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ABSTRACT

“
o

The maer lipids of Vibrio costicola membranes and whole cells

are phosphatidy1g]yceroT and phosphatidylethanolamine. Lesser
amounts of 1ysophosphatidy1ethanolémine, cardiolipin, a glycolipid

and two other phospholipids, tentatively identified as lysocardiolipin

-and 1ysophosphétidy1g1%@erol, are also present. Phosphatidyl-

' glycerol-and lysocardiolipin contents markedly increase, whereas

-~

that of phosphatidylethanolamine decreases with increasing salt

concentration (0.5M tS‘ETOM NaC]) in the growth medium, These

changes result in an increase in the mole ratio of negatively chgrged
po]af t¥pids to neutral polar lipids. Little effect of. growth phase
on the prbporé?ons of the 1ip1¢ cémponents or their fafty acids
was observed-in cells grown in 1.0M salt. The major fatty acids
found were_lB:O, 16:1 and 18:];minor amounts of 14:0, 17:1 and
traces of 12:0, 12:1,.14:1, 15:0\ 15:1 and 17:0 were also found.
The proportions 6f certain fatty acids also chgnges with changing
salt concentration in the medium, o

The relative amounts of a, major ‘outer membrane protein of
molecular weight 58,000 greatly increases in response to increasing
salt concentration (0.2M to 3.0M) in the growth mediéf-.No observable

effect of growth phase on the relative amount of the salt-regulated

protein was observed in cells grown in media containing 0.5 or 1.0M

.NaC1. This protein was shown to be a glycoprotein, transmembrane

and bound to peptidog]ycan;



- .and by the method of preparetion of cell material (sonication or

vii . , SN

" The sa]t-response and/or specific activity of the F F] ATPase
was affected be the NaCl concentration of the growth media, phase
of growth in which cells were harvested, freezing and thaw1hg,
pressure bomb) prior to assaying fof ATPase activity. Similarly the
membrane bound 5'- nuc1eot1dase activity also seemed regu1ated by
the aboge factors and thus understanding of both ATPase and 5'-nucleo-
tidase activity was not clear due to the complexity of the system.

- Examination Bf intraceilular solutes. revea]ed virtually no’
1ntrace11u1ar g]ycero] in V. costicola for cells grown in the range
of 0.2 to 3.0M NaCl. The most important changes in intracellular

~amino acids of V. ‘costicola grown in media containing 0.5M NaCl
and then transfered to medium cobtaining 2.0M NaCl was a;.increase
in the percent of glutamine and glutamic acid whereas the 6e}centage
of'g1yc1ne and alanine decreased;'"Beth the total negatively charged

free amino acids ‘and the total amino acid content increased as

the NaCl concentration of the medium was raised.
! - N R

-

'o
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RESUME ‘

La phosphatidylg]ycé}ol et 1a phosphatidyléthanclamine sont *

les lipides majeurs dés membranes et des cellules entiéres de

Vibrio costicola. Des quantités moindres de lysophosphatidyl-
éthanolamine, de cardiolipine, un glycolipide et deux autres
phospholipides ﬁue nous aQons temporairement jdentifiés comme &tant
Ta lysocardiolipine et la 1ysophosphatidy]g1ycé¥o] sont aussi
presénts. La teneur en phosphatidylg]yté}oi augmente de fagon

marquee, tandis que la teneur en phosphatidyléthanolamine diminue

lorsque nous augmentons la concentration de sel (0.5 a 3.0M NaC1)

dans le milieu de culture., <Ces changeménts se traduisent par une
augmentation du ratio moléculaire des 1ipides polaires négatifs en
regard des lipides polaires neutres. Nous avons observé que la
phase de croissance avait peu d'effect sur la proportion des composés
lipidiques ou des acides gras chez Tes cellules cultivées en présence
de 1.0M de se]; Les acides graé\queurs que nous avons trouves sont
16:0, 16:1 et 18:1 des quantites m{neures de 14:0, 17:1 et 18:0
ainsi que des traces de 12:0, 12:1, 14:1, 15:0, 15:1 et 17:0 ont egale-
ment ete frodvéés. Les proportions‘de certains acides gras changent
aussi lorsque nous modifions les concentrations de sel dans le milieu
de culture. |

Les quantites relatives de la principale proteine de la membrane
externe de poids moleculaire 58,000 augmente fortement en reponse a

1'augmeritation en sel {0.2M a 3.0M) du milieu de culture. Aucun effet

¢



ix

" notable de 1a phase de.croissance sur la quantité'fe1ativq dé 1a
protéine reé%éé par le sel fut observe dans les bacté?ieg'cultﬁvéés
dans des m%1feux contenant 0.5 ou 1.0M NaCl. Cette prbtéﬁné a €té -
identifde comme étant une glycoprotéine, transmembrane et 1ide
au peptidoglycane. ) .

’pa réponse au sel et/ou 1'activité specifique de la F0F1 ATPase |
fut affectéé par la concentrat%on en N5C1 du milieu de culture, la
phase de croissance a 1adue11e les bacteries sont recueillies,

- conge]ées‘et dé@eléés et par Ta méthode.de prébaration du
‘mate’riel cellulaire (sonication ou“pombe a pression) avant d‘eésayer
1'activite de 1'ATPase. De maniére similaire, 1'activite de la 1

" nuc]ébtiﬁasé'ﬁembrane semblait aussi rég]éé’pqr les facteurs cites ci-
T dessus, rendant ainsi la compréhension de 1'activite de 1'ATPase et
de Tla 5'.nucléotidase pas claire, 5 cause de la COmplexite’du systeme.
L'examination des solutes intracellulaires n;a revelé aucun g]ycé}ol
intracellulaire chez V. costicola pour Tes ce]{uies cu1tfvéés entre
0.2 et 3.0M NaCl. .
Les changements les plus importants en aciﬁes amines intracellulaires
Torsque V. costicola cultive en pregence du O.éM_NaC1 fut transfere
en milieu contenant 2.0M MaCl, furenEufne augmentation de glutamine
: //—?{;t d'acide glutaﬁiqué et une'diminution de glycine et &fa%anine.
Chaque'acides amines libres chargeé negétivement et le p0urcenfage

total en acide amines augmentait lorsque la concentration en NaCl '’

du milieu augmentait.
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CHAPTER 1

INTRODUCTION ' ) :

1. Life in High Solute Concentrations.

‘ Many bacteria and fungi fnhabit environments considerably, harsher
than those inhabited by other known life forms. There are many examples
of m1croorganisms that hgye adapted to such environments' under high
pressure within the ocean depths, acid and a]ka11ne conditioﬁs, at high
temperatures, high levels of rad1at10n, high concentrations of heavy
metals or other strong chemicals and lgstly under conditions of high
solute concentrations such as 1n_sa1t.§nd sugan.(see reviews by.Heinen,
1974; Heinreich, 1976; Kushner, 1978, 1980; Sﬁilo; 1978).

A1l microorganisms require water for growth; however, the exact
amount needed for growth varies from' one ﬁicroorganism to another, This
water requirement fs expressed in terfns of available water or water-
activity (aw). Solutes and ions tie up water in so1ut1;n. Therefore,
an increase in the conééntration of dissolved solutes such as salts and
sugars reduces the a, and the bacteria via osmos1§ lose cellular water.
The water ac?ivity (éw) €an be defined by the equation:

J

n
a 2
wt: =

PB n1‘+ Ny



s
’ ¢

where P is the vapor préssure of the solution and P, that of the
solvent, and hl and né are tﬁé number of .moles. of solute and solvent
respectively (Frazier and Westhoff, 1978). Table 1 present§ values qf
Timiting éw for growth.of variéus groﬁps of microorganisms over the
entire a, range in which life %s possible.

"Fungi capable of growing in extremely dry enyironments {1ow ag)
- have been categorized as "xerbphilic". Yeasts growing in high salt or
sugar concentrations -are cailed “"osmophilic" {Corry, 1973). The lowest.

a,, capable of supporting growth has been repdrted for a xerophilic and

~,
an osmophilic microorganism, Xeromyces bisporus and Saccharomyces rouxii

respectively (Tab]e'l). Furthermore, Table 1 shows that ampng the
prokafjotésl the extremely H310ph111é bacteria are caﬁab]e of grdwth at
the lowest a, value. Larsen (1967) defined these extreme halophiles as
any organism which qrowg best above con;entrations of 20% NaCl.

The extreme hafOph11es and ;im11ar1} all other bacteria Ean‘be
categorized according to the range of salt concentrations which permits
growth {Table 2). Interest in studying the extreme halophiles is not
solely because they are limited to an extreme environment, but also
because they belong to the Archaebactefia, together with the methanogens
and thermoacidophiles whose members are supﬁosed1y of ancient lineage and
which also contain structural differences of certain éé]l components
common to all bactgria.(woese, 1981)7 Extreme haTophi1es'a1§o contain -a
unique light energy-transducing pigment,{bacteriorhodopsin, so far not

found in other prokaryotes {Stockenius and Bogomolni, 1982}.
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TABLE 1

. Limiting water activities (a,) for microbial growth

Organism

10w:¥ Timit.

References

BACTERIA

non-hatophiles:

| Bacillus mycoides
Baciilus subtilis
Escherichia coljr

Lactobacillus . |
Clostridium botulinum
Enterobacter aerogenes

Pseudomonas fluorescens

SalmonelTa 116 spp.)
Ceuconostoc citrovorum

Salmonefla oranienburg

halotolerant:

Staphylococcus aureus
(14 spp.)
Micrococeus (3. spp.)

Staphylococcus albus
Halomonas elongata

slight halophiles:

Yibrio metchnikovii

moderate halophiles:

Vibrio costicola
Paracoccus

haTodenTtrificans

0.96
0.95 (NaCt)
70,97

0.97-0.99 (salt)
0.9

0.95 (NaCl)
0.935 (glycerol)
0.90

0.945 {NaC1)
0.945

0.97 (NaCl)
0.945

0.975 (NaC1)
0.95-0.97

0.86-0.88

0.83 (NaC1)
0.92 (glyerol)
0.885 (NaC1)
0.83 {NaC1)

-0.995 (NaC1)

{glycerol)

0.86-0.98 (NaC1)
0.86-0.98 (NaCl)

Burcik (1950)
Gould & Measures (1977)
Gould & Measures (1977)

Brown (1976)
Gould & Measures (1977)

Frazier & West hoff (1978)

Gould & Measures (1977)
Christfan & Scott (1953)
Christian & Waltho (1961)
Christian {1955)

Scott (1953)
Marshall et al., (1971)

Marshall et al., (1971)
Vreeland & Martin (1980)

Scott (1957)
Marshall et al. (1971)

Kushner (1978),
Kushner (1978) “

< iy
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TABLE 1 CONT'D

Limiting water activities {a,) for mcrobfal growth

Organism -

“

1ow:¥ limit

References

_ extreme halophiles:

Halobacteria,

0coCcC
Halobacterium

FUNGI

" non-xergphilic:

Aspergillus flavus
spergillus niger

Rhizopus spp.
Rhizopus

'keroph1T1c:

Xeromyces bisporus

YEAST

non-osmophilic:

Candida "
pseudotropicalis

Saccharomyces
cerevisiae

osmophilic:

Saccharomyces rouxii

Saccharomyces rouxii

5

0.75-0.88 (NaCl)
0.75

0.902
0.843
0.94

0.605

’

oL
0.931 (NaC1) ‘

0¢.94 (NaC1)
0.92 (glucose)
0.90 (Sa1tl

0.86 (NaC1)
0.857 (sucrose)
0.845 (glucose)

0.60

Kushner (1978)

Gould & Measures

Pitt & Christian
Pitt & Christian
Scott (1957) .

¢

, - ,
Scott (1957)

Pitt & Christian

Battley & Bartlett (1966)

‘Onishi (1957)

Onishi (1957)

Brown (1976)

Gould & Measures.

(1977)

(1968)
(1968)

(1968)

(1977)
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. TABLE 2

Salt Response of Different Microorganisms

Category

Reaction .

Examples

Non-halophile

Halotolerant

-$1ight-
halophile

Moderate-
halophile

Borderline
extreme .
halophiles

Extreme
~halophiles

Grows best in media contafning ’
IEis than 0,2 M salt '

Non-halophile which can tolerate

salt.. If the growth range
extends above 2.5 M salt, it
may be considered extremely
halotolerant. oL

Grows best in media containing

-0.2~0.§ M salt

Grows best in media containing
0.5-2.5 M salt. Organisms able
to grow in Tess than 0.1 M

salt are considered facultative
halophiles

'Grows/Best in media containing

1.5-4.0 M salt

Grows best in media containing
2.5-5,2 M (saturated) salt

- Halococcus morrhuae

‘Most normal eubacteria

and most’ freshwater
microorganisms

Staphylococcus- epidermidis
SoTute-tolerant yeasts,

fungi and algae. Halomonas

Many, marine microorganisms

Vibrio costicola,
Paracoccus . .

haTodenitrificans

Pseudomonas p.

Ectothiorhodospira

halophiTa ]
ActinopoTyspora halophila
HaTobacterium volcangi,_ﬂ;

medl terraney

Halobacterium sa11nar1dm

(From Kushner 1984; In Prass)



| to th1s grouping

Non halophilic organisms consist of most }resh water and normal

'éubacteria} halotolerant organisms are considered non-haiophiIes which

can_to]erdte salt. Slight halophiles, és the name implie ave a slight

sa1t-requ1rement for optimal growth'and thus ﬁany rine organisms belong

grow in the range of about 3 to 207 NaCl {0.5 to 3.5M). s been
shown that a number of marine bacteria are capable of grow1n§ in up to
20% and even-30% NaC]l(Forsyth et ‘al., 1971); thus, many marine Sacteria,
which normally gfow in the 3% NaCl found in the.oceans, could be
considered moderé%é“haloph11es. | .

The 1nh1b1toty1effect'of NaCl or upper NaCl limit for the Ha]ophi]es
may be due to the NaCl itself or to the effect the NaCl has on water

E
-

éctivity (Kushner, 1978). Most non-halophilic bacteria cannot grow below

an a, value of 0.90 (corresponding to 2.83M NaCl)} whereas the ¢

ha1§to{graﬁt bacteria can grow at an a, of ‘0.87 (3.7M Nac1) and some

moderately halophilic bacteria can grow at an a, of 0.86 (3.9M NaCl)

Y

(Table 1). Extreme halophiles can grow in salt saturated solutions
{(5.15M NaC1) at a, values near 0.75. Thus non-ha1ophi1ic to halophilic

organisms can be roughly grouped according to their limiting g

values.

The definit;;;‘;;\\he lower salt concentration for growth of several

strains of salt tolerant and halophilic bacteria is incomplete unless the

growth temperature is also considered. Sévera] investigators have *

observed that the minimal NaCl réq_u‘i‘rement' for growth of the salt

« : v

i B
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tolerant moderate‘and extremely halophilic bacteria is increased by

raiéing the témperature of incubation (Gibbons and Payne, 1961; Goldman

.et al., 1961; Ingram, 1957;.Ish1da et al., 1974; Novitsky and Kuéhner,

1975; Tesone et al., 1981). For example the lowest salinity which will

support growth of the moderate halophile Vibrio costicola ‘at 300C is 0.5M

NaCi. At 209C this organism can :grow down to 0.2M NaCl (Kushner, 1978).
Other moderate ha]ophiles should be re-examined in this respect to

determine if this temperaturg:§a+fﬁ?i; effect is a general phenomenon.

2. Vibrio costicola

} Vibrio costicola is a gram negative moderate1} halophilic, aerobic,

curved rod, fh1s organism was originally isolated from pork ribs curing

in salt brine (Smith, 1938). V. costicola can grow over a NaC1 range of

©0.2-3.5M {Shindler et al., 1977) and it has been previously sﬁown that

growth at higher NaCl concentration? was not- due to. a selection of more
resistaqé'zzafs; but rather a resu1£ of individual adaptation (Forsyfh
and Kushher, 1970). ] | '

A knowledge of how intracellular fonic content varies with the
environment is required to understand how growth at different salt.
concentrations affet@; cellular components. For V. costicola the
internal ionic composition varies when tﬁe‘ce11s.aré grown at differen{
salt concentrations and the sum of internah Nat and K+ fons is at least
as high as that of the environment (Tab1e!3)l- Only in the medium
containing 2.0M NaCl was the total Na+ plus K+ concentration found to be

slightly lower than the external NaCl concentration.

. A
S ) —
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So far five cytoplasmic enzymes from v. cosficoia have been examined
frbm cells grown in 1.0M.Nac1 {Table 4}. The aspartate transbarbamy1a§e
Has a salt optimum at 2.0M:NaCl. 1In contrast the threomine deaminase,
glycerol dehydrogenase, NADP-specific malic enzyme and pyruvate kinase .
have a s$1t optimdm at 0.1-0.5M and further NaCl in the reacfid;.mixture
is inhibitory. The oppos1te is true for most enzymeé from extreme
ha]oph11es.which require high NaCl for stab¥}ity and activity (Kushner,
1978; 1984: In press). Yet what is striking about V. costicola's erizymes

is that they are strongly inhibited by NaCl levels well below measured

- cell-associated Nat+ and K+ concentrations (Table 3). Even in vitro

protein synthesis {(Wydro et al., 1977) gas found‘to be optimal at 0.2M
NaC1 and non functional at the higher concentrations thought to be inside
the organisﬁ ftself. Since the cells are viable and in fact grow
optimally in 1.0M NaCl, it was suggested that the intracellular Nac{\;hst;D
somehow be separated from these salt sensitive structures.(quro'et al.,i

1977). Recent experiments have now clarified, to some extent, this

' mystery (Kamekura and Kushner, ASM Annual Meeting,A1984). Cell free

A

chloride was measured by direct ashing of cell pellets. NaCl or KC1

do not evaporate upori direct ashing whereas chloride bound to the cell
envelope or amino acids does (Cotelove 1964). The intracellular chloride
concentration in the form of salts was found to be approximately d.OZM”
and *0.98M respectively in 1.0 and 3.0M NaCl grown cells (Kamekura’aﬁd
Kushner, 1n_pfeparation). However, when cell pellets were first heated
1h the presence of NaOH, chloride bound to the envelope or qmino acids is
éonverted to NaCl. Upon ashing the total cell, associated chloride in -

1.0 and 3.0M NaCT-grown cells, was approximately 0.22'and 1.3M
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TABLE 3
ko -

Effect of medium NaCl concentration on cell--
assocliated cations in Vibrio costicola

_ Ton concentration (M)

~ in medium cell-associated References@
- Nat K+ Na+ K+ .
. - |
l.d*c' ’2;!0.004 0.684 _0.221 Christian & Waltho (1962)
0.6™  0.008 0.5056  0.524  Shindler et al. (1977)
1.0 0.008 | 0.584 . 0.661 ) )
1.6 0.008 1.09 0.594 N s

2.0 0.008 0.898 0.567

@ The d1fference between the K+ concentration found by the two laboratories
may be due to the fact that Christian ‘and Waltho i1962) measured ions in
.stationary-phase cells drown in complex media and Shindler et»al. (1977) used
exponential cé1Ts grown on defined media which were re-aerated after

centrifuging.

