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ABSTRACT

Cells of the obligate halophile Halobacterium

cutirubrum were grown to the stationary phase in the presence of

32P-01-ﬂ10phos1)hate, 35S-su1£ate,' 14C—labelled acetate, malonate,
mevalonate and glycerol and in the presence of 1,(3)—3H-— and 1, 3-
l4c -glycerol mixture 4nd 2-3H- and 1, 3-14C-g1ycerol mixture as
pPrecursors, 32p was incorporated into the phosphatide compon-
ents in proportion to their relative concentrations, thus: phos-
phatidyl glycerol phosphate (dicther analogue) » unidentified
minor phosphatide » phosphatidyl glycerol (diether analogud.
325_sulfate was incor porated mostly into the glycolipid sulfatc ester
component, but small amounts of 39§ also appeared in a more polar
sulfolipid and in a minor unidentified sulfolipid.

14C_Mevalonate was the most efficient precursor for
the phytanyl chains, followed in decreasing order by acetate and
glycerol. Only traces of 14C from the malonate precursor were in-
corporated, and thesc appeared entirely in the phytanyl groups. A
considerable proportion of 146G from the glycerol precursor was found
in the glycerol and sugar moiectics of the lipids. Little or no labelling
of the water-soluble moictics of the lipids was observed with the

other carbon precursors.
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Only {races of 14c1abelled fatty acids were detected
with any of the l4¢ precursors; with acetate in particular, only
0.3% of the C in the total lipids was found in fatty acids. The syn-
thesis of fatty acids was confirmed by the use of cell-free cnzyme
system and 14C—malonyl—CoA as a precursor. Although 0.5 - 0. 6%
of the 14C in the precursor was incorporated in fatty acids, it is
belicved that the fatty acid synthetase system is dei)rcsscd by the
high salt concentrations. Itis concluded that the prcedominant bio-
synthetic route for the lipid chains is the mevalonate pathway for
synthesis of isoprenoid groups, and that the malonyl-CoA pathway
for syntheéis of fatty acids is operating at a very low level of
activity,

Studies on the metabolism of 14C and 32P-g1ycefb]
phosphate by whole cells and cell-free cnzyme preparations showed
that H. cutirubrum does not utilize a-GP as such, but it contains an
active glycerol phosphatase which catalyzes the hydrolysis of a-GP
into glycerol and Pj. The latter two components then pass into the
cclls where glycerol is phosphorylated by a glycerol kinasc specifically
to form sn-glycerol-3-phosphate.

sn-Glycerol-3-phosphate was formed not only by glycerol
phosphorylation, but also by reduction of dihydroxyacctonc phosphate

by L, a-glycercl pfxosphatc dehydrogenase.
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Using tritiated glycerol, the incorporation of 34 into
lipids of H. cutirubrum cells varied with the position of the 3H label
in the precursors supplied. Total lipids and lipid moieties from
cells grown in 2—3H-g1ycerol lost almost completely the 3u activity,
In contrast, when cells were gro“.rn in 1(3)—3I-I-glyccrol, the phytanyl
groups and the sugar residues of the lipids retained about 50% of the
3H activity while the gllycerol moicty of the diphytanyl glycerol ether
retained about 100% of the 3H activity. It is concluded that glycerol
is metabolized via three separate pathways: (1) by the reverse of the
Embden-Meyerhof cycle, to sugars; (2) by glycolysis, to acctate and
then to isopentenyl pyrophosphate through the mevalonate pathway;
(3) by a new pathway, in which glycerol is converted to diphytanyl
glycerol cther by an as yct unknown series of reactions, probably
involving dihydroxyacetone.

Direct studies on the biosynthesis of phosphatides of
B. cutirubrum by short-term labelling of total lipids with 32Pi was
undertaken. During the first minute of labelling, an unidentified phos-
pholipid was initiated which bears a precursor-product relationship
between it and PGP-diether analogue. It is concluded that the un-
identified phospholipid may be the immediate phosphorus-containing

precursor of the major phosphatide PGP-diether analogue,




RESUME

. I3 » »
Les cellules de 1'Halobacterium cutirubrum neccessairement

halophile ont éte cult‘ivées jusqu'a atteindre unc phase stationnaire en
présence de 32P-—orthophosphate, 355—sulfate, d'acetate, de malonaté,v
de mevalonate et de glycérol marques au '4C ot en présence d'un mélange
de 3H-1(3)- et 14C-1(3)-glycérol et d'un melange de 3H-2- et 14C-1(3)-
glycerol comme précurseurs. Le 2P a &té incorporé dans les
constituants phosphatides en proportion avec leurs concentrations
relativeé, ainsi: phosphatidyl glycérolphosphate (analoguc dicther)

un phosphatide mineur non identifié > phosphatidyl glycérol (analoguc
diéther). Le 3ZS—su1fatc a eté incorporé pour la plus grandé partie dans
le constituant glycolipide sulfatc, mais de petites quantités de 355 sont
‘egalement apparues dans un sulfolipide plus polaire et dans un sulfo-
lipide mineur non identifié.

Lel4 C-mévalonate s'est révélé etre le précﬁrseur le plus
efficace pour les chaines phytanyles, suivi par ordre décroissant par
l'acétate et le glycérol. Seulement des traces de 14C 2 partir du
précurseur malonate ont &té incorporées et celles-ci sont apparues
entierement dans les groupes phytanyles. Une proportion considérable
de 14C a partir du glycerol précurscur a été trouvée dans les {ragments
glycerol ct sucres des lipides. Peu ou pas du tout de marquage des
fragments hydrosolubles des lipides a ¢té observe avec les autres

”~ L
precurscurs carbones,
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Ce sont seculement des traces d'acides gras marqués
au ¢ qui ont &té detectées, quels qu'aient ete les précurseurs; ecn
particulier avec l'acétate, seculement 0, 3% du 14C dans les lipides
totaux a eté trouvé dans les acides gras. La synthése des acides gras
a eté confirmée par 1'ulilisation d'un systéeme d'enzyme en dchors des
cellules et de 1"‘C-malonyl—CoA comme précurseur, Bien que 0.5 -
0.6% du 14C dans 1e p'récurseur ait été incorporé dans les acides gras,
nous pensons que le systemec synthetase des acides gras est inhibé¢ par
de hautes concentrations en sels. On en conclut que le processusbio-
synthétique prédominant pour les chaines lipides est la voie mévalonate
pour la synth&se des groupes isoprénoides et que la voie malonyl-CoA
pour la synthése des acides gras se produit a un trés faible niveau
d'activité.

Des études sur le métabolisme du 14¢ et 32P-g1yc'érol—

phosphate par les cellules intactes et par les préparations d'cnzyme

. - . eq e
faites en dehors des cellules ont montré que H. cutirubrum n'utilise par

1'a-GP en tant que tel mais contient unc glycérolphosphatase active qui
catalyse l'hydrolyse de 1'a-GP en glycérol et en phosphate minéral,
Ces deux derives constituants passent alors dans les cellules ou le
glycérol est phosphorylé pa.r. une glycérol kinase spécifiquement pour
former du sn-glycérolphosphate-3.

Le sn-glyccérolphosphate-3- a été formé non sculement
par phosphorylation du glycérol mais aussi par réduction du phosphate

de dihydroacgtone par le L-a-glycerolphosphate déshydrogénase.




En utilisant du glycérol tritié, l'incorporation de SH
dans les lipides des cellules de H.cutirubrum variaient avec la
position du marquage en 34 dans les précurscurs utiliscs. Les
fragments de lipides totaux et les lipides eux-meémes obtenus i partir
de cellules cultivées dans le 3I—Il-Z glycerol ont perdu presque
completement 1'activité en 3H. En revanche, quand les cellules ont
eté cultivées dans lc '3H-1(3)-glyccrol, les groupes phytanyles ct les
résidus sucres des lipides ont conservé environ 50% de 1'activité en
3H alors que le fragment glycérol du diphytanyl glycérol éther a retenu
100% cnviron de l'activité en 3H. On en conclut que le glycérol est
metabolisé via trois processus différents: (i) par llinverse d'un cycle
d'Mebden-Meyerhof, en sucre; (2) par le cycle de glycolyse en
acétate puis en pyrophosphate d'isopentényle en suivant la voiec meva-
lonate; (3) par une nouvelle voie, dans laqu_clle le glycerol est
transforme en diphytanyl glycerol éther par unc série encore inconnue
de réactions, probablement en faisant intervenir la de¢hydroxyacétone,

Dcs ¢tudes directes sur la biosynthése des phosphatides
de H. cutirubrum par des mawjuages rapides des lipides totaux avec du
32p. -phosphate minéral ont été entreprises. Pendant les premiéres
minutes de marquage, un phospholipide non identifié s'est formé ce qui
est en faveur d'un rapport-précurscur-produit entre celui-ci et
'analogue PGP-di¢ther. On en conclut que le phospholipide non
identifié pourrait étre le precurseur immédiat contcnant du phosphore

de l'analogue phosphatide PGP-diéther majeur.
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(A) INTRODUCTION

I. Historical Background

Since the dawn of history, man has recognized the
neccssity of salt for 1'ife. Since one of the main sources of salt is
sea water, it is not surprising that the technology for preparing sea
salt has a long history.

The art of extracting salt from seca water was first
described in one of the oldest Chinese treatizes, the "Peng Tzao-Kkau-
Mu'", translated as the "Man-Plant-Classification' and which was
dated about 2700 B. C. (Baas-Becking, 1931). The Chinesc observed
that when the sea water was left for a long time, its color became
pinkish-red. The reddening of the concentrated sca water and boiled
brines, and the production of decp red-colored salt niterbeds has
also long been noticed and described by the ancient Egyptians. Howeve'r,
the relation between the concentrated salt solution, the red coloration
and the growth of some microorganisms was not recognized until
1771 by Monro and then latef by Joly (1840), Grube (1840) and Marren
and Marren (1841). The occurrence of microorganisms in highly
concentrated solutions was unexpected, since salt has long been used
(for instance by the Chincsé) as a preservative against microbial
deterioration of food and other protein products. Nevertheless, it
was not until the work of Klebahn (1919) and Harrison and Kennedy

(1922) that it was realized that among the red-colored microorganisms




(algac and fungi) living in this very salty environment is a highly
specialized kind of bacteria. These bacteria live and proliferate

in concentrated brines and require almost saturated sodium

chloride solutions for optimum maintenance and growth. Accordingly,
they are classificd as "extreme 6r obligate halophiles!" to distinguish .

them from moderately halophilic organisms which require much lower

salt concentrations.

In the past fifty years, bacteriologists have given
fairly detailed descriptions of the taxonomy of the halophilic organ-
isms and have also studied their salt requirements [Baas-Becking
(1928); Benecke (1933); Hof (1935); Smith and ZoBell (1937 and 1946);
ZoBcll et al (1937) and Volcani (1940)]. However, studies on-the bio-
chemical basis for the absolute salt requirements of these halophiles
were largely neglected until the early 1950's when Gibbons' group
(1952) in Canada first described the biochemical peculiarities of the
extreme halophiles. Since then, a great deal of new and interesting
information has been reported on the unique biochemical and bio-
physical characteristics of extreme halophiles [sec reviews by
Flannery (1956), Ingram (195'7) and Larsen (1962 and 1967)]. These

unusual characteristics will now be discussed in some detail.




II. Litcrature Review on Extremely Halophilic Bacteria

1. Culture Conditions

Organisms which grow best in the prescnce of 20%
sodium chloride or more have becen assigned to onc of two types of
extremely halophilic l?actcria. The halococci were assigned to the
family Micrococcaceae and were collected in part under the genus
Micrococcus and in part under the genus Sarcina. The rod-formed
or irregularly-shaped halobacteria have been collected under the
genus Halobacterium and assigned to the family Pseudomonadaceac
(Bergay's Manual, 7th ed., 1957).

Cells of the red-pigmented, rod-formed, gram negative

halophile, Halobacterium cutirubrum arc non-spore formers and

lophotrichlously flagellated when motile. They grow optimally in media
containing 25% (w/v) sodium chloride and lyse when exposed to lower |
salt concentrations. A minimum of 12 - 20% NaCl is required for
growth to occur, a figure differging considerably from strain to strain
(Kurochkin, 1962). Proteins (such as peptone, trypton or yeast auto-
lysate) and amino acids scem to be the most readily utilized carbon
sources.

In attempts to design a chemically defined medium,
Dundas et al (1963) described one which contained, besides inorganic
salts and cytidylic acid, ten amino acids. The amino acids valine,
methionine, leucine and isoleucine were esscntial for growth, while
the others stimulated growth. However, they observed that in the
chemically defined medium cell multiplication was not rapid and the
lag phase was longer than in a complex medium containing a protein

dige's‘c.




Onishi et al (1965) designed a synthetic medium in
which H. cutirubrum and other halophiles grew just as well as on a
complex medium. This medium contains fifteen amino acids, two
nucleotides (adenylic and uridylic acids) and glycerol, besides the
inorganic salis, The amino acids arginine, leucine, lysine and valine
proved essential; each of the others was stimulatory when in a
mixture. Although the addition of ammonium chloride at an optimum
concentration of 0,2 - Q. 5% led to a considerable decrease in the
duration of the lag period for growth of H. cutirubrum (Onishi et al,
1965), later experiments by Onishi and Gibbons (1965) showed that
the stimulatory cffect is due to the utilization of amino acids and the
requirement for ammonium ions is not specific,

Onishi et al (1965) examined the growth of H.

cutirubrum and Sarcina littoralis on a chemically defined medium
supplemented with, among other growth factérs, different water
soluble lipid precursors (such as a-glycerophosphate, glycerol, di-
hydroxyacectone phosphate, etc.). They showed that adding as little
as 0.01% glycerol or 0.1% dihydroxyacetone led to as good growth as
in the complex medium of Schgal and Gibbons (1960).

Gochnauer an'c‘l Kushner (1969) showed that the growth

of I_-_I cutirubrum, -H. halobium andiI_. salinarium wa s stimulated by

the addition of galactose, glucose, Na-lactate or glutamate to the
synthetic medium of Onishi g_t al (1965). This stimulation was most
marked when the medium was supplemented with extra K¥, Although
these carbohydrates stimulate growth, the medium docs not become
acidic;  this may explain why standard bacteriological tests indicate

that many extreme halophiles do not "utilize" carbohydrates,

[ p—
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Concerning the inorganic constituents of the culture
media, it should be emphasized that the extreme halophiles have a
specific requirement for sodium chloride for growth. Numerous
experiments have becn reported in which no growth was obtained
when sodium chloride was replaced with other salts o1 compounds
in the culture 1nediu1‘1;1; for a review sce Larsen (1962). Sodium ions’
can, however, be partially replaced by potassium ions (Brown and
Gibbons, 1955; Christian, 1956) and to a very small extent by
magnesium ions (Weber, 1949),

Brown and Gibbons (1955) reported that the exireme
halophiles require unusually high concentrations of magnesium ions
(0.1 - 0.5 M) in the culture medium for good growth. Growing in a
medium low in Mgt™, the normally rod-shaped halobacteria take on
a coccoid form which is maintained even after transfer back to a
medium containing a high concentration of Mg'H'. The same authors
reported that the requirement of the extreme halophiles for Kt is only
slightly higher than that reported for other non-halophiles (about
2 mM). This is particularly interesting in view of the fact that the
intracellular K* concentration of extreme halophiles is extremely
high (about 4 M). This implies that these cells can concenfratc Kt
very effectively. |

In 1960, Sehgal and Gibbons reported good growth of
various halophiles with 10 pP.p.m. Fett and 0. 05 p.p.m. Mntt,
Optimum concentrations of other inorganic components which are

normally present in the complex culturc media have not been

reported.




The extreme halophiles multiply relatively slowly even
under the most favorable conditions designed. The shortest gener -
ation time obtained for the halobacteria is not much less than 7 hours,
and for the halococci about 15 hours (Larsen, 1967), Holmes et al
(1965) have reported that a strain of H.salinarium yielded 8 - 10 g
(wet weight) of cells per liter in a yeast extract-trypticase culturec
medium, provided thc;y used about a 25% inoculum. H. cutirubrum
was found to yield 10 - 12 g (wet weight) of cells per liter in a yeast
extract-asaminoacids culture medium using about 4% inoculum con-

taining about 120 mg cells (dry weight).

2. Intracellular Salt Content and Composition

The fact that the extreme halophiles require a very high
concentration of NaCl in their growth medium raised quecstions con-
cerning the intracellular salt content of these organisms,

Experiments based on chloride determination in packed
cells (Gibbons and Baxter, 1953; Holmes, 1964) or on the basis of
cryoscopic measurements on heated cell pastes (Christian, 1956;
Christian and Ingram, 1959) have provided convincing evidence that
the total intracellular .salt concentration of the extreme halophiles
is indeed very high and reaches values comparable to that in the growth
medium,

Although Kt is a minor component of the medium in
which the halophilic cells arc normally cultured (0.3 M), it is the
major component of the internal salt (4.0 M) (Brown and Gibbons,

1955; Christian, 1956 and Christian and Waltho, 1962). Internal Nat




concentration (1.0 M) was found to be much less than the extcernal
concentration (4.0 M) while the C1™ concentration appeared to be
somewhat lower internally than extracellularly (Christian and
Waltho, 1962),

The very high K+ content of the extreme halophiles
might bear a relationéhip to the finding by Christian and Waltho
(1961). Testing a number of different non-halophilic bacteria, they
cstablished a relation between the Kt content of the cells and their
tolerance towards sodium chloride. The higher the salt tolerance
the higher was the internal Kt content when the cells were grown in
ordinary media. A high internal K+ content thus seems to be a
general characteristic of bacteria possessing the ability #o live in
NaCl brines, regardless of whether the organisms normally-live in

the brine or just possess a potential ability to do so.

3. Effect of Salt on the Uptake of Metabolites

Stevenson (1966) studied‘ the mechanism of metabolite
uptake by the extremely halophilic bacterium H.salinarium. He
found that glutamate uptake is specifically dependent upon é high
concentration of NaCl. Replacing the Nat by equimolar concen-
trations of K+, or the Cl1- by equimolar concentrations of acectate,
gave a negligible uptake of the amino acid by the cells.

Some salts have been found to fill the same functions
when they replace NaCl. Thus, KCl activates all the individual

enzymes [Baxter and Gibbons, 1954, 1957); KCl and Na acetate

interact weakly with proteins, protcct the halobacteria from siructural




transformations and lysis when replacing NaCl in iso-osmolar
concentrations. KCl or any other salt cannot, howéver, replace
NaCl for growth of these organisms, which suggests some

specific function for NaCl in the cells. NaCl being the only salt
that stimulates the mechanism for the uptake of glutamate by

H. salinar_igri(Stevenlson, 1966) points Ito a specific function of NaCl
in the halophiles possibly connected with the process of oxidative

phosphorylation, or some other transport (uptake) processes.

4, Nucleic Acids - Content and Composition

The data available on the nucleic acid content of the
extreme halophiles are quite limited. Smithies ct al (1955) analyzed
a strain of H.salinarium and found, on a salt-free dry weight basis,
15% total nucleic acids of which 4.3% was DNA. These values arc
comparable to thosec commonly found for othe r bacteria,

In experiments on the nucleic acid content of halophilic
bacteria, Smithies and Gibbons (1955) noticed that the cells of many
halophilic bacteria were sticky when handled. They suggeétcd that,
due to extreme fragility of the cells, there might be a leak of DNA,
during mechanical stress or under unfavorable nutritional con-
ditions; and that DNA adhered to the cells, causing its stickiness.

Ormerod (cited in Larsen, 1967) chemically determined
the base composition of bulk RNA and DNA of H.salinarium. He
found that the base composition of RNA is as commonly found in

bacteria:




B oA

- g

A+T

G, 33%; A, 24%; C, 22%; U, 20%; PU/PY, 1.4%; = .

0.16%.

The composition of DNA is as commonly found in members of the

genus Psecudomonadaceae (Belozersky and Spirin, 1960) to which the
halobacteria bear much resemblance in many other respects:

A+T

G, 31%; A, 17%; C, 34%; T, 17%; PU/PY, 0.94%:; ool

0.53%.
The same results were found by Baxter (1961, 1964) and Joseph et al
(1963).

Baxter (1961, 1964) investigated further the nucleic
acids of H.salinarium strain I. He chromatographed cell-free
extracts on two different cellulose ion exchange materials (JSEAE-
and ECTEOLA-cellulose) using an eluent with increasing NaCl
concentration. The elution patterns obtained for DNA and TNA
were identical to those for 2 non-halophilic pscudomonad. Melting
curves for DNA preparations gave Ty, values which, accofding to
the relationship between G + C concent and Ty, found by Marmur and
Doty (1959), fitted well with the data obtained by Ormerod (cited in |
Larsen, 1967'. Baxter concluded that, on the basis of the criteria
tested, there is no reason to believe that the nucleic acids of the
halobacteria differ in their fine structure from those of non-halo-

philic organisms.
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Joshi et al (1963) investigated the DNA of H.

salinarium strain I. Centrifugation in a CsCl density gradient

gave onc major and one minor band at positions cor.responding
to G+C contents of 67% and 58%, respectively. The major, higher
density band did not represent a denatured form of the lower
density band. The minor, lower density band was estimated to
contain about 20% of the total DNA. Thus, the two components
pooled should display a G+C content of about 65% if the position of
each band truly reflected their G+C content (Sucoka et a_:_l, 1959 and
Rolfe and Meselson, 1959). A value of about 65% G+C has actually
been found for the bulk DNA by Ormerod (cited in Larsen, 1967).
Further, the melting curves of the bulk DNA determined by
Joshi et al (1963), suggested the prescnce of two components. A
strain of H. cutirubrum gave similar results, but the satcliitc DNA
represented only about 10% of the total.

DNA satellite bands are rarc in bacteria and may be
due to forcign episomal clements (Sueoka, 1964). Joshi et al (1963)
emphasize that this possibility cannot be ruled out for the halo-
bacteria tested by them. The amount of satellite (10 - 20% of the
total DNA) was, however, surprisingly large. At present, the
significance of the finding's' of Joshi et al await further clucidation.

Bayley and Kushner (1964) reported that about 50% of
the total RNA of H. cutirubrum was ribosomal, about 30% soluble
and about 15% presecnt in a fraction that contained mainly cell-
envelope fragments. However, detailed work on the RNA's of the

extreme halophiles has not yet been carried out.
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5. Amino Acid Metabolism -

Very little work has been done on the écne ral meta-
bolic patterns in the extreme halophiles. The high salt require-
ments of the halophiles for growth and survival suggests that basic
biochemical diffcrenc'es might exist between their metabolic path-
ways and thosc of non-halophilic organisms. However, on the basis
of prescent knowledge of the nutritional characteristics and the
chemical composition of the halophilic cells, their general meta-
bolic patterns would appear to be essentially the same as those in
non-halophiles.

The extreme halophiles occur and grow best on protein
digest. They seem to metabolize amino acids readily, as shown
from experiments on chemically defined medium, whereas carbo-
hydrates are generally not attacked. Gibbons (1957) reported
proteolytic activities in several strains of halophilic bacteria,
suggesting that metabolizing amino acids is a common propcrty of
the halophiles.

