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- of the Iipid in 0.004 M HC1 in tetrahydrofuran resulted in rapid release

SUMMARY
* ! .f 4;. - o T - ‘-'
Part One of this thesis reports studies on the chemical -
: N - b
structure of a major membrane libid componerit of the éxtfeme-haldphile
<. . . -

Héiobacterium cutirubrum. This/sulfur-containlng glvcolipid accounted
o . '

|
for ca. 25%7 of the total polqr ‘1ipids. The ammoniuh‘salg of the lipid
was found to have the molecul r:Eormula CBlHIIJOZIS NH,, and, on strong
acid hvdrolysis it yielded 2 3—di—O-phytanyl-sn-glycero1 glucose ~man-'

nose, galactose and sulfate in equimolar propprtions. Infrared and NMR

spectra indicated the presence of a,secondary sulfate group;z Solvolysis
: <

of inorganic sulfate énd’form;tibn'of.galactosyl-mannosyl-glucosyl

diphytanyi glfcerol ether, Wicﬁ higﬁe% acid cdncentfatien'(0.25 M

methanolic ﬂ?l), sttpwisé hydrélysis oé monosaccharide units qtcurted;
(giﬁing'mannosyi-glucosyl d;pbytény1~gl;cerol ether agh glucosyl diﬁhy:anyl

glycerol ether.< The position'of attachment of the sugars and of the'suifate

-

group was deternined by methvlacion of the free acid form of the glyco-

lipid s&xfate follcwed by acid hydrolysis,and gas-liquid chromatographic

analysis of the.partially me:hylated sugars as the alditol acetates.

. The configqrétioﬁs of the glycosidic linkages were estab1ish§d bbth.by

f

optical rotation measurements‘and_by spécific enzymatic hydrolysis. The

: ) o " .
results obtained established the structure as ?,3f§ifg-phxtaqyl—l{g:ﬁ\\\\\u/’
- : ' - ',.'_-“ . '

[S—Qrgalactppyranosyl-3f—sulfate-(L ~+6!)~0~-a-D-mannopyranosyl-(1'-+2")-
P~ " ; L.
O-a—D-gluCOpyranosyl]-sn—glycerol.

_/rﬂ\* Part-Tvo.n£*tﬁis thesis describes in vi;o squdieg on the:

T ' J" -") j »
mLcabolism of chq)glycolipids and other lipid components of H. cutirubrum
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® ycrilizing [""S}sulfate, [~ Clglycerol and [~ C]glucose as labelled.

precursors. Thesg.studies showed |that the glycolipid sulfate is probably

formed by the stepwise addition of onosaccharide residues to‘preformed

2,3—difg-phytgnylfggfglycerol. The resulting_cfiglycosyl diphytanyl:'

R

glycerdl is then probably sulfated by an enzymatic reaction ihvﬁiving
3'-phospﬁgadenosine-5'—phdsphosulfate (”active sulfate"). Also, turnover
. - - ! - - -

studies were carried out on'cellsdin which all lipid moieties héd pre-

viously been labelled with }aC or'BSS. These studies indicated that no

"
. ’

turnover of the major'polarllipia compcﬁents (phoéﬁhatidyl glycero-

phosphate’, gfycdiipid sulfate} or of the minor components (gﬁésphatidyl

glycerol, phosphatidyl glycerosulfate) dccurs in Halobactérium cutirubrum.

This finding rules qut the possibility 1) of .any enzymatic hydrolysis of
‘sulfate esters, glycosyl residues or glycerophosphoryl residués; 2) of
' ' ) . Y B

enzymatic transfer of any of these residues from one lipid to another;
3) of eﬁzymatic cleavage of the ‘ether Bonds and oxidative degradation
. i

of the alkyl (phytanyvl) chains released. Generally, the results'indicéte'

. \
that any lipids required by'the cell during the growth eycle must be

¥ -
synthesized de novo rather ‘than by the metabolism of 1lipids already

existing within the cell.
AN . -

l‘ ~N o h *
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r La premiére partie de cette tliése est consacrée a 1'étude

3

\}.‘ de la structur qﬁiﬂiqpe d'unjzampqsé-lipidique majeur de la membrane.

d'un halophii extréme, HalobaCCerium cutirubrum. Ce glvcolipide

-

sulfurg repré ente environ 257 du total des lipides polaires. Nous
avons rtrouvé que le sel d'ammoﬁfum du lipide avait la formule bruée
61 1170,,15 H& et que;'p;r‘hydroivse en milieg forﬁemeﬁt acide, il
produisait ! ~,3 di*O-phxtanvle-sn-glxcerol du gluéose, du'mgnnﬁéé,
. “du galactosé et du sulfate'en propertions equi;oieculaires. Les spectres
de T.m.0. e& iﬁfrarouge ont confirmé la présence d' un groupement sulfate :
-'sccondaire, "Par ‘'solvolyse du lipide en miliéu tétrahydrofurane 0,004 M 'ﬂ‘f> X
en HCl nous avopé coﬁsiaté la'libéfation de sulfac; qt'la formation Ae
l'étﬁer 2 B—difgrphytanyle,du'glycérql.porﬁangiun dihol&éide gélaétosyl-
mannosfl- lucqsyl.en‘positicﬁ 1,4 En utilisaﬁ; uné plus fo;te coﬂqéntra-

]

tion a'acﬁde (0.25 M dans ;e méthanol), nous avons observélpne hydrolyge

progressfve des'uni:és de monoholosides avec formation de l'éther 2,3-
o di-O—phytanvle du glycerol portant un dihcloside mannosyl-glucosvl en
’/position 1, et de 1' éther 2 3—di-0-phytanvle du glycerol porzant un

monoholoside glucosyl en position 1. ‘ngs avons determine les posicions

de liaison des sucres et .du groupqgen{/sulfate_par méthylation de la

forme aéide du sulfate du g}yfgiibide suivie d'une hydrolyse en milieu

acidzé;i/ilggg,anﬁi§;;’;;:’chromatographie en phase gazeuze des sucres

lement neth%les sous:la forme d'acétates d'alditols.’ Les con-

el

figurations des liaisons glucidiques ont été établies par des mesures

de  pouvoir rotatoires,et des études d'hydrolysé ehzymatique spécifiques.

v —-—



™

Ces résultats ont é&tabli la structure suivante: 2,3~-di-0-phytanyle-

lfgr[Bﬁgfgalactopyfanosyl—B'-sulfate-(l'+6')fgrg—grmannoﬁyranosyl-‘

(1'+2%)~0=a-D-glucopyranosyl]-sn—glycérol.
La deuxiéme partie de cette thése traite des &tudes

.\~

. in vivo du métabolisme des glycolipides et autre gomposés'lipidique

-d'Halobacterium cutirubrum en utilisant du sulfate{BSS], du glvcérol

1{‘ ‘ ) ‘, . .
[77C] er du glucose[;AC]‘comme précurseurs marqués. Ces études ont
o, nontré qué le sulfate de glvcolipide ést ﬁrobableﬁent formé. par -

1'addition suécessive d'unités de monoholoside a@ 2,3-di-0-phytanyle-

‘sn-glvecérol. be‘triglycosyle diphytanyle glycérol est en suite probable-
. ~ . . ‘]‘u
»~ ment sulfateé .par une réaction enzymatique qui/met en jeu le 3'-phospho-

adénosine-5'~phosphosulfate. Des études de :Lrnover ont été faites sur

des cellules dans lequelles tous les consti&uants lipidiques avaient
- . . . i ‘f,f N : -
" préalablement été marqués au ldc ot “7S. Ces etudes ont montré qu'il
' . ~. i

'
.- ¥

n'y avait pas de turnover des composés libidiques majeurs polaires (ie '

4
TN - .

sulfate de glvcolipide et le phoéphatidylgl&cérophosphate) ou des
Eomposés mineurs (le phosphatidvlglycérel et le’bhosphatidylglycérse

sﬁlfate) d'Halobacterium cutirubrum. Ce résultat exclur les

- L

possibilités ‘suivantes: . o . g

- une hydrolyse enzymatique des_ks:eré\sulfaies des unités de

s

-

glucides, ou des unités ghycérophosphorylées

- un transfert enzymatique d'une dg‘cﬁé’uﬁités d'un lipide 3 un

autre lipide - : '

- une coupure enzymatique des liaisons éther suiyie_d'ﬁne dégrada-

. tion par oxydegéon des chalnes d"alkvle (phyéanyle)_qui sont libérées.

N s

<

7



En général les résultats indiquent que tout lipide requis par la

T

' _cellule au cours de son cycle de croissance doit 8tre synthetisé

e xﬂﬁ novo plﬁcat.qﬁe par le métabolisme des lipides qui sont d&j3 )

v

présents dans ia'celluleu
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/" GENERAL INTRODUCTION

- . . . -

The'study'of organisms capable of €hriving.in extreme

. < environments has on many occasions presented an insight into the
. P :

- ‘ . - i

functions of the various cellular components.« Since the chemical - o
-strgctures of these components can.he determinedﬂ it is possible to -

B correlate a cell’s chemical compositioo/ytth its ability to adapt to

ey <

variations in environmental tempetature, pH, light intensity, salinity,

" 14

pressure or. combinations thereof The ability of extremely halogbil/c

bacteria, e.g- Halobacterium cdg&rubrum to grow “on salted,fish and to
. ! 2

flourish in uatural'salt'concentrates such as the; ead Sea” and Owen's

, S n .
Lake in California makes it an extremely interesting species to stuﬁ{f ’ '

o e

. s Work in this laboratory has_led_to~the discoverv of lipid

components haging structural features unique to extreme halophiles.‘ H.

-

' cutirubrum contains a large prgportion-oﬁ very polar phospholipids and
N T & . '

sulfolipids but mo nitrogenous lipids. These polar lipids contain long,
branched-ehain alkyltg:opps linked-to glycerol via ether linkages as A
‘opposed to the ester;linkedzacyl groups found in oost other organisms.

The polar'lipids have been shown to'be Jgrivaties of 2,3rdiﬁg-phytanyl-'

—
- -

(;{sgfélycerolgrather than of the l,ﬁddiaCylfggrglﬁcerol found in most ' -

i

.;;. ‘ other‘otganisms;, o ’E | 4 L
- " Structural determinations of the components of g,/tutirubraﬁ '
o : . v ; : -~ ' .
have“allowed the determination of those pr%perties.necessary for the . ..
v ‘ CE ) - S '
organisﬁ\tb thgive in medis containing 25Z sodium chloride. In additionm

-

to the.acidity of the polar libids;:tﬁe proteins of this organism are

unusually acidic due to their contairing high mole ratios of aspartic
. ) N o oy

. s s
“ N . i - " . i

Lo
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and glutamic acid (kusﬁner et al., 1864). At neutrzl pH, the main
envelope ccmpéﬁént;; lipid and protein, are nggativély charged. The

: depéndeﬁ:e of cells and envelopes on cations for sgability is,probably

"dug to the presence of these'negativély charged grcups; the sodium and
Ipotas?ium ions presumably act as counterions to shield-ihé\mdtually

repulsive negative charges of the membrane constituents (Kushner et al

196&). The characteristics of halophilic bacteria and :he'chemistry '

-
e

) — 1
of the H. cutirubrum polar lipids will'be discussed in more detail in

- the next section. o : hIRIES

,.I. Halophilic Bacteria: A Review

.1.,. Classification - - T . !
-,;_»r' ; HaAl'ophilic:' Baéteriala;\?q arbitrarily defined as éhése .
| réquiriﬁg a.minimum of 0,5 g QAdium chloride for survival and growth. {;f_ ’
« They may be divided into two ;lasse; (Baxter and Gibbons, 1956):. Sl
| | (1) moderate Lalophiles ;hich groqdig media containiﬁg
o A

"0.5 - 3.5 M sodium chloride : ' ,’
(ii) extreme halophiles which}require at least 2.5
sodium chloride and which grow oﬁbimally'in 53.-4 M sodium chioride.

-(1./e. 'a nearly -saturated solution).

:-Tl;e genus Halobacterium contains five species, namely

. H. cutirubrum, H. hal:bium, H. salinarium, H. marismortui and H.

o . ] "
fragan106; (Bergey's Manual, 1957).  Thgse bacilli are all Gram-

‘negativg, noﬁ-spére—for;;ng obl;ga:e aerobes which when moqile are
liphpfrichously‘flégella:ed (figure 1). Optimal grthhrocchs.in media -
containing aéoué.zsz gsodium chloride; the minimum Sodi;; chlofide

concentrat ion requiéed for growth is about 157 (2.5 M). . . ' 1‘ k

'S ' ]
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" Figure 1 '
. P
Electron micrograph of Fhe extreme halophile, Halobacterium
cutirubrum (x51,000)7 The replica was preparéd by J. Y.
D'Aoust, who kindly supplied the Qhocograph. ‘ 2,
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In addition to the Halobacteria there also exist toccoid
halcphiles requiring at least 127 sodium chloride (2 M) for growth; their
optimum growth is at a‘concenttation of about 20% sodium chloride (3.2 M).

" Three such species have been assigned to the genera Micrococcus and

Sarcina of the family Micrococcaceae: M. morrhuae, S. littoralis and S.

morrhuse., These organisms are_noﬁ—mocile, non-spore forming obligate
aerobes.

\\\ e A characteristic of all extreme halophiles is their slow

.

growth, even under optimum conditions. "Larseg (1967) reported a

- generation time for Halobaéﬁeria of about 7 h, and.for Halococecl about

15 h, The complex medium of ‘Sehgal and Gibbons (1960) SUpports good

i g
grouth a:E‘UHIERiﬁgg 1. (1965) have'developed a chemically-defined

pedium.

2."Salt Requirements

When their saline environment is progreésivei& diluted,

'excremg halophiles (bacilli) change their rod-like form ;o a‘spheripal
structure and finally lyze completely and irreversibly in 1 - 1.5 M -7
“salt (Abfaa and Gibbons, 1961). The requirements of the rod-form for
sodium ion appears to be specific. Réplacément of.sodium ion by either
potassium or ammonium ions results in léss of the rod structuré

(Kushner et al., 1 1964). However, sodium, potassium or lithium ions are
equally effeccive in maintaining the 1ntegrity of mechanically prepared
envglopes, whose dissolution begins at 3 M sodium chloride and is almost

complete at 1 M salt. Thus the specific requirement of the intact cell

for‘sodiun ion suggests that the role of this ion is not solely osmotic. .

.
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€ Soo-Hoo and Broun‘(1§67) showed that the protective effect of monovalent

cations on Fhe morphologiéal integricty of H. halobium decré;séd in thé
same ofdeg as their ﬂ}drated volumes (lithium > sodiﬁm > potassium >

: ammonium)‘and concluded that the salt concentration effect is a combination
of_elecﬁroé:atic and osmotic factors.. In accord with these observations,
Kushner et al. (1964) and Soo-Hoo and Br;un (1567) found 0.5 M magnesium
ion to be more effeétivg than 1 M sodium io? in preventing lysis of H.

cutirubrum cells.