I



- - e = e -

LL6l

‘ |oub pssoy (LoeN <0 (Lo®eN .
¥ sSn2lpalag LOA} S21°0 40 [J3¥} 0°I-0 01 {patytuand)
9seu Ly ajeANUAd

(LoeN) T°0 (LoeN}) O° m e

{LJeN} T-0 (LJeN) 0°€-0 01
9/61 ‘43|pPULUS {LJeN) T°0 (10eN) 0°£-0 9*0 . (s3oedlxe dad} ([3])
SSeUlWeap dULUOBAYL
9/61 -“4a[PULYS (L9eN) 0°2 A_omzy S - o H 0°1 {s3oeulxd @34} [[8])
/ - B ase|Auequaedsued) ajeldedsy

ommH .opsnmmu /
¥ AoUdRALES  (LOVHN' (Lo%hn

©odO 2N} T°0. J0 D) 6°0-0 0°1 (paljldnd)
_ 95830NP3L0P LXO-4AYN

(LJeN} s°0 (LJeN) 0°€-0 92

bS61 ‘suoqqLo .
¥ JajXeg (LJeN) §°0 {LJeN) 0°€-0 L0 {s3oea3xd 834} []8])
N~ aseuaboup Lyap
Louaadty
(W) A31aL3oy (W) sbuey (W) eLPaW yimosn jJo
3JUIU3I3Y 3PS (ewildy  A1LALIOY 1|eS  udlIeU}udIUC] |IEN saWwAzu3

B[0313502 OLXGLA Wwodj amemucu pajedo A|{eswuse|dolL] uo 3|eS 40 1934)3

¥ 37avL
.IO.H -



- -11-

T e

. ¢
respectively. Whatever the form of C1- ions, tpese'resu1ts show that

their intracellular concentration is much Jlower than their extracellular
one. '
Thus a s1gn1ficaﬁt proportion of intracellular C1- in V. costicola
s not found in the form of NaCl but rather bound to other compounds
which are as ygt unknown. .Therefore, in such a bound state it is likely
“Ehat the C1- is no longer available to -interact with NaCl or more
appropriately C1- sensitive structures. Secondly C1- rather’ than Na* s
respon§1b1e for inhibition of in vitro protein syniﬁésﬁs since the Na* -
" salts such as Na-acetate, Na-glutamate and Na-aspartate enhance in vitro
protein synthesis in the presence of NaCl {Kamekura and Kushner, in
preparation). | |
In the:few cases examined, the salt response of enzyme activity in
moderate halophiles does not seem to change regardless of the salt
concentration in which the cells were grown (Kushner, 1978). This is
true for the threonine deaminase and glycerol dehydrogenase {(Table 4).
Similarly ribosomes of V. costicola maintain the same sedimentation
coefficient and the protein synthesizing system wasapot affected
regardiess of the salt concentration of the growth media (Wydro et al.,
1975, 1977). ' o
e 0f the membrane components so far examined in V. costicola, the’
adenosine triphosphatase, membrane bound 5'-nucleotidase and respiratory
enzyme system of intact cells show optimal activity in the presence of
0.2-1.0M NaC1l, and further NaCl in the reaction mixture is inhibitory
(Table 5). However the NADH, oxidase was activated by salt with an

optimum.of 0.5M (Table 5) and seems to be fairly resistant to
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Iﬁrther salt increases in the reaction”mixture,

A recent finding showed the transpé;t of g-aminoisobutyric acid
acro%s the membrane in V. costicola can be induced to become Qess salt
sensit1ve in non growing cells by allowing incubation of these cells in a
highér NaCl so1ut1on (Kushner et a1., 1983). However, before e1uc1dat10n

\\of the mechanisms of salt resistance can be understood, it is necessary
to examine the effect of NaCl on the physiology of the membrane itself.

Much of the past research on V. costicola and other mgderate
héloph11es has been concentrated on salt response of cyﬁop1asmic'enzymes
and other cytosolic components: However, it is likely that the cellular
membrane will give a better understanding of the adaptational processes,
first becaﬁse the membrane is the first barrier between the cell and its
environment; secondly, the membrane regulates the exchange of solutes
betweeﬁ the inside and outside of the cell; and lastly, the membrane

contains many enzymes vital to cell survival (e.g. respiratory chain).

3. Bacterial Membrane Composition

The cell envéIope-dfwgrém-negative bapteria consists of an inner
cytoplasmic membrane and an outer membrane separated by a thin layer of
peptidoglycan (Fig. 1). Basica11y, each membrane is composed of a
phospho]ipid bilayer plus associated-protein; however the outer membrane
a1so contains lipopolysaccharide on the e;terna1 surface The outer
membrane contains many fewer polypeptide species than are present in the

cytoplasmic membrane. ‘Approximately 20 species of po]ypeptide have been

{dentified on SDS-polyacrylamide gels in the outer membrane of E. coll
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TABLE 5

Enzymes NaCl Concentration Salt Activity Optimal Salt Reference
of Growth Media (M) Range (M) Acitivity (M)
NaDH, oxidase '
(membrane bound) 1.0 0-1.0 (NaC1) 0.5 (NaCl)  Unemoto et
al., 1977
5'-nucleotidase . . :
{purified) 1.0 0-3.0 (NaCl 2.0-3.0 Bengis-Garber
or KC1) {NaC1 or KC1) & Kushner
1981
(membrane bound) 1.0 0-3.0 {NaC1 0.2-0.4
or KC1) {NaC1 or KC1)
b Yy, %
Adenosine triphosphatase \mﬂo 0-3.0 (NaCl 0.5 {NaCl Higa & Cazzulo
7 or KC1) or KC1) 1978
Respiratory enzyme ) , ‘
system 0.5 0-5.-4.0 {NaC1} 0.5 (NaC1) Kushner, et
al., 1983
1.0 1.0-4.0 (NaCl 1.0 (NaCl
- “or KC1) or KC1)
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and Salmonella spp. {Wright and Tipper, 1979). In most gram negakive '
organisms, between one aﬁd four majorlproteins make up 70% or tore of the
mass of protein in the outer membrane {Schnaitman, 1970). The 6uten
membrane is relatively simple in terms of protein composition compared to
the cytoplasmic membréne so that it is easily purified.,ﬂ4tdforms the
interface between the cell and its external environmént an@’£aus

contitutes a physical and functional barrier which controls access of

stutes_to the c¢ytoplasmic membrane.

3. A) Effect of Salt and Other Factors on Outer Membrane Protein
Compostion. |

The effect of increasing the external salinity has been examined for
E. coli K-12 which has four major outer membrane prdteins designated a,
b, ¢, and d in order of decreasing molecular weight. The presence of
ni gher NaC1 or KC1 in the media (0.3M) caused the relative amount of
protein c to-increase with a roughly equal decrease observed.in protein b
{(Hasegawa et al., 1976; van Alpen and Lugtenberg, 1977). The function of
both these salt-regulated proteins has now been elucidated. Lugtenhaus
(1977) showed that mutants lacking either prot;?;/; or.c alone had
unchanged ability to take up various metabolites such as thymidine,
methionine, g1ﬁcose or leucine., But in a mutant Tacking both proteins
incorporation was, inhibited, suggesting that these proteins function as
passive diffusion pores {porins) in the outer membrane. In very high
concentrations of these solutes some were taken uﬁ in the dqub1e mutants,

suggesting the presence of other secondary pores in the outer membrane.
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Figure 1 Schematic Representation I1lustrating the Possible
Molecular Architecture of the E. coli Cell Envelope

Abbreviations used are:PL, phospholipid;OM, outer
membrane; LPS, 11p0p01ysacchar1de PG, pept]dog]ycan,
PS, per1p1asm1c space; OMP A, outer membrane protein;
and CM, cytoplasmic membrane

(From DiRienzo et al. 1978)
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" E. Egli!K-lZ has two porin proteins which have s1ightly d{f?erent
permeability properties (Nikaido,‘1979). For example mutants less
permeable to CuZ?t, éh1oramphen1;01 or adenosine 5'—monophosphaté usually
lack protein b (Lutkenhaué, 1977; Chai and Fou]ds, 1978; van Alpen et
al., 1978). Thus the salt-repressible porin (protein b) appears to be

~ most effective in the diffusion of a number of solutes and could form the

- basic all-purpose channé]s. But the question remains why this porin is

repressed by high fonic strength. Nikaido'(197q) suggested that when
enteric bacteria are excreted with feces, the salt concentration of the
environment would increase as a result of the drying out of the feces.
This might act as a signal of an environmental change to fﬁe bacteria so
that they shut down the most effective pores and survive in a sfate of
minimal metabolic activity or with minimal exchange of material with the
outside.

NaCl-regulated changes in major protein species of the outer
ﬁembrane have also been observed for the moderate halophile Péeudomonis

halosaccharolytica (Hiramatsu et al., 1980 a, b);_ however, whethér they
<.

are porins or not has not yet been investigated.

Increasing the external concentration of several carbohydrates and
dextrans in the medium caused the same effect as increasing external
salinity in the growth media for E. coli K—iz; Protein ¢ increased and
protein b decreased (Kawaji et al., 1979; Qan Alpen and Lugtenberg,

1977). ‘Therefore the external osmolarity seems to be the controlling -

factor.
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Schnaitman (1974) found that as E. coli énfered stationary pﬁasé,
one of the major proteins dec]inea whereas the relative amount of the
other was elevated. Similarly differences were observed for Vibrio
cholerae. Cells in eariy expenential phase showed elevated levels of
some protein bands compared to ce1}s in mid-éxponent1a1 or stationary
phasél(5e11ey and Parker, 1981).

~

Under conditions of iron starvation, Vibrio cholerae (Sigel and

Payne, 1982}, Azotobacter vinelandii (Page and von Tigerstrom, 1982), E.

coli and other Enterobacteriaceae (Wright and Tipper, 1979) over-produce
certain outer membrane proteins which appear to be involved in uptake of
ferric cheIétes.

In E. coli cerulenin specifically blocks the activity of the 3-
oxoacyl-{acyl-carrier-protein) synthefase thus inhibiting fatty acid
synthesis. Bocqugt-Péges et al., (1981) noted a decrease in both porin
species, b and ¢ and an inhibition of 5'-AMP uptake in the presence of
cerulenin. Similarly in a E. coli auxotroph defective in sn-glycerol-3-;
phosphate acyltransferase, phospholipid synthesis stops immediately upon
glycerol deprivation. Again both porin proteins decreased in relative
amounts. Thus 1ﬁhib1tion of 1ipid synthesis might inactivate preexisting

péres‘or perhaps interefere with pore synthesis or assembly.

B) Effect of Salt on Phospholipid Composition

Lipids in a biomembrane must fulfill two requirements. First they
must form a stable bilayer together with membrane proteins and, second,
they must be in a sufficiently fluid étate under physiological

conditions. .
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However, both of these conditions can be affected not only by meqbrane
.? | - composition but also by fonic stréngth, temperature, and pH (Melchior,

' 1982). érokaryptes exist in envirqgments subject to chahges in these
factors and their 1ipid composition in many instances changes in response’
to thejenvifdnment,

Kates et al. {1961) first noted that NaCl copcentration of the media
cou]d‘affecf 1ipid composition. They noted that although the total

amount of lipid remained constant in Micrococcus halodentrificans {at

present renamed Paracoccus halodentrificans), the content of total

phosphorus increased and the unsaponifiable matter decreased as the

salinity of the medium was ratsed,

Reports on the mbderate halophile Pseudomonas ha]dgaccharolytica
indicate a gradual increase in 5hosphatidy191ycerol and a concomitant
decrease 1in phophatidylethanolamfﬁ; with increasing NaCl concentrations
in the medium (Hiramatsu et al., 1980 a, b; Ohno et al., 1976 b; .Ohno et
al., 1979). The same results were obtained in a moderately halophilic
Péracoccuﬁ sp. (Hiramatsu et al., 1980 a). ‘It should be.pointed out that
for the above organisms‘the total amount of negatively charged
phospholipids increased with increasing NaCt. ,In contrast, in the

halotolerant gram-positive Stabhylocotcus aureus (Kanemasa et al., 1972}

and Staphylococcus epidermidis (Komaratat and Kates, 1975) a decrease in

phosphatidylglycerol and increase in which also resulted in an overall
increase in cardiolipin was observed with increasing salt concentration
in the media which also resulted in.on overall increase in the
negatively-charged phospholipids. Thus Hiramatsu et al. (1980 a)
suggested that the changes in relative amoﬁﬂ%% of individual
phosbho]ipids in response to different sanjggggentrations.in the media

differ from gram positive to gram negative bacteria. However not zl1

bacteria follow these same trerids. For the slight halophile
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Planococcus citreus thé changes in phospho]ipid composition may.be dqe to
growth rate rather than salt concentrat1on.‘ As the NaCl content of the
media is raised from 0.5% to 3% (optimal growth salinity), the relative
amount_of phosphatidylglycerol and cardiolipin doubles, and a further
increase to 10% caused a 50% decrease. The opposite changes were
observéd for phosphatidyletﬁano]am1ne (Thirkell and Summerfield, 1977).
Thus phosphatidylglycerol and‘caré1o1151n were at a maximal concentratdon
when grown at the highest growth rate whgreas phosphatidylethanolamine
was found to be at its lowest concentration. . &

The fatty acids have also been shown to be regulated by ,
environmental NaCl concentration. 'In §_§E£gg§_(Kanemasa et af., 19?2)'!
and S. epidermidis (Komaratat and kates, 1975) ‘the proportion of brancheh
chain fatty acids increases‘with increasing NaCl in the'@edia.

Increasing NaC} causes a significant increase in cyclopropanoic acids of

P. halosatcharolytica, {Hiramatsu et al., 1980 a; Hyono et al., 1980;

_ Ohno et al., 1975, 1979). Peleg and Tietz (1971) noted that an
unidentified moderately halophilic bacterium cqntained remark;bly high
contents of cyclopfopane acids when cultured on media contain{ng 2 and 4Mv
NaCl; however, no significant changes in individual fatty acid
proportions were observed when bacteria were grown at such high NaCl

concentrations.
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In “the hon-ha1oﬁh{1e E. coli, high salt (0.6M) concentrations
induced cyclopropane fatty acid enrichment and a concomitant decrease of~
unsaturated fatty acids for cells at stationary phase {McGarrity and.
Armstrong, 1975). Thus, the above observations suggest high NaCl induces

cyclopropahe synthetaée._ The melting point of cyc16propan01c fatty acids

A—~—"TT®s between those of unsﬁturated and saturated fatty acids. Therefore

regu1ation.6f cyblopropanization‘of unsaturated fattyiacids_by NaCl miy

contribute to maintain suitable membrane integrity in a-salty

o

-

¢} Effect of other factors on Phospholipid Composition

It is quite possibﬁe that the minimum growth femperature of
microorganisms cou1d be directly determinéd'py the lower boundary of the
gel to 1iquid-crystalT1ne.phase transition. Generally, the gel state
will not support norma]lmembrane function (Steim et al., 1569; Overath

et al., 1970). It has been suggested that the upper temperature 1imit of

' growth may be determined by the point above the transition phase where

ihcreased'fﬁprma] qftion of d&Cyl chains causes the cell membrane to

- become leaky or unstable so that ﬁoq_QQTecular weight solutes can no

Tonger be retained (McEihaney, 1976). Furthermore, the physical state of
the 1ipids could influence the ﬁroper functioning of enzymes or other
membrane bound broteins required for transport which- are crH;ica1 to cell
survival (Singer and Nicholson, 1972).

Bacferia have evolved a mechanism which enab]es'the’type of fatty
écids in the gﬁhbrane to change in response to altered environmental
temperatures (Bhakoo and Herbert, 1979; Cronan, 1975; Kates and Hagen,
1964; Marr anq Ingraham; McElhaney, 1976; Ray et al., 1971; Taneia et
al., 1979). Generally the proportion of unsaturated fatty acids of the

LT TP
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phospholipids increases as the temperature {s lowefed. .Ioversely, as the
temperature is rafsed, the proportion of saturated fattj‘acfds 1nErease.
Thus bacterta are capable of controlling to a certain extent the
transition temperature of their membrdhes as a function of - growth -
temperature in .order to maintaia !F;ir normal physio]ogical cell
processess.

Prokaryotes not only possess a short term adaptation mechanism to
changes in therma] -environments as descrfbed bove but also there seems
to be long-term evolutionary adaptation as wejl. Psychrophfles are :
Characterized by h1gh proportions of unsaturated or shorter fatty acids,
whereas thermophiles possess a high content of longer saturated ahd-
‘predominate]y isobranched acids (Langworthy, 1982 McEThaney, 1976)

In genera] I1p1diéépom organisms.which have evolved to grow at 1ow
temperatures are enriched in fa{i; acids which have relatively low
me1t1ng points, whereas those adapted to growth at high temperatures are '
rich in fatty acids having h1gheL melting points.

In E. coli it has been shown at as ce]]s pass from the exponential
phase to stationary phase of growth the proport1on of
phosphat1dy1g]ycero1 decreases whereas card1o1fpin increases (Cronan,
1969; Cronan and Vagelos, 1972, DeSiervoy 1969; Randle et al., 1969).