Dundas (1965) and Dundas and Halvorson (1966)
reported the only detailed studies on the amino acid metabolism in
extreme halophiles. Using a strain of H.salinarium they showed the

following reactions take place:

e T
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Arginine desimidasec

Arginine > Citrulline .

succinate ornithine

carbamyl phosphate

Arginine was shown to be essential for growth, but
Dundas and Halvorson (1966) found that citrulline could replace
arginine and they concluded that citrulline scemed to be converted
to arginine via the arginino-succinate route,

These metabolic conversions are quite similar to
those found in most non-halophilic bacteria capable of degrading

arginine, but the unusual character seems to lie in the halophilic

nature of the enzymes,

6. Salt Effects on Ribosomes, and Protein Synthesis

The ribosomes of the extremec halophile, Halobacterium

cutirubrum have been shown to be similar to the ribosomes of

E.coli with respect to the size of the particles and the gross chemical
composition, i.e. 70S particles consist of 60% RNA and 40% protein
(Bayley and Kushner, 1964), However, H. cutirubrum ribosomes, in

contrast to other ribosomes, are only stable in solutions containing
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about 4 M KCl and 0.1 - 0.4 M Mg++. At lower Kt and Mg"'+ con-
centrations, H.cutirubrum ribosomes dissociate into 52 S and 318
subunits and these may be further degraded by further lowering of
K* and Mg** concentrations to give 42 S, 33 S and 22 S particles

and acidic, soluble proteins (Bayley, 1966a), The latter three types
of particles contain 80% RNA which represcnts the bulk of the RNA
in the native 70 S ribosomes. The dissolved protein constitutes
about 75% of the ribosomes and displays acidic propcrties as shown
by electrophoresis.

The requirement for KCl to maintain the 70 S particles
is quite specific. When KCl was replaced by iso-osmolar NaCl,
dissociation to 52 S particles and also complex aggregation phen-
omena occurred. Replacing KCl by other chlorides of the élkal'mc
series resulted in an extensive degradation of the 70 S particles.

A requirement for Mg*+t to maintain integrity is a well-known
property of ribosomes from other organisms. However, ribo-
somes from H.cutirubrum require 10 - 100 times the Mgt concen-
tration required by E. coli for stability (Bayley, 1966a).

Amino acid analysis and gel clectrophoresié cshowed
the acidic nature of the protein released by ribosomes dissociation
in low salt concentration. The protein remaining in the particle
fraction is relatively basic. Analysis of KT and Mg++ showed that
potassium jons were easily removed from the particles by washings
with dilute salt solutions; a certain amount of Mgtt was more
firmly bound to the particles (Bayley, 1966a). Bayley (1966b) also

suggested that a function of the Mgt is to stabilize the configuration
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of the ribosomal RNA rather than to take part in the binding of
the acidic protcin to RNA, This suggestion is in accordance
with that for the function of Mg*T in ribosomes of other organisms,
Since the ribosomes of the halophilic bacteria are distinguished
by having a high content of acidic protein, Bayley (1966b) pointed
out that the extremely high intracellular concentration of Kt may
neutralize the negative charges on the acidic protein and RNA,
thereby enabling the latter to aggregate and form stable and
functionally active ribosome structurc.

In spite of the unusual ionic environment in which the
cell-free system of extremely halophilic bacteria operated, Bayley
and Griffiths (1968a and b) werc able to demonstrate that the in-

corporation of amino acids by a ribosomal preparation {rom H.

cutirubrum cells represented true peptide synthesis and not non-

specific absorption. The samec authors showed that ribosomes

were essential for the incorporation of labelled amino acids at the
C-terminal ends of the growing polypeptide chains in the protein
synthesizing system of H. cutirubrum. Also, activation and transfer
of amino acids depended on distinct synthetase and transferase
enzymes and on t-RNA. Griffiths and Bayley (1969) provided,
perhaps, the strongest evidence showing the polypeptide synthesis
was taking placé under the dircction of m-RNA where they found that
after preincubating the H. cutirubrum cell-free system, to destiroy
endogenous messenger, the protein synthesizing system responded

to added synthetic polynucleotides.
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Addition of NaCl to the peptide synthesizing system
improved the amino acids incorporation and extended the optimum
range of Mg'H' concentrations to lower values, Ba'ylcy and
Griffiths (1968b) showed that in studies with synthetic messengers,
Nat also affected the fidelity of translation. Whether thesec effects
were due entirely to the more cffective lowering of water activity
by Nat compared to other ions such as NH;}F or whether they
demonstrated further specificity of Nat in the system was not yet
clear.

Apart from the requirement for high concentrations
of K and Na salts, the peptide synthesizing system was found to be
remarkable in two other respects. One is the close similarity in
all essential features to protein synthesizing systems from non-

halophilic organisms. The other is that the system still depends

to some degree on comparatively low concentrations of other cations,

Thus the amino acid incorporation is enhanced by low concentrations
of NHI and depends specifically on a relatively very low concen-
tration of Mg*+ (0,02 - 0.04 M). This Mg*t concentration is not
greatly different from that required by non-halophilic systems

(Bayley and Griffiths, 1968 a and b).
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7. Effect of Salt on Enzyme Activitly

Baxter and Gibbons (1954, 1956, 1957) were the first
to investigate the response of a number of énzymcs towards sodium
chloride and other salts at different concentrations. In all casecs,
they found good or 1né.ximum activity at salt concentrations
presumably corresponding to those cxisting within the cell under
normal culture conditions. At low salt concentrations, most of the
enzymes showed little or no activity., They concluded that most of
the cnzymes of the extremec halophiles arc adapted to function at
very high NaCl concentrations and could properly be designated
halophilic. Larsen (1962) and Holmes ct al (1965) investigated about
twenty different enzymes and found that generally all cnzymes in
extreme halophiles were extremely halotolerant, and most of them
were also strikingly halophilic.

In attempts to test the effect of salts other than NaCl

on the activity of halophilic enzymes, it appearecd that scveral alkaline

cations and the anions Br~ and NO_3 could replace Na® and Cl1-
respectively. Potassium chloride was especially potent in this
respect, and some enzymes required almost exclusively ﬁigh con-
centration of K* for maximum activity (Holmes and Halvorson, 1963
and 1965a). The strongly stimulatory cffect of both Kt and C1- upon
the enzymes of the extreme halophiles brings to mind the finding

that these two ions are the major intracellular ionic constituents in
thesc bacteria besides Nat. It seems reasonable to assume that Nat¥,
Kt and C1- play an important role in the cells by keceping the enzymes
in an activated form (Baxter and Gibbons, 1954, 1957; Holmes and

Halvorson, 1963 and 1965b, and Hochstein and Dalton, 1967 and 1968a).
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The function of the sodium and potassiwum chlorides
was not limited to an activation of the enzymes. These salts also
acted as stabilizers of the enzymes. Baxter and Ciibbons (1954,
1957) and Holmes and Halvorson (1963, 19652 and b) have shown that

after removal of salts from ecnzyme preparations, from H.

salinarium, by dialysis against water, the cnzyme activity could

not be restored by addition of solid NaCl. If, however, the salt-
frec preparation was dialyzed against 25% NaCl, a number of enzymes
such as alkaline phosphatase regained full activity even if they had
been ke.pt in a salt-frec environment for a relatively long period of
time. Malate or alaninc dchydrogenase, for example, could restore
about 60% and 70% of the original activity respectively. On the other
hand, ethanol dehydrogenase and aspartate aminotransfe1~zi§c did
not regain activity upon dialysis of salt-free preparations against
25% NaCl; these enzymes became completely and irreversibly de-
natured in the abscnce of salt. The phenomenon that enzyme activity
could be restored from salt-free preparations by dialysi‘s against
25% NaCl had provided a very important mcans of effecting the
purification of enzymes from extreme halophiles (Holmes and Halvorson,
1965 a).

Holmes and Halvorson (1965 b) confirmed the halophilic

character of the enzyme malate dehydrogenase purified from H.

salinarium. Their dctailed studies of the enzyme actlivity at salt

concentrations lowered by dialysis against water, suggested that most
of the enzyme molecules were equally sensitive to salt deprivation.
The inactivation by removal of salt was ma rkedly inhibited by the

presence of NADH + H. The restoration of the enzyme activity by

TP s s e e
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dialysis of the salt-free preparation against 25% NaCl was slow.
Activity was regained more slowly than the ratc at which salt
entered the dialysis bag, suggesting that the reactivation is a
complex process, probably comprising conformational changes in
the protein molecules. Kinetic studies suggested either that re-
activation did not follow a first-order reaction, or that more than
one species of malate dehydrogenase, each with its characteristic
reactivation rate, was present,

Baxter (1959) conducted studies on the halophilic
activity of the enzyme lactate dehydrogcnase. He proposed that a
"function of the salt is to decrease the electxlostatic repulsion
between ionized groups within the enzyme molecule. Only at high
salt concentrations will the molecule attain the conformational
structure in which it is active as a catalyst", By lowering the salt
concentrati‘ons, the moleccule will expand to an inactive conformation.

The studies of Holmes and Halvorson (1965 b) suggest
a similar explanation for a function of salt with malate dehydro-
genase. They also reported a relation between salt concentration
and pH value for optimal activity, suggesting that ionized groups
within the enzyme molecule might play a role both in the activity of
the enzyme and in the reactivation from the salt-free state. Also,
Holmes and Halvorson (1965 b) observed that the sedimentation rate,
determined by centrifugation in sucrose gradients, decreased upon
lowering the salt concentration. This was difficult to reconcile with
a disaggregation of the molecule since virtually all of the enzyme

activity could be regained by increasing the salt concentration,

However, it scemed morc probable that lowering of the sedimentation

rate reflected an increase in the partial specific volume of the molecule.
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In contrast to the findings by Baxter and Gibbons
(1954, 1956), Baxter (1956) and Hochstein and Dalton (1967) that
cnzymes prepared from extremely halophilic bacteria required
high concentrations of monovalent cations to neutralize intra-
molecular electrostatic charges for the maintenance of enzymat-
ically active conformations, ‘Hochstcin and Dalton (1968 b)
reported that the concentration of NaCl required for maximum
activity of NADH (iehydrogenasc, prepared from the extreme halo-
phile AR-I, depended on the assay buffer (see below). They spec-
ulated that enzymes obtained from halophilic bacteria might not
require concentrations of cations much different from enzymes
obtained from non-halophilic cells. Rather, they might be stabi-
lized and activated at low concentrations of specific cations. In the
absence of thesc cations, they were maintained in a functional and
stable state by extraordinarily high concentrations of monovalent
cations,

The samc authors showed that in the presence of Tris,
maximum oxidation occurred at approximately 2.5 M NaCl. With ‘
imidazole, maximum oxidation was observed at 1 M NaCl, Two
additional buffer effects were present: significantly greater activity
was observed when the z.xlssay was carried out in imidazole rather
than Tris buffer; and the rate of NADH oxidation as a function of
NaCl concentration increased in a hyperbolic manner when the assay
was carried out in imidazole, while in Tris, the rcsponsc appeared to
be sigmoidal. Hochstein and Dalton (1968 b) also showed that the

ability of MgCl; to satisfy the cation requirement was affccted by the

-
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buffer. In the presence of imidazole, maximum oxidation took
place at 5 mM MgCl,. 1In the preseace of Tris, no activity was
obscrved at MgCl, concentrations less than 10 n.'1M, and the level
of activity was extremely low.
Hochstein and Dalton (1968 b) also showed that 0. 25 -
1.0 M lysine activated the NADH dchydrogenase with the activity ‘
at the latter concentration equivalent to the rate observed with
1.0 M NaCl. Polylysine of an average molecular weight of 3000
satisfied the cation requirement at 100 MM; a preparation of average
molecular weight 40, 000 was cffective at 10 M. In terms of ionic
streﬂgth, polylysine 3000 (I = 0. 011) was aboﬁt 15 times more
effective than polylysine 40, 000 (I = 0, 17) at these concentrations
and the former was essentially as cffective as 5 mM Mgélz (I = 0.015),
Moreover, studics by the same authors on the ability
of spermine to stabilize the enzyme revealed that it was cffective
in maintaining NADH dehydrogenase activity. When incubated in
0.1 M Tris buffer (pH 7.4) containing 0.1 M NaCl, the Aenzyme activity
decayed exponentially with a half-lifc of 18 min. In the prescnce of
3.3 mM spermine, the half-life increased to 150 min., while in 33 mM
sperminc, half of the initial activity was lost after 220 min. When the
experiments were carried out at a more alkaline pH, the rate of
decay was siénificantly less. At pH 8.5, the half-life in 0.1 M NaCl
increased to 30 min., while in the presence of 3.3 mM spermine the
half-life was 200 min. After 120 min. » the dehydrogenase had lost
little activity when incubated in the presence of 33 mM spermine, and

after 25 h, retained approximately 50% of the initial activity,
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Similar results have also been obtained for glycerol
dehydrogenase enzyme prepared from H. cutirubrum in which it
was found that this enzyme functioned in the abscnce of added cations
other than low concentrations of spermine (Hochstein and Dalton,

1968 b).

8. . Cell Envelope of Extrcmeiy Halophilic Bacteria

(a) Salt requirements and morphology

The extremely halophilic bacteria require high concen-
trations of salt for growth and prescrvation of their structure. Under
the phase contrast light microscope the intact organisms show no
unusual features. The extremely halophilic bacteria such as

Halobacterium cutirubrum, H. salinariwn and H. halobium require

high concentrations of salt for growth and preservation of their
structurc. When the salt concentration is lowered, growth ceases
and the long slender rods assume first irregular and finally spheribal
shapes. Ultimately they lyse. In older culturcs of H.halobium, the
cells develop central light areas, apparently gas vacﬁoles, which
occupy a considerable ﬁart of the total cell volume. The chemical
naturc of the gas is not known. Under the electron microscope,
shadowed preparations reveal a surface structurc consisting of a
regular hexagonal arréngcmcnt of spherical particles about 130 & in
diameter (Larsen, 1962). When the salt conceniration is lowered,
growth of the cells ceases and the long slender rods gradually lose
their regular surface paticrn and finally assume spherical shapes

(Abram and Gibbons, 1960 and Boring et al, 1963). Below 1.0 M NaCl
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concentration, the gas vacuoles open to form sheet-like structures
and the cell membranes begin to disintegrate rapidly so that less
and less material remains sedimentable at 1.2 x 100 g x min,
(Stoeckenius and Rowen, 1967), The concentration of NaCl required
for growth and maintenance of shape of exireme halophiles ranges
between 3 and 5 M Concentrations of 0.1 - 0.5 M Mg++ and

1.3 -2.5x10"3 M K* are also required for optimal growth. No
salt has been found that could replace NaCl to any significant extent.
Lysis, however, can be prevented in the abscence of NaCl by other
salts, such as NH4Cl, KCl and LiCl, in high concentrations, and
also by relatively low concentrations of MgCl, and CaCl; (Larsen,
1962).

The studies reported above on the behavior - of whole

cells support the contention of Abram and Gibbons (1961) that the cell

envelope of the halobacteria is very sensitive, and that a function of
NaCl is to maintain chemical bonds in the envelope structure.
Evidence has been presented that the disintegration of the cell
envelopes in hypotonic solutions is not enzymically mediated {Brown,
1963; Mohr and Larsen, 1963; Kushner, 1964; Onishi.and Kushner,
1966) and that it is PH-dependent in a way similar to that of the lysis
of the whole cells (Brown, 1963; Kushner et al, 1964). The dis-
integration pr.occss in the complete absence of salt is also strongly
temperaturce-dependent (Brown, 1963; Kushner et al, 1964), and
seems to involve at least two secparate processes, one being more

rapid than the other, Kushner ct al, 1964).
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The loss of structural rigidity and lysis of intact
cells and cell envelopes upon salt depletion is poorly understood
at present. It is gencrally assumed that a high charge density
exists in the surface membrane which, upon removal of the counter
ions, disrupts the structure (Abram and Gibbons, 1960, 1961;
Brown, 1963, 1964 a and b; Kushner et al, 1964; Kushner and
Onishi, 1966; Mohr and Larsen, 1963; Onishi and Kushner, 1966;
Stoeckenius and Rowen, 1967). An unusually high content of di-
carboxylic amino acids in the protein of cell envelope fractions
has been demonstrated (Brown, 1963; Kushner et al, 1964; Kushner
and Onishi, 1966 and 1968). While thesc findings are consistent
with the assumed mechanism of lysis, they do not explain the
specific NaCl requirement for growth and maintenance of the rod

shape of the cells,

(b) Structure of en.velopcs

The term ''cell envelope' is used in accordance with
Salton's (1964) recommendation to designate the structure (or
structures) containing the cytoplasm and comprising both the
structure conferring shape and rigidity upon the cell (wall) and the
cytoplasmic membrane. Brown (1963, 1964 a and b) and Brown and
Shorecy (1963), on the basis of electromicrographs, concluded that
halobacteria do not possess a cell wall but are bounded only by a
cell membrane. Their preparation of isolated cell envelopes scemed
to consist of vesicles with only a unit membrane as the limiting

structure. However, recently Stoeckenius and Rowen (1967), using
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electroamicroscopy, have shown the presence of a cell wall and

of an intracytoplasmic membrane in the halophilic cells when they
are fixed with formaldehyde in the presence of 1% CaCly. Intra-
cytoplasmic membrancs are few in number before the cultures
reach the end of the log phase, are difficult to detect in sections
of whole bacteria, | and are not very conspicuous in shadowed pre- -
parations. However, they are found in higher‘ concentrations in
lysates of whole cclls than in lysates of envelope fractions
(Stoeckenius and Rowen, 1967).

While these intracytoplasmic membranes look like
typical unit membrancs in cross-secction (Stoeckenius and Rowen,
1967), their surface pattern, and their plate-like structure dis-
tinguish them from all other membranes so far described in
bacteria or other cells, with the possible exception of certain blue-
green algae (Bowen and Jensen, 1965 and Jost, 1965). Their
function is still not completely known, although they scem to be
related to the formation of gas vacuoles(Stocckenius and Rowen,
1967). The fraction of the lysate in which they are concentrated
contains membrane lipids. However, its lipid content cannot be
used as an evidence for the membrane nature of these structures
since this fraction was not homogenecous. Thus the term intracyto-
plasmic membranes does not neces sarily mean that these structures
have a composition, fine structurc and function comparable to
those of other cellular membranes. In recent studies, Scherphof
ct al (private communication) found that their highly purificd intra-

IR
cyltoplasmic (vacuole) membrane preparation\composed entirely of
. A

lipids and cannot, therefore, be considered as "classical membranes'',
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Cho et al (1967) found that the envelope of H. halobium
was more complex thana single unit membranc; they suggested
that the cell was surrounded by a cytoplasmic membrane and a wall,
They found an unusual organclle inside the cytoplasm in the form
of parallel striated strands. These may or may not be similar to
the intracytoplasmic membranes described by Stocckenius and
Rowen (1967).

Larsen ct al (1967) isolated gas vacuoles in cells of

Halobacterium sp. strain 5. The vacuoles are bounded by a

membrane which reveals itself in electron micrographs of thin
sections as a l-layercd structure about 30 A thick, Although evidence
for the exact chemical nature of the vacuole gas content is indirect,

it is believed that the gas is not carbon dioxide or oxygen, but might

possibly be nitrogen (Larsen et al, 1967).

(c) Chemical composition

Smithies et al (1955) were the first to anélyze the gross
chemical composition of the cell envelope of a halobacterium and
reported it to consist mostly of lipoprotein. In recent years, rnbrc
detailed investigations have been made and have led to a number of

interesting findings.

Proteins: - The total protein content of halophilic
bacterial cell envelopes was estimated to be roughly between 45 and
75% (Kushner etal, 1964; Brown and Shorey, 1963) and quite acidic
in naturec (Brown, 1963; Kushner et al, 1964; Kushner and Onishi, 1966).
In fact, they are more acidic than the acidic proteins normally
occurring in the common gram-negative bacteria such as E. coli

(Holmes ct al, 1965).
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Chemical analysis has shown that envelopes and

whole cells of H.halobium, H.salinarium and H. cutirubrum lack

muramic acid and a-€E-diaminopimelic acid, associated with the
cell walls of most other bacteria (Brown and Shorey, 1963 and
Kushner et al, 1964; Kushner and Onishi, 1966, 1968), Envelopes
of these bactcria.arc mainly lipoproteins, whose total amino acid |
composition has been determined showing umllsually high content of
dicarboxylic amino acids (Brown and Shorey, 1963; Kushner ct al,
1964; Kushner and Onishi, 1966). Kushner and Onishi (1968)
examined the envelopes of H. cutirubrum for teichoic acid and for
D-amino acids, cspecially for D-alanine and D-glutamic acid, found
in the walls of many other bacteria. They concluded that these
envelopes did not contain teichoic acid or detectable amounts of
any known D-amino acids,

Interesting observations on the acidic nature of the
envelope protein have been contributed by Brown (1965). He titrated
H.halobium envelopes electrometrically with acid and base, and
compared the results to similar titrations on the cnvelope material
after dissolving the envelopes by removing NaCl from-‘thcir environ-
ment. He found that all detectable carboxyl groups we.re titrated on
envelopes suspended in NaCl solutions strong cnough to keep the
envelope intaét, i.e. 4M Nac(Cl. However, at this NaCl concentration,
many basic groups, which would be titrated in envelope material
dissolved in water, would escape titration. He concluded that the
basic groups in the envelope material were "buried' in the intact

envelope, possibly by being bound to acidic groups of the phospholipid
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components. This finding supports the idca that at physiological
pH-values, the intact envelope is strongly negatively charged at
or near its surface by the dominance at this locition of ionized

carboxyl groups.

Carbohydrates: - In contrast to Salton's finding of

high contents of sugars in envelope hydrolysates of gram-negativé
bacteria (1964), only small amounts of sugars were detected in
halophilic cell-envelope hydrolysates by many investigators (Brown
and Shorey, 1963; Kushner ct al, 1964; Brown et al, 1965). Brown
and Shorey (1963) and Kushner et al (1964) failed to detect muramic
acid in the envelope hydrolysates of H. salinaﬁurn, H. halobjum and
H. cutirubrum which shows the lack in these organisms of muco-
peptide (rigid layer) of the type found in other bacteria (Salton, 1964).
However, regarding the effect of antibiotics on cell wall and cell
membrane synthesis, it has been reported that proliferating cells
of H.salinarium were as sensitive to penicillin as those of other gram-
negative bacteria (Mohr and Larsen, 1963); and since it was
established that penicillin inhibits mucopeptide synthesis in gram-
negative bacteria as was firmly established for gram-positive
bacteria (Plapp and Kandler, 1965), this was taken to be an indication
of the presence of a mucopeptide structure in the H.salinarium
envelope. However, since no muramic acid could be demonstrated in
the halophiles(Brown and Shorey, 1963; Kushner et al, 1964),
penicillin sensitivity of H. salinarium might therefore reflect an
interference with the formation of some other envelope components
(Larsen, 1967). This view has been supported by the finding that D-

cycloserine, a compound known to interfere similarly with muco-
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peptide synthesis in gram-negative and gram-positive bacteria
(Plapp and Kandler, 1965), has no effect at all on the proliferating

cells of H.salinarium (Larsen, 1967).