3. The Cell Envelope Structure

Brown and Shqréy (1963) sﬁggested that cells of H. halobium

were ESunded only‘by a tfiple layered plasma membrane; however, later
Qd?k.shoued that the.cell envelope consisted of a'wall and a ﬁlasma
- mémbrane (Cho et al., 1967; Stoeck;nigs and Rowen, 1967). The cell:
.envelope of the extremgly.ﬁalgphilic Ea;;eriﬁ d}?fers distinctly from
that of other Graﬁ negative bacteria, in not pogsessing muramic acid and
diaminopimeiic acid. Analfsis showed that the halophile eavelope was
largely liﬁoproceih containing more than 93Z.of thelllpids of the whole
cell (Kgfhner et al., 1964).
| The cell envelope requires a hi5hconcentration;qibmonovalent
ions (or a lower concentration of diyélen; ions) to prevent eléctrost;t;c.
disaggfegation (Brown, 1963;_Kushher et al.; 1964). The charges responsible
for ;his disaggregation include the negative charges of the carboxyl
groups of aspartic and glutamic aclds which‘are present in unuéually

high proportions in the,meﬁbfane proteins, as well as the negative

ch#rges of the phosphate and sulfate grOukg_of the acidic lipid components.



.Dialysis 6f §. halobium #gainst distilléd water, followed by centrifugal
fract&onation qf the lyzate gave thé following four celi fractions - |
(Stogckeni#s énd Roweh, 1962; Stoeckeﬁius‘and Kﬁn&u, 1968):

(1) a sqfuble colorless, lipid;free fractioﬁ‘containiqg
protein and hexosamines, which was considered to be
the cell wall; . ‘

tiij-a red fraction containing 407 lipid andIBOZ,proteit,r
presum&bly formed from cell membrane disaggregation;
(iii) a purple fraction consisting of large membrane sheets
of similar composition to. §%1),
(1v) “intracytoplasmic membrane fraction”" (collapsed gas

_vacuoles), largely protein in nature.

‘These wdr#eré'found that ftactions (15 and (ii) contained a high
btoportitn of dicarboxylic amino acids in égreemtnt with the view that
distuption of the cell envelope upon removal of salt is due to high.
charge Eensity at the envelope surface.

| "The color of fraction (i1ii) has been shown to be due Lo a
) complex of retinal gnd an opsin-like protein (Oesterhelt gnd Stoeckeniué;
1971; Blaurock and‘Stceckenius, 1971); the similarity of this coﬁplex to
the visujl pigment-containing membranes of the vertebrate eye suggested
a possible photo—rtceptor funttion (Danon and Stoeckenius, 1973;
_Oesterhélt and Stoeckehius, 1973). The protein-retinal complex was
appropriately named bacteriorhodopsin; the togsible frnetion of this
complex will be discussed later in this thesis (Part One, Results.and

~ Discussion, VIII, 3; Part Two, Results and Discugsion, 111). —



II. Chemistry of the Membrane Lipids

“1. Total Cellular Lipids of Halobacterium cutirubrum
A

ids (polar lipids plus pigments) in H. cutirubrum

The.totsl 1i;
account for about 2.5 ~ 4% of the cell dry weight (Sehgal et al«] 1965;
Kates et al., 1965; Joo et al., 1968). Ac;:ohe precipitation of the |
totai.lipids yields an insoluble "polar" liﬁld éraccion (997 by weight)
\ ) .
and an acetone-soluble "non-polar™ 1ipid fraction (10Z by ueighc).'
| The non-polar lipid components are numerous (Kushuaha, | : _,j
. Gochnauer, Kushner and Katgs,-1974); fhey include the ;Ajor pigment

bacteéioruberin, a red~colored tetrahydroxy C50 linear carotenoid (Kelly

t al., 1970), as well as traces of the C&O carotenoids.phytéene, cis=-

and trans-phytofluenes, neo-a-carotene, S-carotene and neo-3-¢arotene
(Kushwaha et al., 1972) and the colorless hydrocarbons squalene,

dihydrosqualene, and tetrahydrosqualene (Tornabene et al., 1969; Kramer-

t al., 1972).

2: The Polar Lipids of Halobacterium cutirubrum

The poiar (acetone-insaluble) lipids were recoguizeé‘aqf

atypical of Cram negative bacteria in three respects:
(1) the low nitroged content (0.18Z, N/P atomic ratio
0.09; Sehgal gg_gi,,.1962)mindiéated‘the presence of

only traces of nitrogenous- 1ipids;

-

(i1) analysis_fo% phosphorus (P = 4.3 - 4.6X) indicated an

—

“unusually hrgh lipid P content;

(111) neither mild alkaline hydrolysis (Dawson, 1954) nor

drastic hyafgiyqis“ﬁf the lipids, released fatty acids,

L

/!

/

/



showiég that the lipids were not derivétives of
diéc;}l glycerols t.ypically found in bacteria.
Iﬁs_tez_:d, hydrolysis gave 65 - 75Z of a non- o
. saponifiable material which was sl:ou'n to be an
'asymmetrically substituted di-O-alkyl glycerol
(Kates- et al., 1965; Joo et al., 1968; Faure et al.,
1563)._ Bosb'alkyl gﬁ?ups were founa to be 3,7,11,
}S—ce:rdmethylhexadfe’::yl- '.(61', phytanyl) groups
(Kates et al., 19?5/). Each.of the chr.ee asymmetric

. /- .
centers of the phytanyl groups (C-3, C-7 and C-11)
R . ~

was shown to have the R-absolute configuration
(Kates et al./, 1967). Thus, the bacterial phytanyl

group has tfhe 3R,7R,11R,15-tetramethylhexadecyl

-

structure éma configuration:

As will be described below, the dialkyl glycerol proved to be 2,3~

di—nghytanyl-in_— lycerol.



Chrqmatog;aphy of the polar lipi&s revealed tﬁg presence of

two major components and four or five minor components (Figures 2 and

N

3)(Sehgg1'g£_gl., 1962; Kates et al., 1966). All of the components

characterized were found to be ‘derivatives of 2,3-di-O-phytanyl-sn-

S glycereol.,.

'Themmajor componeQE,(Spot.é, Figure 2) was anlacidic
phosphatide uhiéh accounted for about 85%-of .the liﬁi& phosphorus and”
about 602 of the weight of the polar lipids. Elemental analysié and
degradative hydrolysis studies on the lipid indicated a phosphatidyl
glycerOphOSphace structure in which ester—linked acyl groups were \7
replaced by ether-linked branched chain (phytanyl) groups (Stricture I, :
Figuré 4). Howevery the data were not entirely unaﬁbigyous; the sodium “1
and potassium salts isolated had a cation to'phésphor;s atomic ratio of

1:1, and only one ionizable acid group per atom of phosphorus (i.e.

. . : ~
two acid groups per molecule of PGP) could be detected by NaOH titration . ~-

‘with: phenolphthalein indicétor, although three acid groups per molecule

of PGP were required. It was for this reason that Faure et al. (1963),

who had also arrived essentially ar a PGP structure for this lipid, . o

coﬁaiﬁaéa_:hnt—thE”phosphatide*vaS“a dimer in which’twdrmolecules of

PGP were éondeﬁsed to give a pyroph&spha:e structure (Structure II,° AN
Figure 4). The chemical synthesis of the monomeric Structure I yieiéed >
é lipid identical with the natural substance (Joo and Kates, 1969). -
Furthermore; its stereochemical'structure was shown by this syn:hesis -
to be l—sn-phosphatidyl—B'-sn-glycero—l'—phosphate (Scructure IV .
Figure 5), dn uh ch the configuration of both glycerol moieties is = .- .
Opp§>$§g to that of diacyl-PGP found in other bacteria (Slotboom and .

Bonsen, 1970).
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celis and enveiopes. The chromatogram was stained with
Rhodamine 6G and viewed under ultraviolet iighf.
flucrescent colors are indicated bf the fo11owing abgée;iat;oné:
B, blue} G, grey; Y, yellow; O, oraﬁge. Broken lines indiﬁate .

‘minor components.

‘Identification of‘components:

Spot 1 uynidentified sulfpglyboiipid .

Spot 2 glycolipid sulface. (GL)”

Spot 3 °  unidentified phosphatide S
Spot 4 glygolipid (TGQ)* | . o
Spor 5 phosphatidyl giycerosuifate (PGS)

Spbts 6 & 7 phosphatidyl glycerophospﬁa;g (PGP) ..

Spot 8 _ phosphatidyl glycerol-(?b)

Spot' 9 neutral liﬁiés (inicluding pigments)

* - .
See Part One of this thesgis

—-

Solvent System: -~

Diisobutylketone-acetic acid-water_ (45:25:5, v/v/v) oo
_ M * | 2
silicic acid impregnated- paper. )
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Figure 3
' Thin layer chromatogram of the totaleolér (acetone-
insoluble) lipids and’ purif;ed 1ipid components from

g. cutirubrum.

~ Identification of componencs;'
..Ti» total lipids B ! | =
1 glycolipid sulfate (GLS)
.2 | phosphatidyl glycerOSulfate (PGS}
3 phqsphgtidyl glycerophosphate EPGP)

A phosphatidyl glycerol (PG)

— t

' Solvent System. -,

v

oL Chloroforurgoz acetic acid—me:hanol (30:20: 4 v/v/v). =<

After development, the plate was sprayed with 40% Sulfuric’

‘acid_and-charred.
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Structures proposed for the phosphﬁ;idyl'-glyterophosphaié

component in H. .cytirubrum:
- i

I - Monomeric structure proposed by Kates et als (1963) :

I1 ;E‘Lmeric pygophosphate structure propqged by Faure
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Recent NHR:sfudies‘(Hancock;=l972§ Kates.endlﬁéncoek, 1971)
of permethylated PGP and PGP trimethfl ester and studies on.the various
selt forms of BGP heve established.conclusively that theee are three
ionizable P-O—greups foe every :uo.ehosphorus atoms and :herefo;e thae
the‘strgceure is monomeric (leggrphosphacidyl—3':§§rglycerol—l'—
p?jsPhate). ' q'

N fhe minor components iﬁclude‘three phosphoiipids (Spots 3,
S;and 8, Figere 2). ngtéf ehe phospholipi&s (Spot 8, Figure 2),
eccouneing for‘gg. 5Z.df the lipid phosghorus, has been iscolated and

identified as the diphytanyl ethee analog of phosphatidyl glycerol
. (Faure_ggigl., 1964 Kates 35_31;, 1966). - Joo and Kdtes.(1968, J1969)
‘confirmed this structure an&festablishea the stereochemical structure )
_as 1—sn-phosphatidyl—3'-sn—glycerol (Structure 111, Figure 5) by
chemical synthesis. Thus, as in PGP, the two glycerol moiecies in this

phospholipid have configqutions opposite to those of the glycerol _

moieties in the‘diacyl—PG'in other bacteria and in plants (Slotboom

£

-and Bonsen 1970). )

i’

£

A second minor phosphatide {Spot 5, Figure 2) was found to
aecount for ca. 61 of the 1ipid phosphorub _Preliminary studies
‘suggeseed the presence of both’phosphorus and sulfur in this.lipid
(Kstes et al., 1968). Through both degradative studies and chemical
synthesis the structure of this compound was shounlto be the sulfate
_analog of PGP, mamely l-su-ph03phatidy1-3'-su—glycerol—l'-sulfate
(Hancock 1972 Hancock and Kates, 1972, 19?3) The novel structure of
' ;his-phosphosulfolipid led Bancock (1972)_:0 speculate that this lipid

‘might be an,intermediate in the biosyhthesis of the glycolipid sulfate.

s
o B
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Projection formulae (using stereospecific numbering system
) according to Hirschmaon, 1950) of:

oI - 2,3,—_Di—g-(3'1_{_,7'_&,11'3.,15'—tf;traqé{hylhexadecyl)—.v
o . ' . .. g_fglycero—;—phoéphory1—3"-£-giycerol[l-s_n-
' _ pl';osphatidyl-ﬂ—j-'-glycerél; PG]
Iv - 2,3-7451-9.—(3'-&,?'3,11‘3,,15'-tetrmet:hylhexadecyl)-
_s_n-glycero—l—phosphoryl—ﬁ"-ﬂ—glycero-'-l",-phqsphoric
acid [l-ﬂ-;ﬁhosphaﬁidyi-_@_—i& ' -glycefp-i '~phosphoric -

LS

acid; PGP]

V - 2,3-Di-0-(3'R,7'R, 11'R,15"-tetramethylhexadecyl)—
,é_n_—glyi:ero—l—phoé:pho ryl-3"-sn—glycero-1"-sulfuric
_acid] l-s_n—PhP-‘:leatidyl-gg—B '—glycero-1' -sulfurici”

acids PGS]. . . B

E N - . .-
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This point will be discusaed in more detail in a later section (Part
Two, Results and Discussion, II)

A third minor phospholipid (Spot 3, Figure 2) accounting for
less than 12 of ‘the lipid phosphorus has not y t been isolated in
rsufficient_quantities fo; structural studies.

_ Three glycolipids (Spots 1, 2 ann;éf Figure 2) are found
among the cotal lipids of H. cutirubrum. Tha-main carbohyHrate—
containing lipid (Spot 2, Figure 2) accounts for ca. 252 by weight of
the .total acetone-insoluble lipids. Preliminary studies (KatesogL_g;.,
1967) had éh&ﬁh Fhat'Ehé gompound'probably contained oné mole each of
squate, diﬁ%ytanyl glycepoi, glucose, galactose and mannose. From the
' hign positive opaical gntation of the compound, the authors concluded

\ \"’"‘ . - -y :
that the glycosidic lirkages were all in the a-configuration. The -

o
[l

complete structure determipation of this glycolipid sulfate forms a

major part of this thesis.

. Of the remaining glycolipids, one of tnem'(Spot 4, Figure 2)
pfoveq no be the desplfatea glycolipid snifate, the structure elucidarion
of which also forms part of this theais. The nther (spot 1, Figure 2)
contains both sugar and sulfate but has not yet baen isolated in
sufficient quanﬁities;for further study.

Thelabove-desnribed major diphytanyl ether components'have
been found in all extremely halophilic bacteria studied, but not in the
moderate, or non-halophilic bacteria examined (Kates et al., 1966;

<

Marshall and Broﬁn,'1968).
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III. Bioéﬁntheéis of Membrane Ether Lipids in Halobacterium cutirubrum

1." In Vivo Incorporation of Labelled Precursors

Because of the unusual structures of the lipids ole
cutirubrum, the pathways’ for the biosynthesis of these lipids were of
cdnsiderable interest. Features to be considered were 1) the biosynthdsis
of the phytanyl cﬁains; 2). the biosynthesis.oﬁ the phytanyl ether linkages
with glycerol with the formation of 2,3-diﬁg-phytan}lﬁggrglycerols
k)] thd Bibsynfhesis of phospholipid and glycolipid derivatives of che..
‘diphycanyl gl&cerol. |

Early studies by Kates et al. (1968) showed that H.

A

cutirubrum cells readily incorporated several radioisotopically-labelled

Precursors. IIAC]Hevalonate showed the highest degree of incorporation

QE&- 87 of the label added) followed by [1(3)- C]glvcerol (2.0%) and
[l— C]acetate (1.92). Degradative studies of the labelled lipids
showed that the label derived from acetate and mevalonate was almost
entirely associatgd with the phytanyl groups, but ;hat derived from
-glycerol was associatEd.wifh water-scoluble groups as well as phyﬁanyl.