SimiTar changes have been observed in Planococcus citreus (Komura et al.,

1975) and Pseudomonas- halesaccharolytica (Ohno et al., 1976). and an

unidentified moderate halophile (Stern and Tietz, 1973). A stoichometric
loss of phophatidylglycerol and concomitant increase in cardiolipin is

understandable because phosphatidylglycerol. is the precursor of
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cardiolipin {Cronan and Vagelos, 1972; Randle et al., 1969).
Increased proportions of cyc]opropahe fatty acids with a
corresponding diminuation of monounsaturated acids in stafionany phase

cultures have been found for E. celi, {Cronan, 1968; Sijher et al.,

1980), P. halosaccharolytica‘(Ohno et al., 1376; 1979) and Serratia
marcescens (Kates et al., 1963). The b1oéhem1éa1 bééis for these changes
is the transfer of a methylene grbup from S-adenosylmethionine across the
double bond of fhe monounsaturated acid. However, the rate of
.methylation‘is dépéndant on growth phase and is..much higher as cells
ehter stationary ppaée (kates,-1964). The stgnificance of.this
conversion in cells at stationary phase may be to protect the unsa@urated
acids from rox1datiqn while altering membrane prop!rties'in the least ”
amount possible (Kates et al., 1963). ’ )
Not all bacteria examined have be&n found to alter their
phosphelipid compositioﬁ as a function of wrowth phase. fhe phospholipid
and fatty acid composition remained constant over the.growth cycle for

Bordetella pertussis (Kawai and Moribayashi, 1982) and no significant

changes were observed in the composition of individual phospholipids for

'S. aureus in mid-exponential or stationary phases of growth {Kanemasa et

al., 1972).
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4) Osmoregulation of intrace11u1ar Solutes in Response to Environmental

Salinity. "?

The environmental NaCl concentration has been shown to aiter

envelope components of bacteria but the possibility of adaptation of
cytoplasmically located components must also be considered.

The cell water of an orgahism is an important part of the cell since-
%; contains dissolved solutes and other internal components wh1ch'undergo;
intracellular interactions. Such solutes and their interactions have
control over many important functions sdch as enzymes activity as well as
other physTolagical changes. Thus, it is quite obvious that changes in -
concentrations of dissqlved solutes wifhin the cell may drastically
affect cell function as well as cell survival.

A1mpst any solute dissolved in the cell water can act as an
osmoregulator. An osmoregu1ato;lcan be defined aﬁiany solute which will
increase in concentration within the cell simultaneously as the cell is
exposed to increasing external concentrations of a different solutk and
vice versa. Osmoregulation is the formation and removal (via destruction
or excretion) of a particular solutes(s) which in turn will alleviate
osmotic tensions and dehydration. - How ﬁsmoregu1at10n-occurs and exactly
what solutes are involved is a particularly interesting question when
considering ha1oph11fc organisms. This is because such organisms can
grow in differing salt concentrations and must accordingly be able to
adjust their internal solute concentrations in order to prevent cell

lysis.

g__j;gg;ﬁmotz and Avron {1973) showed that the halophilic aTga
Dunali 1a(;;kva, contained large amounts of intracellular glycerol
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he algae, Dunaliella tertiolecta and D. virdis contained glycerol

n amounts which varied directly w{th the Nabl concentration of the

growth media. They assumed that the reason D. virdis can tolerate

highef %alt cbﬁéentrationﬁ than D. tertiolecta is that it produces more

. glycerol. Théy also noted that glucose 5-ph05phate dehydrogenasg and a

NADP- specific glycerol dehydrogenase were inhibited by high salt

. concentration whereas high g1ycero1‘ioncentrat1on§ allowed the enzymes to
function normally. Thus 1t‘seems‘that not only does glycerol act as an

f osmoregulator but also as a compatib1e'soiute, a solute that allows

enzymes to function at high concentrations (1{e.,'wh1ch does not inhibit

enzyme activity) and seems tu_protect the enzymes from 1néibit10n or

1néctivat10n by other inhibitory substances if present (Brown, 1976).

‘Glycerol seems to act as compatible solute in halophilic algae as do

quyo1s in yeasts (Brown, 1974). Betaine may be an important compat1b1é

solute in some halophilic species {Galinski and Truper, 198%; Rafaeli- .

Eshkol and Avi-Dor, 1968) as well as non halophiles such as members‘of

the Enterobacteriaceae (Le Rudulier and Bouillard, 1983); polyamines in

E. coli (Munro et al., 1972) were suggested to act. as osmotic

balancers.

The extreme halophiles, on the other hand, accumulate K+ ions under
‘growth conditions of higher salinity (Christian and Waltho, 1961, 1962;
Ginzburg, 1§70; Yancey et al., 1982). For example intracellular K+
concentrations‘of approximately 7 molal have been recorded in species of

Halobacterium growing in a saturated NaCl medium (5.1M) (Lanyi, 1974).
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Since the proteins of the halobacteria are enriched in aspartyl, glutamyl
and weakly hydrophobic residues, Lanyi (1974) suggested that such amino
acid substitutions enable ha1oph1ie proteins to have the proper
conformational and functional states at high KC1 concentrations.
iSevera] reports undertine the potential importance of amino acids in
osmorégu]ation. In some bacteria a s1gn1f1cant proportion of one to
three amino acids (glutamate, proline, alpha-aminobutyric acid, and or-
é§§utamine) is accumulated in direct response to increasing external
sa11nity¢; Glutamate seems to be ‘generally accumulated by gram negative
organisms and proline by gram positfve orgaaisms (Table 6). However, as
shown in Table 6, some gram negative organisms in addition also
accumulate proline and similarly some gram positive speciea accumulate
glutamate. Even in halophyte plants, proline seemed to be fnvolved in
osmostic adjustmeni as medium salinity was changed {Flowers and Hall,
1978; Stewart and Lee, 1974). ‘

Accumulation of glutamic acid requires the cell to accumulate an
accompanying cation in most cases in arder to retain electrical
neutrality. The disadvantages of X+ accumulation, however, are similar
to those of the inhibitory effect of NaCl on enzymatic activitj. Thus
gram positive organisms seemed to have evolved a mechanism to convert
glutamate to proline which is not charged at neutral pH and this does not

require the presence of a neutralizing cation (Measures, 1975).

I‘
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_ TABLE 6

Amino acids showing major increase in the free cytoplasmic pool
during growth in the presence of NaCl

.Organism

In;reased Amin? Acids

References

Gram Negative:

Halomonas elongata

Vibrio alginolyticus

. Rhizobium japonicum

Rhi zobium sp.

Beneckea harveyi

Salmonell1i typhimurium

Aerobacter aerogenes

Erwinia carotovora

Escherichia coli

- Pseudomonas fluorescens

Klgbs1e11a aerogenes

Pseudomonas aeruginosa

Vibrio parahaemolyticus

Salmonella oranienbrug

Gram Posft1vé:

Staphylococcus aureus

S. aureus

Baci1lus subtilis

Streptococcus faecalis

Sarcina lutea

A
3
il !

.glutamate,

alanine
glutamate,
glutamate

glutamate

glutamate .

glutamate,
glutamate
g]utamage
glutamate,
glutamate
glutamate,
glutamate
glutamate

glutamate,

glutamine,
proline

prolfne

\

glutamine

proline

glutamine

GABA, proline

proline

proline

proline

GABA, proline

proline

VYreeland et al. (1983)

Unemoto & Hayashi (1972}
Yelton et al. (1983)
Yap & Lim (1983}

#//ﬁackemson & Hastings {1979)

Csonka (1981)

Tempest & Meers (1970)
P

Tempest & Meers (1§70)

A

Tempest & Meers (1970)
A

A
A G
A

Anderson & Witter (1982)
Koujima et al. {1978)

Tempest & Meers (1970); A
A
A
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TABLE 6 COR'T

Amino acids showing major increase in the free cytop]asnﬁc pool
during growth in the presence of NaCl

r

Organism Increased Amino Acids References
Bac1}1us cereus proline A '
Micrococcus lyscdeikticus proline A
Clostridium sporogenes g]utamatg, GABA, proline A
Lactobac111us.p1antarum glutamate, proline . A
Baci1lus megaterium ~ glutamate, proline A

A

Serratia marcescens glutamate, proline

(A = Measures, 1975; GABA = alpha-aminobutyric acid)

-
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5} Goals of Thesis

The goal of this thesis was to investigate the adaptation to

external salt concentration® in the medium of the moderate ha1oph11e,

Vibrio costicola. The cell membranes are the first barrier between the

~extgrrnal environment and the cell. Therefore,' the first site of NaCl

reguiation would Tikely be at the membrane level. ‘Thus, we investigated
some individual components, of the membranes, i.e. protein and 1lipid
composition and certain mehbrane-bound enzyme qct{vities as a'fqnction of
env1ronmen§a1 salt concentration. A

Also examined was the effect of séTt'on certain intracellular
solutes which possibly could be 1nvéived in-adaptation via

osmoregulation.

.
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CHAPTER 2
MATERIALS AND METHODS

1. Media and Growth Conditions

Vibrio costicola NRC 37001 was maintained on agar slants consisting

of 1% proteose peptone (Difco), 1% tryptone (Difco) (1% PPT}, 1.5% agar
(Difco) and 1M NaCl, pH 7.6. One day prior to inoculation of liquid PPT
media with 0.2, 0.5, 1.0, 2.0 or 3.0 M'NQCT pH 7.6, cells were transfered
from slants to PPT agar plates containing NaCl equé1 to the concentrﬁtion
of the liquid media. Cells weré grown with vigorou§ éhﬁking kllO rpm) at ‘
300C, except for those in the medium containing 0.2M NaC1, which were
shaken at 200C; in this NaCl concentration the cel]s'w111‘not grow at
309C. Growth was monitored by measuring absorbance at 660nm on a Bausch
and Lomb Spectronic 20 spectrophotometer.

Semi-synthetic‘hedia consisted of 0.5% glucose, 0.5% casamino acids,
0.001% yeast extract, minerals (0.312% KyHPO,, 0.028% KH,PO,,
0.01% MgS0,.7Hy0, 0.2% (NHa) »S04) according to Forsyth and
Kushner (1970} and the éafious concentrations of NaCl as detailed above.
Cells were harvested at the late exponential phase of growth (OfD. at 500
nm; 0.8-1.2) and washed in the medium above, using half the volume of the
growth media.

Escherichia coli RR1 was grown in a medium consisting'of 1%

tryptone, 0.5% yeast extract, 1% NaCl and 0.1M phosphate buffer pH 7.2.
Vibrio parahaemolyticus LCDC 82-289, Vibrio metchnkovii LCDC SB574,

and Vibrio alginolyticus LCDC SB272 were transfered from blood agar

- ™
-
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plates (prepared from blood-agar base pH 7.3 {Difco) canté1n1ng 5%
defibrinated sheep b1ooq) to trypticase soy broth (Difco). The cells
were washed in 0.5M NaC1, 4mM MgCl, and 0.1M phosphate buffer pH 7.0.

An unidentified moderate halophile HX, NRC‘41227 was also grown in
IM NaC1 PPT at 300C.

2. Total Membranes Prepared by Pressure Bomb Treatment for Enzymes

Assays

Cells of V. costicola were washed twice in 10% sucrose, 2mM MgC12
and 50 mM Tris-hydrochloride (pH 8) containing NaCl equal to the -
concentration used in the growth media. Membranes were prepared
according to the method of Bengis-Garber and Kushner (1981) as follows.
Washed cells (100g wet weight) were hand homogenized in a final volume of
300 ml of 50 mM Tris-HC1 (pH 8), 10% glycerol and NaCl equal to one half
the concentration of the growth media. Lysozyme and disodium ethylene
diamine tetraacetate were also added to a final concentration of
0.25 mg/ml and 10mM respectively and the mixture was stirred gently for
20 minutes at room temperature. Next the suspension was placed in a cell
disruption bomb (Parr Instrument Co., Moline, III.) and subjected to
argon pressure (1500 psi) for 10 minutes. The pressure was siowly
released and the pressure tréatment was repeated twice more. The broken
cell suspension was centrifuged at 100,000 g for 90 minutes. The pellets
(membranes) were homogenized in 50 mM tris-HC1 (pH8), 10% glycerol and
one haif the NaCl of the growth media. . The membranes were pelleted a
final time byicentrifugation at 100,000:§.for 60 minutes. The membrane
preparation was resuspended in the same buffer and stored at -7000.

Purify of membrane fragments were verified by electron microscopy (not

C

shown).
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3.  Sonicated Whole Cell Preparations for Enzyme Assays

> Sonicated material was brepared by suspending washed whole cells at
the ratio of 1 g per 7 m! of 10% glycerol, 50mM tris-éﬁl (pH8), 2mM
MgCl,, NaC1 equal to one half that of the growth medium, and then

sonicated for 2 minutes at 55,000 cyc]qé per second (Branson sonicator).

4. Sonicated Membrane Preparations for Enzymes Assays

.Sonicatéd membranes were prepared by exacf1y the same method as
described above for “Total Membranes Prepared by Pressure Bomb for Enzyme

Assays"” exﬁépt that two 30 second sonication pulses replaced the pressure

bomb treatment.‘

5. Protein Assay

Protein content was measured by the method of Lowry et al. (1951)
with slight modification. Tris buffer and sucrose were }emoved bf
‘extracting with acetone:methanol (5:2 v/v) as described by Bengis-Garber
and Kushner (1981) prior to the Lowry assay. Protein in cell material
was solubilized in 1% sodium dodecyl sulfate as a substitute for NaOH.
Bovine serum albumin was used as the standard. The standard curve was

the same for protein dissolved in water or sodium dodecyl sulfate. .

6. Enzyme Assays

The adenosine tr1ph05phatase~(ATPase) and 5'-nucleotidase can be
wselectively assayed by their different requirements for Mg2t as

Q
previously described by Bengis-Garber and Kushner (1981). Briefly, the

e
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reaction mixture for‘the ATPase contained in-a fiyal volume of .1 ml,
2mM MgC1,, 50mM tris-HC1 (pH é),‘NaC1;1n a range 0-3.0M and 30 to =
100 ug of protein. The reaction was inftiated by addition of 4mM ATP,
ADP or AMP and the mixture incubated for 5 to 15 minutes at 300C. The
reaction was terminated'by the addition of 0.1 ml 60% tr1ch1oro$cet1c :
acid.l Reaction tubes were 1mméd1ate1y placed on ice and the protein was
pelleted at 8500g {swinging bucket Beckman J-6 centrifuge). The ,
supernants were then transferred to clean tubes and inorganic phosphorus
measured co1oriﬁetr1ca11y as follows (Taussky and Shorr, 1953). Two and
a half g FeSO4-7H,0 in 30 ml Hy0 was mixed with § ml 10% ammonium
molybdate in.ION HyS04, D?'this ferrous sulfate solution 0.66 mi
was added to each of the supernatants and incubated 10 minutes at room
temperature. The optical density was read at 640 nm. KH,PO, was used
as standard. l ‘

The assay for the 5'-nucleotidase was the same as above, except that
20 mM MgCl, was used in the reaction mixture (Bengis-Garber and \
Kushner, 1981).

!
!

D e
7. Anti-5'-nucleotidase Preparation ‘

Antibody against purified's‘nuc1eotidase, prdduced in a rabbit as
described by Nelson et al. {1973}, and Dr. Bengis-Garber and Kushner,
© (1982), was kindly supplied by Dr. C. Bengis-Garber.

8. Inhibition of ATP and AMP Hydrolysis by Antibody against

5'nucleotidase

Whole cells or envelope preparations were suspended in the reaction
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mixture, antibodies were added, and 1ncubpted for 10 minutes at' room
temperature. - The reaction was then started with addition of substrate{;

The above exﬁer1ment was also done on membranes or whole cells which
had first been solubilized with 2% triton X-100 (2mg protein/ml) for 30 -
minutes on 1ce_fo110wednby a 15 minute incubation at room'témperature.'
Antibodies were then added as described above. After the ferrous sulfate
solution as previously described was added, 25 pl of 1% SDS was added to
triton treated cells only, in order to solubilize any cell material whfch
might interfere with the colorimetric Pi ané1ys1s." - »

As a control whole cells or membrane fractions,wéfe also incubated

for 10 minutes with non-immune serum.

9. Broad Range Isoelectric Focusing

An LKB isoelectric chds}ng apparatus (Swedenf was used. The anode
electrode solution used was 1M H3P04 and 1M NaOH for the cathode.
Approximately 75 g of purified 5'-nucleotidase was app]ied ahdlthe
ampholine gel was run at 1500 V for 1.5 hours at 109C. The pH gradient
was determined by placing a surface pH electode along several points .
between the anode and.cathode. The 5'-nucleotidase isolated as described
by Bengis-GarSer and Kushner (1982) was ‘kindly supplied by ngﬂaengisQ
Garber. ~ ‘

10. Electron Microscopy

Cells were fixed in 2% formaldehyde-2% glutaraldehyde in 1M NaCl and
50mM tris buffer (pH 7.6) for 2 hours. The cells were pelleted and
resuspended in buffer overnight, then 1ncubated'?n ice.with 1% osmium
tetroxide in NaC] for 1 hour. The material was pelieted and resuspended
in 50% acetone (3 min.), then 76% acetone (3 min.), 80% acetone (3 min;f,
- 90% acetone (3 min.), 95% acetone (5 min.), 100% acetone (20 min.) and

-

~J

rd
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v

finally 100% aéetone”for_a further 20 min. The cells were then

. immediately infiltrateéd using:Spurré (1969) resin. Micrographs of thin
' ‘sections were taken using a AEI-EM or Phillips-EM.

11. Separation of Outer Membrane from Cytoplasmic Membranes

The procedure of Osborn et al. (1972) was used with some o~

; ﬁod1f1cat16“§. ‘Spheroplasts were prepared by gently mixing 2M NaCl-grown

washed cells (3g wet weight) suspended in a final volume of 9 ml of 50mM
tris-HC1 (pH 7.6), 10% glycerol, IH NaC1, 10mM EDTA for 20 minutes at

room temperature. The spheroplasts were lysed by sonic oscillation for 2 °

“finutes {Branson sonicator). Whole cells were removed by centrifugation

(5356xg ‘for 20" minutes) and the supernatant was centrifuged at 100,000g

for 90 minutes. The membrane pellets were washed 1h iM NaC1, 50mM tris-

HC1 (pH 8) and 10% glycerol and pelleted by centrifugation-at 100,000g

-for 60 minutes. Homogenization of the pelleted membrame to a fimal ~

volume of 1 ml was carried out using the same 6uffer as above with the

>

~
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An 1sopycnic sucrose density gradient was prepared by layering in a
stepwise fashion 2.1 ml of each 50 45, 40, 35 and‘aﬂi col sucrose_
solutions {(w/w) in a 9/16"dia. x 3%" polyallomer tube. AN of the
sucrose solutions contained 5mM EDTA and 50mM tris-HC1, bH 7.6. The
- total membrane preparation (1.0 ml) was layered on the surface of the

gradient and spdh at 38,000 g for 16 hours. The bottom of the tubes
'were punctured with a coarse need1e (18 gauge bore‘size) and 8-drop
fractions collected. Fractions were stored at -200C. .
Prior to 10ad1n§ some of tﬁe tofé! membrane preparations on the
sucrose gradienf, inner membeafies were)selectiveTy solubilized with a
final cgncentration of 0,5% spdium-]aﬁryT sarcosinate for 20 minutes at:

rogm tempefature as described by Filip et al, {1973).

