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Abstract - . .

Vibrio costicola, a moderately halophilic bacterium,

oriéinally isolated from bacon curing brines, grows over a
range of medium salt concentrations from 0.2M to 4.0M NacCl.
It is best adapted to growth in 1-2M NaCl in both complex
and minima; salts—-glucose media. «Its closes% relatives are
prébably-slightly halophilic marine Vibrios (Ch. II p. 25).

. iétivel;r%etaboiizing V. cosficola contained about 0.7M
X énd an Na© concentration which brought the total Na+ + K+
to levels almost‘equivalent‘to that of the medium NaCl. An
energy source was required to maintain high intracellular
K+/Na+ levels; poisqnihg reduced this ratiec, markedly. Per-

meabilization resulted)in a striking increase in cell bound

+ . . )
Na , indicating that ions may be cell bound and not be free

-
~

in thé cvtoplasm; the cellular lccation of tﬁe'ions is sti11 ™®
unknown.

Maximum V. costicola aépartate transcarﬁamylase activity
was dependent upon 1.8M Na+,-yet the biosynthetic threonine
deaminase (Tbase).activity was inhibited 70% 1-3M NaCl. Both
Eﬁiymes, howevef, were unstable in the absence of salts. Only
the threonine deaminase activity was subject to regulation by.
feedback inhibitién, isoleucine inhibition could be partially
reversed'by valine or high threonine substrate concentrations.
The inhibition was of the ng tvpe ﬁith sigmoidal threonine. .
saturation curves and Hill'coeffiéient values more than unity
in presence of isoleucine. The sensitivity of the enzvme to

. fax + .
the inhibitor was decreased 50% when the Na concentration was

raised from 0.2M to 1-3M;salt also acted as a pseudocompetitive

——

3



xvii
inhibitor ©f activity. In spite of theF::lt inhibition, LT
_Thase retained good gnzymatic and regulétory activity in |

_<;he 1-3M range of measured intracellﬁlar Na+ and K+. The
fDase_activity could also be repressed at any medium NacCl
concentration by inclusior of amino acids in the medium.

The repression was not multivalent, as it reguired more than ﬁ'

the threé brancﬁed.chaég amiﬁo Acids to effect a decreased’

enzyme syntﬁesis. '

. Almost half of theiénzyfzjffrom y: costicola and other

moderate halophiles are Salt ependent. This may indicate

that the intracellular distribution of ions is not uniform.

-, i
A rigkd

. + +
If the cell-envelopes bind most of the Na and XK , then only
membrane-associated‘enzymes may be halophilic, while the cytoplasmic

"soluble" enzymes may not have high salt dependencies.
%ﬂ\



Résumeé

) e
Une bactérie halophile modérée: Vibrio costicola, isolée

~ .

originellement des saumures de lard salé, peut croltre sur un

el - ~

milieu contenant de 0.2M 3 4M de NaCl. Elle est mieux adaptée a
croltre avec une concentration de 1 a 2M de NaCl ajoutée soit au
milieu complexe soit au milieu minéral glucosé. Ses plus proches

parents sont probablement des Vibrioc marins légérement halophi-

-

ligues. A

-
——

En pleine activité métaboligue:Vibrio costicola contient
. - -+ . + . .

environ .7M d'ions K, et des ions Na , ces deux types lons ajou-
tés donnent une concentration saline presque éguivalente 3 celle
du milieu de croissance avec NaCl. Une source d'énergie est néces-
saire pour maintenir une concentration intracellulaire élevée de

1 + PR . -~ '

K'Y et de Na . La perméabilisation des cellules entraine une forte

: + ., : C s
augmentation du Na 1ié aux cellules, ce qui semble indiquer gue
les ions ne sont pas libres a l'intérieur du cytoplasme, mais plu-
-

t8+ liés aux cellules. La localisation cellulaire des ions est

toujours inconnue..

L'activitd maximale de l'aspartate transcarbamylase est
- R + :
dépendante d'une concentration de ‘Na de 1.8M, alors que 70% de
l1'activité biosvnthétigue de la thréonine déaminase est inhibée
par 1 & 3M de NaCl. Cependant, les deux-enzymes sont instables
en absence de sels. Seule, l'activité de la threonine déaminase

est assujettie au contr8ie par la rétro-inhibition; 1'inhibition



Bt

pér l'isoleucine peut &tre partiellement levée par la valine ou
par de fortes concentrations.du substrat de la thrédgfﬁé. L'in-
hibition ést de tvype "X", les courbes de saturation de la éhréo-
nine. sont de forme sigmg;dale, et le coefficient Ee Hill d'ordre
supérieur & 1l'unité en présence d'isoleucine. La sensibilité de

l'enzyme vis-a-vis d'un inhibiteur. est diminuée de 50% si la con-

- .

