 2,3-di—gfphytanyi—l—gf
[Galgf(3-504_)Bl+6ManEgl+2G102g]—ngglyceifl {GLS; Structure IV, Figure 7).

A second glycolipid (GL-1; Spot 1, Figure 5) also contains
sulfur and can be labelled b&ucells grown in the presence of [355] sulfate
tKates et al., 1968). However, it is much more polar than the sulfated -
triglycosyl diether, suggesting the presence of an additighal rbohydréte
or Eulfate.group. Investigation of the structure of GL-l\present in
this thesis show;d %E to be a sulfated Qetraglycosyl diether. nother
glgcolipid (GL-2) co-chromatographs with the desulfated GL~1 and a third
{GL-3) co-chromatographs with the desulfated GLS (Kates and Deroo, 1973).
The comp;ete structural elucidation of these three minor glycolipids (GL-1,
GL-2 and GL-3) forms a major part of this thesis.

The major glycolipid of H. marismortui is similar. in
structure to the desulfated GLS of H. cutirubrum, except the terminal sugar
is a B-linked glucose residue rather than a B-linked galactose residue
(Structure V, Figure 8) (Evans et al., 1980). Recently, 2 sulfated dig-
lycosyl diether present in a strain of halophi%ic bacteria from Spanish.
sait ponds has beeg‘identified as 2,3—di-gfphytanyl-l-gf[Maqg-(6-504-)
al+2Glepe |-sn-glycerol {Structure VI, Figure 8) (Kushwaha et al., in press).

-
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Figure 7

Structure of the glycolipid sulfate (GLS) of Halobacterium cutirubrum:

2,3—di—g;phytanyl-l—gf[Galgf(3'-806')Bl'+6'ManEgl'+2'Glcgg]—ggfglycerol

.
(Kates and Deroo, 1973). ) /
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Figure 8

Structures of the major glycolipid components of Halob3cterium

marismortui (Structure V) and extremely halophilic bacterial strain
(R-4) (Structure VI). ‘
V. 2,3-di-0-phytanyl-1-0-{Glcp81'~+6 Manpal'~2'Glepa]-sn-glycerol
(Evans et al., 1980) . B
VI. 2,3-di-gfphytanyl—1-97[Man27(6'-Soa)al'*Z'Glcgg]-ggfglycerol

(Kushwaha et al., in press; ref. 178) ) .
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2. Neutral Lipids B E

The acetone-soluble lipids consist almost exclusively of

P

isoprencid-derived compounds, and may be grouped into four classes on the

basis ¢of chain length: C_ -isoprenoids (geranylgeraniol), -isoprenoids

20 30

(squalenes), C

—isoprendids (carotenes) and C__=-hydroxylated isoprenoids

40 50

(bacterioruberins).

-isoprencid, and ‘has been

. =  Geranylgeraniol is the main o

found. in severalfépecies of halobacteria and halococci. Di-0-phytanyl
‘glycerol was found to be present iq\the free form as Eé- Sg of the neutral
lipids (Kushwaha et al., 1975b). Re?}ééi‘is a part of the bacteriorhodopsin
molecule present in - the purple membféne of H. cutirubrum and H. halobium
(Kushwaha et al:, 1975a).

Squalenes account for about 36% of H. cutirubrum neutral

lipids, and their structums have been established as all-trans-tetrahydro-

squalene and dehydrosqualene (Kushwaha et al., 1§7é{- Carotenoids are
present in low coﬁcentrations (1%) which suégests fhat they may be pre-
cursors for the synthesis of retinal and/or bacterioruberins. vitamin-gk-s
or menaguinone-B has been found in relativély large amounts in all halo;hiles
which have been examined (Kushwaha et al., 1974). The bright red and pink
colours of the extreme halophileé are due to the presence of the red
bacterioruberin pigments (Petter, 1935; Kushwaha et al., 1975b). It has
been suggested that these pigments protect the'DﬁA.of the bacteria from‘

damage caused by ultraviolet light.