-

¢

2
12. Radiolabelingpf Outer and Inner Membranes

it

A) Radicactive Labelling.the Inner Surface of the Outer Membrane

v. costico]ﬂ“aig'grown in 1% PPT conta1n1pg”— M NaC1 and 4pCi/m1 3H-
udiaminOpime]ic acid (DAP) for 16 hours. DAP is a component unique to the
pqptidogTycan layer of gram negative bacteria. Matrix proteins
-protrud1ng from th;-inner surface. of the oute(\TfTbrane next to the
. peptidoglycan areHﬁbn-cova1ent1y attached to both the peptidoglycan and
| to lipoprotefﬂs when solupilized in SDS at temperatures below 700C
(Résenbusch, 197&&{ Thus, after polyacrylamide gel e1éc§rophores1s and
autoﬁadiography, those prpteins which aré radioactively Tabeled can be
desTgnaied as outer membrane matrix proteins or l{poprotein which

protrude from the inner surfaceLQf’}%f wuter membrane.

N ]
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B) Determination of Quter Membrane Fraction by Labeling the

Peptidoglycan )
V. costicola was grown in 500 ml PPT containing 2M NaCl and 0.5

Li/ml 3H-diaminopimelic acid for 16 hours. The distribution of the
radioaptivity after sucrose gradient centrifugation of membranes was

méasured by the modified procedure of Yamato et al. (1975).

—

c) Determination of Prote1n-Conta1n1ng Fractioﬁs of Separated Membranes'

Cells_were grown in PPT containing 2M NaC1 and 15 ut1 1“C-
leucine/100ml media to stationary phase. Processing of these cells was

as described above for 3H-DAP Tabeled cells.

D) _ Labe11ng of Surface Proteins with 125I;Iodosu1fani11c Acid

The procedure for radicactive surface brote1n labeling was described
by Williams and Jirousek .(1979). V. costicola was grown in 2M NaCl PPT
and washed twice in 0.1 M X-phosphate buffer pH 7.5 confaining.ZM NaC1
and 2 mM MgCl,. The cells were suspended to a final concentratidn of
8.7mg protein/mf and 50,1 of suspended cells were mixed with_? ul qfk
diazotizea iodosulfanilic acid (125I) of specific activity 1500
i/umole. Samples of such reactioﬁ mixtures were incubated at 300C,
20°C or 40C for 15 minutes. The reaction was terminated by centrifuging
' dowﬁ the cells {5000rpm), discarding the supefnatant and resuspending the
cells in phosphate buffer as above containing 1% bovine serum albumin.
The cells were washeé 3 times with same buffer, which removes any Toosely
bouhdfradjoactiv1py from the cell surface. To detect which surface

proteins wgre;]abe]ed, the whole cell proteins were separated by
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polyacrylamide Qe! electrophoresis and the radioactivity was detected by
autoradiography, by the methods described below.

13. Liquid Scintillation Counting of Sucroég Gradient Fractions
Labeled protein contained wﬂtﬁinfihgividual sucrose gradient

fractions was precipitated with 50 p} 60%i1ce‘éo1d tr1cﬁ1oroacet1c acid.
Filtration of each fraction was carried out through 0.22 um nﬂ1k1pore_
‘filters. Each test tube in which gradient fractions had been stored was
washed twice with 5 ml cold 5% TCA, and the washing were also f{1tered_~
through the same filter. Each filter was dried with a gentle stream of
warm airvand raﬁioactivity was counted for 10 minutes after adding 10 ml

Scintiverse I ‘to a vial containing the filter.

14. Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis

The detergent sodium dodecyl sulfate (SDS) dissociates proteihs into
their ;onstituent polypeptide chaini. Polyacrylamide ge1,e1ectrpphoresis
in the presence of SDS separates.the'po1ypept1de chains pased on their
. molecular weights.: The procedure of Weber and Osborn (1975) was used ih
’the preparation ‘of the polyacrylamide gels. - »

Protein bands were detected by staining with coomassie brilliant
blue and glycoproteins by the periodic acid-Schiff techniqﬁé;(f/jrbanks
et al., 1971)

[
15. Autoradiography

After the polyacrylamide gel has been destained,‘the gel was dried

beneath sheets of Whatman 3MM filter paper at about 809 under vacuum on
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a Bio-Rad drier for 2 qurs. The surface of the dried gel was covered

with'Saran wrap with the edges of the plastic wrap folded and taped down .
on the back of the f11te; paper. In total darkness Kodak X-Omat X-ray
fiim (XAR-2) was placed over the gel and the system sealed in double
intensifing screen (or ca]Eium tungstate medical X-ray screen which acts
as a solid state scintilation). Exposure was carried out at -700C for 2
days with 125I-labeled material and 6 days for'éH-1abe1ed ﬁater1a1. The
N . . X-ray film was developed for 4 minutes, washed in wéier for 30 seconds
and fixed for 2-5 minutes using Kodak RP X-Omat chemicals.

Autoradiography was performed using gels Yabeled with either

1251 or 3H. However, 4ue to—the low emission e érgy of 3H, this isotope
cannot be detected by con_-ntiona1‘au »radiogr-pﬁy. In this case,it is
necessary to impregnate the gel Q' lator, thus 1ns£ead of the
g-particles reacting.directly with the fiim, fhey cause the sc1nt11laﬁt
to produce multiple photons which ip' turn activates the film
U,Léghner and Laskey, 1574; Chamberlain, 1979). ‘Therefore, prior to
drying, the 3H-labeled gels wére impregnated with a scintillator |
{Enlightning rapid autoradiography enhancer) for 30 minutes.

-

16. 2-Keto-3-deoxyoctonate{KDO) Analysis

. Membrane fractions precipitated with 5 ml cold 10% trichloroacetic
+ “acid were collected by centrifugatfgn at 49C for 10 min. at 20;000'§land
washed twice by centr{fugatiop with § T] distilled Hy0 to tﬁmove
residual sucrose. The precipitate was suépended in 0.7 ml of 0.02N
HyS04 de‘hydro]jzed at 1009C for 20 min. to liberate KDO froﬁ

1ipopolysaccharide. The colorimetric assay of KDO was as described by

3

</
o



-39-

Weissbach and Hurw}tz (1959); 0.2 ml of hy&ro1yzed sample was added to
0.25 ml of 0.25N HIO4 1n 0.125N H,S04 for 20 min. at room

temperature. HNext 0.5 ml 2% NaAs0, in 0.5N HC1 was qdded and after 2
minutes, 2 ml of 0.3% @hiobarbitur1c.ac1d (pH 2} wazbz;xed into the

reaction mixture. [he mixture was heatéd to 100°C £ov 10 min. Affer

cooling the optical deqs1ty was read at 548 mﬁ.

17. Endotoxin-Detection Assay‘

Freeze dried 1imulus lysate (Pyﬁotéll) was reconstituted with 5 ml
depyrogenized free water. Small aliquots (0.1 ml) were distributed in
depyrogenized tubeé and stﬁred at -206C until use, Reaction was
initiated by addition of 0.1 m! of endotoxin solution to each tube and
then incubated at ?700 for l-hour. A p6§it1ve reaction is the fofmat&on

of a firm gel that does not slip out of the tube upon inverting. The

Mmulus lysate was tested with Escherichia coli endotoxin and found to

have a sensitivity of 0.5 ng/ml.

18. Free Amino Acid Extraction from Whole Cells

Cells of V¥, costicola Qrown in PPT with 0.5, 1.0, 2.0 or 3.0M Naci
were washed in 0.1M phosphate buffér (pH 7.6}, 2mM MgCl,, and NaCl as
- above. The pellet was resuspended to a known volume in the -same washing
buffer and a small é11quot was removed to determine protein
concentratian. The remainder was centrifugated (7000 rpm) in an acid-
washed 30 ml corex tube. The supernatant was discarded and the sides. of -
tﬁe Corex tube were rinsed with distiTled water and dried using a Kimwipe
beiﬁg careful not to wet~or ﬁouch the pelfet.

(\‘”f‘ =
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The extraction of the pe]]etawas carried out by resuspension 1n‘5 ml
ice cold 5% trich]oroaéetic acid as described by Unemoto gnd‘Hayashi
(1979) for 30 minutes. The cell fragments’were removed by centrifugation
(10,000 g for 15 minutes) and‘the supernatant was' transfered to a clean |
ltube from which the TCA was removed by extraction with 4 ml ether §
times. Finally the amino acids extracts were filtered through 0.25 1
millipore filters and stored frozen until‘analysis.

" 19.° Amino Acid Analysis

- Amino acids prepared as just described were chromatographically
indent j?ed and quantified by injection into a Durham automatic amino
acid akalyzer by Dr. M. Yaguchi ai the National Research Council, Ottawa,
Ont. ;“{-

20. Hydrolysis of Proteins Into Free Amino Acids

Both membrane preparations and isolated 5'-nucleotidase {See Bengis-
Garber and Kushner, 1981) contained tris buffer which was removed by ice-
cold (5:2) acetone:methénol extraction as described by Bengis;Garber and
Kushner (1981). The hydrolysis of each preparation was then carried out

. as outlined by Moore and Stein (1963) with some minor modifications. In
a volume of 1 mi., a final concentration of 1.5 mg protein and 6NlHCI
were placed in 16 x 125 mm heavy'walled Pyrex tubes. A section of the
tube a few cénfimeters belpw the top was constricted by flaming to
approximately lmm diameterllthe tube's content's frozen in an ethanol
bath and the tube was evacuated be1?w a pressure of-50 microns. To

completely degas the so1utipn, the tube was twice more thawed and frozen
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during continuous pumping down. F1na11y, the constricted top was sealed
by flaming before the Vactum was removed. )
Hydro]ysis was performed by incubating the sealed tubes at 1100C for
483hours$\ After cooling the seals were broken and HC1 was removed by a
water pump until dryness;' The samp]elwés resuspended in 0.5 ml distilled
wate} and the drying procedure repeated until the pH was near neutral.
For mémbrane preparations, 1ipids were removed from fhe hydrolyzed

solution by adding 1 part CHCl13 and 1 part MeOH to 1 part hydrolysate,

and thg Tower phase'was removed with a Pasteur pipette.

21. Thin Layer Chromatography of Amino Acids

From stock solutions (8.3 mg/m])'of individual amino a$1d§ 1 pl was
spotted on Brinkmam SIL-G25 thin 1ayer-chromatography {TLC) plates which
had been previously activated for 2 hours at 1100C. Separation was
achieved with the solvent system 1-bUtano]-aéet1c acid-water (3:1:1 v/v).
Amino acids werg'v1sua1ized'by spraying with 0.3% ninhydrin in acetone
and then heating at 1100C.

To stablize colored spots, the plates were sprayed.with a solution
of 1 ml saturated aqueous copper nitrate, 0. 2 ml 10% nitric acid and 100
ml 9% ethanol (Randerath, 1971). The plate Was then placed in an air-

tight enclosure with a beaker of concentrated ammonia for a few minutes.

22. G]yceroi Assays

A} The concentration of glycerol from cell extracts were measured

by a method from M. Avron (1973}. A 0.2 ml sample was added to 1 ml
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ﬁeriodate reagent (65 mg NalO, dissolved in 100 ml 6% acetic acid
"containing 7.7g ammonfum acetate. This was mixed well and left for §
1m1n. at room'tempErature. 'Next 2.5 ml acetylacetone reagent (Iml acetyf
- acetone + 99 m isopropanol) was added and then incubated at 37%C for 25
minﬁtes, cooled to room temperature and the absorbances read at 410 nm.
Glycerol was used as the standard.

B) A second procedure fbr glycerol determination {Ben-Amotz and
Avron, 1973} was carried out as follows. One ml of saﬁple was
deproteinized by addition of 30% trichloroacetic acid and the protein
pelleted by centrifugation foé 10 min. at 40 at 2000 g. Of this
‘deproteinized solution 0.5 ml was added to a tube containing 1.5 ml
distilled H,0. Next 0.1 m 10N HpSO4 and 0.5 ml 0.1M sodium
periodate weré mixed and allowed to react af room temperature for 5 min.
After the incqbation period 0.1 to 0.5 ml was pipetted into a new tube
followed by addition of 10 ml 6.3 mM chromotrobic acid reagent (1g 1, 8-
a1hydroxynaphtha1ene f11tered through Nhatmaﬁ #1 paper. Sulphuric acid
solution was prepared by adding 300 m{ concentrated H,S04 to 1560 ml
Ho0. The cooled sulphuric acid solution was added to the dissolved
chromotropic acid to a final volume of 500 ml. The reagent was stored in
a dark bottle and made fresh evéry 2-3 weeks). The mixture was- boiled
for 30 minutes, ccoled and the optical densities read at 570 nm.
Glycerol was used as the standard.

23. Lipid extractioﬁ

Isolated membranes of V. costicola grown at 0.2, 1.0, 2.0 and 3.0 M

NaCl were suspended in 0.2, 0.5, 1.0, and 1.5M NaC], respectively,

AL
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containing 10% glycerol, 50mM Tris-HC1 (pH8) and 2mM MgCl,. G1ycéro1
protected the nucleotidases being studied (Bengis-Garber and Kushner
1981, 1982). Whole cells were suspended in the same amount of NaCl as
used in the growth media. Lipid extraction from membranes and whole
cells was carried out by the method of Bligh and Dyer (1959) as modified
by Kates L1972). ' _

" To avoid lipid d?gradation by 1ipase action during extraction,
in some experiments cells were extracted by boiling hot isopropano?
(Kates 1972)& 1.5 g wet ce11.weight was mixed with 15 ml hot isopropanol
and.then centrifuged. The supernatant was removed and the pellet
extracted twice more with 10 ml hot 1sopropanb1 and.a final time with 10
ml 1:1 CHC13-150propano1.r A11 the supernatants were pooled and brought
to dryness on'a rotary evaporator. The residue was immediately
resuspended in methanol-chloroform (1:1) and converted to two phases by

addition of 0.9 volumes of water (Kates, 1972).

24. Lipid analysis and identification

Dry weights were determined on a portion of each total lipid
extract. A portion of the lipids was applied to Brinkmam SIL-G25 or non
commercial sitica gel-G or H {0.25-0.5 fm) thin layer chromatography
(TLC) piates which had previously been aétivated for 2 hrs. at 1100C,
Separation was achieved in the solvent system ch1oroform-me§hano1-acetic
acid-water (85:15:10:3.5 v/v). ‘Lipids were visualized by sp;aying with
40% HoS04 and.charring, or by iodine ;apor. Phospholipids were
visualized by tﬁe molybdate spray reagent (Vaskovsky and Kostetsky,

1968), glycolipids by the z-napthol stain (Kates 1972) and amino lipids
™



._by spraying with 0.25%'n1nhydr1n in acetone. Identification was also

| achieved by cochromatography with phospholipid standards. Phospholipids
were separated from neutral lipids on a silicic acid column as described
by Kates (1972). Individual phosphd]ipidsrwere analyzed quantitatively
by scraping isolated lipid bdnds.(as well as suitable blank areas) from
TLC plates and measuring Tipid phosphorus by the modified method of
Bartlett (1959) (Kates 1972)}. For fatty acid, analysis, lipids were
extracted fqu the silica gel three times by the Bligh and Dyer (1959)
procedure (Kates 1972), and subjecteq to methanolysis (Kates 1972) with
addition of heptadecanoic acid (25 ng per 100 pg lipids) as internal
standard. Absolute values were caluclated by.comparigon to internal

standard peak heights. The fatty acid methyl esters bbtained were

analyzed by gas-]iqu¥d chromatography (Pye Unicam) on a column (4mm x 2m)

of 5% SP 2330 at 1850C. Fatty acid standards used for identification
were 14:0, 16:0, 16:1, 18:0, and 18:1.

25. Source of Materials

——,

Materials were purchased from: Nucleotides, Triton X-100, Tris and

lysozyme, Sjgma Chemical Company. Proteose peptone and tryptone: Difco
1ab0ratér1es, Detroit, Mich. Silica gel (SIL G-25) plates for thin layer
chromatography: Brinkman Instruments Canada Ltd. Phospholipid standards
(Cardiolipin, Phophatidylglycerol, phosphatidylethanolamine and
phosphatidylcholine): Serdary Research Laboratories, London, Ont.
heptadecanoic acid and gQromotropic acid sodium salt: Eastman Organic

Chemicals, Rochester, N.Y.

e\
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Low molecular weight protein standards (40,000-i00,000 da]tons);
acrylamide, N,N'-methylenebisacrylamide, N, N, N'N'-
tetramethylethylenediamine (TEMED) and ammonium persulfate: Bio rad
1aborator1es, Richmond, California. Molecular welght standards {14,300-
85,800 da1t9ns) for SDS gel e1ectrbphoresis {product #44223 2u): BDH
Chem1cals_L£d., broom Road England. 3H-diaminopimelic acid: . Amersham

o

Radiochemicé]s, Dakville, ont. l4c-leucine, 3H-leucine,

12571odosulfofanilic acid labeling kit and-En]ightniﬁg rapid

.autoradiography enhancer: New England Nuclear, Boston, Mass. Kodak X-

Omat X-ray film (XAR-2): Eastman Kodak Co., Rochester; N.Y. Scinti-

verse I: Fisher Scientific. Limulus lysate: Pyrotell Assoc. of Cape

Cod Inc., Woods Hole M.A. Escherichia coli endotoxin standard:
Ma]linck?odt-lnc., St. Louis, Mo. Ampholine PAG plates: 'LKB-Produkter
AB, Sweden. Fatty acid standards {14:0, 16:0, 16:1, 18:0 and 18:1}):
Supelco Corporation.

A1l solvents were distilled before use for phospholipid analysis.

"~ A1l other chemicals were of ané]ytica1 grade.

Note: Most individual experiments as reported in Results section were

repeated at least twice.



CHAPTER 3
RESULTS

_ , .
.
e i .