- L

grbups. - -

Tﬁdse findings sugged:ed'that the predomingdt'biosynihecic.
route for the phytanyl chains Qad the mevalonate pathway, although the
individual steps in che pathway have vet to be elucidated with cell- P

free or purified enzyme systems. 'In particular, the reduction steps by

which the fully'shturaqed phytanyl chain is formed from the unsaturated.

sy

dimethylallyl pyrophosphate intermediate remain to be established.

Certainly, the reduction mechanism must be stereospecific in order to

-



ot

_moiety in the synthesized 1lipid retained 1002 of

generate the D configuration (R absolute) at -the C—3; C=7 and b—ll
asymmetric centers éf the phytanyl chain (katesqgg‘gl.,_i967). A
tentative pathway for the biosynthesis of the ﬁhytanyl chain is giveﬁ
in Scheme 1.

The fact that the sugar and glycerol moiéties of the lipids
aré labelled by [1(3)-1&C]glycérol suggests that glycerol is aéle to
enter the glycolysis cycle (Kates, 1972). Wassef et al. (1%70) showed
thé'éxistence of a glycerol kinase in H. cutirubrum éell—f; e'hémogenates
which catalyzes the formétion of'§5}3—glyégrophosphate.from glvcerol and
ATP and also demoustrgced specific sn-3-glycerophosphate dehydfpgenage'

activity in cell-free hoﬁogenateg. Thesé results suggest that glycerol

Vis'incorporatéd into the phytanyl groqps and the, water-soluble moieties

by the pathway shown in Scheﬁe‘Zl
Studies utilizing - 4C-labelled glycerol p;ovidéd'fur:her
evidence for this pathway’(ﬂaséefgﬁ:él:v.1970). Incorporation experiments
were performed.using both }1(5)—3H]glycérol and [2-3H]glycefol, mixed
. . |

with known proportions of [1(3)-1ac]glycero;. 3H/MC ratios in both the

phy:anyl:grbups‘and sﬁgar moieties agreed well with those calculated

‘for these moities formed by the mevalonate pathway-and.:he glvcolysis

Cycle':eSPec:iQely.

Information,concerning the origin of the glycercl moiety in
the diphytauyl ether was also obtained in these experiments: IThe glycerol
| ‘ 34 from [1(3)-"4] |

giycerol but complete loss of 3H occurred with B-3H]glycerol. Thus,

"dehydrogenation at C-2 but not at C-1 (or C-3) must occur in the glycerol

mofety. This eliminates involvement of aldo—keto'isomeriza:ions‘such as‘

a‘;-
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Scheme 1 )
_:k_t'e“rit' téive pathway for the biosynthesis_of _the phytanyl chain
(wa“ésg[:, 1969) / : .
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Scheme 2
‘A teatative pathway for the incorporation of glycerol into

the phytanyl groups and into the water soluble moleties of

" H. cutirubrum lipids (Wassef, 1969; Wassef et al., 1970;

) Kates, 1972)

Ll |
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tbat between dih}droxyacetone phosphate (DHAP) and glyceraldehyde-B-

' phosphate. Enless DHAP exists in a physically separate pool where it

cannot equilibrate with glvceraldehvde-3-phosphate, it does not appear

to act as precursor of the glycerol moiety of the glycerol ether, as it

does for the monoalkyl glycerol gthefs in other’organismsl(Snyder EEQél-v
1970). A novel biosynthetic¢ pathway must therefore exist for the glycerol
dithtaﬁyl ether; this pathway must also explain the fact that the

configuratioﬁ at C-2 in the glyceroi moiety 1s opposite to that in -

natural diglycerides.

- ' e T

With regard to the phosphate agd- sulfate moieties of theu-h_, o -

-

polar 1ipids, studies uith FlP]orchophosphate and P S]sulfate have shoun:

S e 2

that a readv incorporation of -the label occufs“provided the concentration

of unlabelled phosphate and sulfate in the medium is reduced SKates t l.,

.1968). For cells harvested in the early stationary phase, the incorpora-

: 32, . L ' Q/_z/[ ’
_tion of "7P-largely paralleled the distribution-or phosphorus among the

2

lipid comﬁohencs, i.e. PGP accounted for 77% of thé rbtalf;EP incorporated,
PG 82 and PGS 11Z. When P?S]sulfate was used aéfp;gcurgor, SOZ'OE the ’
isétoﬁe incorporated into the iipids éppeareﬁ in the g;;cdiiﬁid sulfate-
component §gd about 152 qas_assoaiated'with the unidentifted gly&oli;id

sulfate component. The remaining 5% of radioisotope was ggsociatéd with

phosphatidyvl glycerosulfate.

2. Existcnce of the Malonvl-CoA Pathwav for Fattv Acid

" Biosvnthesis in H. cutirubrum

Although[lacldéecete is incorporated almost'éntirely into

the phytanyl groups, low incorporation into fatty acids. (<0.3% of the

e

N r . ’



total inbbrpbration) waé alsa'observed (Kateé et al.. 1968).. The

e e e T e N

—_—“_-————-
presence of a fatty acid svnthetase system could be demonstra“ZE—IE“E““-—h——_

\.

cell—free preparation from H. cutirubrum cells (Pugh et al., 1971) but.

o

_ e
its _settvity was considerably inhibited at the high salc concentration i .
b L
(4 M) of the normal- growth medium. The role of the fatey acids-produced '

in §Uth\&52;:mounts has yet to be determined

IV.S A Review of Naturallv Occu:ring Sulfolipids

< - Since the main carbohydrate—containing lipid of H. cutirubrum
‘ (

has been shown'to contain,sugar residues as well as sulfur; it is of
'interest:tp consider other naturally occurring compounds of similar

. structure. ~Haines (1971,;°1973) has written comprehensive reviews on

SR )
the chemistry of sulfolipids. . &

Qf the sulfur-containing glycblipids.chéractérdzed to, date,

all except one, the plant sulfonbliﬁid-(ﬁgnsoni }963), have been found - -
to contain-the sulfur as a sulfate residue. A second featurte, common

s o
B

to four of thede sulfoglvcolipids, is that the sulfate‘is-eqterified to

the 6737hydroxyl of a B-linked galactose even though these lipids are : .

found in very different species (e.g. bacteria, maomals, etc.). Some

structural features of these molecules are summarized in Table 1.

.-‘“m-_
—

1. Cerebroside Sulfate

1,

This compOund was probably the first glycolipid sulfate
- detected, dating-back to the work df Thudicum (1874) who found the

' @
compound in brain tissue. . It was nsF,until nearly a cdntury “later that
- | ) . .
tﬁe structure was established as a- cé{amide galactosyl=3-sulfate
Y

(Stoffyn and Stoffyn, 1963) L ' . . . —_

L
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® * 2. Lactosyl Ceramide Sulfate '
—— .~ ~ . ! . ) . -
- Lactosyl ceramide sulfate was f;rst isolated from human

kidney by gargéqééon in 1963. Several yearsllater'(l966) the same
vorker es:abliéhéa that its structuré was analogous to that of cerebroside
snlfate, differing only. from the latter in that it has an extra sugar

‘moiecy (glucose) between che B—linked :ermihal galactose—B-sulfate

'and the ceramide pogtion of the molecule.

; O

o E B
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.cnj-(caz)u—-c—_ T-—}J ‘ —0—C—H ‘
- , HOE N—B E—C—OH |, )
_ : l 0 '
- 5 Cm==0  HO—C—H
'\1 f - l . ‘ ———
: R R ) H—? : - -0 (I:H :
| H—C - 0 B—C—OH,
| ot ] o
i - CH,,0H o—f—o—c
i ) .- . Q0
. - ‘ao—cl:--a
e \ _ : E—C
' CH 0H




TR AR

-2 -

b

- 3. Ganglioside Sulfate

*

In 1967, a new complex sulfated glycolipid,?as.repbited,tq
have been found ;ﬁ‘human epidermis (Nieminen EE.EL-:'1957)- The same

compound was later found to be present in the walls of horses'.hdoves

s ow

where it accounted for:gg. 502 of the total polar lipids (ﬁéikola'gg.gg,, \
© . 1969). Acid hydrolysis of tﬁejsulfatidg'yielded equimolar amounts of

.Eéramide, galactosamine, gaiactose, sialicihcid and sulfate. The presence
of sialic acid led che authors to suggeét that the sulfa;ide'was a
sulfatedtgahgléoside.. Howevg;;‘it has not been shown conclusively th%t

.

the lipid is not’a mixture of’ cerebroside sulfate and gangliés;des.'

Hydroiysis of such a mixture would in fact yield the same hydrolysis _

products reported above.

- - -

—

4. Seminolipid

. R \ _ R , .
Recently, Ishizuka, Suzuki and Yamakawa (1973) described

the isolation and characteristion of a novel sulfbglycolipi&'from boar

testis and spermatozoa. This compound, appropriately designated

¢ .
"seminolipid", accounted for ca. 3% of the total lipids. It was found

tdzcontain equimolar amounts of fatty acid, galactoée, glycerol :and

s

g;lfate. .The. molecule was also found to'cohtaig a hexadecyl group linked

via anm ether bond to.the glycefoi of the molecule. ' The final structure
. of the compound is given below. This lipid and the glycolipid sulfate

described in this thesis are the only'two ether-containing sulfoglyvco—

- * lipids characterized to date.

a

-
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5. Acvlated Trehalose Sulfate

VI

Goren (19703 b) isolated a homologous series of sulfoglyco—

W

_lipiis fron.a virulent.huqan strain of chobacterium tuberculosis, H37Rv.

.. The main component of the series had a- molecular weight of ca. 2400 and

.

contained two moles of glucose, one'mole of sulfate and four acyl groups.
The carbohydrate molety of the lipid was shown to be a,o~-trehalose.
The sulfate group was shown to be esterified at a single 2-position of

the trehalose. . The acyl groups have been identified as palmitic acid, a

_multi-methzl-branched acid of mean molecular weight 550 and a'ﬁydroxylated

--derivative of the méthyl-branched acid. The acyl groups appeér to be

/ -
_ esterified to tl‘%‘, 3', 6' and 6 hydroxyls of the trehaloese. Howe{rer,

v - -

. the Specific point of attachment of any one type of acyl grOup is not
: ye%—qifablished. The proposed structure for the compound 1s given below.
/‘\/

s
-
r_} =

4




6. Plant Sulfonolipid

-

To date, only one sulfolipid‘has peen‘characterrzed in which
the sulfur is present-as a sulfoﬁate ;ather than as a sulfate grouﬁ.
This lipid was first ;epor;ed to be present in algae by Benson (1959).
Several years later.;he-lipid was shbuu to be the 6-sulfonate of

;quinovosyl diglyceride Benson (1963). The structure is given below.

OH HCO—CO—R
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| 7.‘ Alk?nediol Sulfates
Cﬁeracterizatiqn of the splfollelds isolated from algae led
to the. discovery of a class of sulfolipids'heretofore unknown in
biologlcalrsystemé; This class is compose; of sulfate ‘esters of long

chiﬁn alcohols (Haines, 1971 1973). Mayers and Haines (1967)

.characterized‘1—(_)—1&-docosane—diol-l,l&-disulfa;e_from the phyto-

flagellate Ochromonas danica. In‘addition, polvhaloalkyl disulfates
containing up to six chlorine atoms per molecule have been detected

(Elovson and Vageloe, 1970).

8. .Biesvnthetic Pathwavs for Glvcolipids and lecolipid Sulfates

-

Structurally, the glycolipids and glycolipid sulfate from

,(nuclecside diphosphate sugar) reacts with a hydroxyl group of a

Halobacterium cutirubrum resemble that class of glycolipids known as

glycosyl &iglfceridES.A To be sure, there is a difference, namely the

presence of 2 3-di-O-phytanyl-sn—glvcerol versus the 1,2-diacyl-sn-
glycerol found iu glycosyl diglycerides. However :be overall qimilarity
of the H. cutiruﬁrum glvcolipids to the glycosvl dlgl\cerlgeb wiTTANES

the.following brief revieu of the biosynthesis of latter group I

compounds. -

(a) Biosvnthesis of Glvcosyl Diglycerides

" The biosynthesis of glycosyl diglycerides has been studied
for a number of years and consequently, the reactions involved have been
reasonably well elucidated (Scheme 3). Generally, an activated sugar

receptor molecule such as a diacyl glycerol (Kaufman et al., 1965;

Q

?ierlnger, 1968); the reaction is catalyzed by a spedific glycosyl

b




A,

- Scheme 3

Pathway for the biosyntﬁesgs of glvcosyl diglycerides

- 28 -

(Pieringer, 1968)

[3]
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transferase. The produc of the reaction are a gl}cosyl diglyceride
and a nucleoside diphosp ate. Ii necessary, one of the ,sugar hydroxyl
:groups can then act as accep:or ‘for a second sugar residue (donacad by
a second nucleoside diphOSphate sugar which may be either identical to J.
or different from the/ first) to form a diglyCOSyl diglyceride. Althcugh
the reaction usuall; :erminates here, triglycosyl diglycerides are akso
known and have begrn/ isolated from some species (Shaw and Baddiley, 1968).
i;'mg ; be expected the glycosyl transferases are highly
'specific with regpect  to both ;he substrates utilized and the product.
formed' The enzZ:e wili aeceec only a specific nucleoside diphosphate
sugar and is aILo specific for a. parcicular stereoisomer of the lipid
(diglyceride) to be glycosylared (Pieringer, 1968). Likeuise, the .
prgduct ef the reaction,is specific with respect to both the stereo-'
chemistry of the glycerol portion of the molecule‘and the configuration
of the glwéesidic iinkége broduced; lSimiiarily, if a secopd sugar is
added to,&orm'a diéiycosyl digiycerlde, tSE enzyme involved is sﬁeeific'
for thef;ugar to be added, the position of attachament te rhe first segar
~ and the'EOnfiéuration of the glycosidic linkage fermed:
It might also be noted that an organism is not necessarily
'limited to the direct utilization of sugars available to che cell for
glvcolipid biosynthesis. Many species have been found to concaig

1

enzymes capable of intercanverting}nucleoside diphosphate sugars. This

23 : ] , . -
occurs through the action of an epimerhse which inverts the configuration

of a specific hydroryl group on the sugar ring of the nucleoside
diﬁhosphace sugar.” In this'waé, UDP-glucose may be converted to UDP-

galactose‘éﬁ a UDP-glucose-4-epimerase whicﬁ inverts the configuration



3

.30 -

)

-
5

- S B N _ N . :
of the hydroxyl group on carbon 4 of the fugar ring. The modified
. A , e

hucleoside‘diphdsphate‘Sugar may-then be utilized for the biosyﬁthesis

- of a glycolipid requiriné the new sugar (Pieringer, 1968).