Lipids: - Cells of H.cutirubrum contain about 2. 0 -
3.5% of total lipids (including pigments) on a salt-free, dry-weight
basis (Sehgal et al, 1962). About 93% of the lipids are phosphatiles,
the remainder being carotenoid pigments and hydrocarbons
(Tornabene et al, 1969). Kushner et al (1964) found that envelopes
of H. cutirubrum had a total lipid content of 22%. Kaies et al (1963,
1965 Ell and b) estimated the concentration of the main phospholipid
component to form 13% of the salt-frece dry-weight of the envclope.

It was reported that the cell cnvelope of H. halobium contained 17 -

23% lipid (Brown, 1965); Sehgal et al (1962) and Cho and Salton (1966)

found only traces of, if any, fatty acids in hydrolysates of this lipid.
Kates et al (1966) indicated that the presence of only traces of fatty
acid might be possibly derived from lipids in the culture medium.
The lipids of the extremely halophilic bacteria were
strikingly different from those of non-halophiles in many respeccts.
They have been found to consist virtually exclusively of derivatives
of a long-chain diether of glycerol (Sehgal et al, 1962; Kates, et al,
1963; Faure et al, 1963, 1964; Kates et al, 1966). The structure
of this dicther (Scheme I) was established by chemical degradation
(Kates et al, 1965; Joo et al, 1968) as 2, 3-di-O-(3, 7,11,15-tctra-
nlcthylhexadecyl)-_sg-glycerol(Z, 3-di-9—phytany1-_s_rl-glyccrol):::. ,

*The stereochcmicallnunﬂ)cring system for glycerol derivatives
proposcd by the Commission on Bicchemical Nomenclature, IUPAC-
IUB (1968), is used throughout the present work,
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i.e. the hydrocarbon groups contain only one alkyl group, namely
the C2q branched chain phytanyl group linked to glycerol with cther
bonds rather than ester linkages. The 2, 3-configuration of the
glycerol diether is unusual, since the diglycerides derived from
naturally occurring phosphophatides and glycolipids have the 1,2-
configuration.

Each of the phytanyl groups in the diether contains
threc asymmetric centers, and these have been shown by Kates
et al (1967 a) to have the configuration 3-R, 7-R and 11-R. Itis of
interest tha:t the configuration of the corresponding asymmetric
centers in a-tocopherol is also all-R (Mayer et al, 1963),

The lipids of H.cutirubrum arc in general highly acidic.
They contain about 10% of acetone-soluble lipids (including orange-
red carotenoid pigments, squalene, di- and tetrahydrosqualene and
vitamin K (Tornabene ct al, 1969), about 65% of phosphatides (Kates,
1967 a; Kates et al, 1965 b) and about 25% of a glycolipid sulfate
(Kates ct al, 1967 b). The major phosphatide, accounting for about
85% of the lipid-P has been shown by degradative studies (Kates et al,
1965) and chemical synthesis (Joo and Kates, 1968 and.1969) to have
the structure 2, 3-di-0-(3'R, 7R, I'R, 15'-tetramethylhexadecyl)-
ﬂ-glycerol-1,-phosphoryl—3"-_s_r_m—glyccrol-l"-phosphate (phosphatidyl-
glycerophosphate (PGP)-diether form). The glyccrophosphate moicty
has been established as the 3-isomer (Joo et al, 1968) (sce Scheme I).
A minor phosphatide component, accounting for about 10% of the total

lipid-P has been shown by synthesis to have the structure
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2,3-di—_(_)-phytanyl-§p_-g1yceryl—l-phosphoryl-3'-_s_n_-glyccrol (PG-
diether form) (Joo and kates, 1969). It should be noted that the
configuration of each of the glycerol moieties in these phosphatides
is opposite to that of the corresponding glycerol in the diester
form of phosphatidyl glycerél and phosphatidyl glycerophosphate -
found in plants and bacteria (E.coli). (See Scheme 1),

The 'glycolipid sulfate also has an unusual structure.
1t has the same diphytanyl glycerol ether present in the phospha-
tides and contains glucose, mannose and galactose as component
sugars in equimolar proportions (Kates et al, 1967). The sulfate
group has been shown to be attached to the C-3 position in galactose.
Two structures (see Scheme 1) have been postulated differing only
in the arrangement of the sugar groups.

The cell envelopes of the halophilic bacteria also
contain carotenoids (for example a- and B-bacterioruberin) the
amount varying with thc; culture conditions (about 0.1% of the total
lipids) but increasing with the age of the culture {Baxter, 1960;
Dundas and Larscn, 1963)%. The carotenoids seemed to protect
the cell envelopes again;t photochemical damage. Although the
mechanism of profectioﬁ is not known yet, it scems reasonable to

suggest that the carotenoid molecules act by quenching electronic

excitation impressed by light upon the pigment systems of the envelope,

This implics that the carotenoid molecules arc spatially located very

close to the photoactivated system (Dundas and Larsen, 1963).

Recently it was found that growing I. cutirubrum cells in chemically
defined medium supplemented with increasing amounts of glycerol,
decreased the pigmentation density (Gochenauer and Kushner, private
communication),
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Moreover, Kates (196'?') suggesied a role played by
the glycerol diether-derived lipids in the survival of halophilic
bacteria. The ether-linked alkyl groups are ext1~éine1y stable
over a wider pH-range than ester-linked fatty acids and hence they
are not susceptible to direct hydrolysis. The fact that the glycerol
diether moicty is derived {from L-glycerol might be advantageous,
since all the known animal, plant and bacterial phospholipases are
specific for phosphatides having diglycerides derived from D- (or, 1-)

glycerol,
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III. Statement of the Problem

The unusual naturc of the lipids in the extremely
halophilic bacteria prompted an investigation of the biosynthetic
pathways involved in their forﬁmation. As a first approach,
studies were made on incorporation of orthophosphate 32p ana
sulphate 353 into ph'ospholipid and sulfolipid components of

whole cells of the organism Halobacterium cutirubrum. The

incorporation of 3H—g1ycerol and of 1%4C-labelled acectate,
malonate, mevalonate and glycerol as prccursors of long-chain
hydrocarbon groups into the lipids of actively grown cells of

H. cutirubrum, was also studied. Also, since there was no con-

clusive evidence for the formation of fatty acids by extreme
halophiles, it was of great interest to dctm'mine whether or not
extremely halophilic bacteria possess an active fatty acid
synthetase system.

Moreover, the presence in H. cutirubrum of phospha-
tides in which the glycerol moicties have the opposite config-
uration to that in non-halophiles suggested that their biosynthetic
pathways might differ fro.rn the cstablished pathways in other
organisms. In non-halophilic organisms, phospholipids are
synthesized, according to Kennedy's pathway (1961) by O-alkylation
of §_r_1_-g1yccrol-3—phosphéte followed by dephosphorylation. The
glycerol moieties in both the diglyceride and the glycerophosphate
residues have the D-configuration. In the halophilic lipids (the
dicther analogue), the same glycerol moietics have the L- con-

figuration (Scheme I). If the dicther analogue is synthesized in an

)
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analogous manner to diglycerides, its formation implies either
that the precursor (GP) has the D-form, or thatno conversion

of configuration took place. Since L-a-glycerophosphate may
arise by phosphorylation of glycerol with ATP cat alyzed by the
enzyme glycerokinase or.-by the glycolysis pathway through the
reduction of dihydroxyacctone phosphate with th;: enzyme L-a-
glycerophosphate dehydrogenase, it was therefore necessary to
investigate the existence of these enzymes and to establish their
stereospecificity and/or the configuration of the glycerophosphate
synthesized.

Since work on the biosynthesis of glycerophosphatides
in non-halophilic micro-organisms points to a-glycerophosphate
and phosphatidic acid as key compounds, it was of interest to study
the role played by both of these compounds and of other pre-
cursors (such as cytidine phosphate derivatives), in the bio-
synthesis of phospholipids of the extreme halophilic bacteria

using both cell-frce systems and whole cells of Halobacterium

cutirubrum. Also, short-term labelling of total lipids was examined
in attempts to identify intermediates which might be involved in

the biosynthesis of these phospholipiéls.
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(B) MATERIALS AND METHODS

I. Organism

The obligate acrobe, red-pigmented, extremely

halophilic bacterium, Halobacterium cutirubrum was the test

organism used thro'ughout the present study. The organism
was isolated, screened and purified originally by Dr. A. G.
Lochhead at the Animal Research Institute, Research Branch,
Canadian Department of Agriculture, Ottawa, Ontario. Stock
cultures were maintained on agar slants by adding 2. 0% agar to

the growth medium.

II. Culture of Organism

Cells of the extremely halophilic bacterium,

Halobacterium cutirubrum were grown at 37°C on a rotary shaker

in the complex standard liquid medium described by Sehgal and
Gibbons (1960). The medium was composed of (g/1): cé.samino
acids (Difco), 7.5; yeast extract (Difco) 10.0; trisodium

citrate, 3.0; potassium chloride, 2.0; magnesium sulfate
heptahydrate, 20.0; sodium chloride, 250 and ferrous sulfate
heptahydrate, 0.05. The ingredicnts were dissolved in 800 ml

of distilled water, the pH was adjusted to 7.5 - 7.8 with IN sodium

hydroxide and the medium was autoclaved for 15 minutes at 12 0°cC.

e RIS 2 L
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It was then filtercd to remove any precipitate, the pH was
adjusted to 6.5 - 7.0 with 1 N HCl and the medium made up to
one liter. Some 20% of the magnesium and some phosphate

arc removed in the precipitate (Sehgal and Gibbons, 1960).
However, sufficient of both ioﬁs remains in the medium for
optimal growth. For routine cultures, the medium ingredients .
‘wcre dissolved in 1 ,liter distilled water without sterilization and
the pH was adjusted to 6.5 - 7.0 with 1 N HCl.

Cells usced for inoculation were grown in the standard
complex liquid medium (Sehgal and Gibbons, 1960) for 48 hrs. at
37°C; they were harvested by centrifugation at 6000 x g for
10 min., washed twice by resuspension in 4 M NaCl, 0.03 M KCl
and 0.1 M MgSOy (hereafter referred to as the 4M salt solution),
centrifuged and finally suspended in the 4M salt solution to give

an optical density of 0.22 at 660 mp. Fifty ml of the medium in

250 ml Erlenmeyer flasks provided with a side-tube (12 cm.length,

1.5 cm. int. diamecter) for turbidity measurements, were inoculated

with 1 ml of this cell suspension. Incubation was carriced out at
37°C on a rotary shaker at 150 r.p.m. Growth was estimated by
turbidity measurcments (.o.ptical density) at 660 mp. on a Coleman
Junior spectrophotometer using the uninoculated medium in a
matched Erlenmeyer flask as a blank. Ceclls were harvested in

their stationary phase (13'0 hours; optical density in side tube,

0.6112=1.0 g dry wcight of cclls per liter of culture) by centrifug-

ation at 8000 x g, washed twice in the 4M salt solution and sus-
pendcd in the same salt solution to give an optical density of 0,22
at 660 mp (60 mg dry cells/100 ml); this suspension was used for

the subsequent experiments,
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III.  Prcparation of Cell Fractions

(a) For this purpose actively g;-owi.ng cells
were required; H. cutirubrum cells were therefore harvested
after 72 hours (log phase) and washed as described above, and
suspended in the 4M salt solution to a cell density of about 60 mg
dry weight per ml. ' To break the cells, 7.5 ml lots of the cecll
suspension were placed in 15 ml bottles and shaken with 1.5 g of
number 12 Ballotini beads on a Mickle disintegrator at 120 cycles/
min, f91* one hour at 0°C. This procedure causcd about 20%
breakage of cells as judged by inorganic phosphate release
(Kushner et al, 1964). Intact cclls were removed by centrifuging
twice at 6000 x g for 10 min. The resulting cell-free suséension,
designated as the total homogenate, was diluted to 15 ml with
salt solution and dialyzed for 2 hrs. at 0°C against the 4M salt
solution. To prepare cell envelopes, the dialyzed total homo-
genate was centrifuged at 35, 000 x g for half an hour at 0°C and
the sediment, which contained enveclopes and cell fragments, was
washed twice by resuspension in 15 ml of the 4M salt solution at
0°C and centrifuged briefly. The ribosomes, the polysomes and
the water-soluble materials remained in the supernatant fraction
(Kushner ct al, 1964). The total homogenate, envelopes and super-

natant fractions were uscd immediately after prcparation,

RN DR
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(b) Modified procedure

In order to remove finely divided membrane particles,
procedure (a) was modificd as follows:

H. cutirubrum cell fractions were prepared by a modi-
fication of the procedure of Stoeckenius and Ro;zven (1967) as follows
(see Scheme II). Cells from one liter of culturc were suspended in
20 ml 4M salt solution and broken at 0° as described above. The
broken cells were centrifuged at 1000 x g for 3 min. to remove un-
broken cells and debris and the supernatant was dialyzed against 4M
salt solution for 1 hour at 0°, The dialyzed solution was cleared
by centrifugation at 6000 x g for 5 min. and diluted to 30 ml with 4M
salt solution; this preparation is designated total cell-free homo-
genate. 20 ml of this Fotal homogenate was spun at 35, 000 x g for
20 min. to give "supernatant I'" and the envelope fraction as
sediment; the latter was washed once in 4Msalt solution, centri-
fuged and suspended finally in 20 ml salt solution. The "super -
natant fraction I'' was further centrifuged at 100, 000 x g for 30 min.
to remove any fragmented envclope particles; this final super-

natant was used in the experiment.
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IV, Lipid Extraction and Fractionation

Lipids were extracted by .the m’ethol.d' of
of Bligh and Dyer (1959) as modified by Kates et al (1965, 1966).
The washed cells were suspended in salt solution to a concen-
tration of 20 - 60 mg of cells (dry weight) per ml. To one ml of
the cell suspensionr was added 3. 75 ml of methanol-chloroform
(2:1, v/v); the mixture was shaken and left at room temperature
for several hours with intermittent shaking. After centrifugation,
the supernatant extract was decanted and the residue was resus-
pende;l in 4. 75 ml of methanol-chloroform-water (2:1:0.8, v/v);
the mixture was then shaken and centrifuged. To the combined
supernatant extracts were added 2.5 ml each of chloroform and
water, and the mixture was either centrifuged or allowed to settle
in a separatory funnel. The lower chloroform phase, containing
the total lipids (Bligh and Dyer, 1959), was withdrawn and brought

to dryness at 35 - 40°C in vacuo, with additions of absolute ethyl

alcohol and/or benzene to remove traces of water. The red viscous

lipid residue was dissolved in CHClj3 to a known volume. The
total lipid content was found to amount to 3.5 - 4. 5% of the cell

dry weight.
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The red viscous total lipid residue, dissolved
in a small volume of chloroform, was diluted with 10 volumes
of cold acetone. The white precipitate of phospﬁblipids,
glycolipids, sulfolipids, ctc. obtained was washed several
times with small portions of ‘cold acetone,dried in vacuo,
weighed and finally dissolved in chloroform to a known concen-
tration. The combined acctone supernatants containing the
neutral lipid fraction (hydrocarbons, pigments, etc.) was
evaporated in vacuo to a small volume and dissolved in acctone
to a known volume. In gencral, the acetone insoluble lipids

amounted to 91 - 95% of the total lipids.

SEEAZ N e e
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V. Analytical Procedures

1. Protein Determination

The rhethod of Lo“rx'y ct al (1951) was employed to _ :
determine the protein concentration in the different prepar-
ations of cell fractions.

The total homogenate of H. cutirubrum cells,
prepared as described above, was found to contain about 2 + 0.2 mg
protein/ml of suspension. The envelope {raction and the super-
natant fraction contained 1.3 - 1,6 and 0.5 - 0.6 mg protein/ml,

respectively,

2. Phosphorus Determinations

(a) Total lipid phosphorus

For samples of 20 - 80 pg , a modification of Allen's

method (1940) was used throughout the present study, as follows,

A chloroform solution cdﬁtaining 20 to 80 pg of lipid phosphorus
(less than 2 mg lipids) in a straight-walled "Pyrex sugar tube"
calibrated at 12,5 and 25 ml, was evaporated to dryness under a
séreanl of air in a water-bath at 35°C. The residue was digested
with 2.0 ml of 72% pcrchloric acid by heating for 5 - 10 minutes.
The tube was allowed to cool to room temperature, washed down

with 10 ml of distilled water and 2,0 m] of a freshly preparcd 1%
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amidol solution (1 g of 2, 4-diaminophenylhydrochloride and 20 g
of sodium metabisulfite in 100 ml of water) and 1'7 0 ml of 8. 3%
aqucous solution of ammonium molybdate were then added. To
avoid the production of molybdenum blue, care was taken not to
touch the sides of the tube during amidol or ammonium molybdate
solutions pipetting. The solution was mixed and left at room
temperature for 20 min. to allow the color to develop; it was
then diluted to the 25 ml mark with distilled water, mixed well,
and the absorbency (optical density) was determined at 680 miyL
against a reagent blank. A solution of potassium dihydrogen phos-
phate containing 10 pg P/ml was uscd as a standard. The optical
density followed Beer's law in the range 10 - 100 peg P.

For samples containing less than 10 pg P, émodified
microassay based on the mecthods of Fiske and Subba Rew (1925),
Allen (1940) and Bartlett (1959) was used as follows:

A chloroform solution containing 1 to 5 pg of lipid
phosphorus in a straight-walled 25 ml "Pyrex sugar tube' was
evaporated to dryncss under a stream of air. The residue was
digested with 0.5 m1 10 N H3SO4 for 5 - 10 min. To the digest was
added 4.1 ml of water, 0.2 ml of 5% ammonium molybdate aquecous
solution and 0.2 ml of aminonaphtholsulfonic acid (Eastman Organic
Chemicals) solution (0.25 g of purified l-amino-2-naphthol-4-
sulfonic acid in 100 ml of freshly prepared aqucous solution of 15 g

anhydrous sodium bisulfite and 1.0 g of anhydrous sodium sulfite;

R .,L"’;a..-:"-( TR
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the solution was filtered before use). The solution was mixed
well, heated in a boiling water -bath for 7 min. , allowed to cool
to room temperature and its absorbency at 830 mp. was
determined against a reagent blank using a Beckman model-B
photometer with the red scnsitive phototube. A solution of

KH,PO, containing 10 pg P/ml was used as a standard.

(b) a-Glyccrophosphate phosphorus

The microdtermination method of a- and f-glycero-
phbsphates described by Burmaster (1946) and by Pande ct al
(1967) was modified for usec in the present work, Essentially,
the method was based on the conversion of a-glycerophosphate to
glycolicaldehyde phosphate by reaction with periodate at room
temperature. The excess periodiate and the iodate formed were
destroyed with sodium sulfite, and the glycolicaldehyde phosphate

was hydrolyzed with hot acid. The inorganic phosphate liberated

was measured by a modification of the procedurc of Bartlett (1959).

The latter value, after correction for the inorganic phosphate
liberated in a control in lv;rhich periodate was omitted, was a
measure of the a-glycerophosphate (a-GP-P) present (Pande et al,
1967 and Burmaster, 1946). Tests with an authentic sample of
a-glycerophosphate sho&ed that the conversion of stable phosphate
of a-glycerophosphate (a-GP) to orthophosphate was completed,
and that the rclease of orthophosphate in the absence of periodate

was negligible.




ot s L i,

BT

- 45 <

In each of two straight-walled "Pyrex sugar tubes'
were placed up to 3.5 ml of the sample (containihing 1-10 pg P) to
be analyzed (GP-samples prepared enzymatically were charcoal-
treated to adsorb nucleotides), and 0.5 ml 10 N H,SOy4. To one of
the tubes was added 0.50 ml of 0.08 M freshly prepared sodium
periodate and to the other 0.5 ml of water to s'erve as a blank, The
tubes were covered with 20 ml beakers and heated for 50 min. in
a boiling water-bath. Without cooling the tubes, 0.20 ml of 5%
aqueous ammonium molybdate solution and 0.30 ml of the "amino-
naphthol" reagent of Fiske and Subba Raw (1925) (see micro-
determination of phosphorus) were added. The tubes were returned
to the boiling water-bath and heated for 10 min. The tubes were
allowed to cool to room temperature and the absorbence of the
stable bluc color of the solutions was measured at 830 mp against
a reagent blank. The difference in absorbency between the
periodate treated sample and the heated sample was taken as a

measure of the a-glycerophosphate phosphorus.

3. Chromatography of Lipids

(a) Paper chromatography

Total lipids were chromatographed on silicic acid
impregnated Whatman 3MM paper according to the procedure of
Marinetti (1962 and 1964), using diisobutyl ketone-glacial acetic
acid-water (40:25:5 v/v) for analysis of phosphatides (Marinetti,
1962 and 1964) and heptane-diisobutyl ketone 96:4v/v) for analysis
of ncutral lipids, (Marineiti 1964). The chromatograms were stained

with Rhodamine 6G for detection of all lipid components (Marinetti,
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1962 and 1964), with ninhydrin to detect amino-lipids, with the ‘
phosphomolybdic acid-stannous chloride reagent {Lievine and :
Chargaff, 1951) for choline-containing lipids, with the Schiff- f
Feulgen reagent for plasmalogens (Hack and Ferrans, 1959) and
with a modified Periodate-Schiff reagent (Baddiley et al, 1956)
to detect vicinal élycerol-containing lipids. 32P-labelled lipids
were located by autoradiography on Kodak no;screcn X-ray
film. The detailed procedures used were as follows {kates,

1967):

(i) Impregnation of paper with silicic ;

acid: ,

Filter paper - Whatman 3MM paper was cut into
strips 11.5 x 45 cm. A pencil line was drawn 2 cm froxﬁ one end,
this space being used for handling.

Sodium silicate solution - 310 g silicic acid
(Mallinckrodt, analytical reagent, 100 mesh) was added slowly
with stirring (Teflon-coated magnetic stirrer) to 1 liter of a 7.2 N
NaOlH solution (288 g NaOH/liter). When the silicic acid had been
dissolved, the solution was allowed to cool to room temperature
and diluted to 1500 ml with distilled water. This amount of
solution was sufficient for impregnation of up to 48 papers.

Procedure - The papers were dipped individually
through the sodium silicate solution, in a Pyrex glass tray, and
immediately hung to drain for 3 - 4 min.; the drippings at the lower
cdge of the paper were removed by blotting with filter paper. The
papers were then immersed in 2 liters of 6N HCl (one liter of
conc. HCI diluted with an equal volume of H,0) in a Pyrex glass

tray for 30 min., with intermittent rocking of the tray. Up to 12
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papers may be placed in the acid bath at one time, taking the
precautions described by Marinetti (1962 and 1964). The papers
were then removed from the acid bath and washéd under running
tap water for 2 - 3 hours and finally in several changes of distilled
water for a total period of 1 - 2 hr.; the last wash water should
be free of chloride ion as tested with silver nitrate. The papers
were hung to dry overnight and placed in batches of 20 to 24 in a
closed cylindrical jar (15 x 45 cm) with the lower ends immersed
in 200 m1 of chloroform-methanol (1:1 v/ v) until the solvent front
rises_to within a few inches of the top. This procedure served to
remove traces of acid and lipids in the papér up to the solvent
front. The papers were again hung to dry and finally pressed
between glass plates for several hours, after which tlle); could be
used immediately. For storage, they were wrapped in filter
paper and kept in a drawer for several months without affecting

their chromatographic efficiency.