1. Growth and Morphological Characteristics of Vibrio costicola

Vibrio costicota are short curved rods, of dimension approximately

0.5 to 2.0 gm (Buchanan and Gibbons, 1974). The cells grow singly or in
chains. At salt concentrations near the upper extreme permitting growth

(3.0M NaC1), the cells were slightly thinner in diameter, but much longer

than cells grown at the optimal NaCl concentration (1.0M NaCl). Sﬂb]len .

cells, often found at the end of a chain were also observed, as
previously. reported (Shindler, 1976). |

Internal Strukture was ejucidate¢,hy thin sections (Fig. 2 and 3).
The cytoplasmic region consists of electron opaque ribosomes surrounding
a centrally disposed nucleoid seen as one or more irregularly shaped

bodies of 1ow electron density which are simply areas of densely packed

DNA. Cells grown in 0.2, 0.5, 1.0, and 2.0M NaCl PPT contained Spherical _

orgaﬁé11es ér vesicles of unknown fun;tion. Some bacteria have been
found to poéseﬁs storage or réservé‘products of similar morphology in
their cytopiasm (Holt and Beveridgef, 1982). In other bacterfa gas
vacuoles have been reported (Walsby, 1972), but fhere is no reason to
think V. costic6la contains gas vacuoles.

Typical growth curves for V. costicola in 0.5, 1.0, 2.0 and 3.0M PPT
at 309 are shown in Figure 4 (0.5 1 of media in 2.8 1 fernﬁach'f1asks at

62 rpm).
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Figure 2 Electron Micrograph of Vibrio costicola Cells Grown in 1.0M
‘NaCl1 PPT

This section stained with 23 urany1 acetqéf and 6% Tead
citrate. Magn1f1cation Ts 55,645X. The cell wall (cw),
cytoplasmic membrane (cm) and cnucleopiasm of the bactgria

. are clearly defined. Lighter sta{ning"organe11es or. vesicles

(v) are found in the cytoplasm.
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Figure 3 Electron Microgr'Bh of Vibrio costicola Whole Cells Grown in
- /ﬁﬂﬁM Media. 1\\\\ '
¢ ‘ s : ’

Thin sections were sf!1ned with 2% uranyl acetaty and 6% lead .

‘?Ttrafe. Magnification 1s 44,000X. Spherical vesicles’(v)

were found in the Eytpplasm (c) and external to the cell. The

=nuc1éop1asmhlg), cell wall (c#) and cell membrane (cm} are all

clearly defined.
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2. Changes in Lipid Components in Cultures Grown in the Presence of**\\

Different NaCl Concentrations

A) Phospholipid Composition of V. costicola Grown in Media

Containing Different NaCl Concentration

Lipids from whole cells grown at various salinities on complex media
were‘separqted by thin 1a§er chromatography (TLC) (Fig. §). At all
concentrations the major 1ipids were phosphatidylglycerol (PG),
phosphatidylethanolamine (PE), and cardio11ﬁ1n (cL). Lesser amounts of
lyso-PE, neutral 11p1d,‘glyco11p1d and two other phospholipids, called
lipid X and 1ipid Y, tentatively identified by comparisoﬁ of Rf values
from elsewhere (Senff et al., 1976) as lyso-C1 and lyso-PG, respectively,
‘were also present. Increases in the re1a£1ve amounts of PG and decteases

in PE as a function of NaCl concentration were evident from the analyses

o

shown in Table 7. Quantitatively, the propontion of PG almost doubled -
whereas that of PE decreased by about half when the sa]inity of the media
was increased from 0.5 to 3.0M NaCl (TabTe 7). The proportions of
lysophospholipids (1ipid X, 11pid Y and lyso-PE did not show any .
significant differences in cells grown in the range of 0.5 to 3.0M NaC]..
Usually, Tittle diffefence in the proportions of the major phospholipids
PG and PE occurred between 0.5 and 1.0M NaCl1 grown ée]]s.

These results show that there were greater proportions of negatively
charged phospholipids in the cells grown at the higher NaCl
concentrations (Table 7, Fig. 6).
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Figure 5 Thin layer chromatograph of 11pids extracted from whole cells .

-

P '-4 - ~ of ¥ibrio costicola grown in 0.5M, 1.0M, 2.0M qnq 3M NaCl.

L1p1d§“w9re extracted from whole cells of V. costicola grohn on
1% proteose peptone tryptone plus NaCl at the indicated
molarities; 15 g 1ipid of each of the 4 extracts was spotted
on a Brinkmann G-25 plate which was developed 1n one dimension
in the solvent system ch1;rofofm:ﬁethanol:écetic
® ‘ac1d:water(85:15:10:3.5). A1l Mipids were visualized by

. : charring with 40% H,S04. Identification was made
‘ separately by comparison of Rf values to standard pRospholipids
and by staining with o-naphtol for sugars (kates 1975),
ninhydrin for amino groups and ammonium molybdate (Vaskovsky

and Kostetsky, 1968) for phosphate.
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TABLE 7 !

Polar Lipid Composition (Mole %) of Vibrio costicola
Grown in the Presence of
Different Salt Concentrations

- b Vel

Nall concentrations of media (moTarity)
Lipid Component Rf. 0.5 1.0 2.0 3.0
: /
Lipid Yb T 0.5 5ilsll 4.130.7  4.440.1  6.842.5
'Lyso phosphatidyl . .
ethanolamine 0.11 5.8+2.0 5.4+1.6 5.5+2.3 6.8+1.5
Phosphatidyl .
glycerol ' 0.25 . 22.9%2.9 26.5+3.3 34.1+3.9 39.7:1.7
Phosphatidyl
ethanolamine 0.42 ~ 55.2:1.8 54.0+2.5 47.3:4.3 33.5:4.0 -
Lipid xb 0.49  3.9:l.4  3.2:0.9  3.4:1.6  5.6:1.7
Cardiolipin 0.59  7.9+1.7  6.640.7  5.3:2.0  8.040.7

&
v

Moles negative polar lipid

Moles neutral poTar Tipid 0.65 0.68 - 0.89 1.48
N !
J .
Growth Rate
generation time (hr.) 1.6 1.6 3.1 7.8 B
Incubation time (hr.) 4.840.5 4.8+1.0  6.0+1.0 24.0+1.5

Note:  Mole % data were calculated from percent total 1pid phosphorus values
assuming cardiolipin and 1lysocardiolipin contains two phosphate groups per
molecule and one phosphate per ‘molecule for the other phospholipids. Values are
expressed as means + standard error of the mean (Dean and Dixon 1951, Bailey
1959) of 4 batches (n=10) for 0.5M NaCl, 4 batches (n=11)} for 1M NaCl, 2 batches
(n=7) for 2M NaCl and 3-batches (n=7) for 3M NaCl; n indicates the total number
of analyses for all batches. . ’

bLipid Y, tentatively lyso-PG; LipideX, tentatively Jyso-CL

Ccells were harvested at the late exponential phase.

IS
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Figuré 6 Effect of-NaCl concentration in' the growth media
on the proportion of negatively charged phospholipids

L

to neutral Tipids. >

The ordinate shows percentages of the total negatively charged /
phaspholipids minus the neutral phosphotipids.
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Although 6n1y a single set of membranes were analysed, their 11p1d§ also
" showed higherﬁPG and lower PE when the NaCl! in the growth media was \
‘varied from 0.2 to 3.0M (Table's). '
%o determine whethef the 1ipid changes observeq_were affected by the

horgan1c composition of the growth medium, y. costicola was grown on sémi-
synthetic media containing various salt concentrations. The relative
amounts of phospholipid components showed the same changes with

djfferences in sa11njty (Table 9} as those found for cells grown in

complex medfa {Table 7). -

Bacfer1a1 lipases, which deg}ade lipids, may well be stimulated by

cell lysis. It was 1mpor;ant to consider the possibility that
phosphatidase or lipase action might ha;e taken place during lipid
extraction. Therefore, in some experimenfs, portions of cell suspension
were extracted with hot isopropanol (Kates, 1972) which should L
immediately denature any 1ipolytic enzymes 5t1mu1ated by cell lysis, and.
"a second porti?n extracted by the §tanqﬁrd Bligh and Dyer (1959)

procedure. Each method produced identical proportions of phospholipids
from 0.5 and 1.0M cultures {Table 10). ThusT“the results obtairied by the
B1igﬁ-and Dyer (1959) technique of extract1oﬁ probably represents the
actﬁa1 1ipid composition of the ¢glls at the timé of harvesting without

any change due to the action di;jipoTytic enzymes.
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Polar L1p1d Composition (Mole %) of Vibrio costicala Membranes

TABLE 8

Prepared from Cells Grown in Complex Medium 1n the Presence of

Different Salt Concentrations

NaCT concentrations of media (molarity)

Lipid Component 0.2 1.0 2.0 3.0
Lipid ¥ ' ] - 1.1 - 1.6 2.9
Lyso phosphatidy] ' . )

ethanolamine 14.0 10.3 14.2 3.9
Phosphatidy] |

glycerol 19.5 23.1 25.1 43.5

. Phosphatidyl . _ A

ethanolamine 59.4 60.5 46.9 37.3
Lipid X 0.5 0.5 3.5 7.4
Cardiolipin " . 6.5 8.5 8.1 4.9

N .

Note: Values are given as mles percent of total lipid phosphorus
(See Table 7); n=l.

. G
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TABLE 9

"Polar Lipfﬂ Composition (Mole %).of Vibrio costicola Whole Cells

‘ . in Medium of Forsyth and Kushner

7 Supplemented with 0.5% Casamino Acids and 10 pg Yeast
Extract Containing Different Salt Concentrations

N

\\H\\\
NaCl concentrations of megia (molarity)
Lipid Component 0.5 1.0- 2. 3.0
Lipid ¥ - - 0.3:0.1  1.4:0.1
" Lyso phosphatidyl ‘ :
- ethanolamine - 0.310.1 1.110.1 0.2+0.1 2.510.2..
Phosphatidyl .
glycerol - 8.2+1.4 21.2+4.2 . 33.6:1.9 35.8:0.2
Phosphatidyl . .
ethanotamine 89.2+0.1 72.9+9.0 59.5:2.8 52.8+5.9
Lipid X U - 2.7:1.8  1.9:0.9  0.5:0.3
Cardiolipin ' 2.340.9 1.9:0.4  4.6+5.5 - 1.0+1.0°

1

\ . .

Note: n=2.
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TABLE 10

Comparison of the Polar Lipid Composition of Vibrio costicola
by B1igh and Dyer (1959} Versus the Hot-Isopropanol Extvaction

Procedure (Kates, 1972)

Lipid Component

NaCl concentration of growth media

0.5 - 0.5M 1.0M 1.0M
Isopropanol Bligh/ Isopropanol Bligh/
extracted © Dyer extracted Dyer

Lipid Y°

Lyso-phosphatidy]
ethanolamine

Phosphatidyl
glycero]

Phosphatidyl
ethanolamine

Lipid X .

Cardiolipin

- 4.5+0.4 3.6+1.0 3.640.6 4.2+1.3

4.2+1.4 ° 4.1:0.2  5.3:0.7  4.2:0.6

Lo,

25.3+3.9  25.3+1.2 27.9:1.4  28.7:1.5

~

55.6+6.6 57.6+0.1 53.0+0.9 53.042.3
3.040.7  3.840.6  3.310.8  3.5:0.7
7.5'_':009_ 5-7i001 6-8i0.1 6‘5..."'0-7

@- n=2 n‘-:-z/\ . n=2 n=4

-

@ n indicates the total number of analyses for each ljpid extract.
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The above results show that the proportions of. thévindiJidua1
phospholipids PG and PE change with changes in salinity. However, the
phospholipid content of the tota1 lipids (about 80%), as well as the
cellular phospholipid on a ce]? protein bas1s did not change

significantly with increasing salt concentration (Table 11).

B. Effect of Growth Phase in Phospnolipid Composition

To determine whether other'factors, such as-phase of growth, also
. . L] J - . \.a
influenced 1ipid compositjon, cells from Ehe same pre-inoculum were grown

in PPT containing 1.0M NaCl. No signiffcant changes in the propontions

T —

of any of the phospholipids were found at the early exponential, late
exponential/and stationary phases of growth (Table 12).

* .' . .#

C. Fatty Acid Composition of V. costicola Harvested in Media

Containing Various Concentrat1ons of NaCl

No significant changes in the total fatty -acid composition as a
function of growth phase in 1.0M NaCl were observed (Tabke 18). The

fatty acid composition found was similar to that reported for other

Vibrio species (0liver and Colwell 1973b), with 16:0, 16:1, and 18:1 as

the major fatty acid species (Fig. 7).

However, differences in fatty acid éompbsition were observed when v.
costicola was grown at different NaCl concentrations. qu whole ce]]s
grown in complex media (Table 14), the proportion of palmitoleic {16:1)
acid did not change with increased NaCl concentraiinn;whi1e the |

Rgrcentage of palmitic (16:0) ac?ﬁigﬁs Towest at the nptima] salinity of
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| TABLE 11 ,
Content of Phospholipids in Cells Grown '
at Different NaCl Concentrations
NaCl in Growth - - wg lipidP .2 1phd P _ . *% phospho-
medjum (M) . ) mg_protetn total Tipids 1ipids in
. - | total 11pids.
0.5 . L B70.3 . - - -3.510.4" 78.949.0
'- . <P .. ! . ] . .
1.0. * ©57#0.6 . -3.810.01 - - 86.710:2
2.0y - S 3BE 33306 © 0 78.2:14.0
3.0 * 374137 3.3#0.5 . 77.8+11.8
I. ' v ‘. ) h
_@:n'z . .i+h . ‘ 5( . - | B 5. J
B 3. 3 _ - 3 .

uLipids were extracted - from cells and weighed after drying under Nz “ind then in
vacuos Aliquotes were hydrolyzed and analysed for phosphate content. Results

are expressed as means + standard error of the mean.

‘- . .

* 9 phospho]ipids=%P (average mol. g}. pf pho_pho11pid)

,,/_(Averagg mo]..wt.fEa1cu1ated by using fatty acid mol. Wts. in Table 14).

@ b indicates the number of batchés extracted at a particular NaC]
concentration.

n 1nd1éates the total number of mnalyses for all batches.
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= - " TABLE. 12

Phospholipid Composition of Vibrio costico1a,cé11s at
Harvested Different Phaijs of Growth In IM NaCl

P .
Phases'of'growth

Lipi d- ) _ EARLY EXPONENTIAL LATE EXPONENTIAL  STATIONARY
Lipid ¥ © o 3.743.0 5.412.5 . 6.343.9
Lyso phosphatidyl ; | " :

ethanclamine | 5.9+3.5 5.6+1.3 6.3+1.3
Phosphatidyl :

glycerol . 22.6+0.2 25.610.9 24.0+2.0
Phosphatidyl : . _

ethanolamine . 56.9+0.8 : 51.2+7.1 51.649.6
Lipidx = = ¢ 3.9+0.3 4Jw4\7 L3740
Cardiolipin : 6.7+1.3 7.542.3 | 8.242.4

o~

GFowth Rate . . -
generation time (hr.) 1.4 4.2 16.4
Incubation time (hr.) \ 2-340.3 6.047.0 24.040.0

. 0 , ¥
' LA

Note: VaTues are given as moles percent of total lipid phosphorus {See
Table 1) and expressed as means + mean deviations. Two independent Dbatches
.of cells were extracted. ‘
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H

"Figure 7 Gas chromatogram of total fatty acids froﬁ IM grown cells of

Vibrio costicola in the late exponential phase of growth.

-

An a1iquof§10f total 11pid extract (10 ug dry weight) was

methanolyzed with 25 g héptadecano1c actd (17:0) as the
1nternal standard ( see experimental 'proceduresx). The
concentrated sample was injected at 2509C int. an SP 2330
column wifth the hydrogen flows at 14 16/in2, oxygen at
1316/in2 and the carrier gas at 1516/1n2,

-
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Solvent

170

I8.] ) -

140




Ve
1. OM and higher at 0.5M, 2.0M and 3.0M NaCil. Stearic (18:0) actid, which
‘was present in Tow concentrations, did not show any.)s1gn1ficant change
with NaC1 concentration. In summary, the chﬁges in pmpor\ti ons of total
saturated fatty aci ds reflect ‘large1y those of 16:0 acfd whﬁe the
changes in proportions of the mono-unsaturated fatty acids reﬂect

largely those of the 18:1 and 16:1 acid (Table 14).

4

)
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Table 14

¢

Fatty acid composit1on of Vibrio costicola grown

at _different sa]t goncentrations

NaC1 Concentration of Growth Media

Fatty Acida 0.5M 1.0M - 2.0M 3.0M
14:0 1.64_05 . 0.5:0.0 0.8:0.3 1.410.6
15:1 0.7:0.7  1.3:0.0 0.4:0.4° 0.5:0.5
16:0 32,513.2 18.9:0.0 24.9:2.8 29.0:0.8
16:1 32.542.2 35.510.0 38.7:3.2 31.216.1
17:1 1.140.4 3.610.0 1.240.1 1.4:0.3
18:0 2.341.1 2.7:0.0 3.020.5 | - '6.2:3.6
18:1 26.9+1.1 37.9:0.0  31,3:0.5 30.041.0
2032 2.4:2.0 - 1.@1’1.3'_,.:.

; . '.5; —
Total saturated 36.444.3 - 22.1+0,0 - 28.7:3.3 {336.6t4.4
Total | ) )
monounsaturated 61.2+4.4 77.9:0.0 '71.6:4.0 '63.1+7.6
IS

‘Note: ' Data are-aterages of 2-4 replicafe analyses of a single batch at
each NaCl concentration -

ATraces of 12:0,

0.5;).

.G

12:1y 14:1, 15:0, and 17:0 were also present.(1esg'than,

77
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) _4;“’j$ " Effect of NaCl! Concentration of Media on the Membrane-Bound Protein
- ~ ' _ ) ’
COmEos1tion )
Not only does the lipid composition in membranes have the capab111ty
of changing with changing salinity but a1so proportions of different

proteins have been found to change fn‘the moderate ha]oph11e Pseudomonas -

halosaccharolytica (HitzTatsu et al., 1980b). The same s true for V.
cos%4c01a. Figure 8 shows that a membrane protein of, approximate

molecular weight 58,000 increases dramatically with increasing salinity.
Table 15 shows the.comﬁﬁted amount of this protein re?ativevfo the total
protein. The protein increases over 10 fold relaiive to the total when
cells are grown in the highest salinity (3.0M NaC1) compared to the

lowest (0.2M NaCl). The NaC1 regutated protein (SBK), designated protein

X is ndt present 1q the cytoplasmic fractions of Y. costicola. A sacond

gel was run in ordeé to determine if the expression of this protein or

amy other protein varied due to growth bhase.(Fig 9). However; no 7
.differences were observed in exponential ver us,statfonary cells grows in \\

0.5 or 1. OM NaCl. h

In order to determine if 1ngreased Na(l concentration would induce

further production of protein X-frbm cells 0.5M NaCl PPT, the
'ce]ls were transferred to fresh media containing 2.0M NaCl P'PT. 'Afb a

8.5 hour period of growth, thé optical density increased from-0.09 to ’

only 0.165, during which time the relative amount of thfs protein did not
change {Fig. 10). However, samples at 24 and 48 hours after inocu]ation '
where the optical dens1ty had increased to over 1.5 showed that protein X
—

now became the major protein (ng. 10).
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F1gure 8 SDS~ponacry1am1de gel e]ectrophores1s of membranes from Vibrio

costicola grown at erious salinities.

| s
ETectrophoresis on 20% acrylamide gels were performe
to HEbft,fﬂg‘DSborn (1975} and samples were run in duplicate.
Molecular Heights were calculated from standards used on other

gels. (See‘Figure 20)
Cells were harvested‘fr7m late exponential phase of growth.