-~

+ P s
centration de Na est augmentée de 0.2M a 1.3M. Le sel agit. .

aussi comme un inhibiteur pseudo-compétitif de l'activité. En

dépit ée l'iphibition par le sel, la TDase conserve une bonne
-,

o
.-

2 . - - . . ” - G .
activite enzyvmatigque et une bonne activité régulatrice méme si la

u i . . + +
confentration intracellulaire de Na et de X est de l'ordre de
1M & 3M. La répression de l'activité de la TDase peut &@tre obtenue
par l'addition d'amino-acides au milieu contenant n'importe quelle
concentration de NaCl.* La répression n'est pas multivalente puis-
gu'elle nécessite plus gue trois amino-acides ramifiés pour ent=-
ralner une diminution de la svynthése enzvmatigue., Presgue la moi-
tié des enzymes de V. costicola et d'autres halophiles modérées
ont besoin de sel. Cecl peut indiguer gue la distribution intra-
cellulaire des ions n'est pas uniforme. Si les membranes lient la

' + + o .
Plupart du Na et du K alors/seules les enzymes associées aux
membranes sont peut €tre halophiligues; alors gue les enzvmes

"solubles" dans le cytoplasme ne requiérent pas de fortes concen-

trations en sels.



. CHAPTER 1 °

) -
I

General Introduction to the Physiology of Halophilic Bacteria
)

.Bacteria both require and tolerate inorganic ions. The
extent of the requirément and degree of toierance depend upon
the individual characterlstlcs of each strain. Ion concentrations
can be an important factor in determining the kinds of micro-
organisms present in a particular circumstance. Microbiological
‘examination of saline environments such as éalted fish, meat
curing brines, SOy sauce ferment and hyper—saliﬂe ;akes and seas
reveals that many organisms are irhibited by high salt concentrations;
only those organisms which require or tolerate high salinities
.are present. Such organisms are described as halophilic
(Gr. salt-loving) or halotolerant respectively. .

Salts and brines.have‘been used empirically for thousands
of vears to inhibit organisms which would otherwise certainly
spoil foods and animal hides. Sometimes the conditidns of
saline preservation resulted in the growth of halophilic
bacteria wﬁich themselves caused a spoilage of the “"preserved"
-product. The economic importance of damage to salted fish and
hides flrst attracted the attention of scientists around the
turn of the century (see Flannery 1956).

Although coloration and spoilage of saltea products by
halophilic bacteria is no longer an important Problem, the
halophilic bacteria continue to attract the interest of
researche;s from a varietv of fields. Because of their unusual
chéracteristics, extremelv halophilic bacteria have been the

subject of considerable recent examination. But the moderately

halophilic bacteria, which OoccupY environments intermediate in
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.salinity ranging from that of sea water (3% NaCl) to about
half-saturated NaCl (18%), have been relatively neglected.
Because much of the knowledge of physiology of halophilic
bacteria comes from research on the extreme haiophiles, a brief
examination of their characteristics precedes the examination

: v
and research on the moderate halophiles.

The Extremely Halophilic Bacteria

The extreme ha%ggéiles require at least 2.5M salt*
(15% NaCl) and grow best at salinities approachi§g saturation
(30% NaCl). They have aroused interest, originallyv because
of their involvement in the spoilage of salted fish and hides,
and recently because of their unusual abiliyv to live in
extreme conditions which are detrimental to most other
organisms. Past research has included comparative physiological
investigations on their basic cellular p;pcésses, components,
and structure, and the mechanisms of the salt requirement and
tolerance. There has also been interest in their ecological
and evolutionary relations. Several excellent reviews concerned

with halophiles and related to?ics have been.published

-~
\glannery 1956, Ingram 1957, Scott 1957, Larsen 1962, 1967,

*  "Salt" usually refers to NaCl but can also-denote a mixture
of inorganic substances appropriate to the circumstances.
Where a specific substance is refered to, it is specified.
"Salinity", an oceanographic terxrm (Stanlev & Morita 1968),
denotes the weight of inorganic salts per kg of water.
An equivalent amount of NaCl/kg water is a good approximation
of the salinitv level. v
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Brown 19é4, Kushner 1968, 197la,b, Gibbons 1969).
Onlv two genera of extremely .halophilic bacteria
sopear to be substantiated on”taxonomic grounds, th? Gram-positive