(ii) Application of lipids to the paper: The ‘

lipids werc applied as spots on a starting line 5 cm above the line
previously drawn, the spacing between the spots being not less
than 1.5 cm; a ma'xilnuiﬁ of seven spots could conveniently be
applied. An aliquot of the lipid solution conta ining the total amount
to be applied (4 - 5 uG lipid P per spot for total lipids, 1 - 2 pg
lipid P for individual ph'osphatide) was placed in a 15 ml conical
centrifuge tube and evaporated almost to dryness in a stream of
nitrogen. The residue was immediately dissolved in chloroform

to a concentration of 0.5 - 1 pg lipid P/ul, and the solution was

JER—— L?}’:.‘Lt' :
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brought down completely into the tip of the tube by centrifugation
for a few seconds; 5 - 10 pl of this solution was then applied per
spot by micropipette using a pipette controller, under a gentle
stream of nitrogen to give a small circular spot5 - 6 mm in
diameter. The bottom 2 cm was then cut off and the chromato-

gram was run immediately.

(iii) Solvent systems and chromatography
chamber: The chromatograms were run ascending in the solvent
system of Marinetti et al (1957) and Marinetti (1962, 1964); diiso-
butyl ketone-acetic acid-water 40:25:5 (v/v) at 23 - 25°C for 16 -
18 houlrs. Heptane-diisobutylketone 96:6 (v/v) was used for
analysis of neutral lipids (Marinetti and Stotz, 1956; Marinctti
et al, 1957). '

The chromatographic jar consisted of an unlined
Pyrex glass cylinder (15 x 45 cm) covered by a circular glass plate
(15 cm in diameter) and sealed with masking tape; 2000 ml of
solvent was placed in the jar and 18 - 20 hr. pre-equilibration of
the solvent was required initially. The chromatogram was sus-
pended in the jar by rolling the upper cnd of the paper around a
glass rod and securing with a common paper clip or a stainless-
steel spring clip. The lower end of the paper should be immersed
in the solvent .to a depth of 1 - 2 em. The glass rod, 7 mm x 13.5 cm,
had each end inserted into a piece of rubber tubing 3 cm long. The
overall length was adjusted to fit tightly into the jar, the rubber

ends serving to maintain the position of the holder without slipping.
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(iv) Detection and identification of

lipids: The following stains were used to detect and identify the

lipid component separated on silicic acid-impreénated chromato-

grams. However, it should be emphasized that identification by

means of these stains was only tentative and was confirmed by

standard chemical procedures of isolation, analysis and identi-

fication of hydrolysis products, | ‘
Rhodamine 6G: - This was the most versatile and

useful of the lipid stains, inasmuch as all lipid components were

revealed and the color of the fluorescent spot was often an indi-

cation of the chemical nature of the lipid. The use of this stain

was first introduced by Marinectti and Stotz (1956) and Marinctti

et al (1957) and the staining procedure had been described in detail

by Marinetti (1962 and 1964). A 0.12% stock solution of Rhodamine 6G

(color index 752) (National Anailine Division, Allied Chemical Dye

Corp., New York) was made by dissolving 1.2 g in 1 liter of

distilled water; this solution was stable indefinitely when kept in

the dark. Before use, the stock solution was diluted 1:100 with

distilled water and transferred to a Pyrex glass tray. - The paper

chromatogram, after being dricd in a hood for 1/2 -1 hr., was

immersed in the solution for 1 - 3 min.; the excess dye solution

was rinsed off with distilled water and the wet chromatogram was

viewed immediately under ultraviolet light (Mincralight Lamp,

366 mp), the fluorescent spot being outlined with pencil. Acidic

phosphatides and other acidic lipids gave bluec or purple fluorescent
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spots, whereas neutral lipids and neutral phosphatides gave

yellow or orange spots; however, neutral phosphatldcs and other
lipids might give bluish- -gray spots when pcro:udued and
pigments also might give intensecly blue spots. On dry chromato-
grams most of the lipids appeared as yellow fluorescent spots.

Ninhydrin: - This reagent was quite specific for | !
phosphatides or lipids having a free amino group. Marinetti (1962 |
and 1964) has described a most convenient and cffective procedure |
for staining silicic acid-impregnated chromatograms with ninhydrin:

The chromatograms were dried in a hood overnight, |
and sp1 ayed with a 0,25% solution of ninhydrin in acetone-lutidine
9:1, v/v. After a few hours at room temperature, the ammo
lipids appeared on the chr omatograms as mauve spots. Thc
ninhydrin-positive spots were outlined in pencil and the chromato-
gram might then be stained with Rhodamine in order to locate
the other lipid components.

Periodate-Schiff reagent;: - This stain is specific
for lipids that contain vicinal hydroxyl groups. The method
depends on the cleavage of vicinal hydroxyl groups with periodate
and staining of the resulting aldehydelipids with Fuchsin bi-
sulfite (Schiff reagent). The procedure used was an adaption to
silicic—acid-iﬁqprcgnatcd paper (Sastry and Kates, 1964) of the
method devised by Baddiley ct al (1956) for unimpregnated paper.
The dried chromatogram was passed through a 0.25% solution of
sodium meta periodate, hung for 15 - 20 min. at room temperature,
and then passed repeatedly through a 1% solution of sodium meta-

bisulfite until the releascd iodine was completedly decolorized.
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The chromatogram was then passed through a Schiff reagent,
whereupon the periodate positive lipids appeared within a few
minutes as pink-mauve spots on a white background, which
gradually became pink owing to reaction of the Schiff reagent
with the paper. The chromatogram was then washed with dis-
tilled water, the positive spots outlined with pencil, and the
paper stained with Rhodamine to locate the remaining lipids.

The Schiff reagent was preparecd as follows:
1 g of basic Fuchsin and 10 g of sodium metabisulfite were
dissolved in 10 ml of conc. HCI and 100 ml of water, and the
solution was treated with charcoal for one hour, filtered, and
made up to 500 ml with distilled water. This stock solution
was colorless and could be stored for several months. .Before
being used, it was diluted 1:1 with 1% sodium metabisulfite
solution and water. '

Autoradiography: - The most reliable test for

the presence of phosphatides and sulfolipids on chromatograms

was the detection of 32P and 355, respectively, in the separated

spots. The cln-oxnatogramé obtained with 32P- or 35s.1abelled

lipids were dried for several hours and stapled onto a shcet

of Kodak no-screcen X-ray film; the film was exposed for several

hours to several days or weeks, depending on the amount of

radioactivity per spot (1 day/1000 cpm). If sufficient material

was applied to the paper, the chromatogram might then be stained

with Rhodamine 6G and superimposed on the autoradiograph to
determine the position of the radioactive spots relative io the

unlabelled compounds.
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The distribution of radiocactivity among the
spots was determined by cutting out each spot and counting
it with an end-window GM -Counter; the results were ex-
pressed as a percentage of the total radioactivity counted

on the spots.
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(v) Quantitative Analysis of Phosphatides

A micromethod for quantitative analysis of phos-
phatide components separated on paper chromatograms, as
described above, was used és follows:

A 3 anwide longitudinal strip was cut out of the
developed and Rh;)danuine-staincd chromatogram, taking care
that all the separated spots lay well within this strip. The paper
strip was cut into rectangles each containing one of the scparated
spots as well as two blank rectangles 2 cm wide, one above the
sblvent front and the other below the starting line; the width of
each of the rectangles was measured in centimeters,

Phosphorus was determined in cach spot by a
modification (Letters 1964) of the micromcthods of Allen's (1940)
and Bartlett's (1959) as follows: the rectangles of paper were
chopped into small pieces and transferrecd quantitatively to
Pyrex digestion tubes (1.7 x 19 em); 0.5 ml of 72% perchloric
acid and one drop of 5% aqueous solution of ammonium molybdate
were added, and digestion was carried out by heating ona medium
gas flame for 5 - 10 nliA. The ammonium molybdate acted as a
catalyst for the oxidation of the paper, so that the digestion pro-
ceeded smoothly and rapidly. To the cooled digests were added
a further 0.1 to 0.2 ml of 72% perchloric acid (to compensate for
losses during digestion) and 6 m1l of water;v after mixing on a

Vortex mixer, the silicic acid was centrifuged down. A 5ml

e e e e et o e e 1 s B LT
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aliquot of the clear supernatant was then removed, and the

molybdenum blue color was developed by additiop of 0.2 ml of

1% amidol solution (prepared as above) and 0.2 ml of 5% aqucous

solution of ammonium molybdate and heating in a boiling water

bath for 7 min. After 20 min. cooling, the optical densities were

determined at 830 mp in a Beckiman Model B spectrophotometer, |

Standards containing 0.5 to 5 pg of P, as well as a reagent blank,

i were carried through the above procedure simultaneously. The
blank corrections for P in the paper were calculated as follows:

Corrected pgP in component = (pg P found) - (average
rg P in blanks x V_EV ) where W is the width of each paper rect-

angle, the width of the blanks being 2 cm. The results were then
expressed as the percentage of the total blank minus corrected P

in all the components.

(b) Thin-layer chromatography

Thin-layer chromatography (TLC) is onc of the
main analytical tools of current lipid research. Although many
adsorbents are available, silicic acid without binder {and des-
ignated as silica gel H) has becn the adsorbent of choice for TLC
of lipids employing thc ascending techniques.

A slurry of 50 g plain silica gel in 120 m] of 0. 01%
sodium carbonate was spread on micro-slides for rapid TLC
analysis; for preparative purposes 40 g of silica gel were sus-

pended in 90 ml of 0.01% sodium carbonate spread on 8 x 8 inch
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glass plates (0.6 - 1 mm thick layers). The microslides and
the plates were heat activated for 2 h1~§. at 120°C. The amount

of sample applied as a spotto a 8 x 8 inch plate with a micro-

pipette ranged usually from 10 - 12 pg per single component or

up to 10 mg as a streak, In ‘the case of preparative TLC work, |

the silicic acid was washed prior to use with chloroform-

methanol 2:1 (v/ v') to remove contafninating lipids.
The solvent systems used for separation of neutral

lipids were: !

(a) heptanc-benzene 9:1 (v/v); or ‘
*(b) petroleum ether -diethylether-acetic acid
(90:10:1 (v/v);
(c) heptane;

and for scparation of polar lipids:

(a) chloroform-acetone-methanol-acetic acid-water
50:20:10:10:5 (v/v/v/v/v) (Lepage, 1967);

(b) chloroform-ethylether 9:1 (v/v) and 20:1 (v/v);

(c) chloroform-methanol 1:1 (v/v).

The solvents were distilled before use to eliminate lipid con-
taminants and other impurities.

When samiales were to be recovered, it was
essential to locate the compounds by non-destructive agents
such as exposure to iodine vapors, or by U.V. light (360 mp),
otherwise spraying with 20% H,50, in ethanol followed by heating

in an oven or on a hot plate.
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Radioactive spots were located by autoradio-
graphy, and individual components were eluted {rom the plate
using CHCl3-MeOH (1:1, v/v), and counted for radioactivity

as described under "Radioisotopic Methods!,

4, Paper Chromatography and Paper Electiro-
+ phoresis of Water Soluble Phosphates

(a) Paper chromatography

Water -soluble phosphates were separated by paper
chromatography as follows: aliquots containing 10 - 15 pg P or
500 - 1000 cpm (14C or 32P) per spot were applied to a strip of
Whatman No. 1 paper (19 x 57 cm) and chromatography was
carricd out for 12 - 15 hours using the one-dimensional ascend-
ing technique in the following solvents: (i) saturated phenol-
water (107 g phenol in 38 ml water), and (ii) n-butanol-acetic
acid-water (5:3:1, v/v); or by the descending tcchnique for 20 -
24 hours in (iii) t-butanol-picric acid-water (80:20:4, v/v/w) -
(Hanes and Isherwood, 1949). After autoradiography, the
chromatograms werc stained with sulfosalicylic acid-ferric
chloride reagent by a modification (Vorbeck and Marinetti, 1967)
of the Wade and Morgan_ (1953) procedure or with the ammonium

molybdate ""dip" rcagent of Burrows ct al (1952).

e et e i o A TR I T D




-57 -

In Vorbeck and Marinetti's. staining procedure,
the thoroughly dried chromatograms were immersed in an
acetone solution of ferric chloride (1.5 g FeCls. (;I-IZO in 30 ml
0.3 N HCI diluted with 970 ml acetone). The chromatograms

were dried in a hood for scveral minutes and then immersed

in a2 1.25% solution of sulfosalicyclic acid in acetone. The
spots appeared deep yellow to brown on a white background.
In the staining procedure of Burrows et al, the
dried chromatograms were dipped through a solution of ammonium

molybdate made up as follows: a solution of 1.0 g ammonium

molybdate in 8.0 ml water was diluted in succession with 3.0 ml
concentrated HCl, 3.0 ml of 70% perchloric acid, and acetone b

a final volume of 100 ml. The spots appeared deep blue on a

light blue background.

(b) Papecr electrophoresis

Aliquots of water soluble phosphate solutions con-
taining 10 - 15 pg P or 500 - 1000 cpm (14C or 3‘ZP) per spot were
applied to a strip of Whatman No. 1 paper (33.5x 4.0 cm) 11.5 cm
from the cathode end. Horizontal electrophoresis was carried
out in a Gelman cleétrophoré:sis apparatus (Gelman Instrument
Co., Ann Arbor, Michigan; size of the chamber 35 x 20 cm and
the effective length of paper strip 24.0 cm) using 0,02 M sodium
borate buffer of pH 9.1 at 415 volts (17. 3 volts per cm) and 14 - 15
amps (Michelson and Letters, 1964; and Letters et Michelson,

1963). The time necessary to effect a salisfactory separation was
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determined by using authentic inorganic phosphate, dihydroxy-
accne phosphate and rac-glycerol-3-phosphate (15 pg P) each
applicd to 4 sirips; onec strip was removed after ;10, 70, 90 and
120 minute intervals and strained by the method of Burrows

et al (1952). It was found that 90 minutes was the optimum time

to effect a good resolution of these three phosphate compounds.
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VI Radioisotopic Mcthods

1, I.abelled Precursors

.(a) Commercially available compounds

2-14C-malonic acid, DL-2-14C-mevalonic acid
dibenzyldiamine (DBED) salt, U- and 1, 3-14C-glycerol, 1-14C-
palmitic acid and malonyl-1, 3-14C-coenzyme A were products
of the New England Nuclear Corporation. 1-14C-acetate, 32p.
orthophosphate and 355-sulfate were obtained from Atomic
Energy of Canada Limited. Glycerol-2-3H and glycerol-1(3)-
3H were purchased from Amersham/Searle Corporation,. Des
Plaines, Illinois. The DBED salt of mevalonic acid was first
treated with Amberlite IR-120 cationic exchange resin to remove
the diamine, and then neutralized with O.bl N NaOH. Aqueocus
solutions of the other labelled acidic precursors were .

neutralized with 0.1 N NaOH to pH 6 - 7.

(b) Synthesis of labelled glycerophosphates

(i) raC—3—G1ycerolphosphate—3zp (GP—32P):

rac-3-GP-32P was prepared by the procedure of McMurray et al

(1957), modified by Sastry and Kates (1965) as follows.

A mixture of 2.0 mcurics of orthophosphate—32P
(purchased from Atomic Energy of Canada Ltd. as H332PO4 and
necutralized to phenol red with 0.1 N NaOH), 80 pmoles of



- 60 -

3-chloro-l, 2-propanediol in 0.16 ml of water was.incubated at
37° for 20 hours, After the addition of 0.15 ml of 1 M tri-
sodium phosphate, the mixture was neutralized with 0.2 ml

of 1 N HCl and inorganic plloglahatc was precipitated by the
addition of 0.8 ml of 0.5 M barium chloride and 0.5 ml of 0.1 M
bariwm hydroxide ( to pH 9). The p'recipitate was removed by
centrifugation and washed with three 0.5 ml portions of water;
the combined supernatant and washings were concentrated to
about 1 ml at 40° in a stream of air and diluted with an equal
volume of 99% cthanol. After scveral hours at 0°, the precipitate
of barium GP-32P was centrifuged and washed with 0.5 mi of
ethanol-water (1:1, v/v); yield, 16 - 19 umoles (20 - 24%.);
specific activity, ca. 11 - 14 x 106 c.p.m./pmole P (corrected
for decay). The product contained 95 - 97% of organic-P and

3 - 5% inorganic phosphorus as determined by the Berenblum and
Chain procedurc (see below). The barium salt was converted to
the sodium salt by treatment in 0.5 ml of water with Dowex-50
(H+) resin, followed by ncutralization with 0.1 N NaOH; the

solution was finally made up to a volume of 2.0 ml.

(ii) _sE—Glycerol-3-phosphate—1,3—14C
(GP-14¢): sn-3 GP-14C was enzymatically synthesized following
the procedure described by kennedy (1962). Glycerol 1, 3-14¢C
(New England Nuclear Corp., 10 pcuries) was phosphorylated with

ATP in the presence of the enzyme glycerol kinase (from the yeast
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Candida mycoderma). The incubation mixture contained in a final

volume of 5.0 ml: Tris-HCI buffer pH 8.0 (250 umoles), !
glycerol 1, 3-14¢ (1.1 pmoles, 10 pcuries), “cold”ﬁ glycerol
(18.8 pmoles), ATP (100 umoles), MgCl;, (62.5 pmoles), B-mercapto- l
ethanol (50. 0 pmoles), serum albumin (5 mg) and the enzyme
glycerol kinase (0.05 mg). The mixture was incubated at 37°C

for 3 hours, placed in a boiling water-bath for 5 minutes and centri-

fuged briefly. Earlier attempts to use trichloroacetic acid to

terminate the enzymatic reaction by protein precipitation proved
unsuccessful because of the adsorption of GP-14C on the protein
precipitate. The supernatant solution was then applied on a Dowex-
l-formate column, to isolate the 52’3"GP"14C° s

Column chromatographic procedure for the isolation

of a-GP: For the purposec of isolation of GP from enzymatic

reaction mixture, the method of Bublitz and Kennety (1954 a and b) .

and Chang and Kennedy (1967 a) was used as follows. |
A column of Dowesx-1-chloride (50 - 100 mesh), 16 cm. -

in length and 1. 3 cm in diameter, was washed with 4 M formic

acid until no chloride ions could be detected in the cffluent, and

then finally with a2 few bed volumes of distilled water (Busch et al,

1952). The reaction mixture was then applied to the column after

dilution to 50 ml with distilled water and 100 ml of distilled water

was allowed to pass through the column (to wash out salts), Gradient

elution was then begun with an arrangement of apparatus similar to

that of Hurlbert ct al (1954) with 250 ml of water in the lower mixing
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chamber, and 4 N formic acid in the upper reservoir. The flow
rate was 1,5 - 2.0 ml/minute. Fractions of 10 rpl each were
collected, and each fraction assayed for radioactivity. The
fractions (tubes 25 - 49) containing radioactivity (glycerol-3-
phosphate -14C) were combined and taken to dryness under reduced
pressure in a rotary evaporator. The bath temperature was |
maintained at about 10° during the evaporation in order to prevent
the formation of any cyclic glycerophosphate in the gradually
concentrated formic acid. The product was dissolved in 2.0 ml
distilled water neutralized with ammonia diluted with 3.5 ml tris-
HC1 buffer pH 5.2, then shaken for 1 hour with 400 mg of acid
washed animal charcoal (Norite) to remove any adcnine nucleotides
(Pande ct al, 1967). The charcoal was filtered off and thé clear
supernatant was transferred to a 5.0 ml volumetric flask, neutral-
ized with ammonium hydroxide and made up to volume with water
and stored at 4° | Suitable aliquots were taken for counting of

14C, for determination of totai and inorganic phosphorus, for a-GP-P
determination (Pande et al, 1967) and for ecnzymatic determination
of sn-glycerol-3-phosphate (Kennedy, 1962; Bublitz and Kennedy,
1964 a and b). The purity of the preparation was also checked by
autoradiography of paper chromatograms and paper clectrophore-
grams (see below). The overall yield from glycerol as determined
by the periodate (Pande et al, 1967) or enzymatic (Kennedy, 1962)
procedures was 70 - 85%; specific activity 6.1 - 8.3 x 105 cpm/pmole,
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2. Determination of Water-soluble Organic and
Inorganic 32p (Berenblum and Chain Procedure)

A modification of the method of Berenblum and Chain
(1938) for the determination of water -soluble 32P~organic and
inorganic phosphates was used throughout the present work. The
method is based on the solubility of phosphomolybdic acid in iso-
butyl alcohol. The proccdurc is as follows,

To a 0.5 ml sample containing more than 500 cpm
was added 0.5 ml HyO, 1.0 ml of a mixture (1:1, v/v) of 5% ammonium
molybdate and 2N HpSO4 and finally 2.0 ml of isobutanol. The
mixture was shaken and then briefly centrifuged. 100 pl aliquots
of the alcoholic and the aqueous phase were plated and cqp.nted for

inorganic and organic 32P-labelled phosphatides, respectively,

3. Counting of Labelled Material

Suitable portions of the chloroform solutions of the
labelled lipids (containing 500 - 1000 r.p.m.) werc plated on aluminum
planchets and counted with an end-window GM counter.v- The counting
cfficiency was 5% for 146, 7% for 355 and 28% for 32P; all counts for
355 and 32P were corrccted for decay. Tritiated samples (doubly
labelled with 14c glycerol) were counted in a liquid scintillation
counter (Nuclear Chicang). Twenty-five pl aliquots of the labelled
samples were mixed with 15 ml of toluene scintillation liquid con-
taining 5 g 2, 5-diphenyloxazole (PPO), and 0.3 g 1, 4-bis-2-(4-methyl-
5-phenyloxazolyl)-benzene (POPOP), 130 ml methanol and 100 ml
solubilize (Beckman Bio-solv, formula BBS-3) per liter. The counting

cfficiency was 50% for 14C and 30% for 3H.
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VII. Experimental Procedures
1. Growth of Organism in Presehce of Labelled