(n=4) - Oh r
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Q*j © TABLE 15

Relative Amounts of Protein X (58 protein) as Computed from .
a Density Scan of Gel from Figure 8. .

! .
NaC1 Concentration of Area of Protein X x 100
of Growth Meédia ‘ : Area of Total proten
- O.Zm - 4.1 -
0.5 Yo 5.0
1.0M 15.9
2.0M 39.6
v _ X
» The density scan was done on a negative fiim of the gel in figure 8; 0D
was read at 540 nm. &
~
% - !
- )
L ~ :
v L
\..‘ ¥ -x
’ £
H
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Figure 9- SDS-polyacrylamide gel electrophoresis solubilized whoigbcells

of Vibrio costicola grown at di fferent NaCl. concentrations

on PPT.

E1ectrophpresis on 15% acrylamide gel in the presence. of-SDS
was preformed according to Weber and Osborn’(19i§){ “brotein

(20-35 ug) was applied on the gel and stained with coomaisie
brilliant -blue. ‘

LANE A: Cells grown in O;SM NaCl1 PPT 'harvested at stationary
phase; LANE B: Cells grown in 0.5M NaCl PPT ‘harvested at -
expénent1a1 phase; LANE C: Cells growﬁ in 1.04 ﬂaC[ hér&ested
at exponential phase; LANE D: Cells grown in 1.0M NaCl *

_harvested at stationary phase.

.Note: n=2
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Figure 10 SDS-polyacrylamide gel elécirophoresis paftekn of solubilized
: whéle cells trahsfered_from-O.SM NaC1 PPT to Z.QMVN961 PPT.
E1ectroph6resis was performe& on a“15% SDSchrylamide gel.
LANE A: Pfecu1ture‘of cells grown in 0.5M NaCI‘PPT;_ LANE'b:
Cells transfered from 0.5M NaC1 PPT. preculture tq frésh 2.0M
_NaC1 PPT and harvested After 2 hours; LANE C: Transfered
cells. harvested after 8.5 hours; LANE D: fransfgred cells

harvested after 24 hours; LANE E: Tranéf%EFd cells harvested

after 48 hours. - g .
B ) [¢]
k) '- x " A
» ~
t.."t.;- Es . i .
iy &
- - - '
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1ipopolysaccharide association (Yamato et a]. 1975) was found, 1n .

- ad N

_.o‘ Q'_\.‘V P _-- . , B

h I

4, Logalizet1on of'58K Protdin (Protein-X) as-&n Outer Membrane.
Protein  ~ - ) .

- -

To localize proteih X, tota1~oembranes from ce1fs 1a5e1ed with ¥“C-w'

leucine were separated on a sucrose gradient’ 1nto‘outer and inner

) “rs

membrane (F1g 11). Outer membrane, being most dense due to

—

& . _
fractions 4-10, inner membrane in fractiooe 16-22 and some protein mhioh

was soTubiTized during centrifugat1on throuoh the sucrose gradient‘on'the

top of the gradient (Fig. 11). However, the outer membrane can'be better

purified us1ng sodium-Tauryl sarcosinate {sarkosyl) which preferent1a11y ;

so]ubi]izes inner. membrane in Escherichia co]i (Filip et al. 1973).

Figure 12 shows that much of the inper membrane fraction for V. costicola

was so1ub1112ed~by sarcosy] treatment. SDS ge1 e1ectrophoresis of pooled

fractions #5-10 corresponding to the outer membrane fraction showed that

prote1n X wWas the major protein with approximate]y 13 other nﬂnor protein .

bands present (Fig. 13). Protein X also appeared in fractions 28-30.

" This suggests that some of the outer membrane was a1so so1ub111:ed by

sarkosyl treatment or by the absence of salts in the gradient.

Diaminopimelic acid (DAP) (a constituent of the peptidoglycan) is -

covalently attached to the outer membrane of.E. coli (Braun and Rehn,

1969). Although Tipoprotein undoubtedly plays-a major ‘roTes :in this.. ‘

attachment, certain major outer membrane porjﬁS'have also, been shown to

\,..
be peptidoglycan associated (Wright and Tipper, 1979; Osborn and, Wu,

.1980; Nikaido and Nekae. 1979) Yamato et al. {1975) have previously

shown that over twice the_amount of DAP remains associated with outer *

membrane fractions than with the inner membranes of E. coli. Therefore, ‘

DAP could be used as marker in order to verify that the\ﬁractions being

S

analyzed were true]y outer membrane. -

‘.
=1

CPPE

.
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L BN e
. _ B0 20 22 24 e6 28 30 32
Froctions

.Sucrose deﬁsityggﬁadiént'fractionation of 14C--leu
labelled membrapes from 2.0M NaCl grown cells.
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Figure 13 SDS-polyacrylamide gel electrophoresis (15% gel) of pooIed

.
k)_,
.

' fractions from 2.0M NaCl grown cells so1ub111zed with Sarkosy]

and then fractionated by sucrose density gradient.

pANE'A: Pooled fraction #5-10 which contain outer membrane‘

iSee Fig. 12); LANE B: Pooled fractions #28-30 which contain

solubilized protein from beth inner and outer membrane.

NOTE: n=1"
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Using.thin layer chromatograph} (Fig. 14}, it was verified QPat DAP was a
- component of v, costicola total membfqnes.ﬁ;pﬁérefore, cells were grown
. in the presence of 3H-DAP. Figure 15 shows that most ofi -the -

. radioactivity wa;fassocﬁated-with the .outer membrane fraction. Upon

. ‘sarkosyl d}gestioh; however, some DAP was found in the inner membrane
fraction, -but tﬁe gﬁter membrané,fraction contained twiqe the amgunt
(Fig. 16). |

.‘Attempts were made to use 2-keto-3-deo;y-octohate (KDO), a component —
unique to the outer membrane of gram negative bacteria to estimate the .
puriﬁy of our membrane preparation. However, KDO could not be clearly
demonstrated in anyiof the outer membrane fractions nor in whole ce]];.of
y. cogticola; This was not due to a failure to detect KDO Qhen present.
However, membranes from Halophile HX had a very high KDO content {0.202
umo1/mg profein) as well as membranes from E. Egli (0.72 umoT/mg
protein). iﬁ Eomparison to V. costicola membranes, Halophile HX

contained 119 time more KDO and E. coli 42 times more.

Razuidden an&‘Kayasaki (1976) reported that Vibrio cholerae was the
'6nly gfam negative bééter1um analyzed thus-far which lacked KDO. Since
we also found oniy trace levels in V. cosyicola. I thought it possible
that the absence oé KDO is a characteristic of Vibrio species‘in genera;.

For this reason a few other Vibrio species were screened for KDO.

Membranes from Vibrio a]gino]yticus,'Vibrio metchnkovii and Vibrio ..a;>

" parahemolyticus all gave zero readings for KDO where 1 mg protein or less

was analyzed. Analysis of larger protein concentrations of whole cells

from'!: costicola, V. metéhnikoyff or V. alginolyticus did not give

absorbance readings greater than p.Ogg._To verify whether these

~ hydrolyzed cells actual]y:contajned ébo, the, spectrum was compared

- .
o




-82-

Figure‘14 Thin Tayer chromatography of cell free amino acid extracts and

N
hydro]yzed membrane from Vibrio costicola.

Free amino acid extracts ‘and hydro1yzed membr?ne from cells

grown in ﬁ.QM NaCl PPT'were prepared as desgribed in Meteria]s

, A/
and Methods. Membrane protein (33.8 mg) was hydrolyzed, dried

and resuspended in 0.5 m distilled H0. Five microliters of

-hydro1yzed membrane preparatfon, 10 ;i1 of free amino acid

extract and 1 pl of 0.1M d1am1n0p11e11c acid (DAP)-were spotted
on the TLC p1ate. The plate was developed in one dimension
with 1-butano]-acet1c acid-water (3:1:1 v/v). Amino acids were

visualizeé by spraying with ninhydrin,
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Solvent front
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acid CPM

F1gure 15 Sucrose density grad1ent fractionation qf 3H DAP

labelled son1cated membranes from 1.0M NaC1 grown
cells. -

-
B 4 B % 202 M s
Froction

J

Figure 16 Sucrose density gradient fractionation of 3H DAP

labelled sonicated membranes from 1.0M NaCl grown ée]]s
which had been treated with sarkosyT

Ve
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Figure 17 Optical Density Spectrum of KDO Analysis of Vibrio costicola Whole nmﬁxm.
(Pure KDO produces a peak at 55Q :sv )
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- 23-25 formed a veny soft gel indicating a negative reaction. Thus.

Sy

| to the spectrun of pure KDO, ngure 17 shows two detected compounds, KDO
at 550nm and .an unknown compqnent at 450nm. " Thus, the estimated amount

t of KDO present in’ the 550mn peak for the above organisms was almost '
negligible, less than 0.0002 ymole/mg protein. When this work was being
-done, I become ;ware of a report_by_Hisatune et al.,'(1982)‘who reported
that virtua11y all members of the family Vibrionaceae lack KDO.  *

As a final test for membrane purity, poo]ed sucrose gradient
fractions were tested for’ the _presence of endotoxin which constitutég
part of the outer membrane. The assay ustng HMmulus lysate has a
sensit1v1t; of 0.05 ng/m] endotoxin, - Poo1ed fractions’5-16‘;rom figure.

12 formed a firm ge] 1nd1cat1ng a positive react1on. Fractions 16 20 and

' <
.poo1ed fractions 5-10 contained outer membrane - whereas fractions 16 20

and 23- 25 did not. ) ‘ ‘-

To further character1ze the NaC] ~-regulated outer membrane protein
(protetn X) gels were stained with periodic Schiff reagent to detect
g1ycoprote1ns Figure 18. (1ane A) shows that 4 g1ycoprote1ns were
detected from total membrane protein separated by SDS gel
e1eotrophoresis. A carbohydrate- sta1n1nq band was detected at the\
position of the 58K protein suggesting that protein X was a
glycoprotein. '

o

5. Determination if Protein X is an Integral Transmembrane Protein

Porins. (matrix.proteins) are the maJouP proteins found in outer

- L]
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membrane and' they are also known to be bound to 11bop01ysaccharide

(Rosenbusch et é]., 1979; Yu ‘and Mizushima; 1977). The fact that protein

X 1g¢the major outer membrane protein 1nJ!, costicola and it is
a * jated with carbbnydrate suggests that this protein may well be a

- porin (Osborn and Wu, 1980). Porins are proteins existing as trimers

which form pores that span the entire membrane. In order to obtatn
further evidence that the 58K protein was a porin, it was necef§sary to

determfne if the protein«did 1n fact span the entire outer membrane.

. Thus, whole cells of Y. costicola were labeled with 125I-{odosulfanilic

acid which 1abels only ,those proteins protruding outside the outer <

membrane towards the external surface. These cells were run on SDS geis

‘and then subjected to autoradiography to detect which pioteins.weqe

labeled. It was found that.the protein X did indeed 1abeT_(F1g. 19).
Next, to determine.if this protein protruded out on the inner snrﬁace of
the membrane; cells were grown in the presence of 3H-diaminopimelic acid.

Fy

Via autoradiography it was also shown that the 58K protein was labeled

".(Fig. 20). Thus, from the above data we suggest that this NaCl regulated

. protein may well“be a porin.

6. Amino Acid Composition of Membrane Isolated frnm Cells-Grown in

Different NaCl Concentrations

Since the protein proport1ons of the membrane changes as a function
of NaCl concentration in the growth media, it seemed possible that the
total charge. of the membrane {tself nﬁght'a1so chanée. To investigate
this, the <amino acid cénposition'was analyzed from'nydrOTyzed total
membrane preparations of cells grown ét different;sa11n1t1es: The only

significant change observed from Table 16 was an.fncrease in the’
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Position of —

Glycoproteins __

- Fiqure 18

Lane A:

‘brilliant blue.

| COLOURED PICTHBES -
: Images en couleur

]
— Position of Protein X —

Glycoprotéin staining following SDS polyacrylamide gel

é]ectrophoresis (15% acrylamide gel).

Solubilized total enve]ope preparation from 2.0M NaCl grown ceT]s

stained with per1od1c acid schiff reagent for detect1on of

glycoproteins; . Lane B: Cells as’ above stajned w1th.Coomass1e

" Note:n=1
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proportion of glycine (an uncharged-émino acid) with increasing NaCl
concentration -of the growth media. However,-since the ratio of aspartic
acid to asparagine and glutamic acid to glutamine is not known here, no

conclusions can be made about the actual acidity of the membrane.

-
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Figure 19'3)
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Figure 19 b}
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SDS Gel Electrophoresis of Ce11s‘Grown_1ﬁ 2.0M NaCl PPT"
wﬁich‘have been surface labeled with 1251-1oddsu1fan111c
‘acid (12% acry]amfde gel) LANE A: 1 m of a 8.7 mg/m
protein suspension of intact cells were incubated with
a0 ug 1251-diazotized salts at 200C. Reaction was
terminated by washing cells in buffer containing bovine
§erum albumin: LANE B: 50 ul of above intact cell
suspension was incubated with 1 10-*M (7 41) 1251
diazotized salt: LANE C: outer hembrane Pooled fractions

#-11, see figure 12). Arrows designate positions of

radiolabeled proteins.

-
.o

Autoradiograph Detecting 125I-iodosulfanilic acid labeled
proteins ig LANES A and B from Figure 19 a.

/-—-‘L
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Figure 20-a) $DS Géﬁ Electrophoresis of Cells Grown ;9 2.0M NaC1 ;PT
‘ ' containing-3H-d1am1n0p1me11c Acid (12% acrylamide gel)

LANE A: Washed whole cells were solubilized in 2% SDS,
100M tris (pH_7;3), 0.7M mercapfoethano] and 10% glycerol
for 30 minutes at 609 prior to leading dn'the gel;
LANE B: Washed whole cells were solubilized in the same
soTution above for.5 minutes at 100°C; LANE C; Unlabeled | .
membranes péépared from 0.5M yaC} PPT grown cells; LANE D:é
Unlabeled membranes prepa}ed from 2.0M NaC1 PPT grown
cel]s;' gANﬁ E: Outer membr&ne {Pooled fractions_#S-ll,'
see figure 12), | - '
LANE C, D‘and E‘wgre used as reference markers for position -

of NaCl regulated protein.

Figure 20 b) Autoradiograph detecting 3H-DAP labeled proteins~in LANES A

- and B fro?/éigure 20a.
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{ " TABLE 16

‘Mole percent Amino Acids in Membranes Derived from Various Salinities

ks

AMINO ACID - 0.2M 0.5 1.0M 2.0M 3.0M -
? - 0.07 0.05 0.06 -
CYSTEIC ACID 0.72 0.16 0.15 0.18 0.16 , ..
ASPARTIC ACID 10.32 -10.34 10.90 11.66 10.94
+ ASN.
THREONINE * 4.16 4.45 4.45 3.93 3.88
© SERINE 2.97 3.10 3.27 2.84 2.32
GLUTAMIC "ACID 9.56 » 10.66 9.95 10.26 - 10.02
+ GLUTAMINE : B
PROL INE : 4.38 4.10 3.85 3.22 3,09,
GLYCINE 9,78 9.69 10,18 14,92 17.71
ALANINE 10.54 10.89 © 10.98 10.56 10.18
VALINE . 8.10 8.24 8.29 8.16 8.13
? . 0.03 0.10 0.14 0.11 0.11
METHIONINE 1.09. 0.76 1.22 0.68 0.54
? 0.17 0.18 0.07 0.16 0.16
ISOLEUCINE 5.70 5.97 5.60 5.23 5.14
LEUCINE . 9.91 - 10.47 9.23 8.63 8.05
TYROSINE 2.10 2.27 1.88 .  .2.76 2,32
PHENYLALANINE © °  4.31 4.42 . 3.71 3.78 3.40
? 0.08 0.35° 0.30 0.50 0.29
HISTIDINE 2.34 2.13 1.94 1.52 1.75
ORNITHINE 0.72 0.65 0.64 0.27 0.49
LYSINE 6.52 . 6.36 7.03 6.28 7.13
? 1.26 1.36 0.74 0.27 0.11
TRYPTOPHAN 0.07 - 0.75 0.75 0.96
ARGININE 4.72° 3.06 . 3.07 3.28 3.12
et
AN
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7. Effect of NaCl on Adenosine Triphosphatase Activitiy from Vibrio

costicola Growﬁ at Various- Salinities _

?engis-Garber an& Kushner (1981) established that V. costicola
contains two membrane-bound enzymes capable of hydrolyzing adenosine 5'-
triphosphate, namely, the 5'-nucleotidase and the DCCD senﬁitﬂve ATPase,
‘which could be selectively assayed by ;heir di fferent Mg2t requirements.

Initial results indicated thé.FoFl A{Pase activity of Vibrio
costicola membranes to be very resistant to NaCl when thé cells were
grown At higher molarities but the enzymé from cells grown at the lower
molarities was NaCl sensitive (Table 17a). However, other é.O'and 3.0M
NaCl membrane preparations were less salt tolerant. The specific |
activity of the ATPase was measured to see if these inconsistencies were
due to changes in enzyme activity related to the growth phase. In 1M
and 2M NaCl containing cultures cells harvested from the mid-exponential
.phase of growth expressed the highest specific activity relative to
cells harvested at early exponential or stationary phases of growth
(Table 17b and c}. However; cells at the early exponential grdwth phasey
seem to_be slightly more NaCl resistant than cells harvested at mid-
exponential and stationary phase; These resu1t§ could suggest that two
ATPases are formed, one in early exponential qhasé. which is relatively
salt-resistant, and another in mid-exponential and later phases that is )
salt-sensitive.