'
\

(b) Sulfation Pathwavs

In those svstems so far..studied (Austin et al., 1969),
L .

sulfation of a hydrox&i'group‘occurs via a reaction between‘fhis gTOUpP

"and 37-phosphoadenosinej§'—phosphosulfa:e ("active sulfate', PAPS)

A
5\

. catalyzed by sulfotransféfaée; in the case of glycolipiq'sulfates, such

‘enzymes would catalyzétspecifically the transfer of sulfate specifically

‘to one hydroxyl group in the sugar ring (Scheme 4) (Austin er al., 1969).
\ : i ‘
A

- Y

s

9._\begradative Pathwavs for Glvcolipids | \\
As much as has been published about the degradation of
' glvcolipids as abou: their biosynthesis. While many of the studies have

been on the in vivo degradation ; many o? the same pathwavs have Suso been

demonstrated in vitro, There are several distinct routes bv which’
glvqolipids of the glycosvl diglyceride type may be, metabolized. These
include removal of the acyl group(s) by lipases, cleavage of the

glycosidic linkage(s) by glycosidases or even replacement of the ‘acyl
o . :

-group(s) by -acyl hydrolase-associated acyl transferases.: These three

pathways wi{i be discussed briefly in the following sections.

. oy
[

.

(a) Ligases

-~

1ot

Galactolipase activity bas been observed -in the leaves of

.v"" bd

the runner bean (Phaseolus mulciflorus) by Sastry and Kates (1964, 1969)

l?'
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b

Scheme 4
Pathgay'for the bio-sulfation 6f hydroxyl groups

(Austin et al., 1969)

-
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On the basis of theiy data the authors concluded that the monogaléccosyl

!

diglvceride and«digalactosyl diglyceride were hydrolyzed by two distlnct

enzymes as shown below: - ~

monogalactosvl diglvceride - monogalactosyl monoglveceride -
: . oo + free fatty acid

monogélactosyl glytérol
-+ free farty acid

h
31
.
E]

digalactosyl Higlyceride -+ .digalactosyl mbnoglyceride -
’ + free fatty acid

-

digalactosyl glycérol L™
© 4+ free fatty acid . L

v
-

Helmsing (1967) has obtained similar results with enzyme,preparations

from sp inach leaves.

(b)Y Glvcosidases

Further hydrolysis of the galactosyl glycerols formed iﬁ

the above Teactions has been shown to be catalyzed by a- and B- v

fte)

©  galactosidases (Sasﬁrf-and Kates, 1964).

/_.

digalactoéyl glvecerol a-galactosidase

— s ‘ .
monogalacteosyl glycerol + galactose
. b-galactosidase - = -
glycerol + galactose

. ~ - .
‘More recent studies by Short and White (1970) showed that

. 4 ‘
there was a rapid loss of [l Clglucose from the mono~ and diglucosyl

diglvcerides of Staphvlococcus aureus when pre-labelled cells were

_ : ' - 14
resuspended in "cold" medium. However, there was no loss of 1 C from
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_Honogalactosyl diglyceride was particularly susceptible to hvdrolysis :

the fatty acids of these lipids dnring the same thase experiment. This

-+ -

-capable of removing sugar residues from glycosyl d glycerides without

[

.'.._‘ . _ . '\
the prior removal. of the acyl groups. 3\
N . *
(c) Acyl Transferases e .
- ) Galliand (1970, 1971) observed galactolipi -acyI hydrolase

activity in a particle—free supernatant fraction from potato tuberS'

this hydrolase activity was associated with acyl transfetase activity.

'and"nénogalactosyl monoglyceride was detected as an intermediate

o -

product,

Recently, Heinz et al.‘(1974) showed that spinach leaves -
contain enzymes capable of forming 6—0—acy1 mono- and digalactosyl

diglycerides. They demonstrated that digalactosyl diglvceride serves.

o )

not ocly as an acyl donor for.acyl transfer to monogalactosyl
diglycenide,ibut can irself function as an acyl acceptor.

t . ¢

. L. . >
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V. "Alms of the Resear%h . S E

Lipids play a major role in.the structural integrity and

fﬁnction of biological membranes (Chapman ‘1968). Cells dependent
3 Y
' on’ extreme environments for their existence would be expected to have

-

unique membranes and - therefore uniqpe membrane components . In the
extreme halophile, H. cutirubrum, the membranes contain only two major
polar lipids phosphatidyl glycerol phosphate ‘and the glycolipid sulfate,
accounting for ca. 60Z and 252 respectively, of the total polar lipids.
The glycolipid sulfate was therefore considered to be an important -
.membrane constituent elither structurally or metabolically, and it\was
of great interest to elucidate its structure. Analytical and
degradative studies vere therefore carried out on the intact glycolipid

"Sulfate as well as on the products obtained bx,mild acid hydrolysis of
\
this’ lipid viz., triglycosyl- diglycosyl— and monoglycosyl glycerol

diethers. Part One of this-thesis deals with' these structural studies o

"U‘f‘- W -
'and establishment of the glycolipid sulfate structure.

-,Hhile the -structure of_afmembrane component is in itself

“

interesting,;it:is important to’elucidate the pathways by thch this

POl

component may be synthesized and broken down in the .cell. _In order: to

-—

: dete_rmine -th_e metabolic -pathuaJys for the glycol‘id sulfate and the
other élycolipids] in vivo inc%rporation‘experiments and "chase” studies
were carried out using radioisbtopicallpflabflled precursors, ffg:;

-[3 S]sulfate. [lkc]glucose-and [lAC]glycerol. Part Two of this thesis

| . - ,

deals with these metabolic studies.

.l,.,
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MATERIALS AND METHODS

»1. Materials o " ) - _ o

- : " ’
. o - ~
"
*

1. Solvents and Reagents v

. C 5 \ . '
being discarded. . : R ‘ . N
. N N K]

L . Anhydroué solvents were prepared as follows: ﬂ%

. . - . . . “ \
* Chlorcoform was washed with an equal volume of uate;\to remove

ethanol, allowed to stand oye? anhydrous calcium chloride and distilled

' from_phbsphorus.pentoxide. fhe anhydrous chloroform was used~immediately

-1 -

-after preparation. : _ ‘ f .

: e : < ' e
‘Bénzene was ref&uxed over sodium metal for 1 h and disgilied.

Methanol was d?ied by the magnesiuﬁ:e;hoxide procedure- as
described by Vogel (2956)., - =~ - - o

h}

All solvgnpé'uére distilled in glass épparatus, a 107 forerun

-
-
T

Pvridine was ref luxed e&er-harium m@néﬁiae‘fbr 1 h and then -

L

distilled.

.-

.Tetrahydrofufan and diethyl ether-wére each‘fefluxed_over (,
. . —-‘:. ‘ o : ) . \
lithiuz aluminum hydride for 1 h, distilled and used immediately. o
- \ .\ _‘ s ¥ .
Nicromethape was dried over éa%;ium chloride and distilled. -

.- Methvl ibdide was washed with aquedus sodium :hics;lfate,

fed over calcium chloride, distilled and used immediately. -

. B -
" T ..

So}vepté for spectroscopic measurements were aiakollows:

B -

Chloroform — Fisher Certified A?C.S,.SpectraQAIyzeH.'

N -

/ > -
e ' Carbon tetrachloride - Baker "Instra-analyzed" GC
Spectrophotonetric Qﬁglity.“ : -

.t - - . .
- " . . -
. . ' . . . .

-

o




xs

nic acid, disodium salt .

(Chromotropic acid) - Aldrich Chemicak:Company.

v

‘Barium chloranilate - Aldrich Chemical Company.

Silver oxide - Fisher Scientific Company. -

2 S-Diphenvloxazole (PPO) -~ Liquid Scintillation Countxng

Grade. J. T. Baker Chemical Co.- | o :

;\ 2,2 1BrPhenylene—bis(5—phenvloxazoie) (POPOP) - Liquid

Scintillation Counting Grade. J. T. Bakér Chemical Co. b
. : , .

3164501VIH Solubilizert (Formula BBS-3) ~ Beckman Instruments,

. -
]

Inc..

Silica gel H silica gel G'and kieselguhr G were obtained

-

tron Bein e
from Brinymann Instrumeqts (Canada) Ltd. )

. Unisil.silicic acid (200-325 mesh) was supplied by the

Clarkson Chemical Company.

Y
-

-

'Q.V'Sténdénds, Substrates and Enzvmes - w !

-

Iﬂorganic cbmpoundstused as standards for chemical analysis ~

(KH Poa, K S0 ) and flame photometry (KCl, NaCl) were all PrimaTy

Standsrd Grade (Fisher Scientific Co.). h ' AN
- D-Glucose - A.C.S. Reégeﬁt Grade, Fisher Scientific Co. 3

. D-Calactose - Manq-Research Laboratories, Inc. .

‘D-Mannose - Fisher Sciencific Co.

= _@“The following disacsharides glycosides and sugar nucléocides

~

wére.obtainéd from the Sigma Chemical Company:' cellobiose, lactose,”



n'naltose melibiose o—nitrophenvl-B—D-galactopyranoside Ernitrophenyl—
a-D-galactopyranoside GDP-mannose- UDP-galactose UDP—glucose.

‘ Authentic reference standards of the alditol acetates of
" 3,4 B—tri-O-methyl-D-glucose. 2, & 6-tri—O—methyl-D-galactose, 2 »3yh=tri-

. O-methyl-D—mannose and 2,3,4 6—tetra-o-methyl-Ddglucose vere obtained

from Dr. G. A. -Adams of the National Research Council of Canada.

~

S—Galactosidese (a lactase preparation from Escherichia

coli) was'qbtained from Worthington Biochemical Corp.

f -
‘ <

3. Radioactive Precursors
T35 : 32..° . '
. ["7S)Sulfate and [~ "P)phosphate were cbtained as the acids

-dissolved in hydrochloric acid. Both Gere ob:einéélftdm Atomic Energy
- of Canada, Ltd " Before use; the sclutions were neutralized to pH 8 with
sodium hydroxide and diluted with distilled water to a known concentration.

Aliquots uere coqnted Lo determine the activity..

. [U- KC]D-Glucose ~ Amersham/Searle. Obtained as a sterile

. ; .

aqueous olution containing 3'-ethahol Specific activicy 285 mCi/mmui.
A = ] _

1¢3)=* C]Glyceroh;—.ﬁmersham/Searle. Specific activigy
| T -

32,5 oCi/mmol.

tivzey 2

[1(3) Hlevcerol - Ame:shamJSearle. Obtained as-anf;thanol

-

solution. Specific activity 2.5 Ci/mmol.

. Guanosine diphospho[U-l-C]D-mannose, azmonium. salt -

-

-
I

Anersham/Searle. Obtained as an aqueous solution containing 2% ethanol.

Speqific.activity 83 oCi/mmol. o

‘u.,.“‘

RN

. X -\. . .- -_
Uridine diphosbho[L-}_gjb-galactosc, ammonium salt -

Amershamfsearle._ Obtained as an: aqueous solution containing 2% ethanol

‘I\ll!li!{_‘
ALY

Specific activity 210 mCi/mmol



4 . N

Uridine diphospho[U-lAC]Qrglucose, ammonidm salt -

'AmershamJSearle._ Obtainéd as an aqueous solution éontaining 2% ethanol.

Specific activity 260 mCi/mmol.

: 3'?Phosphoaﬁenos;ne-s;-phospho[358]sulfate, tetra;ddiﬁm
salt - New Engiand Nuclear. Obtained as_a'solution'in ethanol-water (1:1, -
v/v). Specific activity 1493 mCi/mmol.

@ - Thé'goldtions of the compounds vere diluted with disgilied
water to a known concentration. Aliquots were counted to deferm;ne the

activicy.

.

I1. Cultﬁre and Growth of Organism ) : .
ﬂi’ : ' . . -
l. Organism . :

-

The organism used throughout this study was Halobacterium

-

cutirubrum NRCC strain 34001, =2 red-bigmen:ed, extremely halophilic,._
obligate éerobe.' The bacterium was originally isolated, screened and

purified by Dr. A. G. Lochhead at the Andmal Research Institute, Research

Branch, Canada Department of Agriculture, Ottawa.

2. Growth of Organism

Stock cultures werg-maiﬁ:ained on agar slants at 37% by'

adding 27 agar ro the standard growth medium (see below).

Broth cultures of H. cutirubrum were grown at 37°C on'a
- ' ..
Psycrotherm rotary shaker (New Brumswick Scientific Co.) at an’
cscillation ﬁreqpenéx of 120 cycles per minute.

- )

Growth” of the cells in broth culture was monitored by

~

turbidity measufebents (optical density) at 660 nm on & Coleman Junior

Speccrophocoﬁetef using the uninoculated medium as a blank. o
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3. Hedia

, ’ (a). Standard Medium

This is essentially the standard liquid medium de’scribed

by Sehgal and Gibbons (1960).

The medium contained (g/1): casamino acids (Difeco), 7.5;
yeast extract (Difco), 10. 0, trisodium citrate, 3.0; potassium chloride,
i O;Qmagnesium sulfate heptahydrate, 20.0; sodium chloride, 250;'and, ‘ .—“
“ferrous sulfate heptahydrate 0.05, The aboue ingredients were dissolved . -
in 1 liter of distilled water, the pH was adjusted to 6.7 and the medium l :1
was autoclaved for 15"min at 121°C (final pH 6.5). -'The mediun-was chen

v

filtered through a sterile Millipore filter to remove any precipitate.

Sehgal and Gibbons (1960) have reported that this precipitate mav contain

‘up to 207 of the magnesjum and some phosphate; however, a,sufficient

‘amount of both ions remains in the medium for optimal growth. -

(b) Low Phosphate Hedium )

This medium differed from the standard medium only with

]

respect to the following: yeast extrace, S-g/l' casamino acids,»3.7 g/1.

The concentrations of the other components were the same as in the

standard medium. Do . . : )

. The low phosphate nedium was used for.the_in vivo incorpera-

»

tiou*éxperiments so that the 32?02- would not be too diluted out by
cold‘ sz . i _
(¢) Low Phosphate, Low Sulfate Medium - e )
_1 ' " This medium was identical to the low phosphate medium

except that the magnesium sulfate was replaced by an equimolar amighf of

i _ o
magnesium chloride..
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'This medium was used for thelgg_viyd incorporation ofIBSSOZ;'

4

to avoid dilution of the tracer with 'cold' sulfate.. _ B

"

. IIi. Lipid Extractioanroéedures

Cells were harvested in stationarv phase by centrifugation

at 8000xg in a Sorvall RC’-B centrifuge at 0 C. The cells were‘washed_f

twice with a solution containing & M NaCl, 0.03 M KCl, and 0.1 ¥ MgSO, -

.

(hereafrer referred to as "basal salt solutisn"). After the final

centrifugation the cells were resuspended in basal salc solutlon to a
-~ _

concentration of 20-60 mg of cells (dry ueight) per ml.

p

L. Bligh and Dver Extraction

1

The extraction procedure which was useéd throughout most of

the uork was based on the method of Bligh and Dyer . (1959) as modified by
- s
‘kates”g_‘gl_ (1965,'1966). To 200 ml of the cell suspensior was added

750 ml of ﬁethanol-chlofoform (2:1, v/v/v) to give a one phase solvent
' system_bf chlorpform;methanol-wa:et of 1:2:0.8, v/v/v. The ssspension

- -

,,ﬁxiuas vigorously shaken and left in the dark at room temperature for.several

hours. After filtration of the suspension through glass wool the solid

"residue was extracted wich 475 =l cf a mixture of chlorofermmethancl-

water (1:2:0.8, viviv). The two extracts were. combined and diluted with

375 =l of chloroform and 375 ol of water to give a two phase svstem (final '

solvent ratio:-qh}broforb-me:aanol-yater, 1.0:1.0:0.9; v/v/v). The

">

mixture was swi:i;d-agd allowed to stand until thé two phases had
completely separated (usually overnight), The chloroform phase Wwas
] . ; "‘e ‘ . . . .

dvained off ind ithe upper phase was washed with 200 ml chloroform. The

-

combined shlbrdfofm extracts were diluted with benzene and taken to

s

o
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~ dryness on a rotary evaporator at 30°C The residue was dissolved in

chloroform—benzene (2: l v/v) and the solution of lipids was tleare

centrifugation and stored at -20°c.