Halococci and the Gram-negative Halobacterium species

(R. R. Colwell & N. E. Gibbons, unpublished work). Most of
the research has been carried out on the red-pigmented rods
belonging to the second group, while the cocci have been

. comparatively neglected.
; . t -

~

o The basic l1ife processes of the extremelv halophilic
.bacterla are- similar to those of other kﬁﬁds of bacter}a..

For instance, their energv production, blosvnthetlc mechanlsmé,
nutritional reguirements and reproductio; are not radically
different (except/for the salt—requirement!) from other more
"normal" bacteria| (Larsen 1967). Halobacterium ceilular
compdi?g{iziijp,as proteins, nucleic acids, membranes, cell
enveldpes and ribosomes are not superfiéially unﬁsual. It is

clear, however, that thefe are differences in cellular structures

and iocnic relations which permit'function in an extremely salin§
milieu; an environment which precludes function and often
destroys analogous structures in non-halophilic bacteria.

The extreme halophiles occur naturally in saline water
bodies such as salt 1a£es (Baas—Becking 1928, Smith & ZoBell
1937, Brisou et al, 1974) and the Dead Sea (Volcani 1940). "
Halobacte;ium blooms aiéng ?ith other halophilic organisms c&n

-

impart a distinct red color to sea water evaporation ponds as
al i

+heé water evaporates and the NaCl concentration approaches

-
saﬁhgsgion (plates 1,2). Lower but substantial ‘amounts of

[}

L+ ’ . . '
KCl and“Mg 2 salts may also accumulate in these envircnments.



Plate 1
Plate 2

.‘\

The seawater is evaporated "until the ‘color
becomes red" - From an ancient Chinese treatlse,
2500 B.C., on salt manufacture {(Baas-Becking

1931). RAerial photos of the San Francisco salt
evaporation ponds usedé for the collection of

solar salt. The red- orange ‘coloration is caused
by the carptenoid plgments of..extremely

halophilic microorganisms including Halobacterium.
(Courtesy Dr. Janos Lanvi, N.A.S.A., by permission).

%

. et At T



- - - - e e Teemr N s AT T T T TR e T mra—

-5- | ¢
Unrefiﬁed salt from solar evaporation ponds and from natural
surface salt deposits are good sources of halophilic isolates
(Larsen 1962, Eimhjeilen 1964, Ishida & Fujii 1970). The
unusual ability ef these organisms ro survive storage in
dried salt has resulted in contaminatipn of salt "preserved"
food products, first reported by Farlow (1880).

Halobacterium growth is easily recognized ag red

coloration or sl;me. In eastern Canada the reddening of

salted flsh was sometlmes called plnk“ or "pinkeve" /(Gibbons

as gquoted in Flannery 1956). One function of the pigments

©of the extreme halophiles is protection from theé effects of
N fl; - - ‘ P . .
sod radiation/in their natural habitats, warm brines exposed

¢ !

to bri sunlfght (Larsen 1962, Hescox & Carlberg 1972).

g Halobacterlum membranes contaln unigue- isoprencid pigments

and lipids. The red pigment is bacterlorubereln (Kelly et al.
-
1970). Under nutritional conditions which inhibit the
production of bacterioruberein (Gochnauer et al. 1972 ' tH//
visual pigment retinal in bacrerigrhodopsin {(Cesterhelt &

Steckenius 1971, Blaurock & Stoeckenius 1971) confers a

purple color on the cells (see below). The glycerol di-ether

rhospholipids of Halobacterium contain isoprenoidiéhytanyl

hydrocarbon chains exclusively. Both the pigment and:}ipid

isoprenoids are probably synthesized via 2 common mevalonate
intermediate (Rhtes et al,-1968, Gochnauer et al. 1972). It S
is of great taxonomic importance that gl?é%rol di-ether
isoprenoid phospholipids have been fourd“uﬂly in the extremely ;

halophilic bacteria and may be considered a ademark f for

references see Kushner 1368} . . /
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Halobacterium membranes contain discrete areas or

patches called "purple membranes” which contain the retinall
protein complex bacteriorhodopsin (Oesterhelt & Stoéchehius
1971, Blaurock & Stoeckenius 1971). The purple membrane |
contains only a séﬁg%e protein moiety complexed with retinal in
a lipid matrfgfnﬁosﬁly phosphatidyl glycerophosphate and
glvcolipids ﬁKuShwaha et al. 197%). The fascinating discovery
that the purple membréne.may serve as a proton pump with the
resulting svnthesis of adenosine tri—éﬁosphate (Afﬁ) (Oéﬁterh *
S~ -& ‘Stoeckenius 1973) has caused cons%derable excitment.