It was thougﬁ possible that the method of preparation and subsequent
hand1ing of membrane material caused changes in enzyme activity and salt

response. Membranes were prepared by pressure bomb and frozen. An

aliquot of this preparation was analyzed simultaneously with a second

EH
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aliquot which had a further sonication treatment for 2 minutes. Table
17d shows.that sonicatioh-did not affect ATPase activity'df the
membranes. ‘ |

Freshly prepared pressuré-bombed membranes versus the same membranes
iater frozen were compared to determine whether or not freezing of - the
previously prepared vesicles had affected the results. Table 17e and f
showed that for 2.0 and 3.0M grown-ves1q1es, freezinj caused no changes. -
For 1.0M grown cells (Table 17g) there was either no-change due to
freezing or .some increase bf specific activity (Table 17h). Although
Bengis-Garber dgtected no change on ffeezing in ATPase activity of
membrane preparations from 1.0M grown cells {personal communication.),
other preparations of fresh versus frozen pressure bombed material gave
activﬁtion, no change or some slight repression of specffic activity.

Sonicated membranes were also ana1yzed for differences in ATPase
activity caused by freez1ng. Membranes from 0.5M, 1.0M, 2.0M and 3M .
grown cells a11 showed increased specific activity after freezing
{Table 171}, It is likely that sonication may produce vesicles which
breék upon freezing and thawing. This, in turn could render more of the

enzyme accessible to substrate in the reaction mixture.

8. Effect of NaCl on 5'-nucleotidase Activity from'v. costicola Grown

at Various Salinities

The experiments shown above for the FoF, ATPase have also been
done for the 5'-nucleotidase. It was found that the 5'-nucleotidase had

a MaCl! optimum at approximately 0.5M for'O.S, 1.0, 2.0 and 3.0M membranes

\V
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and that activity decreased only slightly with 1nereas1ng_Nac1 in the
reaction mixture {Table 18a). Thus this enzyme seemed to be fairly
resistant to nigh NaCl concentrations. Also there i{s no change in salt
resbonse of the enzyme after growth at di fferent NaCl concentration,

Sonicated frozen membranes from 0.5, 1.0, 2.0 and 3.0M grown cells

always showed an increase 1n specific activity compared to freshly
. ' ! . -

assayed membranes {Table 18b). _ .

Growth phase also affected the Spec1f1c activity ‘of the 5'-
nucteotidase. In media containing 1.0M and 2.0M NaCl cells harvested
from the_nﬂd-exbonedtiaX phase had the highest activity, statidnary phase

cells had less, and cells from the early exponential phase had the least

L

Lastly, act1vat10n of 5'-nucleotidase by NaCl was similar for
sonicated who1e ce11 mater1a1 and pressure bom;ed preeared membranes with
AMP and ATP as the substrate (Tab]e 18a, e, f and g).

In sunmary, both ATPase and 5'-nucleotidase seem able to function
over a wide range of NaC1 concentrations. There 1s no clear evidence for
changes in-salt response of either enzyme due to gr th at different NaC1
concentrations perhaps because of the complexity of the system studied.

‘A specific antibody against the 5'-nuc1eot1dase of V. costicola was
used as a control to monitor if the enzyme activity measured was tru1y
the 5'-nucleotidase. Tab1e 19 shows that the antisera strong1y inhibited

the enzyme from cells treated with triton X-100 which caused d1srupt10n

and degradat1on of the cell membrane.‘ There was also some fnhibition in

untreated (intact) cells; however, the effect in triton treated cells was
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much.1anger. Similar results were obtaiﬁed by Beng1s-GarbeF and Kushner
- (1982), who found that the anti-5'-nucleotidase did not interfere Q1tb/
’the 5'-nucleotidase as well,  unless the ce]]é were first solubiiized.
fhus these results suggest that the dntigen1c site 1s membrane bound
since the binding site of the antibody 1s less accessfb1e_;;'who1e cells
fﬂ\h\\ or membrane preparations. - L , '
P | Further characterization was performed on the 5'-nucleotidase
isolated from~gells grown in 1.0M NaCl. Isoelectric fogus*ng showed the
_ enzyme toﬁmave pl of 5.8. Examination of amino acid composition

(fab1e 20) a compositfon similar to that of amino acids of”totalg
membranes (Table 16). ‘ o

+
L]

A
’

—
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"'Inhibition of- 5'-nucleotidase of Vibrio cogficola

by Anti-5'-nucleotidas
(ymole Pi released mg protein”

f min.'])

NaCl concentration of growth media (molarity)
0.2 0.5 1.0 2.0 3.0
No serum 0.31 0.66 0.75 .16 ,1.33
‘Intact Contro1' o T
Cells serum 0.34 0.79 0.75» .27 1j}55,,,,f
*Antisera (10u1) 0.21  0.47 0.6 g7 1.18
,  *Antisera (20p1) 0.20  0.40  0.71 g4 1.1
No serum 0.32° 0.81 1.09 .15 1.38
2% Control f T
Triton  serum 0.32 0.84 0.95 .15 1.51
Treated . : .
Cells  *Antiserum (10HJ) 0.1 0.84 0.95 .32 0.46
*Antiserum (20u1) 0 0.10 0.18 - 0.19 .29 0.35
Note: ATl of the above assays were measunld in 0.5M NaCl and

20mM MgCl,; ATP was the substrate.

*Antisera contained 20 mg/ml protein.

j=
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TABLE 20 . »

Amino Acid Content from the Purified 5'-nucleotidase
: of Vibrio costicola

Amino Acid Mole %

Unidentified 0.3
Unidentified 1.7
Unidentified 0.4
Aspartate 11.5
Threonine 4.4
Serine 3.4
Glutamine +
Glutamic acid 12.1
Proline 4.9
Glycine 10.1
Alanine 10.7
Cysteine 0.5
Valine 7.9
. Methionine 0.6
Isoleucine 5.3
Leucine 9.2
Tyrosine 1.4
Phenylalanine 1.0
Histidine . . 2.7
Unidentified S 1.2
Lysine ' 6.7 :
Unidentified 0.7
Arginine 3.4

Note: The 5'-nucleotidase was purified from cells
grown in media containing 1.0M NaCl. The enayme
was kindly supplied by Bengis-Garber and Kushner (1982).
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9. Analysis of Internal Squte§ as Potential Osmoregulators

A) Analysis for the Presepce of Glycerol as a Cytoplasmic

Component ' _ "

Ben»Amotz and Avron [(1973)/showed that when the halophilic green

alga, Dunaliella parva

as~grown in high NaCl concentrations, the -
cells produced large amounts of glycerol. Borwitzka and Brown

, :
. (1974) found that glycero¥ protected ‘certain cytoplasmic enzymes

frpm NaC1 inhibition.

- Virtually no g1ycéro1 was detected in V. costicola as assayed

by either the method of_A%;on (1973) or that of Ben-Amotz and Avron

{1974). The highest-amount of glycerol detected in the cytopiasmic

fraction of V. costicola was only 0.0018 mmole/g cell brotein in
. I o .
contrast to Dunaliellia species that has 12-34 mmole gtycerol/g protein

(Borwitzka and Brown, 1974).

B) Regulation of Intracellular Amino Acid Composition by

External Salinity

1]

Amino acids, especially glutamic acid and proline,have been -
shown to be accumulated by non-halophilic bacteria in response to
increased environmental NaCl (Measures, 1975;Tempest and Meers, 1970).

An adaptation experiment wagjﬁqtfprmed whereby V. costicola

grown in PPT with 0.5M NaCl was transfered to PPT media contaihing 2.0M

NaCl and grown”to étationaﬁ& phase. The intracellular amino acid
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concéntration of a portion of'the_O.SM NaC]_preculture prior to
transfer was compared to the 2.0M NaC] transfered culture. The
mole Z'of glutamine and glutamic acid increased with elevated

exfernal NaCl whereas g]yciné and alanine decreased (Table 21).

‘The position of the glutamine peak also corresponds to the position

of fhreonine, asperigine and serine. . However upon acid hydro]ysis
», :Jof.éamﬁ?§$ﬂ411 of the material from this peak dissappeared and moved
| "to-Fhe g1yfamic acid pbsition. .Therefore this peak contained

oﬁly éﬁutamiﬁé. From TabTe 21, both the total negatively charged
free éminb‘acﬁds and the total amino acid content‘seems to

increase as the NaCl concentration of the media is raised.

4

-
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‘TABLE 21

Amino Acid Composition.of Vibrio costicola before and
after increasing the External Salinity of the Growth
Medium from 0.5M to 2.0M NaCl

o

Amino Acid ‘ nmoles amino acid mole %
N mg protein :
0.5M NaCl 2.0M NaC1{ 0.5M NaCl 2.0M NaCl
Cystic acid 11.4 48.5 3.9 2.5
Unidentified 8.4 - 2.9 -
Unidentified 8.2 91.5 2.8 4,7
Unijdentified 5.8 11.0 1.9 0.6
Aspartate 8.7 97.8 2.9 1 5.1
Giutamine 3.6 379.0 1.2 19.6
Glutamic acid 60.4 811.8 20.4 4271
Glycine ‘ 69.1 3221 23.4 16.7
Alanine ' : 78.8 163.7 26.7 8.0
Methionine 1.1 9.6 - 0.4 0.5
Tyrosine 1.6 6.3 0.5 0.3
Phenylalanine 4.8 32.7 1.6 1.7
Unidentified 6.6 - 2.2 -
Histidine ' 7.8 34.9 2.6 1.8
Ornithine 2.9 12.1. 1.0 0.6
Lysine 16.3 73.2 5.5 3.8
Total 295.5 2084.2
Molal concentration of _
total intracellular 0.168 0.457
amino acids
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CHAPTER 1V
DISCUSSION

L

Kates et al. (1966) reported that lipids extracted from Vibrio

costicola grown in 1.0M NaCl contain PG and PE as méjor phospholipids

as well as C[ and a ninhydrin-positive component, first thought to be

an amino acyl gﬁycero] as minor components. In %he present studies

the major phospho]ipidé of V. costicola grown in 1.0M NaCl were also
found to be PE, PG and CL as is common in gram hegatiﬁé bacteria

{Oliver and Colwell, 1973a), together with minor amoﬁnts of the ninhydrin-
positive compoﬁent which we.consider to be 1yso-PE on the basis of

its positive ninhydrin stain and 1t;\TLC mobility (Senff et al., 1976).
In-addition,minor amoﬁﬁts of two phosphq]ipids,'lipid X and Tipid Y,
tentatively identified as iyso-CL and lyso-PG, respectively, and Oye
glycolipid were also present. Oliver and Colwell (1973a) noted that
several Vibrio species contained similar phospholipids within the

range: PE 60-80%, PG 15-30%, C[ 20% and lyso-PE 1-10%." Values for

V. costicola fall well within thege ranges.

. - - - “‘ " - - - -
Gram negative marine bacteria®have been divided into two general
taxomonic groups, the fermentative strains which include Aeromonas,

Beneckea and Vibrio (Bauman et al., 1971) and nonfermentative strains.

DeSiervo and Reynolds (1975) noted the absence of cardiolipin in most of
the nonfermentative isolates. However,the phospholipid compositigh of
the fermentative marine bacteria waé also similar to other Vibrio .

species (Oliver and Colwell, 1973a). -
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Growth in media of djfferent salinities led to differences in the

proportions of individual phospho]ipids.' With increasing salinity, PG

increased and PE decreased iﬁ V. costicola. Sjmilar trends with increasing
NaCl in the growth media have been odeserved in a moderately ha]bphi]ic

Paracoccus (Hiramatsu et al., 1980b), Vibrio alginolyticus (Ohno et al.,

1976b) and Pseudomonas’ halosaccharolytica (Ohno et al., 1976a, 1979).

The gram positive organisms, Staphylococcus aureus (Kanemasa et al.,

1972), and Staphylecoccus epidermidis (Komaratat and Kates, 1975)

showed an apparent opposite effect, i.e., PG decreqsed and C1 increased
with increasing salinity. However, it should be mentioned that there
is no PE in these staphy]ococéus species. | //’_T:—**ﬁ |

One question that érises is whether the changes dbserved in phospho-
'lipid composition are due to the NaCl concentrétion.of the medium, or to
the NaCl regulated grwoth rate of‘this organism. In complex media where
the generation time of cells grown in 0.5M and 1.0M NaC} is the same, very

little variation in phospholipid proportions occurs. Conversély significant

A

changes are observed between cells extracted from complex @edia containing
1.0, 2.0, and 3.0MvN@C1-where the generation times are markedly different,
suggesting that indéed growth rate is tﬁe féctor controlling the proporfions
" of phospho]fpids. However, other evidence would argue against this.

Although growth rate certain]y'does-changg with the NaCl concentration
(Table 7), growth rate also changes gré;iiy during the growth cycle (Table
1?),‘but'1ipid composition was épprogimate]y‘the same in each phase of

growth. Sﬁch constant composition over the gfﬁWth cycle ‘has also been
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reported for other bactefia (kanemasa et al., 1972; Komura et al., 1975;
Ohno et al., 1979). Secondly,cells grown-on semi-synthetic media
containing 2.0M NaCl had nearly the same generation time (1.8 h) as those
grown on complex media in 0.5M NaC1(1.6h),but quite.di%ferent phospho-
1ipid compositions, characteristic of the low and high-salt grown cells
in complex media, respectively. Thus,growth rate é]one seems to have

Tittle effect on 1ipid composition.

The major fatty acid species in V, costicola were 16:0, 16:1 and
18:1 as previously found. in this organism (Kates et al., 1966). The
proportions of fatty acids compare closely to those of other Vibrio species

(Oliver and Colwell, 1973b)..

In the non-halophile Escherichia .coli, the only change observed due

increasing NaCl was an increase in cyclopropane fatty acids (McGarrity‘

and Armstrong, 1975). In V. costicola total monounsaturated and total

C:18 fatty acids are highest at the optimal salinity for growth (1.0M NaCl)
but then decrease in 0.5, 2.0 and 3.0M NaC grown cells. Total C:16‘
fatty acids show the opposite effect. Little change in fatty acid
composition was observed at different stages of growth in 1.0M NaCl
(Table 13). Thus,once again NaCl conce&trations rather than growth réte
seems responsible for fhese changes.

The results show a substantial increase in the negatively charged-

—1ipids of V. costicola when cells were grown in media containing higher

concentrations of NaCl. Kogut and Russell (1984) showed that in adaptation

experiments where NaCl is directly added to growing cultures, the

A
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negatively Eharged 1ipid groups also increase in V. costicola. A
high content of negatively charged membrane_phosp#oﬂipids is found in
other halophilic bacteria (Hancock and Kates, 1973; Kates et al., 1963,
1966; Peleg and Tietz, 1971; Stern and Tietz, 1973), particularly extreme
halophiles (Evans et al., 1980). o

Increase in negative charge of the envelppe may partly explain an
increased salt requirement (Kushner, 1978). When halobacteria are exposed
to sufficiently dilute salt soTutions‘they lyse. Brown (1963), and
Kushner and Bayley (1963) first pointed out that salt dépendence of
‘envelopes might be due to negatively charged groups on the membrane.
The negative charges'would cause lysis or dispersion if théy weré
not effectively neut}alizéd by cationg. I% is less clear why such
change; would be advantagédus to cells that grow- at higher salt

oncentrations but don't require such high concentrations. Thirkell®

and Summerfield (1977) and Kanemasa et al. (1972) suggested that

~

negatively charged phospholipids may be advantageous to halophiles since
negatively charged phosphoTlipids Rave been shown to increase membrane
permeability to cations (Haest et al., 1972; Hopper et al., 1970;
Paphadjopoulos, 1971). In addition, divalent cétions might stiffen
negative charges (Browp, 1963) and this might be advantageous for the

2 2

cells, For examp]e,Mg+ and Ca"

jons may form salt bridges between
nejghboring free negative'chargesl Mdnova1ent cations (Na+), may '
produce aJSimiIar effect at High‘NaC] concentrations by forming and
orfented ﬁositive1y charged atmosphere'along the membrane surface

(Brown, 1964).
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It wgs recently found that salt tolerance of the active transport

in V. costicola of an amino acid analog changes with the NaCi concentration

at which the cells are grown (Kushner et al., 1983), It was suggested that _
‘this iight be due to changes in membrane compoﬁition. The fact that

such changes évidentTy_occur, permits this possibility to be ekamined

mozg closely.

The external salt concentration must soméhow effe t the underlying
enzymatic mechanisms,which in turn controls fhe change?-in lipid
composition. Since the major effect of high salinity is increased PG with
a concomitant decrease in PE, it is tempting to suggest'that activity of
one or more enzymes at the metabolic branch point leading to these two
phdspho]ipids are altered, or perhaps enzymeéﬂﬁnvolved in breakdown or
turnover of these 11pid;.a;;—responsib1e. In any case the next logical -
step would be to determine effect of NaCl on enzymes involved phospholipid
synthesis and catabolism. )

Not only do the lipids in membranes have the capability"
of changing in response to exterﬁa] sa1init§ but aiso the membrane

protein proportions from V. costicola have been found to be regulated by

environmental salinity. From total membranes isolated from cells of

V. costicola grown at different NaCl concentrations, one protein (designated)

Protein X of MW 58,000 increased dramatically from 4 to over 55% of
. ]
the total membrane protein as the NaCl concentration of the media was

increased from 0.2 to 3.0M respectively.
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~ -So Tar thers has been very little published on the effect of environ-
mental NaCl on membrane-proteins in other bacteria. NaCl-regulated changes
in the major protein species of the outer membrane have been observed for®

the mdderate"ha]ophile Pseudomonas haioséccharoiytica (Hiramatsu et al.,

1980a, 1980b). Increas{ng the‘Naé1 conceqtratibn from 0.85 to 2.0M,
resulted in a decrease of amajor 43,000 MW proteinand an i‘n'crease of a
submajor 50,000 MW protein, whereas a decrease ‘of 50,000 M{ protein and
appearance of 41,000 MW protein occurredwith changing the NaCl concentratibn-
from-2.0M to 3.0M in the medium. For the non-halophile,E. coli K-12,

the external salinity has-also been shown to affect two of the fouf

major outer membrane proteins, designated a, b: ¢, and d in order of
'decreasing mo]eculq;;weight. The presence of ﬁigher NaCl or KCI

(300mM) in the media caused the relative amounts of protein ¢ to increase -
with an almost equal decrease in protein b (Hasegawa et al., 1976; van

. Alpen and tugtenberg, 1977). For E. coli K—i2 increasing the concentration
of several carbohydrates an; dextrans in thé medium caused the same
~effect as increasing thg external salinity in the growth media. Protein

b decreased and protein ¢ increased'(Kawaji et al., 1979; van Alpen and
Lugtenberg, 1977), thus,the external osmolarity seems to be the controlling

factor,

For both E. coli and P. halosaccharolytica, the NaCl regulated

changes were observed for proteins localized in the outer membrane. In

the present work the outer membrane from V. costicola grown in 2.0M
NaCl was purified to determine if Protein X was also a component:of the

outer membrane. The outer membrane was separated from inner membrane

h ]
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by the former's higher density, présumab1y due to its higher carbohydrate
content in the forﬁ of lipopolysaccharide, and possjb1y a higher ratio of
proteins than are present in the inner'membrane:(Nikaido and Nakae, 1979;
Wright and Tipper, 1979). Approximately 15 protein bands were identif;;d

by.SDS-po1yacrylgmide gel electrophoresis in the outer membrane of .