2.  Isopropanol Extraction (Kates and Eberhardc, 1957) : ' \

~

Hot isopropanol is known to inactivate lipid degrading

enzynes, so that lipids obtained by this method should be free of lipid
W
' degradation products. The pro;edure was’ carried out as a control to

2
defermine uhether any enzymatic breakdown of lipids occurred during the

Bligh and Dyer extraction.

‘ Wet cells (20 g) were suspended in 20 ml of the basal salt
N

solution, This suspensfon was poured into &O ml of boiling isoprOpaqfl

with stirring.- After 1-2\min, the hot homogenate wash entrifuged and

the cellular résidue ﬁﬁs washed tuice with 20 ml hot isoptopanol and

then extracted with 20 ml of\chloroform-isopropanol (1:1, v/v); the

extracts were combined. The cellular residue was re-extracted with 19 ml

iy

of chloroformmethanol-water (1.0:2.0:0.8, v/v/v). This extract wis

diluted with 5 ml chloraform and S =l water, mixedfon a Vortex mixer and
centrifuged. The chloroform phase was‘remove&, eﬂd combined with the

/

isopropanol extracts. - The combined extracts were concentrated on a

-

Arotary evaporator and the lipid.residue was taﬁgn‘up_in chloroform. The
ehioroform solution was waened twice with methenol-uater—(l.O:O;Q, v/v)h
to remove uater-soluble.compounds,_and then'diiuted nith benzene end

- taken to dryness in vacuc (30°C). The 1lipid fesidue w;s dissolved in
chlorofor:rbenzene‘(Z:le v/v}; the solution q%s-eleared oy centrifugation

-

and’ stored at -ZOOC. - \- T ’ T ‘

\
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) IL{ Chiromatography of ‘Lipids ) .

] L : ‘ . N . o
1. Silicic Acid Impregnated Paper Chromatography

The polar lipids of Halobacterium cutirubrum were chromato-

graphed on silicic aeid—impregnated Whatman “3MM paper by the method of
Marinetti (1962, 196&), using diisobutyl ketone-glacial acetic acid-
water (40 25 5 v/v/v) ds solvent. The preparation of the impregnated

paper and details of the development procedure have been described by

)

Kaces (19 7, 1972).

[

The following reagents were used for the detection of lipids

on Marinetti chromatograms,

‘"Rhodamine 6G: The stain was introduced by Marinetti and

Stotz (1956) and Marinetti (1962 1964) has described the Staining
,p?Bﬁ%dure in.detail. An aqueous stock eolution*(O.lZZ) of Rhodamine 6G
: (color index 752, Natidnal Aniline Division, Allied Chemicel Dye Corn.,
\ew York), was prepared by dissolving 1.2 g/l of distilled water. 1In the
_absence of light the solution was stable indefinitely, it was diluted
i;lOO:(u/v) with distilled water“immediarely before use. The developed
_chronatoéram was air-dried for .about 30 min and-dipped into the stain
-_solu:ion until the épotebnere evidenr (usually about 1-3 min). Exoeés
dye was rinsed from the chromatogram withrdisrilled ?ater and the spots
were -viewed at once under ultraviolet light (566 nmj; oﬁ;;ﬁé wet chroma—
togr;m aeidic_lipids gave blue or purple flnoreseent spots, and.neutralu
species'gave yvellow. or orange Spots, whereas on the dried chronntogram
all components geve yellow,fluorescentLepofs. The stained arees were"
cutlined in pencil, their color noted and the Rf values of the spots

were nmeasured.



Ninhvdrin: ‘The reagent, specific for'free amino groups, was

made by dissolving 250 mg ninhydrin in 100 ml acetone—lutidine (9:1, v/v);

- -

it was sprayed on the dry, developed chromatogram which:was then kept at
) »
_room temperature, or heated at 110° in an oven, until the mauve spots

.appeared The remaining (ninhydrin-negative) 1ipid components were

- located By staining the chromatogram with Rhodamine 6G.

"

Periodate-Schiff Reagent: This'staio was used to detect -
~vicinal diol groups by means of the fuchsin color reactioo give% by
aldehvdo -lipids derived from cleabage of ﬁhe lipid diol The procedure

used was an- adaptation to silicic acid-impregnated paper (Sastry and Kates,

196A) of the method devised by Baddiley et al. (1956) for unimpregnated

' paper. The developed dried chromatogram was dipped in a 0.25% aqueous

1

solution of sodium metaperiodate, hung for 15-20 mi& at room temperature
and then passed through a 1% aqueous sodium'metabisulfitelsolution.until
che liberated  iodine was completely reduced. A dip in Schiff reagent*
revealed lipid components containing vicinal diol groaps within minutes

as pink-mauve spots on a white background. Glycerol diol lipids'(PG)

respooded conoiderebly more quiekly to the periodate-Schiff test than

did the glycolipids. '

B

1

*The Schiff reagent was prepared as follows: 1 g of basic fuchsin (p-
rosaniline) and 10 g of sodium metabisulfite were dissolved in 10 ml of
conc¢. HCL and 100 ml of water; the solution was warmed (60°) with animal
charcoal for 1 h, filtered and the colorless filtrate was made up to
500 ml with air-free distilled water. This stock scolution was stable
for months when kept in a well—s:Oppered bottle. Before use, it was
diluted with one part 1% sodium mecabisulfite solution and one part

, disrilled wacer.‘
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Chlorine-Benzidine Reagent: (Reindel and Hoppe 1954).

5
-

This reagent detects those nitrogenous components which can be converted

into chloramines; The air-dried chromatogram Qas exposed for 15 min“in®

' ;a closed jar té an atmosphere of’chloriné gas generated by the action

of 1:52 ﬁotassium permangaﬁate'solutién on 10%Z HCl. Excess chlorine

wéslréboved from the chromatogram by ventilation in the fume hood (12 ﬂ). -.A -
Immefsioﬁ of the paper in toiidine reagent* revealed N-chlorinaved

. B3
derivatives (formed from secondary amides) as blue spots on a white

background,

2. Thin-Laver-Chfomatographv

{a) Analvtical TLC -

_Fbr purity determination and for monitoring of reactions,

-

thin la?er-chromatogr§ms were run on 7.5 cm x 2.5 cm microscope slides

or 20 éﬁix 20 cm piageg éoated with silica gel H (0 S um thickness).
§53cs wergfvfguali:ed bx&r(i) spréyin‘;wlth.ﬂoz su;:i:::\§cid'in eghanol .
. followed by charring,.o; (i1) spraying with phogﬁhaté—detécting reagent
of Dittmer aﬁd -.Lé_ster (1964), or (iii) spr-aying with u-naphth.ol reagenl:mr
forisuggrs;

(b) Preparative TLC

Preparative thin layer chromatography was carried out on
i - ! 2

+ 20 ¢m x 20 cm plates coated with silica gel E (1l mm-thickness). The

* ’ .
Tolidine Reagent. 160 mg o-tolidine dissolved .in 30 ml acetic acid, the

"solution ‘diluted with 470 ml water and 1.0 g KI added.
**0.5 a~naphthol was dissolved in 50 ol methanol and diluted .to 100 ml

with water. The TLC plate was spraved with this reagent and then spraved
with conc, sulfuric acid followed by slow heating. Carbohydrate- '
positive compounds appeared as reddish-purple spots on a white background.

-

e
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lipid bands were visualized by spraying the airndfied plates with

" ,Part One, Experimental Procedures, I.2.

coated plates were air. dried, washed once By ascending chroma:oéraphy in

chloroform=methanol (1;1,'v/v), air dried and then activated at 110° for

12 h. Solvent systems used for the separation of neutral and polar iipidS'
are givén‘in the appropriate experimental sections (see also Materials and
Methods, IV.2.(c)).

For separation of total polar lipids of H. cutirubrum, the

plates were streaked with a solution of the lipids'(g_. 40 mg/plate) in

-chloroform-methanol (95;5,,G/v) using a "Pelick Streaker" (Applied Science

‘ Léboratories, State College, Pa.). The plates were deqéldﬁéd twice in

pre-equilibrated rectangular jérs Itn?d with Whatman 3 ﬁM paper, using
chlorof orm~90% acetic acid-methanol (30:20:4, v/v/v) as solvent. The -
Rhodamine ﬁcrsolutiép (0.01Z) and immediately viéwing them under ultfg:

violet light (366 nm). ~The elution of the components is described .,in

v

(¢) Solvent Systems for Thin Laver Chromatographv of Lipids
The following solvent systems were used for both analytical .
and preparative TLC of lipidé. Hereafter, the systems will be referred

to by letter. . _ -

¥’ . <
A, Chloroform-90%7 acetic acid-methanol (30:20:4, v/v/v)
8, Chloroform-methanol-water (65:25:4, v/v/v)

C:;CHloroformfmethanol—;onc; ammonium Hydroxide {65:35:5, VIV/?)‘

4 * -

[
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V. Chromarography of Carbohydrates and Their Derivatives.

»

1. Paper Chromatoéraphy
| An aliquot containing lOQe200:ug of-hexoee‘was taken to
dryness under a streamrof nitrogen. The residue was redissolved in a
.drop of water, applied to a. scrip of Whatman No. 1 paper and .chromato--
graphed in a descending solvent system of pyridine-ethyl acetate—wacer

(3.575,_vlvlv; upper ‘phase) for 20 h. ‘-, N ) | >
| Sugar and polyols were visualized by the alkaline silver.

nitrate stain of Trevelyan et al (1950) The chromatogram was first

*C""‘

dipped in a solution of ‘silver n‘trate and was then allowed to dry for
-~

5 min The chromatogram was dipped in a. solution of sodium hydroxide

.

and again allowed to dry. Carbohydrates”and polyocls (e.g., glycerol)

~appeared as browhish-grey areas on a light broun background. | After color

* a’

development was: complete, the chromatogram was stabilized by dipping ir
into a lOZ solu:ion of sodium thiosulfa:e. This treatment remoied most
of the background staining and left’ greyish-black spots on a light grey

background.

s

2.. Thin Laver Chromatography .

ﬁexoses, methyl hexosides, and disaccharides were also

vy

chroma:ographed on :hin'layer plates coa:éd with kieselguhr G -

silica gel G (4 1, w/w) ~«The plates were developed in ethyl acetate-

oy

me:hanol-wacer (68:23: 9,_y/v/v) and the carbohydrates were visualized

oty

with the a-naphchol rpagent (see Haterials and -Methods, IV.2.(a))}.

SilVer nitrate reagent 0.7 g silver nitrate was dissolved in 5 ml’ -
water and diluted to 200 ml with acetone.

Sodium-hydroxide reagent: 0.8 g sodium hydroxide'was dissolved in 10
ml water and the-sblution was diluted to 200 ml with 95Z ethanol.

@ .
L. o
.- . v -
3
- .k .
. ' £ ! -
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3. Column Chfomitography-

-
Column chromatography of organic solvent—soluble carbo-

hydrate derivatives was carried out on_ Unisil stiicic acid activated

at 12 for 12 h using at least a 50:1 weight ratio of silicic acid to

-

: fﬂﬁ. material applied. L o -

”
. F

4. Gas Liquid-Chroﬁatography o ' T

-~ Co . o
Gas liquid partition chromatography of methylated sugar

o

- derivatives was carried out on- a 4 ft glass column (4 mf)i d ) of 32
EChSS-K on Gas-Chrom Q~at 170° and 37 Pp-s- i ‘of helium carrier gas using
é'Hewlet: Packard Model 402 Gas Chromatograph with a flame ionizacioné

'
- _.detector.

'.-'; T —— . 2 . S & .

Peaks were identified by their retention times relativo_to
.authentic'standardg. Quantitative analyses wore obtained by measureo;ut
ogfgegk afgoatby the procedure of Carroll (1961;:

h an

1A E?Z;Ki:i\loo |
" ) ‘ i i \

= peak area ,[ . B ‘ -

o - .

uhéré.
d = dis:ance (mm)

h o= peak height (mm)

- -

~

VIf Apalytical Prooeduros ~
= 1. Phenol S?ifuric Heohojiipr Total Sugaro (Dubois 25_32,, 1954)

¢ .

| An'aliqoot of lipid solution or hydrolyzate, containiog
10-80 og of sugar (asfﬁexose) was pipetted into a 25 ol Lewis-Benedict
sugar'oubé aoo‘fhe_so;vgnt was.evaporqted under a streawm of nitrogen{

R



Sy
“To the residue was added 2 0 ml of watek and 1. 0 ml £ 52 aqueous phenol
solution with mi‘v/g, followed by 5 0wl of concentrated sulfuric acid
The solution was immediately "Voggg}ed" and - then allowed to cool }or 30

t‘r ' min-‘ The absorbance was read at-490 nm, against a reagent blank For

‘ calibration, standards containing 20, 40 and 80 ug of hexose (a mixed

sugar standard of glucose.galactose;mannose,‘l:l:l, w/w/wT were rum

simultaneously. "The.standard cutve was linear in the range lO—lOO ug

' hexose." _— - ; . ’ - '
: -
i;"Phosphorus Determination (Bartlett, 1959),
- - - The lipid sample was digested with 0.4 ml 72% perchloric

acid. Distilled water (4.2. ml), amidol solution (0.2 ml) and ammonium
T molybdate (0.2 ml) -were successively added with mixing on a Vortex

'mixer. -Each tube was*covered with a small beaker heated in a boiling

1

- water bath for 7 min and then cooled in a cold water bath. After'l5 min .

ézzq v the'absorbance of the stable blue color was réad at 800 nm in'lz‘mm s
ch - round cuvettes in a Coleman Junior II Speotrophotometer against standards

(2 and 4 ug P) and a reagent blank. Beer' s Law was obeyed in the range

. < : . .5
gege . | . o
ﬂ ,\M*Kmidol reagent: 1.0 g 2,4~ iaminophenol dihydrochloride (Amidol) and
e 2 8 sodium bisulfite diss lved in 100 ml distilled water and filtered
k%

Ammonium molybdate solutiol: 8.3 g ammonium molybdate dissolved in

100 ml distilled water.™ .° . . ) - .
L

Standard phosphorts solution: 1. 097 g of RH2P04 (Primary Standard :
Fisher Scientific Co,) dissolved in 250 ml_oﬁfdistillﬁ_water.}t_ld_s_,_,,,
) solution was: diluted 1 to 100-.to give ‘a working solution containing
“ -1 Jg P/ml. - . :

.