Purple membrane eneégy generation appears to 'be important

under conditions where oxvgen is limited and respiration

cannot supplﬁ the cellular energy regquireme¥t. Oxygen limitations

could occur during natural blooms of Halobacterium. Such

an alternate energy generating mechaﬁism, whiclt is nat dépen'éﬁt
upon chlorophyll, has not been found ﬁreviously ané has 4
potential importance in terms of evolution of photoreactive
and photosensitive organisms and ecological relations in saliﬁe
environments (Danon & Stoeckenius 1974).

Studies of the purple membrane pump both EE.EEEQ
(Oesterhelt & Stoeckenius 1973, Danon & Steockenius 1974,
Qesterhelt et al. 1974} and in reconstituted membrane vesicle
systems (Racker & Stoeckenius 1973, Racker 1973, Kanner & Racker
1975) have supported the concept of a chemiosmopically-linked
energy generaong proton pump. Moreover, sinceﬁthe pump appears'
simple it is being used as a photo?hosphorylatidn model system.

The proposed role of bacteriorhodopsin irn translocation of

protons has resulted in a membrane model based on X-ray

~
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diffraction data in which the «-helical region of the
. bacteriocrhodopsin protein is pérpendiculdr.to the membrane,
oriented through the lipid biflayer_(Hendersqn 1975, Blaurock
. 1975). It is fortunate.for these studies that halophilic
structures are able to withstand desiccation (e.g. haleocbacteria
¢can survive in crystalline Nan), thus the;r structures are
probably preserved rather than dest;oyed during preparations
for X-ray diffraction analvses. Such clear examples of the
;elation between structure and function in biolcgical svstems
aE? rare.

The substances in the cell envelopes of Halobacterium

differ chemically and structurally from those tvpical of
Gram—negati?e and Gram-positive bacteria (XKushner et al. 1964,
Kushner 1968). Only small amounts of hexose sugars, hexosamines
and nucleic acids are present in the outer lavers of halobacteria:
Notably absent are muramic and dféminopimelic acids (Brown

& Shorey 1963). In most bacteria these form a rigid polvmeric

mucopeptide structure. Ealobacterium is sensitive to mild

mechanical and osmotic disruption, probably because it lacks

a rigid cell wall. It has been suggested that Halobacterium

does not reguire a rigid polymeric network because of its osmotic
relationé, i.e. lack of high intracellular osmotic pressure
within its normal rangé of salt éoncentrations in the environment
(Stanier et al. 1970).

The Halococcus species, about which very little is known,-
also‘lack muramic acid (Brown & Cho i970, Forsvth 1971,

vet these cells are extremelyv rigid and refractéry t0o mechanical

rupture. Alternative mechanisms for structural maintenance
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must be present. The amounts and kinds of stabilizing

components may’ be very different when compared witb Halobacterium.

A recently identified constituent of a Halococcus Sp..,

2-amino-2-deoxyguluronic acid, may be important in maintenance
of the strong cell wall (Reistad 19$74).
Inorganic ions exert a major stabilizing effect on the

Halobacterium cell envelope. When suspended in less than

1-2M NaCl at neutral pE the envelope dissolves (Kushner & Bayley
1963). The envelope residue of lipid and carbohydrate

remaining after peptic digestion requires only small amounts of
salts for stability. It appears that the envelope proteins

are stabilized by salts. When the salinitv is reduced changes

iﬁ the proteins promote the dissoluition of the envelope structure
{Kushner & Onishi 1966). Studies on vesicles prépared from

d. cutirubrum polar lipids suggest that Mg+2 or Ca-*'2 have
squalene-mediated access to phospholipid polar groups deep in

the membrane which stabilize lipid-prqtein interactions (Lanvi

1971, Lanvi et al. 1974).