Precursors

Cells of H. cutirubrum were grown in 50 ml of stan-

dard culturc medium for extreme halophiles (Schgal and Gibbons,

1960) containing SOIpc of either the }4C labelled acectate, 14C-
malonate, 14C-mevalonatc—:, 14C—glycerol or a mixture of 25 pc !
1, 3—14C—g1yccrol and 1 mc 2—3H-g1ycerol or 1,(3)—3H—glycerol as
precursor; incubation was carried out in 250 ml Erlenmyer flasks.,
For the 3‘ZP—la.bell'mg, cells were grown in one liter of medium
(Sehgal and Gibbons, 1960) containing 2.0 pcuries of 32P-;ort’ho- i
phosphate, in a 4 liter flask, With 35S-sulfate as precursor, the
growth medium was modified, to avoid dilution of the tracer with
""cold' sulfate, by replacing the MgSOy. 7AHZO with equimolar
amount of MgCl,. 6HZO (Dundas ct al, 1963 and Onishi et al, 1965).
The modificd composition was as follows: NacCl, 25:KC1, 0.5%;
MgCl,. 6H20, 0.5%; yeast extract (Difco), 1%. 120 ml of this
medium (in a 500 ml flask) containing 1.0 mc of 358-suifate was !
inoculated with 3 ml of a .culturc of cells grown in the standard ‘
medium for 3 days. All incubations were carried out at 37°C with

shaking on a rotary shaker at 120 r.p.m. Cells were harvested

in their stationary phase (180 hr.) by centrifugation at 800 x g for

10 min. After removal of the supernatant medium, the cells

were suspended in a solution of 4M NaCl + 0.2 M KCl to a volume

of 3.2 ml for the measurcment of 14C, 24.0 ml for 32P-phosphatc

and 8.0 ml for the 35S-sulfate.
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2. Extraction of Labelled Lipids

Lipids were extracted by a modificidtion of the

‘ procedure of Bligh and Dyer (1959), as follows. To 3.2 ml of

each of the above cell suspensions were added 8 ml of methanol

and 4 ml of chloroform, and the mixture was shaken and left at

room temperaturc for scveral hours. An additional 4 ml each

of chloroform and water were then added, the mixture was

centrifuged, and the chloroform layer was withdrawn, diluted

; with benzene, and brought to dryness under a stream of nitrogen.
The residuc was dissolved in 5.0 ml of chloroform, the solution
was cleared by centrifugation if necessary, and used for the

different analyses described below. a

3. Lipid Degradation and Distribution of Radio- :
activity among Products :

To determine the distribution of radioactivity between ‘
ether-soluble and the water-soluble moieties of the lipids, a
portion of the total lipids was treated with 4.5 ml of 2.A5%
methanolic-HCl for 5 hr .under reflux in a 50 ml flask with 5 ml
side-tube (Kates et al, 1965; Kates, 1964). After addition of 0.5 ml
of water, the glycerol diether fraction (including traccs of glycerol
monoether, pigments, hydrocarbons and any fatty acid methyl
esters) was extracted with four 5 ml portions of petroleum ecther

(b.p. 30 - 60°). The combined extracts were concentrated under
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a stream of nitrogen to a small volume and diluted to 5 ml with
chloroform. The aqueous-methanolic phase (containing phos-

phate esters from the phosphatides and methyl glycosides of

sugars from the glycolipids) was concentrated under a stream
of nitrogen to 0.5 ml and diluted to 5 ml with methanol-water
(1:1); portions of this solution were hydrolyzed in 1 N HC1,
cvaporated to dryness, ncutralized with 0.1 N NH4OH and
chromatographed on Whatman No. 1 paper in pyridine-cthyl
acctatc-water (2:5:5, upper phase) for scparation of sugars, and
in tert-butanol-water-picric acid (80:20:4, v/v/w) for scparation
of phésphate esters, After autoradiography; the chromatograms
were stained with the alkaline silver-nitrate rcagent for sugars,
and with the sulphosalicyclic acid-ferric chloride reageﬁt
(Vorbeck and Marinetti, 1965) for phosphate esters.

To scparate any fatty acid methyl esters in the
petroleum cther-soluble fraction, a portion of the latter was
saponified in 5 ml of 0.7 N NaOH in 90% methanol under reflux
for 1 hr, and the unsaponifiable material (glycerol dicther and
monocther, hydrocarbons, etc.) was extracted with four 5 ml
portions of petroleum ether; after acidification of the aqucous
phase with 6 N HCI1, the fatty acids were exiracted with pctroleum
ether and converted to methyl esters by refluxing in 2.5% mecth-
anolic-HCIl, as described by Kates (1964). The extracts of the un-
saponifiable material and of the fatty acids and their methyl esters
were concentrated under a stream of nitrogen and brought to a
volume of 5 ml with chloroform. Suitable portions of all fractions

were plated and counted for radioactivity as described above.
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The total petrolecum ecther-soluble fraction, the
unsaponifiable material, and the fatty acid methyl esters were
chromatographed on silicic acid-impregnated Whatman 3MM
paper with diisobutyl ketone-heptane (6:96, v/v) as solvent
(Marinetti et al, 1958) or on .thin-laycr plates of silica gel H
(no binder) with chloroform-ecthyl ether (20:1, v/v) as solvent,
Radioactive spots ‘were located by autoradiography and lipids
were detected with Rhodamine 6G (silica gel paper chromato-
grams) or by exposure to iodine vapors (TLC plates).

14c.1abelled fatty acid methyl ester analysis was
carried out in a Barber Colemann (Model 5000) gas-liquid
chromatograph programmed from 145 to 190°C with argon gas
as carricr under 200 pounds pressure. The flow rate was 60 ml
per min. through a glass column of 6 feet and 1/ 4 inch internal
diameter packed with diethyl glycol succinate. Of the samples
injected, 1/10 was directed to the detector (hydrogen flame
ionization detector) and the remainder to the counter where it
was oxidized over a copper oxide furnace and put through a
proportiional counter system operated at 2500 volts. The output
from the proportionz.ll cdﬁntcr was calibrated with authentic 14C-
methyl palmitate of known specific activity., The component
peaks were identified by their retantion time relative to authentic
standard methylesters of palmitic, stearic, oleic, linoleic and
linolenic acids (obtained from Applied Science Corporation, Sate

College, Pa.).
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To determine 14C activity in the phytanyl groups of the
glycerol diether, a portion of the total pctroleum ether-soluble
fraction of the hydrolysate described above was heated under reflux
in 1 ml of 47% HI for 5 hr in a flask with side-tube (Kates et al, 1965,
1966 and Kates, 1964). After dilution of the hydrolysate with 4 ml of .
water, the phytanyl iodide formed was extracted with several 5 ml
portions of petroleun;. ether. The ether extracts were concentrated
under a8 strcam of nitrogen and made up to 10 ml with chloroform; the
aqueous phase was diluted to 10 ml with water. Portions of the
chloroform and of the aqueous solutions were plated on aluminum
planchets and counted for 14C-a.ctivity.

To prepare another phytanyl derivative and to .check for
the presence of any iodinated glycerol in the cther extract,the follow ing
reactions were carried out. A portion of thc chloroform solution of the
phytanyl iodide was concentrated to dryness under a stream of nitrogen,
and the residuc was dissolved in 5 ml of glacial acetic acid and stirred
and heated under reflux with 0.3 g of silver acetate for 20 hr. The '
mixture was diluted with ethyl ether (10 ml), freed from silver salts
by centrifugation, and the cther solution was cvaporated to dryness in a
stream of nitrogen. The rlesidue was methanolyzed in 5 ml of 2.5%
methanolic-HCl under reflux for 1 hr.; 0.5 ml of water was added and
the mixture was extracted with petrolcum ether. The ecther extracts
containing phytanol, and the water-methanol phase containing any glycerol
were concentrated to a small volume in a stream of nitrogen and made up
to 10 ml with chloroform and water, respectively; suitable aliquots were

counted for 14C—activity. Phytanyl iodide and phytanol werc subjected to
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/

thin layer/chromatography on silica gel H .using heptane, or chloro-
form—eth‘yl cther (9:1) as solvents. Glycerol was.chromatographed
on Whatman No. 1 paper with the pyridine-cthyl acetate-water
solvent.

To obtain the glycerol moiety of the glycerol diether
more directly, a portion of the diether fraction from the 14C--gly'cerol
precursor was trea'ted with boron trichloride in chloroform solution
at room temperaturc overnight (Kates ct al, 1965) . The mixture was
evaporated almost to complete dryness under a stream of nitrogen
and the residue was suspended in distilled water. The products were
separated into ether-soluble (phytanyl chloride) and water-soluble
(glycerol) fractions and each fraction was counted for 14C-activity and
chromatographed as described above. The procedures of degradation

of the lipids are summarized in Scheme III.
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4, Studies on Mctabolism of a-Glycerophosphate

(a) Incorporation of 32p from 61*t1101>luosplaate—32P
and rac-3-GP-32p in H. cutirubrum cells

H.cutirubrum cells (0.8 mg dry weight suspended in

2.0 ml salt solution) were grown in 100 ml of the standard culture
medium for extrerne' halophiles (Schgal and Gibbons, 1960) containing
500 pcuries of either 32P-orthophosphatc or _1*_2&_(_:—3-6P—32}3 (13 pmoles)
(specific activity 10.7 x 106 cpm/pmole); incubation was carried out
in 500 ml Erlenmyer side-arm flasks at 37° with shaking. The growth
curve was followed by measuring the optical density (using Coleman Jr. ;
Spectrophotometer at 660 mp)., Two-ml samples of the culture were

withdrawn at different time intervals and the lipids werec extracted by a

modification of the method of Bligh and Dyer (1959) as described above.
Total lipids were counted and chromatographed by Marinetiti's

procedure. Labelled spots on the chromatogram were located by

.autoradiography, cut out and counteil. Water-soluble organic phospha.te

esters and inorganic phosphates in the methanol-water phase of the
Bligh and Dyer extractions were estimated using the method of

Berenblum and Chain (1938) as described above.

{(b) Incorporation of 14¢ and 32P from _s_n—3—GP—14C
and rac-3-GP-32P in H. cutirubrum cells

23.0 ml of extreme halophile culture medium (Sehgal and
Gibbons, 1960) were inoculated with 1 ml of H. cutirubrum cell sus-
pension preparcd as described previously. Incubation was carried out

at 37° in 250 ml side-arm Erlenmyer flasks in the prescnce of 2.0 pmoles
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52—3-GP-14C (specific activity 4.5 x 105 cpm/pmole) or 8.0 pmoles
_1_’3._(:_-3—GP-32P (specific activity 10, 8 x 106 cpm/pmole). Growth was
followed by measuring the optical density at 660 myp on Coleman Jr.
Spectrophotometer. For the differcnt analytical measurements,
samples of 2.0 ml were withdrawn at different time intervals and the -
cells were centrifuged down at 800 x g for 15 minutes at 0°C. The cells
and supcrnatant (mec']ium) were then treated as follows (sce Schemes
IV and V):

(i) With rac-3-GP-32P as substrate: -
Suitable aliquots of the supernatant (medium) were counted and assayed
for organic water -soluble- 2P (3ZP-GP) and inorganic—32P as described
above (Berenblum and Chain, 1934). The cells were extracted by a
modification of the method of Bligh and Dyer (1959) (scc page &B).
Suitable aliquots of the chloroform layer containing the lipids were
counted and the phosphatides were identified by paper chromatography
and autoradiography. Aliquots of the methanol-water layer were
counted, assayed for organic water-soluble-32P and inorganic—32P by.
the Berenblum and Chain procedure (1959), and by paper chromatography,

autoradiography and counting the lablled components. The results

represent intracellular glycerophosphate-P and inorganic-P, respcctively.

(ii) With sn-3-GP-}C as substrate: - A suitable
aliquot of the supernatant (medium) after repeated treatment with mixed
Amberlite anion-cation exchange resins (MB-3) to remove salts and
GP-MC)was counted for free 14C-activity and chromatographed on

paper in pyridine-ethyl-acetate-water 2:5:5 (v/v/v, upper phase) to

e s e i i e e B RN
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confirm the identity of 14‘C-g1ycerol. The results represent extra-
cellular free glycerol. The cells were extracted as described above
and a suitable aliquot of the chloroform phase was tounted for l4¢
activity. Aliquots from the alcoholic-water layer were counted for total
14C-activity and assayed for water soluble .14C-GP and 14C-g1yccrol

by paper chr omatogx;aphy and autoradiography, and the radioactive
components were cut out and counted; the results represent cellular

¥c.gPp and M¥c-glycerol.

{c) Glycerophosphatase activity'of
H. cutirubrum cell {ractions

(i) Optimum pH; - The pH optimum for the
hydrolysis of EE—3—GP-3ZP by H. cutirubrum cell fractions was
determined by a method similar to that described by Kates (1954, 1955)
as follows. 4.5 ml of each cell fraction [prepared as described in
Section B, III, (b)], total ccll freec homogenate (containing 1.9 mg
protein/ml), envelope fraction (containing 1.3 mg protein/ml) and
supernatant fraction (containing 0.7 mg protein/_ml), was incubated
separately with 0.8 pmoles ﬂ-S-GP-?’ZP (specific activ.ity 10. 8 x 106
cpm/pmole) for 2 ho.urs at 37°in 0.2 M Tris-HCI buffer at pH 4.0,
4.5, 5.0, 5.5, 6.0 and 7.0 in a final volume of 5.0 ml. At the cnd of
the incubation period, 1 ml aliquots were withdrawn and assayed for
inorganic phosphatc-32P by the method of Berenblum and Chain (1948)
as described above. Tubes containing substrate and buffer but with

4M salt solution replacing the ccll {ractions served as controls. It was

£
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found that the optimum pH for the hydrolysis of rac-3-GP-32P was
pH 5.0 for all cell fractions (Fig. 4).

(ii) Time course: - The rf—zaction mixtures
and experimental procedures described for determining the optimum pH
were used for the time studies ‘except that the incubation period varied

from 0.5 to 2.0 hours, and the pH was kept at the optimum pH, 5. 0.

(d) Glycerokinase activity of H. cutirubrum

(i) Assay of glycerokinase activity in total cell-
free honliogenate of H. cutirubrum: - The glycérokinasc activity was
assayed enzymatically using a method essentially similar to that of
Bublitz and Kennedy (1954 a and b), Wicland and Suyter (195.7 a and b)
and Kennedy (1962). The method is based on spectrophotometric
determination of NADH produced in the oxidation process of sn-3-glycero-
phosphate to dihydroxyacetone phosphate in the presence of NAD and
catalyzcd by the enzyme a~-GP dehydrogenase at an alkalinc pH. The -
detailed assay procedure was as follows. Total cell-free homogenate of
H.cutirubrum cells (3. 75 ml, 1.9 mg protein per ml), was incubated with
62.5 pmoles MgCl,, 125 pmoles KIF, 250 pmoles Tris-HCI buffer
PH 7.5, 20 pmoles glycerol, 50 pmoles dithiothreitol (Cleland's reagent)
and 100 pmoles ATP neutralized with NaOH in a final volume of 5.0 ml.

A control experiment was carried out simultancously using the same
reaction mixture except that ATP was replaced by the 4M salt solution.
The reaction tubes were incubated at 35°C in a water bath with gentle
shaking. One ml aliquots were taken at different time intervals and

pipetted into 1 ml of 0.2 N cold metaphosphoric acid and the precipitated
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protein was removed by centrifugation. As a zero hour control 0.90 ml
of the mixture was pipetted into 1 ml of 0.2 N metaphosphoric acid;
then 100 pl of a solution containing 20 pmoles ATP was added,

The glycerophosphate formed was assayed as follows,
1.0 ml of clear supernatant was neutralized with 1. 0 ml of 0.1 N NaOH;
0.5 ml of the neutralized solution was incubated"for one hour at room |
temperature with 1.5 ml 1.0 M hydrazine-hydrazine hydrochloride
buffer of pII 9.4, 100 pul of 25 mM NAD, 150 ul of 1.0 M KF, 150 pl of 1%
nicotinamide-sodium carbonate buffer and 40 pl of the enzyme, a-
glycerophosphate dehydrogenase (from rabbit muscle - A grade -
Calbioclicnl. 170 IU/ mi1-4 mg protein/ml). The optical density was
recorded at 340 mp. on a Cary recording spectrophotometer. The con-

centration of sn-3-glycerophosphate in the reaction mixture was cal-

culated from standard curves using synthetic sn-3-GP. It was found that

about 0.9 pmoles sn-3-GP was produced within 90 minutes under the

above reaction conditions (Fig. 6).

(ii) Synthesis of a-glycerophosphate (a-GP)
by H. cutirubrum cell fractions: - The enzymatic procedure was

essentially the same as that described by Bublitz and Kenhedy (1954, a

and b) and Chang and-l{enncdy (1967). 3.5 ml of each of the H. cutirubrum

cell fractions (total homogenate, 7.35 mg protein; envclope, 4.6 mg
protein; supernatant, 2. 45 mg protein) was separately incubated for
3.5 hours at 37° with 100 pmoles ATP, 250 pmoles Tris-HCl buffer
of pH 7.5; 62.5 pmoles MgCl,, 125 pmoles KF, 1.1 pmole 1, 3-14C-
glycerol (10 pcuries), 20 pmoles "cold" glycerol, and 50 pmoles
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B-mercaptoethanol in a final volume of 5.0 ml., The incubation period
was terminated by placing the reaction tubes in a boiling water -bath

for 5 minutes and then they were centrifuged briefly. The clear super-
natant was applicd to a Dowex-l-formate column and the radiocactive
a-GP was eluted as described above for standard synthetic 5_13-3—GP-14C.
The combined radioactive fractions were taken to dryness under reduced
pressurc and the residues were dissolved in a few milliliters of distilled
water. The solutions were neutralized with ammonia, treated with acid
washed charcoal to remove nuclecotides and filtered as described above
and finally made up to 5.0 ml with distilled water. Suitable aliquots
were taKen for counting, determination of total and inorganic phosphorus,

a-GP-phosphorus and enzymatic determination of sn-glycero-3-

phosphate.
(iii) Identification of the glycerophosphate
isomer(s) produced by H. cutirubrum cell fractions: - To identify the

isomer(s) of e gp formed, 0.5 ml aliquots of the glyccrophosphate
solutions were assayed for total a-GP-P by the periodate procedure
(Pande ct al, 1967) and for sn-glycerol-3-phosphate by the specific
enzymatic procedurc of Kennedy (1962); Bublitz and Kennedy (1954, a

and b) as follows: 0,5 ml of the charcoal treated GP solutions (containing
0.3 -0.4 pmole GP) was incubated with 2.4 mmoles hydrazine-HCl
buffer pH 9.8, 10 pmoles NAD, 2 mg bovine serum albumin, 25 ul sn-3-
GP-dehydrogenase (from rabbit muscle ~ 170 1U/ml and 4 mg protecin/
ml, Calbiochem Corp.) in a final volume of 1.50 ml. The reaction
mixture was incubated for 20 minutes at room temperature, then 1.5 ml

of 95% cthanol was added and the tubes were centrifuged briefly., The
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absorbency of the clear supcrnatant solutions at 340 mp, due to NADH
formation, was recorded against a control, which received identical
treatment except that a-GP dehydrogenase was add.éd after the ethanol,
For further identification of the 14Cc-GP isomer(s),
aliquots of the GP-dechydrogenase reaction mixtures, after dilution
with ethanol, werc paper chromatographed in t-butanol-water-picric.

acid (80:20:4, v/v/w) and the chromatograms were autoradiographed,

(e) a-Glycerophosphate dechydrogenase activity
of H. cutirubrum cell fractions

Glycerophosphate dehydrogenate activity in H. cutirubrum
cell fractions was detected by a modification of the proceduies of
Bublitz and Kennedy (1954, a and b) and Kennedy (1962) as follows.
Aliquots of H. cutirubrum total cell-free homogenate,0.25 ml (2.0 mg
protein/mal), envelope fraction,0.25 ml (1. 7 mg protein/ml) and super -
natant fraction,0.25 ml (0.5 mg protein/ml) were scparately incubated
at room temperature for 2 hours with 2.4 mmoles hydrazine-HCI1
buffer of pH 9.7, 10 pmoles NAD and 0.2 pmoles _1‘_:5-3—(}13—3213

(specific activity 11,4 x 106 cpm/pmole) in a final volume of 1.5 ml.

~ In another experiment, _s_g~3-GP—14C (specific activity 6.5 x 105 cpm/

pmole) was used instead of ﬁ-3-GP-32P, in the same system, to
examine the stcreospecific‘ity of glycerophosphate dchydrogenase. The
incubation period was terminated by the addition of 6.0 ml of 95%
ethanol and the tubes werc centrifuged briefly. Control experiments

were carried out in which authentic a-GP dchydrogenase (from rabbit

SNSRI <. (.5 5%
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muscle) was used instead of the H. cutirubrum cell fractions., "Zero
time' tubes received identical treatment except that the additions of
H.cutirubrum cell fractions or authentic a-GP deh“ydrogenase was
made after that of ethanol. Suitable aliquots of the ethanol-water
supernatants (3.0 ml) were evaporated to a small volume, centr 1fu0cd
briefly and paper chr omatographed with tert. -butanol-water- ~-picric

acid (80:20:4, v/v/w); the radioactive spots located by autoradiography

were cut out and counted.

5. Fatty Acid Synthectase Activity in H . cutirubrum
Total Cell-free Homogenate

Fatty acid synthetase system in H. cutirubrum total cell-

free homogenate preparcd as described in Section B, I1I, (a) was tested

by the procedure described by Lennarz et al (1962) and Norris ct al (1964)

as follows. 0.15 ml of total cell-frece homogenate contammg 2 mg

protein/ml was incubated with 1 pmole NAD, 3 pmoles glucose-6- -phosphate,

5 pmoles B-mercaptoethanol, 2pl of glucose-6-phosphate dehydrogenase
(from Calbiochem. Corp., 1 mg or 200 cnzyme units/1 m]), 50 pmoles

phosphate buffer pH 7, 75 pmoles acetyl CoA, and 25 pmoles

- (5.5. x 106 a m) 1, 3—14C-malon 1-CoA (from New England Nuclear Corp.)
pm) y g

in a final volume of 0.5 ml. The final salt concentration was about

1.6 M. A similar experiment was carried out at a salt concentration

of 3.6 M achieved by preparing the phosphate buffer in 4 M salt solution.
The reaction mixtures were incubated at 30° for 2 hours. The reaction
was stopped by the addition of 1.25 ml of methanol followed by 0.75 mi

of CHCl3 and the lipids were extracted by a modification of the procedure
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of Bligh and Dyer (1959) as described in Section B, IV. Control tubes
contained all the components except the total cell-free homogenate
which was added after the addition of methanol and chloroform.

The lipid fraction obtained by the Bligh and Dyer extraction
procedure was refluxed for onc hour with 4.5 m) of 2. 7% n‘1cthanolic‘ :
HCl in a 50 ml Erlenmyer flask with side-arm tube. Thec mixture was
made alkaline by addition of 0.5 ml of 7 N NaOH and refluxing was
continued for 1 hour. The total unsaponifiable lipids were extracted
with petroleum ether, counted for 14C-radioactivity and subjected to
TLC and autoradiography. The free fatty acids werec extracted after
acidification of the aqueous alkaline solution from the saponification
process with 6 N HCl; they were then counted and subjected to TLC and
autoradiography. The methyl fatty acid esters were prepared by re-
fluxing the freec fatty acids in 4.5 ml of 2. 7% methanolic HCI for one
hour in the same side-arm Erlenmyer flask, 0.5 ml of H,O was added
and the methylesters were extracted with petroleum cther, counted and

chromatographed. Scheme VI outlines the above reaction procedures.