3. Ester Sulfate Analysis (Spencer, 1960) '.' S

-

'Goren, 1971) (See Part Cne, E rimental Procedures, II 1). ‘Fhe

——=—=iberared lnorganic sulfate ?as determined by a “barium chloranilate,
‘assay as follows. The methanol—water phase of the solvolysis reaction
'mixture was made up -to 10 0 ml giving a solution containing ca. 1.6

fumol per ml Aliquots (1 0 ml containing ca. 50 ug S) were transferred
] - .
€o centrifuge tubes and dl%gﬁed with 4.0 ml of‘ethanol.and 0.5 ml of

0.5 M acetate Euffer'(pH 4.0) containing 72.5 ug K. SO4 per ml. After
"Vortexing" the solution, approximately 10 ng of solid barium chlor- .

nanilate was added to each’ tube and@the susPension was vigdrously

o

‘"Vortemed" at 1 min intervals during 10 min The tubes were centrifuged

at 3000xg‘for 5 min and each Supernatant was tranSferred to a 12 m

. round cuvette with a Pasteur pipette.. Thefabsorption was read at 530 am

- against a reagent blank and,standard K250 solutions (25- 100 ug.S). The.
-—-—\/,“ . .

'\
standard curve was linear in the range 25-100 ug S).

)
. - -

4

4. Cation Analysis by Flame Photometry

Ratios of cation/hexose'were determined for the sodium.and

G

f'potassium salts of the'glycollpid sulfaiebyhfugar analysis (see'
Haterials and MEthods, VI 1 and cation analysis (Na K) by flame

- photometry using a !hicam SP—QOA Atomic Absorpc}on Spectrophotometer.- N

K.

A chloroform solution of the 1ipid (ca. 1 mM) was partitioned

between chloroform and methanol-water (10 9, v/v) by a modification of,

!
-

)
ghe method of Bligh and Dyer (196&) 1.0 ml of the chloroform.solution
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. was diluted with 2 0 ml methanol and 0 8 ml of 0. 5 N aqueous BCl._;

e Chloroform (1 0 ml) and-water (1.0 ml) were immediately added to give

i a bipha% system (chloroform—methanol—water 1 0:1.0:0.9, v/v/v.) ‘Ihe
_mixture ﬁﬁs centrifuged the upper methanol—water phase was removed by
. Pasteur pipette, the chloroform phase was washed withbta. 3ol of

- methanol—water (10 9, v/v) and the mixture was again centrifuged. The‘

‘ -

washing was repeated' the methanol-water phases were combined and made

4

up to lO ml with: methanol. Aliquots of xhis solution (2 0 ml; ca 0 1

-

“to 0 2 mM in Cation) were evaporated to dryness under a nitrdgeé stream’

- at 60 C and the residues were dissolved in 2 0 ml of-methanol—water

a

(10.9 v/v). This treatment removed traces of chloroform present in

i the mixture, which’ strongly suppressed spectral emission of the. cations.'

“ The solutidns were.analyzed for cation using squtions of NaCl and KC1

in methanol—water (10 9, v/v) #s reference standards. The standard '_j?

: . N

; curvesg were linear with cation/concentrations of 0 1.~ l 0 mH- e ﬁut
- T, _ boo- / e

s

VII. Physical

b‘ -.1.(_Infrared’Spectrosc‘p} g < ; S fi T ““\f._\
- . . Infrared spectr were measured on solutions (ca. 1%) of the )
substances in chloroform ¢gr carbon tetrachloride in 0. 5 omm cells using j\
l a Beckman: IR—20 dbuble—beam spéé!rophotometer. ‘ €
- -‘;f’ . LN '
iiﬁf.: ;;i;‘Z. Nuclear Magnetic\Resonance-Spec roscopy WZJ,
'\ v : NMR spectra uere measured on [ H]chloroform solutinns T

Fl

containing ca. 10% sample by weight. Inqell cases, ketramethylsilane

' was used as an internal reference and chemical shifts were reported as’

LY

i

‘.
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P.p.m. (5)‘relativguto TMS. taken as 0 p:p.m.: Spectra were recorded on )

either a_yarian I—Go_or a Varian HA-lOO‘Nﬂi Spectrometer.

-

3. Optical Rotations , . N | -

'f Optical rotations were measured at 22% at 589 nm on
. chloroform, chloroform—methanol (95:5, v/v) or aqueous solutions. of

the, compounds, u31ng a Perkin—Elmer polarimeter, model 141 (digital readout).

!

VIII: Radioisotopic Procedures o o 1Q\
[ﬁ 1. Radioisotopic Counting ' .« ' .
l . . ] ) v -. : '

\ & Aliquots of solutions to be counted-were transferred to
p.astic counting vials and the .solvent removed under nitrogen. “To each '

sample was added 10 ml of scintillation "fluld which consisted of the
following mi;tnre 2 5—diphenyl oxazole (PPO) 5 g/l; 2 2'-27pheny1ene—
bisTS-phenyl oxazole) (POPOP), 0 3 g/l Beckman Bio-Solv Solubilizer
(Formula BBS-3) 100 ml methanol 130 ml toluene to make volume up

¥

L - : After autoradiography of TLC plates, radioactive spots were

to 1.0 liter.

“scraped directly into counting vials and 10 ml of the *scintillation

fluid described above was added, Samples‘wereftounted in a Beckman LS-150
Qcintillation counter equipped with an external standard and.Automatic'
'Quench Control (AQC), in general to 12 statistical error. Since no I

chloroform was present, solvent quench correction was not required.

With each set of samples was included a wvial containing only scintillation )
. . * s R v -

fluid in order to obtainm a "background" count. 35 vas counted in the o
3H + lac window, lac was counted in .the 3H + 14C window and ;zgggas
-~ -
1 L )
-~
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'counted'in the 32? window. 358 a.nd‘3 P counts were corrected for decay.

A1l counts were corrected for efficiency of counting and are given as
. d.p.m.
2, Autoradiography

. 14C-'IBSS and P =labelled compounds on TLC plates were

:?detected by placing a 20 x 20 em sheet of Kodak no—screen X-ray film
- on the silica and exposing it in a light-proof folder for a suitable

- period dependent on the isotope and the activity of the sample. When:
%
bath 14C and 32? were present two sheets of film were placed on the

plate, one on top of-the other. The sheet adjacent to the silica was

exposed b& both the'32P andAlhcjwhile the secdnd sheetp;asxoniy exposed

o by the 325 R o




PART ONE
. STRUCTURAL STUDIES ON THE 'GLYCOLIPID SULFATE :

EXPERIMENTAL PROCEDURES . ' e

. -
1 e e

] N

’

1. Isolation and Purification of the Glycolipid Sulfate

1. Acetone Precipitation of the Polar Lipids

¢

)
/
e

. ' " -The chl8roform solution of total lipids (Materials and
-

-MEthods, III.1) was‘diluted with 10 volumes of acetone and left ar 4° C

overnight. The tan-colored precipltare of phosphollpids and sulgoliplds '

obtalned was removed by centrlfugatlon washed several tlmes w1th small

- s

portions of cold acetone dried in vacuo, weighed and finally dissolved

in chloroform to a known concentration The combined acetone. supernatants

containing the neutral lipid raction (ﬁydrocarbons, pigments, ecc.)'was
evaporated in vacuo to a small volume and dissolved in acetone to a

~ known volume. In general, the acetone-insoluble lipids amounted to

+

91-95% by weight gf the total lipids. - - ‘ o

< 2. Preparacive Thin Laver Chromatographv of Rolar Lipidd:

The mixture ‘of polar lipids was separated bv preparative TLC

(50 mg per 20 x 20 cm plate' 1 mm*thlck layer 3% :silica gel. H) in the
. - N
.solvent system chloroform—goz acetic acid-methanol (30: 20 4 ﬂva¢v3

\F Tﬁe pla:es were allowed ‘to dry overnigbt to remove most-of the acetic !;'ﬁ -

-

atid at which time the glycolipid sulfate could be seen as a white bBand ?‘
(R 0 15) which was elu:ed as rapidly as possible, at the centrifuge withh;-_
chloroform—methanol-o.l N HCI1 1.0:2.0:0.8 (v/v/v) (twice with 38 ml

' !

3 ’ ' ’

' . - . » -
e . ' :
------- ' ‘e . . B

-
. 7 -
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solvent per 8 plates). "The comhined extracts (made up to 76 ml with the

eluting solvent if necessary) were immediately converted to a two-phase

"

sysﬁ@m by the addition of 20 ml of chloroform and 20 ml of water. . The

mixture-was-centrifuged .the chloroform layer was removed and the aqueous .
phase was washed twice with 10 ml of chloroform. The combined chloroform
extracts were immediately neutralized with 0 2N methanolic ammonium _

hydroxide, then diluted with benzene and taken to dryness under reduced

1

pressure.s The residual ammonium salt of the sulfolipid (NH -GLS)

\-
' represented ca. 247 by weight of the t%tal acetone-insoluble lipids

:c“l (Table 2); it showed only one Spot om. TLC in several solveht systems A,

'-

B, or C (Figure 6, Table 3), and on chromatography on silicic acid-'
impregnated paper (Table :3). The ammonium salt was stable in the dry
3 form and B &+ chloroform solution at room temperature for several years. ‘

J~Jdt sérved as the starting material-for the preparation of-other derivatives

i

and salt forms.’ Analytical data and optical rotations for NH&—GLS are'

given in Table 4, . - L B g
- B ‘

' 35\ Preparation of Free Acid Form of the Glycolipid-Sulfate
. \' A solution of NHA-GLS (177 mg) in 10 ml of chloroform—methanol
) \

(1 1, v/v) was acidified with 4.5 ml of 0.1 N HCL and the two-phase system

. was centrifuged briefly.- The chloroform phase containing the free acid,
g{’ -oform of GLS was uashed’with an equal portion of methanol—water (10:9,
- v/v)\ When the free acid as such was required (e g., for permethylation),
the ch‘oroform solution was. immediately brought'to dryness in vacuo and

. @ H h
dried ié\i destecator. over potassium hydroxide. : ‘ , -

Y
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4, Preparation of the. Sodium and Potassium Salt-Forms

N

-

To prepare the various salt " forms, the chloroform solut;oﬂ .
of the free acid form of the glycolipid sulfate obtained above was
,immediately neutralized (to pH 8) by the addition of 0.2 N’ methanolic
sodium or potassium hydroxide to form the sodiumior potassium salt,
respectively. The chloroform‘SOlution mas'then'diluted-with tenzene.;nd

takén to dryness under a stream of nitrogen. A solutiOn of the residual

GLS-salt in-chloroform (1 ml), cleared by eentrifugation, was diluted

- o«

with methanol (2 ml) and then with acetone (10 ml). After several hours

at 4 C the GLS~salt precipitate was centrifuged down and reprecipztated

. from chloroform solution as deseribed above. The GLS-salt was finally -

-

'washedawith cold acetone (1 ml) and dried in vacuo at room temperature;

=

before analysis the white powder was further dried under vacuum at 80°C

for 12 h. Analytical data and optical rotations for the various-salt

. . -
—
Ll

forms are given in Table 4; Rf values were the same for all salt forms
\

(Table 3). The infrared spectrum of the glycolipid sulfate {potassium
salt) is given in.Figure 7.

L. 4 Bl

II.° Procedures for Structure Determination

1. Solvolvtic Desulfation of the Glycolipid Sulfate‘

To a solution of NHA-GLS (2.5 mg; 2 wumol) in anhydrous

tetrahydrofuran (1 ml) was added 1 ml of anhydrous 0.004 N HCl in

!

“'tetrahydrofuran (made by bubbling anhydrOus HC1 gas into lith' m aluminum
hydride-dried tetrahydrofuran and determining the normality by. titration),

and the mixture-uas kept at room temperature. The course of: the Sé&fglySlS

!
1

was monitored by TLC in solvent A of samples taken at 10 min intervals.‘

iy
»

v - . R
[ . . - i .
. . . - : : PR

.
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‘Desulfation was rapid and v‘rtually complete after. 90 min (Flgure 9)

Thef desulfated product was isclated by preparative TLC in solvent A, . -
B, and C,° and found-to have chromatographic;mobilities identical'with

those of the triglycosyl diether (Table-3}L

[

. . N -

2. rtial Acid Hvdrolvsis of the}ﬁlvcolipid Sulfate
o : Ty ‘

(a) Hvdrolvsis Procedure

A solution of 355 mg NH; 4 ~CLS in 4.5 ml chloroform and -6 ml ®

0. ZS‘N methanolic—HCl (made by bubbling HC1 gas into anhydrous methanol)

| , .

was kept at room temperatureﬁf The course of the hydroly51s was, monltored

~

by TLC “In solvent system A, After 4 days? 1 5 ol chloroform and 5.4 ml

H

water were added and the biphasic mlxture was centrifuged, the chloroform

phase was washed with methanol—water (10 9, v/v) and taken to- dryness on,

a rotary evaporator wlth the additlon of benzene to ald in removal of

traces of water. The reszdue (154 mg) was found by TLC in solvent = - .
systems A; b? or C to contain about equal amounts of mono-, di-, and ~

- triglycosyl diphytanyl glycerol ethers.

(b) “Isolation of the Chloroform-Soluble Products _

i
The. above mixture was separated by preparative TEC using

solvent syatem A. The separated glycosyl glycenj;/diethersawere eluted

oith chloroform-methanol-water (1.0:2.0:0.8, v/u/?) and the elgates-
connerted to bi;hasicsystems as+described for the NH;:GLS. Each of the
glycoafl diethers obtained omn eﬁaporatlon of the chloroform phases (MGD,

52 mg; DGD, 46 mé; lGD, iZ mg) was analytically pure and chromatographicallfk
homoé&neous._ Rf values and analyticslfdata are given'ln Tables 3 and 55

+

]



- i

LK,

. respéctively. The infrared sgecﬁra of the glygoeYI diethers are given

in Fié&re 10,

~
2y

(¢) 1Isclation of the Water-Seluble Products

The methanol—water phase of'the partial acid hydrolyzate of

- o~

- the. glycolipid sulface, when subgected to. TLC on kieselguhr G - silica

gel G (4:1, w/w) in ethyl acetate-methanol—water (68:23:9, v/v/v), showed

two main spots corresponding to a disacéharide (Rf 0.28) and its methyl

'glycoside (Rf 0.44), and minor spots corresponding to the metﬁyl glycosides
‘ of tee monoSaccharidesﬁglucose'(Rf.0_76),-ge1actose (Rf 0.81), and

mannose (Rf 0.82). T@e'disaccharide,(ég.‘Z E@) and its methyl glycoside-

(ggt‘l.S mg) were isolated ag,amofghous cémpounds by frepargtive TLC on

kieselguhr G - silica gel G in the abore-solvent. ‘After acid hydrol&sis

~ e » -

T of the.disséeharide or its meEﬂyl‘glycoside the only sugars detected were

_galactose and tapnose. The conﬁiguration of'the glycosidic linkage in,

. Lo .
the disaccharide was determined by enzymatic hydtrolysis as described
below (Part One, Experimental Prpcedure, IL.5(b)).
' ' . :
| _ E\ o .‘a'h\\
3. Total Acid Hvdrolvsis of the Glvcolipid Sulfate and Glvcolipids

%

(2) Methanolic-HC1 Hydrolysis . -

I " - [

Hydrolysis of the giycolipid sulfate salts and the three

glycosyl glycerol diethers (25 30 ng each) was carried out in side—arm

- flasks (Kates, 1964) in 2. .57 methanolic-HCl (4 5 ml) under reflux for

3 h. After addition of water (0.5 mi), each~ﬁydrolyzate was extracted
with iow boiling pet:oleuﬁ ether (3 x 5 ml);ﬂtﬁe extrects were brought

‘to‘drynese and the residual lipid was weighed to determine the diphytanyl

¥
3
’

[ ]

L3
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glycerol ether'EOntent (Tebles d and 5). TLC of-the pooled‘glycerol

Hiether residues in chloroform—ether (9 l v/v) showed a single spot

corresponding to authentic (Joo et al., 1968) 2,3~di~ O—phytanyl-sn-.