The external layers of Ealobacterium, especially the

envelope proteins, are stablized by extremely saline
environmental conditions. The intracellular proteins and
structures alsc have a.réquirement for salts. Lanvi (1974)
has recently reviewed the properties of proteins from
halophilic bacteria and documents several dozen proteins,
many of which gre‘intracellular. All of the proteiné were
at least stabilized, if not activated bv salts such as 2M or

more NaCl or KCl. These proteins can be described as halophilic.
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The regulatory énzyme aspartate transcarbamyvlase
from g.'cutirubrum is an example of an intracellular halophilic

enzyme. It requires about 4M NaCl or KC1 for maximal activi 4 _ {

. and also retroinhibition by CTP (Liebl et al. 1969). 1In

bomparison,'the enzyvme ©f non-halophilic Saccharomvces

cerevisiae i1s almost totally inactive and insensitive %o

feedback inhibition at 1 M KCl. The Halobacterium enzyme also

reqilres salt for stability. It is extremelv rapidly
inactivated at low salt concentrations with a half life of

a few seconds at 1M NaCl, and less than one minute at 2M NaCl.
At high salt conéentfations, 4-5M NaCl, the enzvme ‘'was stable
with a half~life measured in davs (Norberg et al. 1973).

Halobacterium ribosomes also reguire high salt concentrations

for méintenance of the 70s form which is associated with
physioclogical function (Bavley aﬁd Kushner 1964). Proteinl
synthesis as measured in cell-free extracts wagwmaximal_in

3.8% KC1, 1.0M NaCl, 0.4M NE,Cl and 0.02 - 0.04M Mg - (Bayley &

Griffiths 1968a).

. o
T
’

- That proteins and ribosomes from halophilig“bactexia i

“
-

e

need high salt concentrations for structural stability, and
often for maximal activity is not surprising since the intracellular
milieu is also saline. The intracellular cation content of"

Halobacterium egquals or exceeds that of the medium. But the

distribution is different: K= is the predominant internal
cation (3.7-5.5M) along with less Na© (0.5-2.1M) and probably

moderate amounts of Mg+2

(Christian & Waltho 1962, Ginzburg et
al. 1970, Gochnauer & Kushner 1971, Lanyi & Silverman 1972, see

Ch. 3). Non-halophilic Escherichia coli, in contrast, has
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an intracellular content of about 0.2M K and 0.05M Na+ duriné
iagarithmic growth in a defined salts-glucose-citrate medium
(0.115M Na', 0.005% k%) (Schultz & Solomon 1961).

Althdugh-the halophilic character of enzyvmes, ribosomes
and cell envelopes is striking, there is no reason to believe
that basic phvsiclogical processes iQ halophiles such as
oxidative and energy vielding metabolism, biosynthesis of
amino acids, proteins and nucleic acids etc. are unigue. What
is unusual is their absolGEe dependence upon salts. Halophilic

U ‘

,counterparts‘of many enzyme% from non-halophilic bacteria -
indicate that though the halbphile metabolic pathwavs may have
some unigue features, thev are basically similar to those

of various non-halophilic bacteria. Halcbacterium nutritional

4

requiremeﬁ?s are extensive and complex, probably indicating
insufficient enzymatic machinery for growth on simple substrates
alone. ‘A synthetic medium for extreme halophiles includes 5 amino
acids,%géenylic and uridylic acid, glycerol, asparagine and
various salts (Onishi et al. 1965). Until recently extreme
halophiles were thought to lack enzvmes for glucose metobolism and
pathwags for utilization of carbolydrates generallyv (Larsen 1962).
At least some extremely halophilic isolates from salterns seem to
be able to metabolize glucose via a modified Entner-Doudoroff

pathway (Tomlinson & Hochstein 1972, Tomlinson et al. 1974).

Regulation of Halobacterjum metabolic pathwavs on the level of

feedback inhibition has been demonstrated, e.g. in the pyrimidive
pathway's aspartate transcarbamylase (Liebl et al. 1969}, and
in the catabolic threomine deaminase (Lieberman & Lanvi 1972).