6. Short Term Labelling of H. cutirubrum Cells with
32P-orthophosphate

Cells of H. cutirubrum grown in 50 ml of standard complex
medium for halophiles (as described above) were harvested at the
stationary phase (3 days) by brief centrifugation and washed twice with
4M salt solution. The cells were resuspended in 250 ml side-arm
Erlenmyer flasks containing 48.5 ml of modified (low phosphate) com-

plex medium composed of (g/1): yeast extract 5, casamino acids 3. 7,

N s e e e e oL
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sodium citrate 3, KCl 2, MgSOy. 7HZO’ 20, NacCl 250, and 0.05
FeSOy4. TH,0 and the pH was adjusted at 6.7, 1.5 mec of 32P-ortho-
phosphate in 1.5 ml H>0O ncutralized to phenol red was added to the
cell suspension and the culture was incubated at 37° with shaking.
Growth was followed by measuring O.D, at 660. Samples of 1.0 ml
were withdrawn at z‘ero time, at 1 min, and at 2, 5, and 10 minutes |
and immediately added to 3.75 ml of methanol-céhloroforzn (2:1, v/v).
After scveral hours, 1.25 ml cach of chloroform and water was added,
mixed and centrifuged. Suitable aliquots from the chloroform layer
were counted and chromatographed on silicic acid-impregnatea paper
with Marinetti's solvent. Labelled components located by autoradio-

graphy were cut out and counted.
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C. RESULTS"

1. Radioisotopic Studics on the Biosynthesis of the Glyceryl
Diether Lipids of Halobacterium culirubrum

1. Overall Incorporation of.Radioisotopes into
Total Lipids

When cells of H. cutirubrum were grown in the 146 )abelled

precursors given in Table 1, it was found that mevalonate showed the

Acetate and glycerol each showed about 2% incorporation, but only traccs
of 14¢ appeared in the lipids when malonate was supplied. ..Thc 14¢c.
specific activities of the lipids were also in the same order (Table 1). j
Incorporation of 32P-orthophc’>sphatc to the extent of 1.5% of
that supplied was observed under growth conditions comparable to those
for the 4cC precursors (Tablc 1). Considcring that the complex growth-
medium contained inorganic phosphate which diluted the 32P-orthophos-
phate, the obscrved incorporation of 32P was quite reasonable, The

35S—sulfatc, however, was very poorly incorporated when cells were

" grown in the standard culture medium (Sehgal and Gibbons, 1960), because

of dilution of the tracer with "cold!" sulfate from the MgSQy in the
medium. When the MgSOy was replaced by MgClZ, incorporation of
355 into the lipids was increascd about forty-fold, but was still low on a

percentage basis (Table 1),



A
R R
1!

‘POUTWIIS}AP JON

218N 4q peoerded sem YogSW uaym pautelqo oI1am (q)-

x03 sanjea (VOGS mﬁ.ﬁ.mucou WMIpawW pIepue)s Ul UMOIZ 219m STI9D Uaym pauleiqo (e) I0J soniep

ate 3te
P4

§Z x 3am3mo (W /J-pidi] 81 = sanymo Tw /p1di 8+ :snyj jusjuoo d-pidi] woay pajenoien L
. . ‘U013098G SPOYIO W
PU® STBII91BIN 995 2anpad0oad [ejuswuriodxo Polleldp. I040  *(ws 93j0u3007 295 ) °1ejIns-Sc o Yim
sjuowriadxs 103 3dooxs ‘oseyd Lieuonels 119U} 03 oL € 1% sPTIYdOTey SWAI}XD I0] WMIPOW 2.IN3[ND
PIBPUBIS 9Y} UT 1051032 ad paijoqe] Jo junowe pajes1pul 9U3} JO 2ouasaxd oyj Ut UMoIS a1om SI[OD 5
- - (- b - 1°0 8 0'g  (q)
- - ﬁ- b - ¥00°0 20 0°¢g (e) 3 OIBFING- S e
- 2z < ¥l $°1 0€ 0°2 sjeydsoydoy31o-d,,
0.8 - X4 26°0 0°2 02 0°1 10322415-0, .-
] .
0 00¢¥% - 61 GL'0 Z2°8 28 0°1 oumcoﬁm\,wg-oﬂ-m
[o'e] -3
! 049 - L1 99°0 w 0 6°0 0°'1 9FBUOTRIN-D3,1-2
1 g .
056 - 02 6L°0 6°1 61 0°1 93TV =Dy 11
pidit d-pdiy | goammo 2an31nd | parrddns .
Sw xod 3l 1w aad Tw xad § f£31anoe 2an31N0 2aIn3o
Hyrluwx 1ad priwa | pidiy 81 g-pidip S w Jo 9% 1w xad priw | (ux aed o
| spidi] 12307 ojur poje »pot1iddns
£318130y o1y100dg spidif 1e301, w -1od xoout adojosiopey 108an09 1 -

wnaqninno g jo spidiT
[B30L 913 ojut sI10sandeid paf[aqe] snotaiep wody sedojosiorpey jo uorjeaodroous

1 HI9dVL

3o e o3 e Dy 8 A S R T R T R O T T I T R L T T Y B ST R T T AR BT peEs e Sk =824
1 VAT PRI R Fathy By




325per s ooy e e

T

S e

i

NPT

- 86 -

2. Distribution of Radioisotopes among Individual
Lipid Components

The distribution of 14¢C among the lipid components was
found to vary with each of the precursors supplied (Plate I, Table 2).
Almost half of the ¢ derived from mevalonate was associated with
the major lipid phosphatidyl glycerophosphate (Spot 6 and 7, Plate 1),
while the pigments and neutral lipids (Spot 9, Plate I), the glycolipid
sulfate (Spot 2, Plate I), and phosphatidyl glycerol (Spot 8, Plate I)
had much lower (and about equal) proportions of l4¢ activity., 1In
coxut1~ést, the highest proportions of 14C derived from ecither acetate
or glycerol were associated with the glycolipid sulfate, and pro-
gressively lower proportions appeared in phosphatidyl gl&ccrophos-—
rhate, phosphatidyl glycerol and the pigment and neutral lipid fractions.
It may also be noted that the unidentified component (Spot 4, Plate I)
was relatively heavily labelled with acetate or glycerol but less so with
mevalonate.

The distribution of the traces of 14¢C incorporated when
malonate was uscd as precursor was almost the same as that with
acctate (Table 2). This finding suggests that the incorporation observed
with malonate is probably duc to traces of acetate impurity,

'i“he incorporation of 32P—orthophosphate closely
paralleled the distribution of lipid phosphorus among the components
(Table 2). Thus, the major phosphatide, phosphatidyl glycerophosphate
(Spot 6 and 7, Plate I) and the minor phosphatide, phosphatidyl glycerol




S B R R S A S RS W DR

5, LIRS TR

R LR it oo .

- 87 -

(Spot 8, Plate I) accounted for 77% and 8%, respectively, of the total
32P incorporated into the lipids, values which are almost identical
with the respective proportions of lipid-P in these components. The
other minor phosphatide (Spot 4) which has not yet been identified,
appears to be relatively strongly labelled with 32P as well as 14C,
and also scems to ‘contain some 358. This spot (Spot 4, Plate I)
probably consists of a phosphatide and a sulfolipid which are not
resolved by the chromatographic-system used. It should be noted that
the traces of 32P found associated with Spots 1, 2 and 3 (Plate I) are
probably due to streaking of the major phosphatide Spot 6, and are not
considered to be part of these lipid molecules.

When 3SS—su1fate was used as precursor, 80% of the
radioisotope incorporated into the lipids appeared in the glycolipid
sulfate ester component (Spot 2, Plate I), and about 15% was associated
with a slow-moving unidcntified component (Spot 1, Plate I). The
remaining 5% appeared to be associated with the minor unidentified

component, Spot 4 (Plate I) mentioned above,
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PLATE I

Chromatograms and autoradiographs of total lipids of
H. cutirubrum cells grown in the presence of 32P-

orthophosphate, 14

C-labelled glycerol, mevalonate,
acetate, or malonate, and 355—sulfatc. Chromato-
grams were stained with Rhodamine 6G and viewed under

ultraviolet light (abbreviations: B, blue; O, orangc;

Y, yellow, G, grey; w, wecak; m, moderate; s, strong).

Identity of spotis: 1, unidentified sulfolipid; 2, 'glyco-
lipid sulfate; 3, glycolipid; 4, unidentified phospholipid
+ sulfolipid; 6 + 7, phosphatidyl glycerophosphate;

8, phosphatidyl glycerol; 9, pigments + neutral lipids.
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3, Distribution of Radioisotopsgamong the
Lipid Moieties

Methanolysis of the total lipids of H. cutirubrum in
2. 5% methanolic-HCl results in complete conversion of lipid-P and
lipid-bound sugars to watcr-s‘olublc forms, with concomitant
liberation of the diphytanyl glycerol cther moiety which is soluble in
pectroleum cther (l<'.ate5 et al, 1965; Bligh and Dyer, 1959). The
distribution of 14¢ among the water-soluble and petroleum ether-
soluble products after methanolysis of the 14¢ 1abelled lipids (Table 3)
showed that with all the precursors,except glycerol,more than 95% of
the 14C was incorporated into the petroleum ether-soluble fraction and
only a few percent appeared in the water-soluble fraction. With
glycerol as precursor, a considerable proportion (29%) of the 146 was
found in the water-soluble fraction, but most of the activity was still
associated with the petroleum ether soluble fraction. The water-
soluble 4C was found mostly in the sugars (glucose, galactose,

mannosc) and phosphate esters (Plate II, A and B).

Autoradiograms of chromatograms of the petroleum ether-

soluble fractions (Plates III and 1V) showed that with each of the 4C-
labelled prccursoré alrﬁost all of the radioactivity was associated with
the diphytanyl glycerol ether moiety of the lipids, but small to trace
amounts of 14C appeared to be associated with spots corresponding to
monophytlanyl glycerol, hydrocarbons [mostly squalene (Tornabenc

et al, 1969)] and fatty acid methyl esters.
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PLATE II

Chromatogram-and autoradiograph of water-soluble
moictics of 14C,—labellcd lipids from the 14C.:-grlycerol
precursor. Material chromatographed: 1, water-;

soluble products of methanoic-HCl hydrolysis of total
lipids, after further hydrolysis with aqueous HCI;

2, water-soluble products of BClj cleavage of di-O-thytanyl -
glycerol diether. Solvent: A, pyridine-ethyl acectate-
water (2:5:5, upper phase); B, tert. -butanol-water-~

picric acid (80:20:4, v/v/w).

v
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PLATE III

A thin-layer chromatogram and autoradiograph of
ether-soluble products of methanolic-HCl
hydrolysis of 14C-labelled total lipids from the
following precursors: 1, 1—14C—acctate; 2,
2-14C—malonatc; 3, 2—14C-mevalonate; and 4,
U-14C—g1ycerol; standard, synthetic q, B-di-O-
phytanyl glycerol. Solvent, chloroform-ethyl ether
(20:1, v/v). Identity of spots: a, monophytanyl
glyceryl ether; b, diphytanyl glycerol; c, lfatty

acid methyl esters; d, hydrocarbons and pigments.
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PLATE IV

Chromatogram and autoradiograph of ether-soluble
products of methanolic-HCl hydrolysis of total 14e.
lipids on silicic acid impregnated paper with heptane-
diisobutyl ketone (96:6) as solvent. Material

applied, as in Plate III; identity of spots: a, fatty
acids; b, diphytanyl glycerol; c, fatty acid methyl

esters, hydrocarbons and pigments.
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4, 14C—La.bclling of the Phytanyl and Glycerol
Moiecties of the Diether

After hydrolysis of the glycerol dicther fractions
with HI and separation of the cleavage products into ether-soluble
(phytanyl iodide) and \va'ter-solublé fractions, the proportions of
the 14C in the diether fractions found in the ether-soluble
products were 97, 94 anld 76% for the acetate, mevalonate and
glycerol precursors, respectively (Table 4), With the malonate
precursor, insufficient activity was available for accurate
counting. When the ether-soluble products were chromatographed
by thin-layer chromatography, most of the 146 was founa
associated with the phytanyl iodide spot (Plate V). To verify the
identity of the phytanyl iodide, the ether-soluble products from
the mevalonate and acetate precursors were treated with silver
acetate followed by methanolysis. After thin-layer chromato-
graphy of the resulting products, a new spot, corresponding to
phytanol, containcd most of the e activity (Plate VI). Any
iodinated glyccrol which might have been present in the ether-
soluble cleavage products would have been converted to frcé"
glycerol during the silver acéfatc -mcthanolysis treatment. When
the water-soluble products of the latter treatment were examined
chromatographically, however, no glycerol was detected and no
l4c appearcd in the position 611 the chromatogram expected for
glycerol. Examination of the HI-water phasc for glycerol by paper

chromatography was inconclusive because of the high concentration
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PLATE V

Thin-layer chromatogram and autoradiograph of ether-
soluble products of HI clecavage of diphytanyl glycerol
fraction from the following l4c labelled precursors:

1, acctate; 2, malonate; 3, mevalonate; 4, glycerol;

- standard, synthetic phytanyl iodide. Solvent: heptane;

identity of spots: a, phytanyl iodide; b, ¢, unidentified.
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PLATE VI

Thin-layer chromatograph and autoradiograph of
phytanyl iodide and phytanol derived from lipids
labelled with 4C-acetate or mevalonate. Material
applied: 1, 2, phytyl iodide from mevalonate and

- acetate, respecctively; 3, 4, phytanol from meva-
lonate and acetate, respectively; standards; (a)
synthetic phytyl iodide and (b) phytanol, Solvent:

chloroform-ether (20:1).
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of HI present. However, when the diether labelled with14c from
the glycerol precursor was cleaved with boron trichloride, 76%
of the radioactivity was found in the ether-soluble products
(mostly phytanyl chloride)- and the remainder (24%) was found in
the water-soluble products (Table 4). Chromatograpﬁy of the
water-soluble products followed by autoradiography showed that

the 14C was as sociated entirely with glycerol (Plate II). %

5.  Mc-Labelling of Fatty Acids

To check specifically for the presence of fatty acid’
methylesters, the petroleum ether-soluble methanolysis products
from the lipids labelled with 14C—ace‘tate were saponified and the
products separated into neutral (unsaponified) and fatty acid
fractions, the latter being converted to methylesters by refluxing
in methanolic-HCIl (see Methods Section). Almost all of the
activity (98%) remained with the unsaponifiable fraction and was
associated mostly with the diphytanyl glycerol dicther, but aboﬁt
1.5% appeared in the fatty a‘cid fraction. While much of the latter
was associated with traces of glycerol diether carried over from
the unsaponifiable fraction, a faint but definite radioactive spot,
having the same mobility as methyl 14C-pa1mitatc was delected on
thin-layer chromatography of the fatty acid methyl esters fraction

(Plate VII). Gas-liquid chromatography of the methyl csters (Fig.1)

L A P S
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PLATE VIL

Thin-layer chfomatogram and autoradiograph of ether-
soluble products of methanolic-HCl hydrolysis of total
lipids labelled with 14C-acetate precursor. Material
applied: 1, total ether-soluble products; 2, un-
saponifiable fraction (diphytanyl glycerol); 3, fatty
acid fraction; 4, methyl esters of fatty acid fraction;

5, palmitic acid; 6, methyl palmitate. Solvent,
chloroform-ethyl ether (9:1). Identity of spots: a,
fatty acids and monophytanyl glycerol; b, diphytanyl

glycerol; ¢, fatty acid methyl esters,
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FIGURE 1

Gas-liquid radiochromatogram of methyl fatty-acid esters
synthesized by H. cutirubrum using 1‘}‘C—acetate as a pre-
cursor. Identification of the components was based on their
retention time relative to standard methyl fatty acid esters,
(A)  is the mass record of peaks,

(B) is the radioactive record of peaks,

It should be noted that the radioactivity corresponds only to }
the palmitic acid peak (16:0). Extracts of the uninoculated
halophiles complex growth medium had the same pattern of

peaks but were not labelled (Kates et al, 1966).
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showed that most of the 14C was in palmitic acid. This finding
is the first direct evidence that fatty acids are synthesized by
H. cutirubrum, but it must be emphasized that the 14C
associated with the fatty acids eluted from the thin-layer
chromatographic plate amounts to no more than about 0.5% of
the 14¢ incorporated into the total lipids with acetate as pre-
cursor.

The above results thus indicate that labelled acetate
and labclled mevalonate were incorporated almost exclusively
(more than 95% of the l4c label) into the phytanyl groups of the
dicther moieties and only traces appeared in the glycerol and
water -soluble moieties. In contrast, with radicactive glycero.l_
about 56% of the total 4C incorporated appeared in the phytanyl
groups and thé remainder (44%) was prescnt in the glycerol
moieties of the phosphatidyl glycerol and in the sugar groups of
the sulfolipid. Only with 4C-acectate was any 14 observed in
fatty acids, and the amount incorporated was only ca. 0.5% of the

total %G in total lipids.
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II. Biosynthesis of Faity Acids

Demonstration of a Fatty Acid Synthetase System
in H. cutirubrum

The finding that traces of labelled fatty acids were
definitely formed with 1-14C_acetate as precursor (Plate VII)
suggested that a pathway for synthesis of fatty acid might be operative
in H. cutirubrum. It was hoped to obtain more definite evidence on
this point by the usc of 2-1%C-malonate as precursor, but only
traées of 14C were incorporated into the lipids (Table 1) and werce
distributed among the lipid components and moicties in the same way
as was the 14C-activity from the acetate precursor (Table 2):
Malonate itself being a dicarboxylic acid was apparently not taken
up by the cells and the 14C—activity obtained was probably due to

incorporation of an acectate impurity. In order to scttle the question

'of the existence of a malonyl-CoA faity acid synthetase system,

studies on the Hosynthesis of fatty acids were carried out using a
cell-free system, with 14G . 1abelled malonyl-CoA as prccursor, as
described in Section B, VII, 5.

As shown in Table 5, 0.4 - 0.6% of the 14C-labelling
was found to be present in the fatty acid fraction, while the ncutral
unsaponifiable fraction (containing diether, monoether, etc.) con-
tained no detectable radioactivity. It should be noted that lowering
the salt concentration (from 3.8 M to 1.8 M) caused about 30% in-
crcase in the incorporation of ¢ activity in the fatty acids fraction

(Table 5). Autoradiograms of chromatograms of the ncutral fraction,
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fatty acids fraction and their methyl esters (Plate VIII) confirmed
that there was no radioactivity in the unsaponifiable fraction and
that labelling was associated almost entirely with the fatty acids
(and/or their methyl esters).

The trace incorporation of 14C-activity into fatty
acids cither from 1-14C—acetate (Fig. 1, Plate VII) or 1, 3-14C-
malonyl-CoA (Table 5.and Plate VIII) as precursofs, suggests that
H. cutirubrum does contain a malonyl-CoA system for fatty acid
biosynthesis. However, the fatty acid synthetase system is
operating, obviously, at a low level of activity and it might be

partially depressed by high concentrations of salt (Table 5).
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PLATE VIII

Thin-layer chromatogram and autoradiograph of fatty acids and
methyl fatty acid esters synthesized by H. cutirubrum total cell-
frec homogenate and labelled 1, 3—14C—malonyl-CoA. Material
applied at high and low salt concentrations respeclively:

2, 3-methyl faity acid esters; 5, 6 - "free" fatty acids; 7,8 -
neutral unsaponified lipids. Standards:b 1, methyl palmitate
(Spot c), 4, palmitic acid (Spot a) and 9 - a, B-di-O-phytanyl
glycerol (Spot b). Solvent: chloroform-acctone-methanol-acetic

acid-H,0 (50:20:10:10:5),
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III. Distribution of 14C and 3H Labelling among Lipid
Components of H. cutirubrum Cells grown in the
Presence of 1,(5_)-3I-I-and 1, 3-14C—G1ycerol Mixture
and 2-3H-and 1, 3-14C-glycerol mixture

The ratio of 3H to 14C activities in lipids of H. cutirubrum
cells was found to vary with the position of the 3H 1abel in the pre-
cursors supplied (Table 6). Cells were grown in the prescnce of 1,(3)-
3H.and 1, 3-14C—g1ycerol' mixture (Precursor I; initial 31—1/14C ratio
of counts, 27.3) and in 2-3H- and 1, 3-14C-g1ycerol mixture
(Precursor II; initial 3H/M‘C ratio of counts, 17.3). Total lipids
from cells grown in Precursor I showed a 3H/14C ratio of 21.6,
indicating a retention of 79% of the 3H; while thosc cells grown in
Precursor II showed a 3H/M‘C ratio of 0.84. After methanolysis of
total lipids in 2. 5% methanolic-HCl, the petroleum cther—soluiﬂe (di-
phytanyl glycerol ether) fraction was found to have a 3I—I/14C ratio of_
19.1(70% retention of 3I—I) for cells grown in P.rccursor I and 0.53 for
cells grown in Precursor II; the water-soluble fraction (sugar moictics
and phosphate esters) had a 3H/14C ratio of 18.2 (67% retention of 3H)
and 0.97;for cells grown in Precursors I and II respectively. After
adsorption of the phosphate esters from the methanolic-HC1 fraction ,
for cells grownin Precursor I.b)r treatment with Amberlite MB-3 resin,
the remaining sugar components showed a lower 3H/14C ratio of 14.5
(53% rctention of 3H). The 3H/ 146 ratio of the glycerol phosphates is
thus probably greater than 14,5, indicating that here too the glycerol

retained most of its 3H.
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When the diphytanyl glycerol ether fraction was cleaved
with boron trichloride, the ether-soluble products (mostly phytanyl
chloride) for cells grown in Precursor I showed a 3H/'14C ratio of
13.8 (53% retention of3}ﬂ which is about half that of the precursor's
activity. On the other hand, the 3H/MC ratio of the diphytanyl chloride
fraction for cells grown.in Precursor II was very low, namely 0. 46,
The water-soluble moicty of the diether (glycerol) from cells grown
in Precursor I showed a 3I-I/14C ratio of 27.8 (102% retention of 3H)
which is similar to that of the precursor's initial activity; while the
glycerol moiety of the diphytanyl cther {raction had a very low
3u/l4c ratio of 0.67 for cells grown in Precursor II.