:glycerol (Rf 0.65). After preparative'TLC in the same solvent, the f

diether had [a] = +8,2° reported (Joo et al., 19685 [a] = +8.4° The

infrared spectrum was identical to that of authentic diphytanyl glycerol

ether (Kates et al., 1966). B E

{(b) Aqueous-HC1l Hvdrolvsis

[

Tﬁe methanol—Water—phase'of each hydrolyzate was taken to'
dryness under a stream of nitrogen, 4and the residue was heated in 1 ml o
- of 1 N aqueous HC1 at 100°¢C (boiling water bath) for 3 h. to hydrolyze
"sugar methyl glycosides. The solution was taken to dryness under nitrogen
' and, the residue- was dried inzzgsgg over KOH for 24 h to remove HC1; it

was then'examineg-by descending paper chromatography_in_pyridine-ethyl

.acetate—water-(Z:S:S, v/v/v, upper phase) to identify the. sugar moieties.

4. Methylation Analysis of the Glycolipid Sulfate’

(a) Methrlation Procedure | R -1-iw'
The ammonium salt of the-sulfolipid (163 mg) was copverted
to the free acid form as described above (Part One, Experi@ental Proceduresf
I.3)." A solution of the free acid (115 mg; dried over KOH pellets under
high ‘vacuum for 1 h) in 20 ml of freshly distilled methyl iodide was
heated under reflux with magnetic stirring in rhe. resence of silver
oxide (Eg. 250 mg) for &8 h; more silver oxide andh\\:hyl iodide were,

added at 16 b intervals. The reaction mixture was diluted with & ‘equal

/



-

volume of ethyl ether and the si}ver salts were removed by centrifugatlon
and washed twice with. 10 ml of benzene—chloroform (1:1, v/v) The- ~

combined supernatants were brought to dryness and the residue drie

-

under vacuum over KOH péllets; yield, 134 mg of colorless oil.

! _ ' £ ey
/ .o

'(b)" Purification of the Permethvlated Glycolipid Sulfate

Thelcrude product, containing the‘oermethyleted éLS as the
najor component add:three minor partially methyieted componente*wasf‘
tractionated on a colnmn of.srlicie acid (20 g, made up in benzene) *
u51ng the following elutron sequence benzene, 100 ml; benzene-ether

- (90: 10), 100 'ml; benzene-ether (75 25) 400 ml; benzene-ether (50: 50),

200 ml benzene—ether (25:75), 200 ml; and ethyl ether, 00 ml (all

solvent mixtures are v/v) - The permethylated GLS appeared in the ben\ene- .
ether (75:25) eluate, it was recovered on evaporatlon ofjthe solvent'and

- dried under high(vacuum vreld 85 mg of TLC-pure perm hylated GLS'

-t

R 0 65 in ethyl ether on sillca gel H [a] +57 4° (;, 1. 28 g/dl in

‘_chloroform). The analv;isel data for the permethylated glycolipld

-~

.-

‘sulfate are given in Table 6.

-

-

(é) ‘Hydrolvsis of the Permethylated Glvcolipid Sulfate - P

<

. The pertethylated glycolipid sulfate (17 mg) was methanolyzed
in 2.5% pethanolic-HC1 (4.5 ml) under reflux for:2 h (Kates,: 1964). After
the addition cf &.s ml of water, the hydrolyzate vas extracted uith Tow

boiling petroleum ether (3 x 5 ml) to remove the diphytanyl glycerol

ether; only ,traces of methylated me

methanol-water phase was taken to dryness efresidue was heated in §

«w
Tyl
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'(Materials.and‘Methods, VL) -

e

~ . =60 -

L ’ -

l'mi‘of'l N aqueous HCl in”a;boiling walgr bath for 3 h. .#EI.Was'removed,
.by repeated concentratlon in vacuo on a xotary evaporator {bath . '
) temperature 309). . R ; g - : , '
' . _ L - : A

(d) Reduction of the Partzallv Methvlated Monosaccharides -k

- The residual methylated sugars were dissolved in 1 ml of water

and raduced to the corresponding alditols with -excess sodium borohydride

(EE- 10 mg) at room temperature for l h. Glacial acetic acid was added |

- ’

dropwise to destroy the excess borohydrlde and the mixture was repeatedly '

taken to dryness on.a rotary evaporator with additions of, methanol to

P

rewove boric aczd q\S-t'ne volatile trlmethyl ester,

(e) Acetvlation of the Partially Methvlated-=Alditols

The partially methylated alditols were dissolved in pyridine

. o N [
(2'ml) and acetic anﬁydride (2 ml) was added. The reactlon mixture was

——"‘\
kept at ?ﬁg C for 3 h and‘then brought to drynes% on a rotary evaporator.

Rl .

-

(£) Identification of Partially Methvlated Aldltol Acetates

- . — . . N

The residual methylated alditol acétates wete dissolved in :

Y

. chloroform-and analyzed by gas liquid chromatography as descriBed above

-~
-

Authentic 'reference standards of 'the alditol acetates of

3 4‘6—trimethyl glucose 2,4 6—trimethyl galactose and 2,3, &-trimethyl )

mannose were used to. idenrify the sugars in the giycolipid sulfate

. (Table 7){ Retent;on times 3;1e calpulated relative to ,ngfacetyl-

2:3;&,6‘ etraﬁg-methyifgrglucitol which had 2 retention time'of.S.S win.
. . ? - ) \.‘—__—‘ ‘ ’ +
yndep( the CLC conditions used (see Materials and Methods, V.4).

. N
. ‘ ’ o \_}. ,

L)

.
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- . 5! Enzymatic Hydrolysi Sﬁudies on the Configuration.of'the . A

o Terminal Glycosidic Linkage ) ~ I o L

L "t . - /'

In order to establish conclusively the configuration of the
LY

terminal galactosidic linkage, the 'mail\amount of galactosyl-mannosei

. produced during the weak acid hydrolysis of the. sulfolipid was isolated
" . by TLC (Part One, Experimental Procedures, 11.2.(c)) and its prOperties N

compared with those of the Synthetic 0—B-D—galactopyranosyl—D-mannopyranose;

~'synthesized as describeg-below. N .

‘l|¥£' - ¥
PR (see Scheme 5)

“

. _' '.Acetobromogalactose (Barczai-ﬁartos and Korosy,. 1950) (VI;

411 mg, 1 mmol) was added to an ice—cold‘mixﬂgre of silver-perchlorate
(207 ag, 1 mmol) 1,2,3,4= tetcaacetyl—6-trityl-D-mannose (v:x 577 mg,_
AN

1 mmol) and Drierite 1 g) in 20 ‘w1’ of nitromeéhane. The mixture was :

%, - ) ¢
§hakenrvigorously and allowed to warm up to room‘cemgerature. After 5 ' .

. S
‘min the.orange precipitate of silver bromide and tritvl perchlorate was
: (N . . . -

_ removed by centrifugatfon and m\\hed witﬂ 10 “ml of n*tromethane. The

Kl

combined nitromethane solufions were washed with a cold saturated )

S
. s\lution of sodium bicarbonate folloued by water. " The solutibn was then

. ,? .0 * ‘o l )
cleared by centrifugation, diluted with an equal volume of chloroform L -
.- o . R ST

“dried over sodium sulfate and taken to dryness on & ratary evaporator. T

4

. "_ -. The residue was shown by TLC on silica gel H in benzene— - :
[ A © -

- methanol (96 4, v/vff-o contain the peracetylated disaccharide (VIII)

(R 0. 21) as the major product togetﬁbr with 2 3,8 G—tetraacetyl galactose
- . .- -

'(Rf D.l?) and some fast moving unreac%ed starting materials. To ‘remove - .

» ‘ - . *’ f -
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. s |
-the tetraacetyl galactose the- residue was treated with 20 ml of pyridine-

acetic anhydride (l 1, v/v) for 18 h to convert the tetraatetyl mono-
"saccharide to the faster-runuing pentaacetate (R 0.46). The peracetylated )
disaccharide was then readily purified by preparative ‘TLC in the above
solvent system, yield 366 mg (5&”) of colorlecs o0il; [a]D = +36 6° (c,

\ L e e —m—

1.05 g/dl in chloroform) T

—

—

- The peracetylated disaccharide (170 g, 0.25 mmol5 was &
deacetylated in 10 ml of 25 =M methanolic sodium metho*cide for 6% atl

room temperature. The solution was then deionized on a column of

. \
" Amberlite MB-2 (mixed—bed) ion~exchange resin and takeﬁ to dryness on
3

Toea .rotary evaporator., The residual B-D—galactopyranosyl—(1*6)—D-manno-

pvranose (Ix) was dried“in vacuo over KOH at 60% for 24 h; yield 82 mg

(9§Z) of colorless gum; [o] ‘- +52 8 (;, 0. ?l‘g/dl in H OJ, clu values

are given in Table 8. The product although free 6f other SURALS,

incontained=tzaces of the c—linked disaccharide as determined’ bv en"ymatic

-
» . -

hydrolysis.::

LuC
-
'Analvsisr lzﬂzzollﬁzo (360.3).
Calculated: C 40 00; H, 6.71m
\Found: C, 39-.:.9; H, 6.62. : .7
= S "

5 - L -

-
(b) Enzvmatic Hydrolvsis Procedure ! _S

To a solution (1 mg 4in 0.05 m} uater) of the galactosyl-

mannose disaccharide or its methyl glycoside derived from GLS, or the

synthetic disaccharide B-Qrgalactopyranosyl-(1*6)-D—mannopyranose, was

.-““we\;‘added 0.05 ‘ml‘ of an unbuffered aqueous solution of E.~goli ¢~galactosidase

B

(1-sgfml), and the mixture was left ar room temperature for 6 h. The
- - .‘\ . . .
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hydrolysis products were then examined by chromatography on Whatman No. X

_paper in pvridine-ethyl acecate-water (2:5:5, v/v/v, upper phase) and

© . by TLC on kieselguhr G - silic& gel G in ethyl ace:ate-methanol-wa:er

'l At

\(68 23: 9 vafv); aufﬁEntic‘hexose and methyl hexoside standards were

included (Table 8). The o-galactosidase specificity of the enzvme was

' verified by its positive action on lactose, gfnitrophenyl B—D-galacto-‘

.

pyranoside, and the ‘synthetic S-galactosyl.mannose, and its inabilicy

to hydrolyze cellobiose, ltose, melibiose and grnitrophenvl-u-n—

L e

galactopyranoside.

0.‘



K Y . .
N - - . .

\\ . | . , ) ~‘ - oo
\\‘ 4 \ - 65 ~ : | ‘l ) } .
o : o .

\\/ “
‘ N | _ ’
_ ST stutrs AND DISCUSSION - . . LT
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-

1. lecolipid Sulfate Content oi/Halobacterium cutirubrum ' z

Treatment of the ce{/; Lof Halobacterium cutirubrum by the

\

-procedure of Bligh and Dyer results~ip quantitative extraction of the
total cellular lipids which account for 2.5~4%7 of the cell dry_weight—
(Seghal g%,al., 1962 Kates et al., 1965 Joo et al., 1968). Acetone
precipitation of the total lipids vields an insoluble "polar lipid“' |
fraction (907 by Ueight)tﬁhd an acetone-soluble "non—polar" lipid
fraction (10Z). R ——

Preparative’thin larer chromatography of the. acetone-
insoluble polar lipids afforded pure preparations of each of the four
major lipids. From the data in Table 2, it can be seen that the
glycolipid sulfate comprised about 23Z by weight of the polar lipids.

Cells extracted with hot isopropanol yielded amounts of” N

. total_polar lipids 1dentical to cells extracted by the Bligh and Dyer
technique._ Also, isopropanol extraction gave the same proportions of
individual polar lipids as did. the Bligh'and Dyer extraction. Therefore,

|

it may be concluded that enzymatic breakdown of cellular lipids does not

occpr'during the Bligh and Dyer extraction.procedure.

\
*
Ly
.

'11. “.Salt Forms of the Glvcolipid Sulfate .

kY

R 17 Physical Properties

A

Titration of the free acid form of the glycolipid sulfate

with ammooium hydroxide, sodium hydroxide, or pﬁtassium hydroxide yielded'

the ammonium, sodium and potassium salts respecﬁivelv. All three salt
\

forms had the same Rf values on thin layer chromatography (see

_Table 3 and Figure 6). All three salt ' N



: N oo
Table 2. Phospholﬂpid and glycolipid composition of the total polar

lipids of Halobacterium cutirubruma . L7

\\A

. S - Calculated o Composition
. Component +' Molecular Weight e
\ " A U (sodium salt) Z by weighhﬁdgi 'moles kc
Glycolipid sulfate /  1261.6 7 .23
(GLS) . N | -
‘¢ Ph sphatidyl E 9532 . - 63
1vcerophosphate '
(RGP) .
\ Phosphatidyl ' . 931.3 E 3 : 3
: f gly:erosulfate L S . : -
- { (PGS o '
\ . ° S | . -\\‘.
Phosphatidyl . - 829.2 ' 4 -5

i glycerol (rG) . —

iRécovery = 93%
- .

All components are derivatives of 2 3—di—O-phytanyl—sn-glycero1.
They were isolated by preparative chromatography of the total polar
lipids (40 mg/plate on silica gel H in chloroform-90% acetic acid-
methanol (30:20: 4, v/v/v), and eluted with chloroform-methanol-
diethyl ether (1: l 1, v/v/v) in a glass colum; complete recovery:

of the glycolipid sulfate was obtained by further extraction of the .
_silica with acid Bligh and Dyer solvent.,

bAs a b4 of the veight of the total polar lipids applied to the plates.

CBased on the total weight of lipid recovered from the plates._

s
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Table 3. Rf values qf the glygolipid sulfate and derived glyco- ‘ o
. lipids in various solvent systems o

\

" Solvent System?

Compound —
A - B ¢ .o
Qlycoiipid sulfate (NHQ--salt)b ,-0.15 "',0.25 0.11 - Q.33 .
Monoglycosyl diether o ©0.96 © 0.85  0.83
Diglycosyl qigzhg;_ - 0,77 0.75 ',_o.Lz 056
~ Triglycosyl diééﬁé?, o 0.41 ° " 046 . 0.08 0.1

!

" 311¢ on silica gel H in solvent systems: A, ch;oroform—902'acetic

~ acid-methanol (30:20:4); B, chloroform-methanol-water (65:25:4);
¢, chloroformmethanol-conc. ammoniun Wydroxide (65:35:3). Chroma=
tography on silica-impregnated Whatman 3MM paper in solvent;
D, diisobutyl ketone-acetic-?cid-wste; (40:25:5).

bSodium‘éﬁd potassium salts-ofTSL had the same Rf'ﬁglues. -

v °
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Figure -6 r\ ' . ' _ -
, ' % ~
- > Thia layer chromatograms “ef rhe glycolipid sulfate and
- derived glycolgzzds in acidic, neutral and alkaline
y solvent systems.
- Iﬁentificatibn-of combopenc;f
Lane 1  glycolipid sulfate (GLS)
) Lane 2 trig;;cosyl diphytanyl glycerol (TGD)
Lane 3 A.giglycosyl dipﬁytanyl_glycefol (DGD)
Lane .4 wfmoﬁBglycosyl diphytanyl glycerol (MGD)
» - A AR _ -

Solvent Systems: .