Whether metabolic regulation of enzyme synthesis (i.e. repression)



-11-

>

operates in extreme halophiles is unknown and deserves attention.
t i : -

One line of evidence which could be indicative of alien

N

structures and processes is the lack of ‘sensitivity of extreme

haleophiles +8 most standard antibiotics (Moore & McCarthy ,/“"\\

~

1969b). One interpretation might be that halophiles have
structures and metabolic processes fundamentally different
from other bacteria, and tﬂ;s are immune to the action of \\H\
antibiotics. Certainly, part of the explanation for this \
effect is due to unusual structures (e.g. cell walls). Also
likely, however, is that the presence of salts interferes
with physio-chemical actions (Moore & McCarthv 1969b).

Perhaps the most compelling evidence for "normal” physiologi;al
function in halophiles is the data on the translation of DNA

codons. Cell-free extracts from Ealobacterium were used to

study the incorporation of amino acids into pélypeptides directed
by synthetic polyribonucleotides. Only incorporation of amino
F]
acids predicted on the basis of the universal gehetic code were
observed (White & ~ Bayley 1972). The ¢onditions for minimizing
incorporation errors were identical to those for maximum cell-
free amino-acid incorporation activity (Bavlev & Griffiths 1968a,b).
S |
Extremaly 3 Yophillic bacteria appear to be similar to all cells
in terms of the findamentél processes of DNA transcription and
RNA translation into protein.
It is important, however, not to dismiss extreme halophiles
as ordinary bacteria with a salt requirement. Attempts to convert
non~halophiles into obligate halophiles have been unsuccessful

(Xushner 1968). The content of amino acids in halophilic proteins

as opposed to non—halophiiic proteins (e.g. see Lanvi 1974)
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indicates éppréciable evolutiOnéry divefgence. Also, existence
of a large extra-chromosomal DNA segment (Joshi et al. 1963,
Moore & McCarthy 196%a,b) which mgy be intimately related to
the genetiés of the halophilic charactér or perhaps to the presence
of salt~dependent bacteriophages (Wais et al. 1975), along
with unusual cell envelopes, pigments, lipids and memﬁrane pumps
aréues for their grouping as separate from most other members
of the microbial world: a group of unusual organisﬁs of unknown

1

evolutionary affiliation.

The existence of the extremely halophilic bacteria

illustrates the fantastic flexibility of the evolutionaryv process.

Appropriate selection for cellular structures and functions
must have occurred in other bacterial groups as they have in
halophiles tailoring them to life processes’ and exploitation of
otHer extreme environments (for example see Brock & Darland
1976, Kushner 1871b). Defining the limits, bevond which life
precesses are.prohibited is a difficult task, considering

the tenacity of bacteria adapted to extreme environments. It
has thus been deemed reasonable to conduct experiments designed
to detect life on the moon and on other planets, even though

they look forbidé?ng indeed. Perhaps earth was also a forbidding

! 7

place when the first primordial cells formed.

Moderately Halophilic Bacteria

-The moderate halophiles can be isolated from saline
environments ranging from sea water to crude solar salt. Thev
have salt requirements for growth between those of the non-

halophiles and some marine bacteria on one hand, and those of the
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extreme halophiles on the other. Unlike the well—studieé
extremely halophilic group, the moderate‘halophiles_aré a.
relatively poorly understood diverse assemblage of microorganisms.
Most of the available information on the moderately
halophilic bacterié comes from a handful of publications over
the past 25 vears or so on the Canadian strains of Vibrio

costicola, and Paracoccus halodenitrificans (originally called

Micrococcus halodenitrificans), and on the Japanese strains of

»

Micrococcus 203 and Pseudomonas 101. Table 1-1 shows

characteristics of these and some other recently studied

moderate halophiles. Others are listed by Larsen ({(1962).

It is significant that no review article dealing mainlv with

moderate halophiles has been published, although they are given

some attention in several reviews concérned with ﬁalophilism
(Flannerv 1956, Ingram 1957, Larsen 1962, Brown 1964, Kushner 1968,
Gibbons 1969). No more will be said here about moderatelv halophilic
bacteria which are dealt with in the rest of this dissertation.

&

Classification of Ealophilic Bacteria

Classification of bacteria on the basis of their salt
requirements for growth have been considered and suggested by
Flanneryv (1956), Ingram (1957) and Larsen (1962). Extfemely
halephilic bacteria have posed little classification problems
‘because of the few taxonomic types and their characteristic of
having the a%}lity to grow at high salt concentrations where
few other oréanisms can survive. Moderately halophilic bacteria,
on the other hand, pose more difficult classification problems.

In their reviews, the\phree.authors mentioned above discuss the
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problems associated with classification schemes.