These results show that when H. cutirubrum cells were
allowed to grow in the presence of 1,(3)-31'1 glycerol, alimost all of
the 3H was retained in the glycerol moiety of the diphytanyl glycerol
ether analogue, but only 50% was retained in the phytanyl groups and
in glycosidic moiecties. In marked contrast, with the 2-3I1-g1yccrol
precursor, the 3H content of ecither the phytanyl groups or the glycerol
moiety of the diphytanyl glycerol ether analoguc was almost completely

lost.
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IV,  Studies on Mctabolism of a-Glycerophosphate

1. Incorporation of 32p from rac-3-GP-32P and
3&13-01‘1;110phosphate into Lipids by Whole Cells

The time course curves presented in Fig. 2 showed that
when H. cutirubrum cells were incubated in the presence of rac-3-GP-
32P, no 32p activity was detected in the lipids until the late linear

phase of growth., Further investigation showed that labelled inorganic

phosphate was being liberated at a rate paralleling the growth curve

(Fig. 2B), up to a maximum near thec mid-linear phase and declining

thereafter to 2 minimuwun at the stationary phase. No 32p incorporation

into lipids occurred until this period of decrease in 3¢P-inorgan.ic

phosphate. Thereafter, 32p incorporation into the lipids increcased at

a rate similar to that for decreasc in 32P—Pi. ‘
These observations suggested that the extra-cellular |

glycerophosphatc was not being used directly by H. cutirubrum cells

for phospholipid synthesis, but was being hydrolyzed to inorganic phos-

phate and glycerol which were then utilized for lipid synthcsis'.: This

suggestion was strengthened by‘1l:he fact that when the cells were

incubated with 32P orthophosphate alonc, the latter was immediately

taken up by the cells and 32p incorporation into the phosphatides exactly

paralleled the growth curve. It is of interest that 32p incorporation

into the PGP-diether analogue paralleled that into the total lipids,
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Fig. 2 and Tables 7 and 8 also show the distribution
of 32p activity among lipid components of H.cutirubrum cells with
_1_~_§_c_-3-GP-32P and Pi—32P as precursors. It should be noted that
with both precursors, PGP-diether accounted for ca. 60% of the
total 1ipid-32P in the early stages of growth increasing to a final
value of about 80%. Thié increase in PGP-diether labelling
appeared to occur at the expense of two unidentified éomponents,
namely Spots number 3 and 4 (Plate I, Tables 7 and 8). These results
suggest that the latter components may be related biosynthetically to

PGP-diether analoguec.

e
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FIGURE 2

Time course of uptake of 32p by growing cultures of

H. cutirubrum cells in the presence of:

(A) rac-3-GP-32p, ang

(B) 32P-orthophosphatc.

Sce Tables 7 and 8 and Section B, VII, 4 (a) for detailed
procedure. Counts were corrected for "zero time" values.
Abbreviations:

PGP Phosphatidylglycerolphosphate-dicther fgrzn.
Pi—32P-water soluble: 32P-in01‘génic phosphate assayed by the

Berenblum and Chain procedure.
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2. Incorporation of 32p and 14C from rac-3-
glyccrol—phosphate-32P and sn-glycerol-3-
phosphate-14C by Whole Cells

The results of the previous experiment suggested that
a-glycerolphosphate was being hydrolyzed to inorganic phosphate
which was then incorporated into the phospholipids. The question
now arose whether a-GP, penetrated the cell first or.whcther it was
hydrolyzed outside the cells. To answer this, H. cutirubrum was
grown in the presence of 3_{_1_5-3—GP-32P and in the presence of sn-3-
GP-14C, cultures were centrifuged and the cells and the media, in
both experirhents were tested for labelled organic and inorganic
components. Both Pi—?’zP and 14C-glycerol were found in the exira-
cellular medium at a rate paralleling the growth curve (Fig. 3A and
B); the liberation reached a maximum in the late linear phase and
began to decrease thercafter. During the period of decrecase in the
extraccllular inorganic-32P and 14C-g1ycerol, intracellular 32P- and
14C-glycerophosphatc—:, respectively, were formed only after about a

40-hour lag period and remained at lower concentration levels than

those of intracellular 32P- or 14C—glycerophosphates (Fig. 3A and B).

At the same time, intracellular Pi-32P and 14C-glyccrol were not
detected until a lag peridd of about 40 hours (Fig. 3A and B,
Plate 1X), .

These results show that a-GP, as such, is not taken up
by H. cutirubrum cells, but that it is first hydrolyzed extracellularly
into glycerol and inorganic phosphate which then pass into the cells

and are recombined into a-GP.
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FIGURE 3

Time course of metabolism of a-GP by H. cutirubrum cells,

(A)  Cells grown in the presence of rac-3-GP-32P. (DL-a-GP-32p)

(B) Cells grown in the prescnce of _52-3-GP—14C. (L—o.—GPTMC)

Counts are corrected for '"zero-time" values.

For detailed procedures see Section B, VII, 4 (b).




T i ot g s

B

SYNOH ‘IANWIL
08 09 ob 02 0 08 09 10174 02 0
o T T T T o ™o |
04304719 o —9 — P
m<._3._mi - Id ¥vINT1130="
{s)
o ..o\
\ g
(o)
o | 3ivHdsondouzoxte 5
BYINT139 3IVHISOHJON30A19
320 d  ¥vINI3D
(2
>
r ol —Hoz
m
Z £of o/ /
=1 /== 10839479 o ~= g
=< o ¥VINTI30VYLIX3 ™~ /  ¥vINM130VuLX3
> 8 Sl / ~0¢
40 / o p
o0 / /
b . m ) o /
o)
o} /
3 (A\ \ /
T A / /
§'0 / 02 / Hov
2 °3A¥ND  HLMONO ¢ 3AYND HLMOYD
/
/ \\
rd I
rd P

90

-
lll‘\

O ¥l - 3LVHISOHdOY3IAN9 -2 -

L
-

T des- 3LVHdSOHJOYIOAT9 -» -1@

3UNLIND |w sad 1% wdd



- 117 -

PLATE I1X

Chromatogram and autoradiograph of intracellular

.water-soluble components of H. cutirubrum cells

14C.

grown in the presence of sn-3-GP-
Radioactive components were cut out and counted.
Values used in Fig. 3B.

Solvent: Butanol-acetic acid-water (5:3:1) (v/v).

For detailed procedure see Section B, VII, 4 (b).
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3. Glycero.phosphatase Activity in H. cutirubrumn
Cell Fractions

The resulis of the previous experiment indicated the
existence of a glycerophosphatase probably located on the periphery
of the cell. H.cutirubrum cell fractions were then investigated for
phosphatase activity. Total cell-free homogenate, envelope fraction
and supernatant fraction, prepared as described in Section B, 11I,
(b), were incubated with _r_a_c_:_-3—GP-32P at different pH values. It
was found that the substrate was hydrolyzed by both envelope and
supernatant fractions, the optimum pH being 5.0. At this optimum
pH, the sum of the glycerophosphatase activities in the two fractions
accounted for the activity of the total cell-free homogehate indicating
complete recovery of the ecnzyme in these two fractions (Fig. 4).
Also, it should be noted that most of the phosphatase activity
(about two-thirds) was associated with the envelope fraction. The
remaining activity may represent water -soluble (cytoplasmic) phos-
phatase since the latter fraction was centrifuged at 100, 000 % g

The phosphatase activities of H. cutirubrum cell fractions
calculated on per mg of total protein basis were found to be very
similar (Table 9). Because each fraction is still very crude, this
agrecement is probably fortuitous.

Thesc résults are consistent with the hypothesis that a-
glycerophosphate is hydrolyzed by a glycerophosphatase at the

surface of the cell,
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FIGURE 4

pH-Activity curve for the hydrolysis of a-glycerophosphaté-
32p by a phosphatase enzyme present in cellular fractions of
H. cutirubrum. For reaction conditions, preparation of cell
fractions and estimation of % GP-hydrolysis, see Materials

and Methods Section, B, VII, 4 (c).
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FIGURE 5

Time course for thc hydrolysis of a-glycerophosphate-
. 32p by a phosphatase enzyme present in H. cutirubrum
cell fractions., For detailed reaction conditions, sce

Materials and Methods Section, B, VII, 4 (c).
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4. Glycerolkinasc in H, cutirubrum

(2) Demonstration of glycerolkinase activity:

The previous experiments showed that a-glycerolphos-
phate could be hydrolyzed extracellularly by a glycerophosphatase,
to glycerol and in01'-ganic phosphate, which then passed indepcndently
into the cells where they appeared to be recombined to a-GP (Figs. 2,
3 and 4; Table 9, and Plate IX). To test for the presence of a glycerol
kinase; total cell-frece homogenate was incubated with glycerol in the
presence of ATP and the reaction mixture was assayed for sn-3-GP
spectrophotometrically. Rapid synthesis of sn-3-glycerolphosphate
was observed in the prescnce of ATP whereas in the abscnce of ATP no
glycerophosphate was produced (Fig. 6).

This experiment shows that H. cutirubrum contains an ‘
active glycerolkinahtse which requires ATP for the phosphorylation of‘

glycerol and the formation of a-GP.

(b) Cellular distribution and stereospecificity of
H. cutirubrum glycerolkinase:

To determine the cellular distribution and stereospecifictiy
of the glycerol kinase, H.cutirubrum cell fractions were incubated
with 14(3-{;1y<:erol in the presence of ATP, and the labelled a-GP was
isolated by chromatography on Dowex formate. With all cell fractions,
a single radioactive peak was obtained which gave a single radio-
active spot corresponding to authentic sn-3-GP on paper eclectro-

phoresis (Plate X) and paper chromatography (Plate XI). Recovery.of
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FIGURE 6

lncubation of total cell-free homogenate with glycerol
in the absence and the presence of ATP, sn-3-GP
produced was assaycd cnzymatically by the specific
enzyme L, a-GP dehydrogenasec.

Values werce correccted for "zero time!'..

For detailed reaction conditions and assay procedures

2

see Materials and Methods Section, B, VII, 4 (d).
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PLATE X

Autoradiograph of paper elctrophorogram of chromatographically
isolated a-egCerolphosPhate—14C produced by glycerol kinase in

H. cutirubrum cell fractions:

(1) total cell-frec homogenate;
(2) supernatant {raction;
(3) envelope fraction,

Standards: authentic unlabelled dihydroxyacetone phosphate
(DHAP) and sn-3-glycerolphosphate (L, a-GP).
Electrophoresis was carried out in borate buffer at pH 9.1, at
415 volts and 14-15 amps. for 1-1/2 hours. |
For detailed procedurec, secA.Section B, V, 4 (b).
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- PLATE XI

Chromatogram and autoradiograph of chromatographically isolated
glycerolphosphate—MC produced by glycerol kinase in H. cutirubrum

cell fractions:

(1) total cell-frec homogenate;
(2) supernalant fraction;
(3) envelope {raction.

Solvent: n-butanol-acetic acid-water (5:3:1, v/ v).

For detailed procedure, sce Scction B, V, 4 (a).
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4G in the isolated a-GP as well as determination of total-P and
a-GP-P showed that 86 - 91% of the’ 14C_g1ycer01 substrate was con-
verted to 14‘C-glycerophosphatr;: with a specific activity of
4.3 % 0.3 x10° cpm/umole (see Table 10),

Assay for the si-3-G1~3 (L-a-GP) content in the a-GP

synthesized by H. cutirubrum cell fractions using the speciflic enzyme

L, a-GP-dehydrogenase s%howcd that a-GP synthesized by all {fractions

was 98 - 100% in the L, a-form (Table 10). To confirm these results,
the products of the specific dehydrogenase reaction were subjected
to paper chromatography and autoradiography. The results (Plate XII)
showed that all of the a-GP synthesized was completely converted into
a new compound having an Ry value identical with that of dihydr',oxy-
acetone phosphatc.

It should be noted that the glycerol kinase activity of the
total homogenate appearcd to be almost equally distributed between
the envelope and supernatant fractions. However, since the super-

natant fraction used here was not centrifuged at 100,000 x g to remove

envelope fragments, its high kinase activity may be due to contamination

with these envelope particles.

The results of thése experiments show clearly that
H. cutirubrum contains a glycerol kinase which is probably associated
with the cell envelopes and which catalyzes the phosphorylation of
glycerol in the presence of ATP to form specifically the sn-glycerol-3-

phosphate isomer.
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PLATE XII

Chromatogram and autoradiograph of reaction mixture of
a-GP-l4¢ produced by H. cutirubrum cell fractions.,
Phosphorylation of 14C~glyc:erol, and the specific enzyme
L, a-GP dehydrogenase (from rabbit muscle).

Solvent: t-butanol-water-picric acid (20:20:4, v/v/w).
For cach fraction spotted, "initial" designates the reaction
mixture at "zero time' and "final" designates the recaction
mixture at the end of the incubation period.

See Section B, VII, 4 (d) for detailed reaction procedure.
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5. L, a-Glycerolphosphate Dehydrogenase Activity
in H. cutirubrum

To determine whether a-GP could be formed in
H.cutirubrum by reduction of dihydfoxyacetone phosphate catalyzed
by the enzyme L.a-GP dehydrogenase, authentic 2-3-(313-14(3 and
_1;33-3—GP-32P were incubated separately with H.cutirubrum cell
fractions in the presence of NAD, Autoradiograph of chromatograms
of the reaction mixtures showed that with the _§_r_}_-3-GP—14C as a sub-
strate, complete conversion to dihydroxyacetoqc phosphate occurred
(Plate XIII, B). On the other hand, with _1_°a_ci—3-GP—32P as a substrate,
approximately half of the a-GP was transformed into dihydroxyacetone
phosphate (Plate XIII, A). By cutting out and counting the labelled
spots, it was found that 92 - 98% of the _s_n—3—GP-14C was converted to
labelled dihydroxyacetone phosphate (DHAP) anci 43 - 48% of the rac-3-
GP-32P was found to be converted to DHAP (Table 11).

These results show that H. cutirubrum cell particulate
fractions contain an L-a-glycerolphosphate dehydrogenase which
catalyzes the formation of sn-3-GP by reduction of DHAP., Tilus it
would appear that sn-3-GP is tl'1~c only isomer synthesized by

H. cutirubrum.

FEERIN Pl R
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PLATE XIII

ChrOInatolgram and autoradiographs of reaction mixture of
H. cutirubrum cell fractions incubated with:

(A} rac-3-GP-32P (DL.a-GP), and

(B sn-3-GP-'*C (L.a-GP).

Solvent: t-butanol-water-picric acid (80:20:4, v/v/w).
For each fraction spotted, "initial" designates the reaction
mixture at "zero time!',and "final" designates the reaction
mixture at the end of the incubation period.

For detailed reaction procedure, sece Section B, VII, 4 (e).
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V. Short Term Labelling of Total Lipids with
32P-Orthophosphate

Autoradiograms of chromatograms of total lipids of

H. cutirubrum cells incubated for short periods of time in the

presence of 32P-drthophosphate showed the appecarance, within one 5
minute, of a singlf-: major 32p.jabelled phospholipid (Spot 6,
Plate XIV) located betwcen the PGP-diether analogue (Spot 5) and
the PG-dicther analoguc (Spot 7) and having an Rg value of 0.51; it
was designated as Compound X3. A minor 32p component (Spot 1; v
Xy) was also dctected during the early periods of incubation, but
its degree of labelling was inconsistent. Neither the PGP, nor the
PG -dicther analogues, nor any of the other phospholipids were :
labelled during the first hour of incubation. However, it should

be noted that as the incubation time increased, the radioactivity of

Spot 6 (Component X3) decreased with a concomitant increase in the
labelling of PGP-dicther (Spot 5, Plate XIV). When the labelled
components were cut out from the chromatogram and counted, the
percent distribution of 32p activity of Spot 6 (lComponc_nt X3) was
found to be high (ca. 55%) during the first 10 minutes of incubation,
thereafter declinin.g to small values. At the same time, the percent
32p activity in PGP-diether (Spot 5) showed a corresponding increase,
indicating a precursor-product relationship between it and

Component X4 (Figure 7).
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The percent activity of 32P in the PG-dicther analogue
(Spot 7) was very low up to 1 hour, increasing thereafter at a rate
paralleling that of PGP-dicther, suggesting that ti1e PGP-diether
analogue is the precursor of the PG-diecther analoguec.

It should be noted that another unidentified phospho-
lipid component (X,, Spot 4) appeared to be labelled within the first
hour of incubation a@nd increased thercafter at a rate paralleling that

of the PGP-diether. Also, the percent activity of 32p in

Component X2 was found to be higher than that of PG-diether analogue.

However, since labelling of PG-diether and Component X, occurred
almost simultaneously, it is most probable that PG-diether is not the

precursor of Component X5.
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PLATE XIV

cells grown in a low phosphate, modified complex medium in the

presence of 32P—orthophosphate. Incubation was carried out at 37°C

on a rotary shaker and samples were withdrawn at the indicated time.

Chromatograms were stained with Rhodamine 6G and viewed under

ultraviolet light. Identity of spots:

1
2
3
4.
5
6
7

unidentified phospholipid (X;);

glycolipid sulfate;

glycolipid;

unidentified phospholipid + sulfolipid (X5);
phosphatidyl glycerophosphate diether 'analogue;
unidentificd phospholipid (X3);

phosphatidyl glycerol-diether analogue.

For detailed experimental procedure sce Scction B, VII (6).
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FIGURE 7

Percent distribution of 32P activity among individual
.Phospholipid components of H. cutirubrum cells
incubated for short periods of time with 32P—ortho—
phosphate.

X1, X, and X3 are unidentified phospholipids.,

.PG and PGP are the dicther analogues of phosphatidyl-
glycerol and phosphatidyl glycerophosphate respectively
(sce Plate XIV),

For detailed experimental procedure, sce Section B, VII (5).
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D. DISCUSSION

I, Metabolism of Glycerolphosphate

The studies carried out on the metabolism of a-GP
showed that intact H.cutirubrum cells do not take Lip and use a-GP
as such directly for the synthesis of phospholipids (Fig. 2A). Instead,
a~-GP is hydrolyzecd extracellularly by a phosphatasc associated with
the envelope (Fig. 5), and the resulting glycerol and inorganic phos-
phate diffusc into the cell independently andlarcjthcn used for lipid
synthesis (Fig. 3, Tables 7 and 8). This view is supported by the
finding that when the cells were incubated in the presence of 32Pi as
a precursor, the latter was immediately incorporated into the phos-
phatides in a fashion paralleling the growth curve (Fig. 2B).
Further investigation on a-GP uptake indicated that H. cutirubrum
contains an active glycerophosphatase, associated mostly with the
cell envelopes, that catalyzes the hydrolysis of a-GP into glycerol and
Pi (Figs. 4 and 5). Each of the latter two components passes into the
cells and is reconﬂﬁned into a-GP which is then used for lipid
synthesis (F'ig. 3A and B; Plate 1X). Presumably, the sequence of

reactions for a-GP hydrolysis and formation is as follows:

e

U S
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(1) CH,OH CH,0H
. _
HO - CH glycerophosphatase> CHOH N 32Pi
Ly -0 e s
H; - O - SR CH,OH

j O~
i Q..'Gp..32p glycerol
| —on the cell surface

(2) ADP+32p, — 5 ATP .y - 32p

4

(3)

CH,OH CH,0H

l glycerol kinase '

CHOH + ATP - y- 32p > HO - CH o

|
CH,O0H CH, - O ) o
’ \
o-
glycerol sn-glycerol-3-phosphate
L intracellularly I
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The finding that a-GP is not taken up by H. cutirubrum
cells is not unexpected in view of the well-known impermeability
of membranes towards di-ionized phosphates (Davis, 1958). On the
other hand, mechanisms are known to exist in some organisms to
facilitate the uptake of esscntial organic phosphates when these
provide a sclective a'dvantage to the cells, For instance, mechanisms
for the uptake of glucosc-6-phosphate by an E. coli mutant that has a
deficient transport system for free glucose has bcen demons trated
(Hagihira et al, 1963). Also, Hayashi et al (1964) have shown that
certain mutant strains of E. coli possess a specific transport system
for sn-glycerol-3-phosphate so that this compound can be taken up by
living cells without prior hydrolysis to glycerol and orthopiqosphate.
However, it is clear from the evidence presented here that
H.cutirubrum is not an exception to the general rule of impermea-
bility to phosphorylated compounds containing a net negative charge of
more than one (Davis, 1958).

Diffusion of free glycerol (Hayashi and Lin, 1965) and
inorganic-P (Mitchell, 1953) across the cell membrane 'probably |
occurs by facilitated'tralléi)ort, most likely as follows: The ADP-ATP
phosphotransferase on the inner surface of the cell membranc utilizes
the diffused Pi-32P to form ATP-y-3ZP, according to the proposal of
Mitchell (1953). The 32p_ATP is then used by the glycerol kinase,
also present on the inner membrane surface, to phosphorylate the
diffused glycerol to a-glycerophosphate. This hypothesis is supported

by the observation that at all times, the intracellular concentration of

T AT
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32P- or 1‘}C-o.-glyc:erophosphate was much higher than that of either

intracellular Pi-?’ZP or 1‘I*C--glycerol (Fig. 3). Furthermore, as

will be shown below, glycerol Kinase activity is associated with the
cell envelopes of H. cutirubrum. However, further studies are
required to demonstrate the présence of ADP-ATP phosphotrans-
ferase activity in the cell envelopes. For final verification of the
above mechanism, 1t will be necessary to establish the presence of
the glycerol kinasec and the phosphotransfcrase on the inner membrane
surface and of the glycerophosphatase on the outer surface.

In H.cutirubrum, sn-glycerol-3-phosphate was the only
a-GP isomer synthesized by the cells particulate fractions. sn-3-GP
was demonstrated to arise by phosphorylation of glycerol catalyzed
by the enzyme glycerol kinase (Table 10, Fig. 6, Plates X, XI and
X1I), and/ or by the reduction of dihydroxyacetonephosphate catalyzed
by the enzyme L.a-glycerophosphate dehydrogenase (Table II and
Plate XIII). In this respect, H. cutirubrum docs not differ from other
microorganisms (or plants or animal tissuecs). ‘

Studies carried out in many laboratories have firmly

established the central role of sn-glycerol-3-phosphate in de novo
phospholipid biosynthesis .(McMurray et al, 1957; Kennedy, 1961;
Kiyasu et al, 1963; Kanfer and Kennedy, 1963 a and b; Chang and
Kennedy, 1967 a, b and ¢; Possmayer and Strickland, 1967 and
Possmayer ct al, 1968). The following scquence of reactions (Scheme
VII) has been shown to occur in non-halophiles for the biosynthesis
of phosphatidyl glycerol phosphate and phosphatidyl glycerol from
sn-glycerol-3-phosphate (Kennedy, 1961):
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In Kennedy's pathway for the biosynthesis of phospho-
lipids diester form (sece Scheme VII), sn-3-GP (L=a-GP) is alkylated
with 2 RCO-S-CoA to form phosphatidic acid which reacts with CTP
to form CDP-diglyceride. Phosphatidyl glycerophosphate (PGP} is
then formed by the ti‘ansfer of the phosphatidic acid portion of CDF-.
diglyceride to sn-3-GP (L-a-GP). PGP then unaez-gocs enzymatic
dephosphorylation to phosphatidyl glycerol (PG). It should be
emphasized that both a-GP involved in the above rcactions have to be
the sn-3-GP (L-a-) isomer and that the configuration of the products,
PGP and PG diesters, are 1, 2-diacyl-sn-glycerol-3-phosphoryl-1'-sn-
glycérol—3-phosphate and 1,2-diacyl-sn-glycerol-3-phosphoryl-1'-sn-
glycerol, respectively. '

In contrast, the configuration of PGP and PG diether
analogucs in the extremely halophilic organisms were found to be
opposite to those in non-halophilic organisms (Kates, et al, 1965; Joo
and Kates, 1968, 1969 and Joo et al, 1968) namely: 2, 3-di-O-(phytanyl)-
f_rl—glycerol—l—phosphory1-3‘—ﬁ—glycerol-l‘-phosphate and 2, 3-di-O-
(phytanyl)-sn-glycerol-l-phosphoryl-3'-sn-glycerol, respectively:
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HZCI:-O-P-O-CHZ
| |
R-0-C-u ° H-C-OH
| : | T
H,C - O - R Hzc-o-llv-O'
1.