A -
-

A - Chloroform-90% aceﬁic‘aéid-methanol;
IR T .(30:20:4, v/v/vy

r

B -_Chlorcformlmethanol-water |

(65:25:4, v/v/v)

;€ - Chloroform-methanol~conc. ammonium hydroxide

- (65:35:5, v/Q}v)

- - . . . -

fe ‘
R -

. e
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forms' are very,soluble in chloroform and benzene and‘extremely soluble
i tetrahydtofurank the§ are almost insoluble in:pethanol and acetone.

They were stable for several years inJ:;E‘dry state at room temperature

-and showed only slight degradation in chloroform’solution at Toom

-
o

. temperature and almost no degfadation“in benzene solution.

4’ ' 'The Specifie and molar Optical rotations (Table 4) for the .

three salt forms are ver} similar, hence it would seem_ that the nature .
J ' '

. of the cation present has no effect on the-optical activity of the

sulfolipid. The high positive'rotation of the sulfolipid sheds some

light on the configuration of the glycosidic linkages (see Part One,\

[

P

Results and Discussion, VI). : ) T
‘ 2. Analvtical Data K o - : . _ N -
L . The analytical data for the gmmonium, sodium,and potassium

salt forms are given in Table & The elemental analyses are consistent
with those calculated for the respective salts of a sulfated triglycosyl

diphytanyl glycerol. The carbcn and hydrogen analyses of the sodium salt

were cgnsistently low presumably due g% Zhe formation‘of sodium carbide
' during the combustion process.l The hexose to diether 62 3—di—0-phytanyl-
sn-glycerol) ratios and the sulfur to diethe;/mole ratios ar;‘what would

/

be expegted if the molecule contained/one sulfate group, three sugar =

e

residues and one diphyta Zlycerol moiety.

ration of qhe free acid form of the sulfolipid consumed

~ e

per molecule. Elemental analysis for the cation present “(Table 4) con-

firmed 3,1 1 ratio of cation equivalent to mole of’diphytanyl glycerol

"
o

-~ Loal ' - ) T . ) -
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3. SpectroscOpic Data

L]

The infrared spectrum of the potassium salt of the glycolipid

“sulfate (Figure 7) showed strong OH absorption at 3400 co 1, strong CH2 '

and CH3 absorption at 2900 and 1455 em t and isopropyl absorption at e

-

1370 cm (doublet) These abserptions are consistent with‘che’uolecule

- -

having several hydroxvl groups,(sugar rings) and long-chainlbranched alkyl

, -

' groups (phvtanyl moieties). Absorptions attributable to the Sulfate group

include that at 1265'cm (5=0) as well as a typicallv weak sulfate S-0-C

band at 830 cm_l. The presence of a sulfate group was revealed ‘moTe

clearly by the infrared spectrum of the permethylated glycoliuid sulfate

\(Part One, Results and, Discussion, V).
No carboxvl or ester carbonyl bands were present thereby

eliminating the possibil%ty of acyl groups on either the glvcerol or

sugar hydroxyl groups.. A C-0-C ether absorption (phytanvl—glycerol

{ \ Y

_linkage) may be. discerned at ca. 1100 co ; as a shoulder on the strong
) - R
alecohol C-0 band}at 1060 cm (sugar hvdroxyl/éroups). 1t should be

mentioned that there were “no’ p::ts;a;tributable to a sulfonate.group

thereby eliminating the possip ity that the compound contained a sulfonic
acid group rather than a sulfate group. This was borne out by the

solvol)sis" studies described below (Part One, Results and’ Discussion
- -

-

13

. . e

‘4. ‘"Natural” Salt Form of the Glycolipid Sulfate

.Silicic acid columm chromatography of the total polar lipids .

’of Halobacterium cutirubrum allows a separation of these lipids not only'.

‘on the basis ‘of thelr structures but also according to the nature of the

e -

—

, o
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Figure 7 ) L

.Infrared spectrum of the potassium salt of the glycdiipid

o

sulfate in chloroform.
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cation bound to the lipid (Hancock;/1972).‘ Elution of the colum wffh‘, ‘

chlorofornrmethanol (94;6,.v/v) renoved-the,magnesium salts of PGS and :Tf;

PCP. No magnesium salt of the lecolipid‘sulfate was found. An increase

in the polarity of the eluting solvent (chloroform-methan01; 80:20, v/v) ’

resulted in the elution of most of the glycolipid sulfate as the sodium
salt together wig&,the sodium salts of ?G and PGS. An even more polar
<

solvent mfxture (chloroform—methanol 60 45 v/iv) removed mainlv the

-

sodium sal& of’ PGE with a trace of glycolipid sulgate present.. While

most: of the lipid eluted with :the last solvent was present as the sodium

LS
salt, there was a small amount of potassium ion present.. From«mhese

-

results it appears that most of the glycolipid sulfate is presenrkas the

13
]

spdium salt, along with a small amount of the potassium salt. Alternatively,_

-

the glvcolipid sulfate nay have exchanged ins natural cation for a sodium .

‘ion during the ‘Bligh and Dyer.extraction.\

’

III. Solvolvsis Stud es on the lecolfbidxgulfatei '

The solvplysis of lipid sulfate esters in' the presence of

1

oxonium ion < forming anhydrous-solvents (dioxane, ethyl ether, etc.)

P

" has recently been discussed (Haines,, 19715 Goren, 1971) Haines studied

The deSulfation of‘potassium 2-octanol—2-su1fate in refluxing dioxane
* Cu

while Goren worked on the ammonium salts of a series o 2 3 6,6'

tetraacyl—o;a -trehalose ‘esters which contained a.sulfate group on the ~

-

2' position of the trehalose. ‘In both “the essential feature is the

. s N

fornation of a iabile sulfate-soivent oxonium ion intermediate complex.

Their proposed mechanisms for the solvolyses are shown -in Figure- 8.
- .. Direct chémical evidence for the presence of a sulfate ester

v

(Lt

3

-)..
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Figure 8 . '
~——" " golvolysis of sulfate esters:
s L0 ’ ‘
\\L o A —“Mechanism of solvolysis of alkyl sulfate esters
(Haines, 1971) _ o S

B - Proposed mechanism for the desulfation of sugar

sulfates (Goren, 1971).

v
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good indication that the sulfur is indeed present as a sulfate group and

ey

b

¥
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in GLS was obtained by subjecting the ammonium salts of the glycolipid

sulfate to mild acid-catalvzed solvolysis in anhydrous tetrahydrofdran- ‘
HC1 (0.004 N) at room temperature. The ammonium salt of the glycolipid )
sulfate was rapldly desulfated. the reaction being complete in about
90 min (see Figure 9). The lipid product of the solvolysis was chroma—
tographically identical uith the triglycosyl diphytanyl glycerol obtained
by acid hydrolysis of thelglycolipid sulfate (see Part One, Experimental

Procedures, 1I.2.(b)). The relative ease with which the sulfur-containimg~

moiety of the glycolipid sulfate was lost upon mfld ésl?vlysis is a very

- . N - -~
not as a sulfonate; the latter would be resistant to either solvolysis

ér hydrolysis. N ) -

In contrast to the finding og Goren (1971) that the sulfolipid

from Mycobacterium tuberculosis is'spontaneously desulfated in ether

-

solution at room temperature, the glycolipid sulfate of Halobacterium

cutirubrum was quite stable in either tetrahydrofuran .or diethyl ether

unless a small amount of hydrogen ion (0.004 N) was preSent. As with

the glvcolipid sulfate, the phosphatidyl glycerosulfate (Figuge 5) from

Halobacterium cutirubrum was onlv solvolvzed bv” tetrahydrofuran in :ne—
presence of acid (Hancock 1972). GCoren has postulated that the

spontaneous desulfation of the M. tuberculosis sulfolipid may be due to

the proximity of theé 2'-sulfate group to the a-anomeric oxygen of the
trehalose (Figure 8). In GLS, however, .the sulfate is much further
removed from the 3-anomeric oxygen (see Figure 14) and this might account

for its greater stability.
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Figure'Q‘

Time course for ﬁhQ‘solvolysis of the glycolipid sulfate
(GLS) in 4 oM HC1 in tetrahydrofuran to produce the : :t::::

triglycosyl,diphytahyl glycerol (TGD).

- Solvent S&atem:

Lt

Chloroform-90% -acetic acid-methanol (30:20:4, v/v/v).

LA
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IV. The Glveclipids Obtained by Partial Acid Hydrolvsis of the

.. ‘ ) .ﬁ * . ! "‘
Glvcolipid Sulfate ] : ’ . . - : .

The mild acid hydrolysis of the glycolipid sulfate in ¢

chldrofqrurme:hanolic-HCl (0.25 X)(3:4, v/v) at -room temperature for &

" days was wonitored by TLC which revealed the fbllqwing sequence of

" reactioms: firsc,rremoval'of the sulfate groﬁp, yieldiﬁg the trigiycosyl-

-diether (TGD); then, removal of the terminal hexose residue, yiel&idg'the
) : . r

diglycosyl diether (DGD); then, cleavage of either the terninal hexose

unit from the diglycosyl compound or the terminal disaccharide_ residue B

from the triglycosyl compound produced che monoglycosvl diether (HGD)

Some further cleavage of the monoglycosyl diphytanyl.glycerol gave. a

Y

water soluble hqxosé plus the chloroform-soluble diphytanyl‘glyéero;.

;t was found that approximately equal amounts of each glycolipid had been
formed-af:er.96\h. Thus, sufficient amounté of each cowpoﬁnd'fbr further
analysis éould be isolqted.using ;repafative TLC (see Mate?i;is and |
..Hethods. I11.2.(b)). o ~ |

The chromatograp?{c purify'and Rf values of the three isolatéd

glycqlfpids are showndin_ngurg'6 anéd Table 3, respectively.

1., Physical Properfies qf the Glvecolipids
The isoiaﬁed-glycqlipids were colorless;gums, readily'solublell.
;n~;hloroform'or benzené; however, these solutions soon be;ame gels,
presumably because of the high degree of hydfogen bond formation that '
-is possible becweeé these ;dlecules. ?he addition of a 59311 amount
(52 by volume) of methanol ta the solutions of ‘the glycolipids completely
‘prevented these gels from forming. | .

The optical rotatioris of all three glycolipids (Table 5)

[+



were high ond positive; the significance of thesé rotations oill be

. discussed ;n‘a later section (see Part One, Results and/ Discussion

vI).

. ™~ \
2. Analvtical Data

o .. o The hexose to_diether mole ratios (Tabls 5).of eachsof the.
.three glycoligéﬁs/ﬁhowed that the 51o;est ooving compound (TGD)

; { (Figure 6) contained :hree moles of hexose per mole of diether; the

-

elemhntal analysis of TGD was’ consis:ent with the compound being;a
1 \\ !
triglycosyl diphytanyl glycerol. The glycolipid with the second 1owest

'Rf value (DGD) (Figure 6) was shown to concain two moles of hexose per.

i .

mole of diether; the elemental analvsis of DGD was consistent wich che

‘ compound being.a diglycosyl diphytanyl glycerol. The compound with the
: higbes: Rf value (MGD) (Flgure 6% was found.to contain one mole of hexose

f
per mole of diether, the elemental analysis of MGD was consistent with

- -

its being a monoglycosyl diphytanyl glycerol.

~

3. Spectroscopic Study on the Glvcosyl Diphytanyl Glycerols

The infrared spectra of the mono-, di-, and triglycosyl’ ‘

diphytanyl glycerols (Figure 10) were similar and showed strong_ "OH

S
absorption at 3400 cm -1 1ncreasing in intensitv with respect to .the
" = - -
number of sugar moileties; all three sgectra showgd strong_CH2 and CH3
absorﬁtion ét 2900 and'lASS‘cmf;'as well as .a pronounced 1sopropyl . .
4

absorptiop (doublet) at’ 1370 co 1. A C-0-C ether band was seen at

;/4 1110 ew L in all spectra.’ oo - - A
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Figuge'lo

Infrared gpectra of the monoglyceosyl diphytanyl glycerol

(MGD) , diglycosyl diphytanyl glycerol (DGD), and triglydégyl '

PR

o

diphytanyl giyce}olﬁ(TGD) in carbon tetrachloride
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&;i Sugar Seqpence of the lecolipids and lecolipid Sulfate

N A In order to determine the sugars present in the. glycolipida,

each compound was subjected to strong acid hydroivsis. Paper chromato—

graphy of the water-solub e products of each hydrolysis (Figure 11} -
revealed the following. fghe only hexose released from the MGD was
gluoose:-therefore, MGD is a glncosyl diphytanyl glvcerol. 'The hexose%.i
¥ released fron.DGb were glueose and nannoset therefore, DGD is a-manno-
sylglucosyl Aiphytanyl glycerol. . The hexoses~releaeed‘from TGD included,

~

galactose, mannose, and glucose; thereﬁore, TGD is a galactosyl manposyl

glucosvl diphytanyl glycerol. Thus, the sequence of the sugar in the

parent molecule {(i.e., the glycolipid sulfate) was established as being

galactose—mannose-glucose—diether.
,-1

V. ;Hethylation Analvsis and the Glvcosidic Linkaée Positions -

1. Characterization of the Permethvlated lecolipid §::;ate

reatment of the free acid form of the glvcolipid sulfare |

with oet "l iodide and silver oxide resulted in the formation of the . ‘°'
permethylated derivative in fair yield. - =~ ,: | .

‘"The permethylated glycolipid sulfate was 1solateo bv éo;u::
chronatography as. a colorless oll that was’readily solubie,in‘chioro;or:,
benzene or methanol. The neat compound was stable for several months aL
-ZdOC while a benzene eolution'of\the.compqnnd bas‘stable at room _ "
temperatnre for the same length of time. In chlorotorn solutibn'at Toom
temperature, the compound showed some decomposition after a few dags. T

The high optical rotation of the compound ([a] = +57. 4° )
(iqple 6) was again indicative of largely a—glycosidic 1inkage configurations

“(see Part One, Results -and Discussion, VI).
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Tracing of a paper chromatogram of che water-soluble

-
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hydrolysis products of the monoglycosyl diphvtanyl
glycerol (HGD) diglycosyl diphytanyl glycerol {DGD),
; triglycosyl diphytanyl glycerol (TQD) and the glycolipid

'sulfate (GLS) The 1ane on the lef: shous a mixture. of

*Qtandard'ﬁexoses mannose (RGl 1. 18), glucose (RGl 1.00)
- } . .
and galactose (RGl 0 85). ©T 4y
M . .

»_Thé chromatogram was developed in a descending solvent
system of pyridiné—ethjl acetate-water (2:5:5, v/v/v,

upper phase).

Lane 1 ' GLS
Lane 2 .MGD
Lane 3 'DGD
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Lane 4 TGD
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Table 6. Analy