3. Lipid Compoéition of Red and Purple Membranes

A éomparison of the lipid compositidn of red and purple
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membranes from H. cutirubrum (Kushwaha EE.E&:* 1975a) showéd seveéalisimi-
larities and differences (Table l). The tofal lipid content of purple -
membrane (20%) was found to be much lower than that o% red memb;ahe (37%).
Botﬁ membranes contained approximately equgl amounts of squalenes, carotene
and vitamin MK-8. However, retinal was p?esent exclusively in the purple

“membrane and the bacterioruberins were found only in red membrane. PGP
‘and PG were present in both membranes, but the sulfated lipid compoéents,
namely GLS and PGS, appeared to be present exclusively in the purple mem-—

brane. KXushwaha et al (1976) have shown by direct comparison that the

purple membranes of H. cutirubrum and H. halobium have qualitatively the
same lipid composition. Also Wildenauer and Khoxana (1977) found that H.
halobium purple membrane has essentially the samé, polar iipid composition

reported by Xushwaha et al (1975a) for H. cutirubr purple membrane

(?aﬁlg 1.
The absence of GLS and PGS in red membrane ‘Seems anomolous
when it is considered that E. cutirubrum synthesizes both GLS and PGS

in the presence of high or low aeration and under lig@t or dark conditions
1Deroo, 1974) even though low aeratiPQ and illumination are essential for
purple membrane synthesis. Furthermore, the_32P and 358 labelling experi-
ments of Sumper et al (1976) indicated that the lipids of purple membrane
are formed long beforelggé start of retinal and bacterioopsin sihthesis;
since red memprane prédominates before purple membrane appears, it folloﬁs
that red and purple membranes should have at least gqualitatively the same
type of lipids. When compared with intact cells, some preparations of

purple membrane fmom H. cutirubrum were found to contain lowér unts of

3LS and higher amounts of GL-3, aﬁd this led to the suspicion thapk the

-
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Table 1. Lipid Cdmposition of Purple and Red Membranes from H. cutirubrum*
% . ' % by weight of Total Lipids -
Lipid Component
. Purple Membrane* - Red Membrane
Neutral Lipids :
Squalene, dihydrosqualene,
‘tetrahydrosqualene Lo4.5 5 .
B-Carotene ' ' Trace Traces
MK-8 . 1.6 - 1.2
- : . +
Retinal 2.5 N.D.
C,, Red Pigments ' N.D. 0.4
Phospholipids ' -
PhospHatidylglycerol 4.5 2.7
Phosphatidylglycerophosphate 52.0 52.3
Phosphatidylglycerosulfate . 4.8 _ N.D.
Glycolipids - w
Xl . Traces - *k
Triglycosyl diether o 19.3 Traces
X2 Traces RN
Glycolipid sulfate ' 10.3 : Trages

fkushwaha et al., 1975a.
deke

The amount of Xl + Xz together was about 32-35% by weight.

+N.D.: Not detected.

Y
-



apparent lack of GLS in red membrane was the result 'of the action of a

’ . -

glycolipid sulfatase or alternatively qﬁ a non-enzymatic desulfation

.

{Kates, 1978). Therefore further studies were undertaken on the lipid

compositioh of red and purple membranes and on the desulfation of GLS.

The retinal:pro&ein ratio for bacteriorhodopsin was at
first fognd to be‘approximatg;yone (Oesterhelt and Stoeckenius, 1971).
However,'Rushwahalgg.gl,, (197%a% 1976) reported a retinal:protein mole
ratio éf 0.6*, based on the extraction of retinal with cetyltrimethylam-
monium bromide in the presence of hydroxylaming and determination of pro-
tein by the Towry (1951) method. ' papadopoulos et al., (1978) later found
a retiﬁal:pgotein rat;o ;f 1:05*, based on direct analysis of rétinai ex—
tracted with ethanol; protein was determined by the Kjeldahl procedure,

. o

" which required an assumed nitrogen conversion factor. In order to confixm
a 1:1 stoichiometry an independent pfﬁcedure is presented in this thesis,
in which retinal was quantitated by the thiobarbituric acid procedure
(Futterman and Saslaw, 1961) and grétein was determined by amifo acid

analysis.

- -

- >

v General Review of Glycolipids** T

.

f 1. Glycosyl Diacylglvcerols

:
In Gram-pesitive bacteria, the most common type of gly-

colipids are the diglycosyl diacylglycerols (diglycerides)., which are

e .

- -

Reczleulated on the basis of M.W. = 26,000.
* X

Glycosphingolipids will not be discussed in detail in this review

because they are beyond the scope of this thesis.
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Figure 9
Structures of the five major types of diglycesyl diglyceri@es iso-
lated from Gram—p?sitive bacteria (Shaw, 1970). ‘ v
(a) Galpal~+2Glepal+3' (17,2"'~diacyl-sn-glycerol)
(b) Manpal-+3Manpal~+3'(l',2'-diacyl-sn-glycerol)
(e) quggl+201cggl*3'(1',2'-diacy;—ggfgl§cerol)
(d) q1ckgl+6clcp31+3'(1',2f-diacy1-§27§1yce;ol)

(e} - GalpBl-+6Galpfl+3'(l',2'-diacyl-sn-glycerol)

N
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