V. costicola which approximates the number of polypeptides in the qyter
membranes of other bacteria (Raetz, 1978; Wright and Tippe;, 1979). The
NaCl-regulated Protein X was found to be the major_brotein component

of the outer membrane. It was necessary to determine whether the changes

in protein proportiohs of V. costicoia were influenced by other factors such

as growth phase. For example as E. coli entered statidnary phase one

of the major outer membrane proteins increased whereas the relative
amount of another decreased (Schnaitman, 1974). Similarly for !iEEié '
cholerae, cells in eaf]y exponential phase showed elevated levels of some
proteins compared to cells in mid-exponential or stationary phase

(Kelley and Parker, 1981). However, for V;'cdétiéoia no differences were

,détected between cells in exponential growth phase and those
at the stationary phase of growth.

The question now remains, what could be the possible functional roie
of this NaCl-regulated outer membrane (protein? It ha§ been well
established that the cytoplasmic membrane.of othér bacteria contains a
-large variety of enzymatic activities including succinic and lactic
dehydrogenases, enzymes involved in phospholipid and 11popo1ysaccharidé
biosynthesis, ATPase and various cytochromes. 'In contrast, the oﬁter

membrane is almost devoid of enzymatic activity, with the one exception

N
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being phosphol1pase A1 (Raetz, 1978; Wright and T1pper 1979).

In general the outer membrane proteins of E. co11 have been
categorized into three groupings. Braun and Rehn (1969) first reported
the éxistence ofha 11poprotein in the outer membrane which is covalently
linked to the peptidoglycan. Inouye et al. (1972) and Hirashima et al.
(1973) reported that’ the Braun 1ipoprotein is present in two forms in
E. coli; one third of thellipoprotein is peptidog1ycan bound while two -
thirds exists free in the outer membrane. Anchorage of the outer membrane
to the peptidoglycdn 1s crucial for maintainfng the integrity of the outer
meﬁbrane 51nce mutants lacking lipoprotein grow and d1v1de normally,
but have an increased sensitivity to cationic dyes and detergents and
also leak per1p1asm1c enzymes (Hirota et al., 1977).

The seeohd grouping consists of the minor proteins many of which, in
addition to the major proteins (third grouping) have been identified
as receptors for phages and colicins. Others have beeﬁ shown to act
‘as specific receptors involved in the transport of certain solutes
{vitamin 812, maltose, ma]fodextrans, ferfic iron and nucTeetides) across
the outer membrane which are too large to penetrate by passive-idiffusion
(DiRiean et al., 1978; Nikaido and Nakae, 1979; Osborn and Wu, 1980; |
Wright and Tipper, 1979).

The final c1assiFicatipn entails the major proteins of which-most
gram-negative organisms have between one and four and which make up
70% or more ef the total mass of protein in the outer membrane

(Schnaitman, 1970).f Generally these proteins show g set of distinctive

common properties. First they are in tight, but noncovalent association
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with peptidog1ycan when so]ub111zed in 2% SDS at temperatures below

70°. They are released from the p%pt1doglycan when the temperature is
increased to 100°C or by add1ng 0.5M NaCl (Rosenbusch, 1974) wh1ch
suggests that these proteins are held to the peptidoglycan by 1on1c
interactions. Secondly, these proteins are @Enera11y strongly enough

bound to 1ipdp01ysaccharide to withstand purification procedurés

unless these are carried out at high ionic strength. For proteins ¢

and b of g;_ggli 3 moles IipopOIysaccharide is bound per-mole polypeptide
(Rosenbusch ‘et al., 19795 Yu and Mizushima, 1977). These proteins,
unless heat denatured, remain mostly oligomeric. Lastly, they produce
transmembrane diffusion pores when addeﬁ to a phospholipid-1ipopoly-

" saccharide :ﬁixture (Nakaie,_1976a,b)j and therefore are called porins.
Porins form genera] hydrophi]ic'pores, 1e f1xed aqueousfchanne1s that
allow passive nonspec1f1c diffusion of soTutes across the membrane. These
pore proteins do not gppear to interact directly with permeable

solutes with any specific affinity, and selectivity is primarily -
determined by the hydrated radius of the solute relative to that of the

. pore. In Sa]mbneiTa.tybehdrfﬁm sucrose (MW 342) and raffinose

(MW 504) penefrate the cell, stachyose (MW 666) penetrates Tess well,

and verbacose (MW 828) not at all (Decad and Nikaido, 1976).

general, solutes above a certain size c]ass,wh1ch varies from 600-1000 My

depend1ng on the type of solute,do not penetrate the outer membrane, -
Evidence now suggests that the two major salt- regu]ated proteins

'(b and c) of E. coli previously discussed are porins. Lutkenhaus (1977)

showed that mutation causing either protein b or ¢ to d1sappear did not

\
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affect the cell's ability to take up meth10n1ne or glucose. However,
mutants lacking both proteins showed~:ah1bited 1ncorpgrat1on. Further
ev1dence has come from-cryptic mutants of E co11 K-12 where the
5'-nuc1eot1dase which is situated in the periplasmic space and produced
in normal amounts, retains full act1v1ty in cell extracts. The 1oss

of act1@1ty is presumed to be caused by the loss of a major outer
membrane protein (most 11ke1y a porin ) wh1ch causes the outer membrane

to become less’ permeab]e to the enzyme's substrates. ' S

The fact that the NaCl-regulated protein of V. coeficdia was the

only major outer membrane protein present in cells grown in 2.0M NaCl
suggésted that this protein.may in fact be a-porin. In- order to provide
further evidence for this assumption, a.SDS-polyacrylamide gel was

stained with a reagent specific for carbohydrate detection. VA carbohydrate . -

staining band was detected-at the position of the 58K protefn suggesting \\\'

Protein X was ‘a glycoprotein. This corroborates data from S. typhimurium .
and E. coli where/the major outer membrane proteins (porins) are lipopoly-

sgccharide dssociated (Osborn and Wu, 1980).

"Electron icrogrephs of negative-stained porin protein-peptidoglycan
comp]ex from E. co]1 show that the porin protein molecules are arranged
as a hexagona1 Tattice 1ayer characterized by a triplet readily

penetrated by stain. It was suggested.that these indentations represeﬁt-

-

aqueous pore channels formed by trimeric proteins (Steven et al., 1977).
Ana}yees by sedimentation equilibrium have yielded trimer molecular

weights of sevéral proteins of E. coli and,S;-tyehimdrium which are

known to be functional pore proteins -(Nakae et al., 1979: Tokunaga et al.,

1979; Yu and Mizushima, 1977). Furthermore,in freeze fracture electron
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microscopy;'the outer fracture fage of the outer membrane is studded with
intramembranous particles ‘whose denﬁitfzis ciose?y correlated with the

amounts of the major transmembrane proteins in Errcbii NaCl has no

effect on the. densityrof these pores (Ve1k1e13 et al., 1977) wh1ch can

_be explained by tf fact that NaCl causes an oppos1te and roughly

equal change in relative amounts of proteins b and ¢ (Hasegawa et al., |
19765 van hlpen and Lugtenberg, i977) as discussed above.

The two porin.ﬁrézgins (b~and.c) of'é.léoii K-lznhave s]ightly
different‘permeabi1ity prdperties (Nikaido, 3979) For example,mutants
lgss permeable to Cu , chloramphenicol or adenosine 5'-monophosphate
usha11y lack protein b (Chai and Foulds, 1978; Lutkenhaus, 1977;
van Alpen et-al.,'1978) but noE'c,suggeéfing that porin b produces a more
efficient pore:for.thesg solutes. Since the»ééit—repregsible porin
protein b appears~te be effective in the diffusion bfja number of
solutes (Lukenhaus, 1977; Nikaido et al., 1977; van Alpén et al., 1978),
it could form the bas1c .all- purpose channels. ‘However the quesfion‘
remained why th1§~£or1n (prote1n bi“;ould be repressed by high ionic
strength. N1ka1do (1979) suggested that when enteric bacteria are
égéreted*with feces, the drying out of the feces would result in an increase
in the salt toncentrat}on of the environment. This could 5ct as a signal

to inform the bacteria of a change in the environment so that they

repress the most effective pores and survive in a state of minimal

metabolic activity and thus with minimal exchange of material from the,
outside. (QS

"
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Since porins are transmembrane ﬁtoteins, it was next decided to

determine whether or not Protein X of V.'cdsttéb]é was also a transmembrane

protein. Exposure of Protein X on the outer surface of the outer membrane
was shown by the USe ofla nonpermeable Tabeling agent, 125I 1odosu1fan111c
acid which labels only those prote1ns protruding outside the outer
membrane towards the externa] surface. To determine if this prote1n
protruded out of the inner surface of the outer membrane, the protein
was examined for possible association'to peptidog]ycan. It has been
suggested that the D- d1am1nop1me11c acid residue of the peptidoglycan-
plays an 1mportant role in b1nd1ng to the major proteins (DiRienzo et

, 197%). Membranes preparedafrom cells of V. costico]aggrown-in the

125 _iodo-

presence of 3H-diaminopime]ic or whole cells reacted with
sulfanilic acid were so1ubi1ized and separated on SDS-polyacrylamide gels,

Autorad1ography revea]ed ‘that the 58K prote1n ‘was bound to the d1am1nop1me11c

acid and 125

I- 1odosu1fan1]1c acid. Thus,not only does th1s conf1rm that °
Prote1n X is transmembrane but also that it is pept1dog]ycan associated
which is one of the properties of porins.

A]though evidencg thus far tends to suggest Protein X may be a
por%q,this evidgﬁce presented here is far from conclusive. For example
thejmajdr proteing'd and a of E. coli outer membranes are not porin§
(Osborn-and Wu, 1980), however, it has recently been established that
proteinld is a transmembrane protein. It is exposed at theAexterna]
face of the‘membrane because it acts as a receptor fdr phages (Henning

et al., 1976; van Alpen et al., 1977). The observétion that the protein
is directly cross-linked to the peptidoglycan (Endermann et al., 1978,
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Palva ani{Randall, 1976) and that cleavage of the protein by trypsin
or pronase occurs only when the inner surface of 'the membrane is made
accessible to the protease (Henning et a].,‘1978; Reithmeier and Bragg, '
1977) showed that protein d was also exposed at.the periplasmic face.

“Thus, whether Pfotein X of V;:éoéfiédié is a porin or a'protein

ana1o§ous to protein d of E. coli is yet to be established. Logically
further classification of the functional properties of Protein k wou]d
entail purification of this brotein and reconstitution with a ‘
phospho]ipid;1ipopb]ysaccharide mixture. It could fhen be determined
whether Protein X conferred the ability of non specific solute diffusion

‘intq vesicles and this could provide the ultimate proof as to its

‘possible role as a pore protein in the outer membrane of V. costicola.
: In'éonsidering NaCl adaptations at the membrane level, the effect of

NaCl on both the membrane bound ATPase and 5'-nuc}eotidase were examinéd

for V. costicola. Both of these enzymes have previously been purifiéd

from membranes of V. costicola grown in media containing 1.0M NaCl

(Bengis-Garber and Kushner, 1981). Bengis-Garber 3nd Kushner (1981)
showed that the 5'-nucleotidase was active over a fair]y wide raﬁge of
salt concentrations for 1.0M NaCl grown cells. However, to investigate
adaptational changes, thé enzyme activity was analyzed for cells grown at
different salinities. The 5'-nucleotidase was very resistant to high NaCl
concentrations -(3.0M) and furthermore no differences in the salt response
of the enzyme ffom_ce]]s grown in the presence of various concentrations
of NaCl was detected. There have only been a few reports dealing with

the NaCl response of ATP-hydrolyzing enzymes presumed to be 5'-nucleotidases
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du the™~nrigh concentration of Mg2+ (20-100mM} required for maximal

acitivity'in bacteria.. The 5'-nucleotidase of Vibrio parahaemolyticus

(Hayashi and Uchida, 1965), a marine Pseudomonas B-16 (Drapeau and

MacLeod, 1963), Vibrio alginolyticus (Hayashi et al., 1970), and a

unidentifieq gram-negative.marine bacteria MB3 (Thompson et al., 1969)
were all stimulated by NaCl to an 6ptimum.(0.é-0.75M)‘and generally the
enzymes were resistant to further increases of NaCl in the reaction ’
mixture. Thus,the sa]t-respﬁnsesof the 5'-nucleotidases of these

slight halophiles were simi1ar to that found for V. costicola.

On the other hand the F,Fy ATPase of V. costicola in some experiments

. seemed to be‘very salt-sensitive when the cells;were grown at low NaCl
¥

coﬁcentrations and salt-resistant at high concentrations of NaCl.

However, the above observations for V. costicola were not always
consistent,Apossibiy due to vafioug changing parameters in the conditions
of preparation. %or exampley the salt reponse and or specific activity
changed for cells harvested at different phases of growth, for ;e]]
material assayed‘fresh versus frozen, for membranes produced by different '
methods such as by sonication versus pressure bomb and possisly
by the NaCl concentration of the growth media. Most of tﬁgse
variable parameters also influence activity and sait response
of the 5'-nucleotidase.

Thus, for both of these Yembrane bound enzymes, the complexity of
the systém does not allaw a clear understanding of the effect of the
external NaCl concentration of the growth media upon enzyme activity.
It has been previously shown that certain membrane—bound>enzjme activities

could be controlled by the membrane phospholipid composition (Bragg and
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Hou, 1976; Coleman, 1973; Jinks et al., 1975; Sandermann, 1975). Si%ce

it is now known that individual membrane phospholipids of V. costicola

change in response to environmental salinity, the. lipid composition

may be another parameter not before considered which also influences

ATPase and or 5'-nucleotidase activities of V. costicola.

So far, the effect of NaCl on membrane components of V. costicola

have been djscussed; Howevery the effect of external sa1inity on
cytosolic components is of equat inférest. Interest was particularly

‘ aroused when Wydro et al. (1977) noted that‘jg_!iggg protein synthesis‘
was optimally activated in the presence of O.ZM salt (NaC1, XC1 or
'NH401) and that at concentrations above 0.5M no activity was obsérved.
Yet,what is striking about this information is that in vitro protein

: ‘ /
synthesis and certain other cytosolic enzymes (Shindler, 1976) are /r—xx_\,/

strongly inhibitez’by NaCl or KC1 levels well below those assumed to be

intraée11u1ér from Na* and K* measurements (Shindler et al., 1977).

It was once thought that most of the Na+ and K+ ions musf be somehow

separated form fhese salt sensitive structures. Possible explanations

were considered: | {

1. the buik of the salts may be assoﬁiated with the cell envelope

2. the salts may be enclosed.or trapped intracellularly within a
organelle

3. compatible solutes or o oregulators may accumulate with increasing

salinity and possibly p?otect salt sensitive structures from

inhibition.
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HypothesiS'ﬁ was tested indirectly by considering that if the

bulk of salts are indeed associated with the membrane, fhen one would

'

expect that membrane bound enzymes be salt dependent or at least very

salt tolerant. However, as previously discussed, the F0F1 ATPase was
found to be NaCt sensitive depending upon the conditions of preparation
K : _; S

for analysis.

In V. costicola, spherical organelles or vesicles have been

observed. Thus,it may also be possible that the intracellular

salts may be trapped or associafed with these structures. In other
bacteria spherica] shaped gas.vacuo]es have been reported (Walsby, 197?)
and also storage or reserve products in the cytoplasm of similar .

morphology to those observed in \._cdsticola have been reported

(Holt and Beveridge, 1982). None of these is known to accumulate

specific ions.

The third possibility suggests that perhaps V.fkostico13 may
prqéuce a compatible solute(s) which would protect the protein synthesizing
machinery and other cytosolic sa]tisensitive enzymes from inactivation.

The existence of the compatible solute, glycerol, has been well documented

in specfes of the ha10phf11c alga, Dunaliellia. Borwitzka and Brown ‘

(1974) noted that these alga would accg@u]ate large quantities of

glycerol in direct response to increas{ng‘NaC] concentrations in
the growth media and thus act as an osmoregulator. The glycerol was

1so shown to act as a compatible solute since certain salt-sensitive
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enzymes (g]ucose-ﬁ-phosphate.deﬁydrogenase and a'NADP'specific g]ycero].
dehydrogenase) were inhibited by\high‘leéelé of NaCl; however, in the
presence o% the high NaCl and high glycerol concentrations as found in
the cytoplasm, the enzymes'Qould.function‘norma11y (Bofwitzka and Brown,
1974). Thus,the possibflity of glycerol as a compatible-so1uté in

V. costicola was examined. However, virtually no intracellular glycerol

was detected for cells grown in media containing ﬂaé] in the range of
0.2 to 3.0M. |

Recently it has been shown that‘Cl' rather than Na+ was responsible
for protein synthesis 1nhibition and thHat the intrac911u1ar ct™
concentration is very Tow (¢(0.IM). Furthermore glutamate, aspartate
and other -anions have been shown to partially counteract the toxic
effect of C1” jons. In vitro protein synfhesis can take place in 0.6M
or higher Na-glutamate (Kamekura and Kuéhner; in preparation). Thus

it may be significant that_in V. costicola glutamine and glutamic acid

are among the major intracellular amino acids which increase significantly
as the external NaCl concentration is raised. It is also possible that
the cell associated cations are partly neutralized by the negatively

-

charged g]utagic acid and glutamine; however, this remains to be examined.
| ~f
N In summary external NaCl concentration greatly
SN
influences individual components both at the membrane and cytosolic:

levels. Thus,V; costicola has been shown to possess an adaptational

behaviqyr to environmental salinity s The work in this thesis has

»
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characterized certain NaCl induced changes which may be essen

understanding its adaptational mechanisms in the future.

)

tial for
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