PGP.diether analogue

o-
I
HpyC-0-P-0-CH
| o |
R-0-C-H H - C-OH
I I

H,C -0 -R H,C - OH

PG_dicther analogue

To synthesize the phospholipids of H. cutirubrum by
Kennedy's pathway, assuming no inversion during O-alkylation, then
the a-GP isomer utilized \yould have to be sn-1-GP(D-a-GP).
However, the prescnf stucIies show conclusively that sn-glycerol-1-
phosphate is not formed by H. cutirubrum, but rather the usual sn-

glycerol-3-phosphate is the only isomer synthesized (Table 10,
Plates XII and XIII, and Fig. 6).
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Even if sn-3-GP were utilizéed directly by the halo-
philic bacteria for biosynthesis of phospholipids and assuming
alkylation of the a-GP were to take place with inversion of con-
figuration, then only onc glycerol residue (namely that in the
phosphatidyl group) will have the configuration opposite to that
found in non-halophiles. It therefore appears, on the basis of the
present investigatio‘n, that sn-3-GP cannot be involved directly in
the biosynthesis of phospholipids in H. cutirubrum according to
Kennedy's pathway. Alternative pathways for biosynthesis of thesec

phosphatides will be discussed in the following section.

II., Biosynthesis of Lipid Moieties

The studies on the biosyntheéis of the glyceryl di-
ether lipids using 146 1abelled acetate, malonate, mevalonate and
glycerol as precursors of long-chain hydrocarbon groups, showed
that both acetate and mevalonate were incorporated almost ex-
clusively into the phytanyl chains (Plates III and V) and'that the
specific activity of the lipids was much higher with mevalonate than
with acetate (Table 1). Thesc findings suggest that the predominant
biosynthetic route for the lipid chains in H. cutirubrum involves
mevalonic acid, a conclusion which is not unexpected in view of the
isoprenoid nature of the halophile lipids. This conclusion is con-

sistent with the finding of Ellingboe and karnovisky (1967) that
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mevalonic acid is the only highly incorporated precursor in the
alkyl monoether side chains of starfish lipids. Although the
results of the present study can have no bearing on the individual
biosynthetic steps in H. cutirubrum leading from acetate to meva-
lonate to isopentcny} pyrophosphate (or dimecthylallyl pyrophos-
phate), the pathway shown in Schcmc‘VIII, which is based on
present knowledge af the mevalonate pathway foAr biosynthesis of
carotecnoids and steroids (Liaacn Jensen, 1965 and Bloch, 1965)
may be postulated. However, the individual steps in this pathway
would have to be confirmed by further studies with cell-free or
purified cnzyme systems and labelled intermediates.

The route from dimethylallyl pyrophosphate o the
fully saturated C;( isoprenoid (phytanyl) group, about which
nothing is known, is of particular interest. Presumably it is
similar to the pathway, also unknown, for the biosynthesis of
phytol in photosynthetic organisms. Onec might envisage a mechanism
wherecin reduction of the isoprenoid double bonds occurs at cach step .
in the pathway, as shown in Scheme IX.

Alternatively, the biosynthesis of the phytanyl group
from dimethylallyl pyrophosphate might be envisaged as 'taking
place through the condensation of 4 isoprenoid units to form geranyl
geranyl pyrophbsphatc in which the double bonds are subsequently
hydrogenated to the fully saturated phytanyl pyrophosphate. Kates
et al (1967) have cstablished the absolute configuration of the

asymmetric carbons of the phytanyl groups in H. cutirubrum lipids as

DO 1. 5cc-F0 =
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3R, 7R and 11R. Thercfore, all that can be stated with certainty now
about the above hypothetical mechanisms is that the reduction of the

double bonds must be stereospecific and give ris.é to the R- absolute

configuration at the asymmetric carbon atoms 3, 7 and 11.

Of great interest also was the finding that traces of
labelled fatty acids were definitely formed with 1-14C-acetate as
precursor (Fig. 1," Plate VII), indicating that the malonyl-CoA path-
way for fatty acid synthesis may be operative in H. catirubrum. It
was hoped to obtain further evidence on this point by the use of 2-14c.
malonate as precursor, but unfortunately, this dicarboxylic acid was
appa;rently not able to penetrate the cell envelope. Since the traces
of 14C that were incorporated into the lipid were distributed among
the lipid components and among the lipid moieties in the .éame way as
was the activity from labelled acetate, it is assumed that the
malonate used either had traces of acetate impurity or was de-
carboxylated to acectate cither spontanecously in solution or enzymati-
cally at the cell surface. |

However, studies carried out on the biosynthesis of
fatty acids using a cell-free system with 14C—malonyl—CoA as
precursor showed that about 0.4 to 0. 6% of the 14¢_ 1abel was found
to be present in the fatty acid fraction, while the neutral unsaponi-
fiable fraction (containing diether, monoecther analogues ctc.)
contained no detectable radioactivity (Table 5). It should be noted
that lowering the salt concentration from 3.8 M tol.8 M caused

about 30% increasc in the incorporation of l4¢ activity in the fatty
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acids fraction (Table 5). However, carrying out the experiment in the
complete absence of NaCl does not increase the degree of 14¢ incor-
poration in the fatty acids (Sauer, E. private communication). Auto-
radiograms of chromatograms of the neutral fractions, fatty acids
fraction and their methyl csters (Plate VIII) confirmed that there was -
no radioactivity in the unsaponifiable fraction and that labelling was
associated almost en.tirely with the fatty acids.

The trace incorporation of 14C-—a.ctivity into fatty acids
either from 1-14C-acetate (Fig. 1, Plate VII) or 1, 3-14C-malonyl—CoA
(Plate VIII and Table 5) as precursors, suggests that H. cutirubrum

does contain a malonyl-CoA system for fatty acid biosynthesis.

However, the fatty acid synthetase system must be operating, obviously,

at a low level of activity, probably as a result of the inhibition by the
high salt concentrations (Table 5). On the other hand, the depressed
biosynthesis of the fatty acids could be jusf an evolutionary carry-
over since fatty acid synthetase system may be coded for but the
enzymes involved are rudimentary.

The 14C—labelled acetate, malonate and mevalonate
precursors were incorporated to a large extent (95 to 98%) into the

phytanyl chains of the lipid components and to only a small extent

(1 to 2%) into the water-soluble lipid moiceties such as the sugar residues

of the glycolipid sulfate and the glycerol moicties of the PGP and PG-
dicther analogues (Tables 2, 3 and 4 and Plate II), In contrast, with
l4c glycerol as precursor, about half (47%) of the 4C activity incor-
porated into the lipids appeared in the water-soluble lipid moieties
{glycerol and sugars); .the remainder (53%) appecared in the phytanyl
group (Tables 2, 3 and 4 and Plate II).
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This finding indicates that glycerol probably enters
the glycolysis cycle via glycerophosphate, where it is converted
partly to acctate which enters the mevalonate pathwa;y for formation
of isopentenyl pyrophosphate and eventually the phytanyl chains;
part of the glycerol may also be converted to sugars by reversal of

the Embden-Meyerhof pathway:

glycerol - glycerolphosphate

!

sugars =——— triosephosphatc

I

phosphoenolpyruvate

l

phytanyl chainse¢<mevalonate « acetate

Evidence supporting the thesis that glycerol may readily
enter the glycolysis cycle is the demonstration of an active glycerol-

Kinase (Table 10, Figs. 2, 3 and 6, Plates X, XI and X1I) and glycero-

phosphate dehydrogenase (Tables 9, 11, Figs. 2 and 3, Plate XIII)

in H. cutirubrum. Both enzymes being stercospecific for the formation

of sn-glycerol-3-phosphate according to the equations:
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CH,0H CH,OH

I : l
- k G \
CHOH  + arp glycerolhinase . f -H + ADP
I . o
' ' =
CH,OH CH, - 0 - F— O~
No-
glycerol _ sn-glycerol-3-phosphate
CI:HZOH NAD-2H NAD CH,OH
N
(,: =0 o \E, a-GP dehydrogpnase HO - C-H o
CH, - O - PZ0- " ¢H,-0-P0
2 . No- ‘ 2 O
o-
Dihydroxyacetone phosphate sn-glycerol-3-phosphate
ydroxy sn-gly -phosp

A more detailed picture of the mode of utilization of glycerol
through the glycolysis cycle is provided by the 3H-1labelled glycerol
experiments, The 3H-activity in the differcnt lipid moieties of
H. cutirubrum cells varied with the position of the 3H-Ilabcl in the
precursors supplied. With 1(3)-3H—g1ycerol as precursor, the
sugar moicties retained about 35 % 1% (3H/14C ratio of 14.5) of the
3H in the precursor supplied (Table 6). The phytanyl chains retained
about 50 £ 1%, but the glycerol moieties, on the other hand, retained
almost 100% of the 3H. In contrast, with the 2—3H—g1ycerol precursor,
all the lipid moieties including the glycerol and sugar residues lost
almost all of their 3H,

Assuming that flycerol is incorporated into sugars by rcversal
of Embden Meyerhof cycle, the loss in the 3I—I activity of the sugar
residues labelled with 1(3)-3H-g1ycerol (Table 6) can be accounted for,

‘by the following sequence of reactions:

R

TS
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(1) Phosphorylation of Glycerol {0 Glycerol-3-phosphate: no loss of 3y
T H I'-I II-I
{ I
H-(lZ—OH H-CIJ—OH T-?-OI—I ._H—(IZ-OH
HO—?-H HO-?-H HO-IC—H HO-—?—H
H-?-OH T - C-OH H—'C—OH H-IC-OH
H H H T
1(3)-H-glycerol”
A aee st aaa,
TP |glycerol kinase
ADP ---vv--r '
: i i i
) l
H—F-OH H-F-OI—I T—?-OH H—(IZ‘-OH
HO - C-H HO -C-H HO -C-H HO -C-H
! # i 2 ! _0 P
H-C-0 P\O" T—C-—O—P\O— H—C-O—P:CSH—C--O-P\
| o | o~ | - | bo-
H H H T

32-1(3)-3H-g1yccrol— 3-phosphates

" 1(3)-3H-g1ycerol is prepared by the reduction of rac-glyceraldehyde with
NaBTy, resulting in four isomers each having one tritiwm atom per molecule
of glycerol: '

T H I;I "I‘
| 1
H-C=0 H-C=0 H-C-0H T-C-OH T-C-OH H-C-OH
! | NaBTg4 | | l |
HO - ? -H + H - (II:- OH ———+HO - <|: -H + HO-'C-H + H-F-OH +H—(':-OI—I
CH,OH CH,OH CH,0OH CH,OH CH,OH CHO0H
I {

L -glyceraldehyde D-glyceraldechyde ) {
(rac-glyceraldechyde) Glycerol, 4-isomers

U seeeruTEOTo
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. £ - Cll - OH
| NG
- - ™~ . =
HO T H o L, a-GP dehydrogenase IC ©
Y ¥
@-c-o0-pPL . -c-0-PZ__
I N T \
® ° ® °
sn-3-GP dihydroxyacetonephosphate (DHAP)

(3) DHAP isomerization to glyceraldehyde phosphate: one out of
four 3H's is lost; retention of SH/14C ratio is 75% in both
DHAP and glyceraldehydephosphate.

- C-OH ®-c=o0
| : l
C=0 : H-C-0H
| O triosephosphate isomerase | O
z S, v
-C-0-P. -C-0 -
) ' o > @ °-rl,-
® ® °
DHAP glyceraldchyde-3-phosphate

For simplicity of illustration, the circled hydrogen atoms are the
ones which may be tritiated.
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of triosephosphates to hexosediphosphate:

onc out of six 3H's
ratio is 5/6 x 75 =

@ ® o
Y,
-C - -C = -C-0-Pp”
@ (13 OH —A® ? © aldolase @ (,: © P\\O"
C=0 o H-C-0H - cC=0 o~
| a | ¢O |
®-c|:-o-1>\o_ ®‘(|:'O"I§\o- HO - G - H
\
o- : - @ G - OH
@ @ H - ("J OH
l A
®-c-o0-pZ7 _
\ O
®@ v
DHAP glyceraldehyde-3-phosphate D-fructosc-1, 6-diphosphate
(5) Conversion of fructosediphosphatc to glucosephosphate to glucose:

is lost; therefore, retention of 3I-I/I‘IC
62.5%.

one out of five H's

is lost; therefore, retention of 3H/14C ratio

is 4/5 x 62.5 = 50%.

@ ®-¢-
®— cl: B O-P\\O“ dephosphorylation isomerase H - CIJ OH ADP ATPH
C=0 O- 7 <|: -H HO -
HO-C - H @ G - OH @ -
- ? - OH H - <l: - OH H -
v
H-C-OH ®-c-o0-2Z_ _  @-
-c-0-P7 __ o-
O
o-

D-fructose-], 6-diphosphate (FDP)

It should be noted that for the overall conversion of glycerol to glucose,

retention of 14C is 100%.

g
@

D-glycosc-6-phosphate D-glucosec

e e«m"k»’:ﬁ'ﬁm‘ S tes
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The glycosidic residues in H. cutirubrum are known to be
glucose, mannose and galactose (Kates et al, 1967 a). Neither the
epimerization of glucosc to galactose, catalyzed by the enzyme uridine
diphosphate glucose epimerase, nor to mannose involves the loss of
3H (Wilson and Hogness, 1964).» Thus for the conversion of 1(3)—3H—
glycerol to galactose, glucose and mannose, the retention of 3H
activity is 50%. Thisl calculated valuc'is in excellent agreement with
the observed value of 53 + 1% (Table 6), showing that glycerol clearly
enters the biosynthetic pathway for sugars by reversal of the Embden-
Myerhof cycle.

The 50% loss in the SH activity of the phytanyl group may

be accounted for by the following sequence of reactions:

(1) Conversion of glycerol to glyceraldehyde-3-phosphate as described
above. No loss of 14C; retention of 3H/14C ratio is 75%.

(2) Conversion of D-glyceraldehyde-3-phosphate to D-1, 3-diphospho-
glycerate: one 3H out of three is lost; no loss of 14¢C; therefore,
retention of 3H/14C is 2/3 x 75 = 50%.

NADP A\ =
s, NADP-zH -O/}Ia-o -<|:

N ’

O

- OH +ATP > z > O H-C-0OH
O N

] O
@-c-o-Pf

C

|

o

¢
e PN -
\ O \ ©
o 65N

D-glyceraldehyde-3-phosphate D-1, 3-diphosphoglycerate
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(5) Conversion of acetyl-CoA to acctoacetyl-CoA: (a) either via

malonyl-CoA, or (b) condcnsation with another acetyl-CoA
molecule: one SH out of six is lost; no loss in 14C; therefore,
retention of 3H is 5/6 x 100 = 83, 5%,

@ o [biotin-COO-] B OO
@-?-CMSCOA > @- ¢ - C~s-Coa
H ‘ COO "
acetyl-CoA malonyl-CoA
A
o)
Il
- cMs\
CoA

acetoacetyl-CoA
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The subsequent condensation steps for the formation of the
phytanyl group (Scheme VIII) do not involve loss of-3H or C and
accordingly the Cpq chains should contain 72.5% of the initial activity
of the precursor. However, this value is a maximum value, since
acetate, with a 75% 3H activit)" or less could arise from glucose

through glycolysis as follows:

i 0
@-¢-o ®-c-0-2Z,. @-¢c=o
\
H-C-OH cC=0 O H-C-OH
-G-H  »->H-C-OH + ®@-c-0-p7 .
I \
@ C-OI—I H @ o-
H - C—OI—I
@ - ¢ - om
D-glucose
HC - OH
H O C - OH
- Pe
@-Cc-C-0 < < -¢c-0-p»7
l ' N ©
H ® o-

acetlate

There is one 3H lost out of four; no loss of 14

C; therefore, rctention
of 3H activity is 100 x 3/4 = 75%. ’
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Conversion of acetyl-CoA to the phytanyi chains (as
described above) will therefore result in the 3H re%cntion of
75 x 72.5 = 54.4%. This valuc is in good agreement with the
observed value of 51 % 1% (Table 6), showing that the results are
consisient with glycerol entering the biosynthetic pathway for the
phytanyl group via mevalonate and acetate. Thus, the difference

between the observed retention of 3H and the initially calculated

values of 72. 6% for the activity of the phytanyl group is most likely

accounted for by equilibration of glucose with acetate.

In marked contrast to the pattern of labelling of

H. cutirubrum lipids using 1(3)—3H-g1yccrol precursor, all the lipid

moieties were devoid of 3H when 2-3H-g1ycer01 was used as a

precursor (Table 6). Theloss of 34 may be explained by glycerol

being oxidized or dehydrogenated at C-2 in the early phascs of

growth, The following pathway theoretically will account for loss

of 3H at CZ:

(1) <|:H20H

HO - C - T = glycerophosphate - dihydroxyacetoncphosphate

|
CH,OH

glycerol-2-3H

(2) (I:HZOH

HO - C - T - dihydroxyacctone - dihydroxyacetonephosphate

|
CH,OH

glycerol-2- 31

i )
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Pathway (1) is the phosphorylation of glycerol by glycerol
kinase followed by dchydrogenation with L, a-GP dehydrogenasc to di-

hydroxyacetonephosphate which could be converted to sugars and/or to

acetate:
(1) :
’CHZOH ‘ (IZHZOH (IZHZOH
HO - C-T — HO-C-T 5> =0 ——> Sugars
' z &
CH,0OH CH; —O—P\\o_ CHZ‘O'P\\O- acetate
(O o)y
glyccrol-2-3H 2-3H-_s_£—g1ycerol- dihydroxy-
3-phosphate acetone-P
(sn-3GP-2-3H) (DHAP)

Pathway (2) is the direct dehydrogenation of glycerol with glycerol de-
hydrogenasc to dihydroxyacetone which could be converted to the diphy-

tanyl glycerol ether:

(2)
(I:HZOH ?HZOH
HO - IC - T - C=0 - - diphytanyl glycerol ether
I
CH,OH CH,OH

glycerol-2-3H dihydroxyacetone
(DHA)

Either or both of these pathways could be operating since
the glycerol kinase and GP-dehydrogenase have been demonstrated in
the present work (Tables 9 and 10; Figs. 2, 3 and-6; Plates X, XI, XII
and XIII); and the glycerol dehydrogenase is known to occur in extreme

halophiles (Baxter and Gibbons, 1954).
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However, the finding that the glycerol residue of the
diphytanyl glycerol ether (Scheme I) retains 100% of the 3H in the
1(3)-3H-g1yccr01 precursor whereas the sugars and the phytanyl
chains retain about 50% of the 3u (Table 6), strongly suggests that
glycerol is metabolized by both of these pathways, but each pathway

is kept separate as shown in Scheme XI:

Scheme XI: Proposed metabolic pathways for glycerol in H. cutirubrum

glycerol a-glycerol-P-\-—» dihydroxyacetone-P—>glyceraldchyde-P

2 .
dihydroxyacctone
(DHA) J
mevalonate

phytanyl-PP

diphytanyl glyccfol ether
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The important feature of this scheme is that, at no
time does dihydroxyacetone equilibrate with the triose phosphates;

a finding which is inconsistent with that for the syntﬁésis of glyceryl
monoethers in the ciliated protozoon (Friedberg and Green, 1968)

or in rat liver microsomal enzymes (Snyder ct El_]., 1969). The
evidence supporting the absence of reversible conversion of DHA

to triose phosphates is the fact that no labelled DHA or DHAP were
detected (intra- or extraccllularly) when H. cutirubrum cells were
grown in the presecnce of 14¢_and 32p-labelled glycerophosphates
(Figs. ‘ZA. and B, and Plate IX).

The individual steps in Pathway (2) leading from glycerol
to diphytanyl glycerol ether are completely unknown at present.
However, one might speculate {see Scheme XII) that the intci:—
mediate reactions involve: (1) the condensation of the intermediate
R-O-PP (probably synthesized as shown in Scheme IX) with the
carbonyl group in dihydroxyacetone; (2) climination of -OPP to form
a cyclic ketal; (3) addition of another molecule of R-OPP' to the
epoxide ring again with elimination of -O-PP to form the 2, 3-di-
phytanyl-1, 2-epoxyglycerol; (4) finally, reduction with TPNH would
then yicld the desired 2, 3-diphytanyl glycerol cther.
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It should be noted that although this scheme is
speculative, it serves as a possible route for the biosynthesis
of the diphytanylglycerol ether moiety. However, the individual

steps would have to be elucidated by further studies.

III. Biosynthetic Intermediates of Phosphatides

Studies carried out in an attempt to isolate metabolic
intefmcdiatcs in the biosynthetic route of phosphatides using short
term labelling of total lipids with 32P-orthophosphate were in-
complete. Within the first minute of incubation, a major unidenti-
fied phospholipid (Component X3) was formed (Plate XI1V) and had
an Ry¢ value betwee.n PG and PGP-diether énalogucs. Component X3
contained most of the 32P-1abelling and showed a precursor-
product relationship with PGP-dicther analogue (Fig. 7). Also,
PGP-dicther seemed to be a precursor of PG-dicther (Fig. 7).

This finding suggests that, as in non-halophilic organisfns, PGP is
converted to PG by a speéific phosphatase (Chang and Kennedy,
1967 c). However, the prescnce of such a phosphatase in

H. cutirubrum has still to be confirmed.

It should be noted that another unidentificd phospholipid
component (X2 , Plate XIV) appeared to be labcilcd within the first
hour of incubation and increcased thercafter at a rate paralleling that

of the PGP-diether. Also, the percent activity of 32p in

Component X was higher than that of PG-diether (Fig. 7). However,
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since the labelling of PG-diether and Component X5 occurred
almost simultancously, it is most probable that PG-diether is
not the precursor of Component X,. Isolation and identification
of the unknown 32P-1abe11ed Components Xp» X, and X3 (Plate X1V)
could not be achieved because of the lack of sufficient amounts of
these components. Work along these lines is in progress,

The studies described here have revez}led a most
unusual biochemical system in H. cutirubrum for synthesis of lipids

which differs from that in other micro-organisms in threc major

respects:

' (1) the mevalonate pathway for isoprenoid chains is
utilized almost exclusively for synthesis of alkyl
chains; -

(2) the malonyl-CoA fatty acid synthetase system is
operative at a very low level;
(3) the glycerol incorporated into the lipids must pass

through an oxidized (or dehydrogenated) stage

whereby the hydrogens at C-2 are removed.
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