/ngl cells reguire at least traces Oof salts in their
environments; therefore, to that extent all bacteria might be
called halophilic. The original intént, however, in using
the term halophile was to describe organisms which had
reguirements for éalts above trace levels. Two séhools exist
with respect to use of the term.halophile in its original context.
Some authors prefer to use it to denote a cellular salt re-
quireﬁent for minimal growth; others use it to denote a salt
requirement for best growth, regardless of “the minimal requirement
(see Ingram 1957}.

It is difficult.to justify choosing either definition on
physiological and ecological grounds. Survival of a strain in
} circumstance may depend upon the minimal recu1rement for salts;

\\\_,9ip101tatlon of the environment may depend upon the salt
requirements for rapid growth. Both survival and growth may
be important seléctive parameters in natural environments.

A recent study by Novitski & Kushner (1975) illustrates a

difficulty in classifving halophilic bacteria, especially

moderately halophilic strains, on the basis of minimal requirement

for salts. A halophilic coccus, now called Planococcus halophilus

(Novitski & Kushner 1976), is capable of growth over a wider

. 3 3 ': .‘\'
range of NaCl concentrations than any other bacterium previously

described. Growth was possible in the presence of 5.5M NaCl
and at almost no salt, 0.09M NaCl, at 20 or 30C. At 37C, a
commonly used temperature for growing halophiles, the NaCl
requirement for growth increased to 0.5M. Thus, this organism

could be classed as either an extremely halotolerant or a
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moderately halophilic organism. .The authors have called

it a "facuitative halophile" using Flannery;s {1956) deﬁiﬁition._
They suggest that organisms previously classified as moderate
halpphiles might exhibit growth over wider NaCl concentrations
if growth response at incubation temperatures other than the

Moptimum" were checked.

-
n

-~
The only systematic study of the effects of temperature

on the salt requirement of moderately halophilic bacteria was
carried@ out by Ishida (1970). Isolates from solar'sal;
(Ishida & Fujii 1970) were divided into two groups: obligate
halophiles not able to grow in the absence.of added salts and
facultative halophiles able to grow without added salts,

(the extreme halophiles were excluded from this study). 25 of

27 strains of obligate halophiies belonging to the genera

Flavobacterium and Brevibacterium were able to grow at lower

salt concentrations if the temperature was lowered from 35C

to 27 or 22C. Most of the 21 facultative halophiles, predominately
Gram-positive co;ci, were able to grow well, but suboptimally,

in thé absence—¥ added NaCl (the "no salt" medium actually
contained less than 0.1M NaCl) at all temperatures tested, 22,27

or 35C. ‘

The obligate group's NaCl requirement for optimum growth
changed less than the minimum NaCl reguirement for growth as the
temperature was decreased. In about half of the strains the NaCl
cotimum for growth dropped as the temperature was decreased from 37 to 22C.
Most of the remaining obligate halophiles were insensitive to temperature
changes. The facultative group clustered around a 3% NaCl

optimum for maximum growth with a slight tendency toward an

r
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increase lnsthe NaCl concéﬁtratlon for maximum growth as the

A -

‘Qtemperature was lowered (7/21 stralns),

Ishida's data indicate that thereuﬁay be no consistent

- ;'}

patterns of temperature - NaCl relations in halophlles in general.

But underlv1ng physiological differences governing salt response

3

between the Gram-positive cocci and the Gram-negative rods
deserve more research effort. Ishida's Gram-negative halophilic
isolates with NaCl optima at 10-20% NaCl reguired less saltﬁét lower
temperatures while the facultative Gram-positive cqsp%hgere
™~ _generallv less sensitive to temperature changes. Only about
15% of the bacteria isolated from the oceans are Gram—D051t1ve

-

coccl which seem to have mlnlmum reguirements for NacCl, 51mllar
to those of terrestrial stralns\and lower that most of \the
Gram-negative marine organisms (MacLeod 1968).

Examination of ogher references gives a fragmented picture
of the importance of temperature and other environmental factors on
salt reguirements and tolerances._ Data of Christian {(unpublished,
see Ingram 1957) shows that the NaCl requirement of the extreme
halophile ﬁ. halobium decreases as the incubation temﬁerature

is lowered from 45C to 37C. An extremely halophilic coccus,

Sarcina mdrruhuae, reguires 12% NaCl at 37C but can grow at 9%

.

NaCl at 30C (Forsyvth & Shindler unpublished ébservation). Some
bacteria from marine sources show a decreased salinity‘requirement
when the temperature is lowe;ed (Stanlev & ﬁbrita 1968, Ishida et al.
1874, Morita 1975). Tﬂe tvpe of oxidizablergubstrates available
lEo marine bacteria can effect the minimum requirements for Na”

(see MacLeod 1965, 1968). Several marine bacteria can érow

under higher hydrostatic pressures if the salt concentration is
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increased (Albright & Hanigman 1971). Non-halophilic bacteria

are individualistic in their responses to salinity and temperature.
<

Escherichia coli and typhoid bacteria have been reported by

3z

Dumesh in the 1930's to grow in 25% NaCl at 5-8C but not‘in

10% at 37C (see Ingram 1957). A recent study of Salmonella

strains demonstrated an increased salt tolerance up to about
8%.NaCl as the temperature was raised to 37C. The overall picture
indicates a tendency, by nc means universal, for Bacteria to

.. require or tolerate higher concentrations of salts aé the
temperature'is raised’ (and vice-versa).
In view of the possible phvsiological variability governing
minimal salt regquirements it seems reasonable to devise a class-
ification scheme for the halophiles which is based on more stable
physiological characteristics. A classification based on the
NaCl concentration range for optimum growth which appears to meét the
requirement is proposed in Table 1-2. Although nutrition,tempéfatu:e,
the presence of other salts, and the methods used to measure bacterial
growth (i;e. vield vs. growth rate) might shift, expand or,
éontract the range slightly, it is doubtful that fhis would requi;e
an organism to be reclassified from one group to another, unless
the organism in gquestion was already on the borderline between two
groups. The groupings are not complex; excessive complexity
only obscures the observétion of true physiological differences &
between or within classes. Moreover, the groupings are similar
enough to previous classifications that bacteria previously classed
as moderately or extremely halophilic remain in the same category.

The rationale for-including a group which 1s intermediate

between the non-halophiles and the modefate halophiles deserves
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TABLE I-2 S

v
i
i

Category

Non—haloéhile

Slight—hélophile

Modérate%halophile

Extreme—hélophile

Halotolerént

EClassification of Bacteria by Salt-Responsel

Reaction

Grows bestzin media containing less than
0.2 M salt”.

Grows best in media containing 0.2-0.5M salt.

Grows best in media contalnlng 0.5-2.5M salt.
If a2 moderate hHalophile is able to grow. in
presence of less than 0.09M salt it is
classed as a "facultative®” strain.

Grows best in media containing 2.5-5.0+M salt.
Non—halophlle which is able to tolerate. salt.

If the growth of a halotolerant bacterium
extends into the range of best growth of a

moderdte halophile it is classed as "moderatelv”

halotolerant; if the growth extends above 2.5M
salt it is classed as "extremely"” halotolerant.

-1
“

-

1. This classification is an extended and modified ver51on of

. that presented

2. "Salt" ﬁsuallv

bv Larsen (1962).

refers to NaCl but can be an apnroorlate

mixture oL other ions in addition to a minimum amount of NaCl.:
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discussion. At first it was felﬁ that there.was no necessity

fo¥ iﬁcluding the slightly halophilic category. But examination
of recent literature on bactér;a isolated from marine envifonments
indicated that a potentially large numbér of strains exist

with éalt optima ~for best growth around 72-0.3M (MaclLeod 1965,'1968,
Eidaka & Sakai 1968, Xakimoto et al. 1974\ Pratt & Tedder 19574).
Not all bacteriarfrom marine sources fall into this categoryv,
oflcourse, because of the contiguity of marine environments with
terrestriél, fresh water and airborne bacterial flora and also
because of tﬁe variability of salinity, temperature, pregza%e\
etc. in the oceans themselves. ‘ ) ‘

It goes without sayving that the classification scheme
presented here (Table 1-2) -or any one for that matter, are’ not
intended to be applied extremely rigidlv. As new phvsiclocial
iﬂformétién becomes available, more suitable classifications may
become obvious, in which case this one, although presentlv useful,
should be discarded. One very promising area_of investigation
toward a better physiological basis for classification schemes is
the examination of little known halophilic cocci. Preliminary
evidence gives support ‘for the possible future separation of
moderate halophiles into two distince groups; the Gram-positive

cocci and the Gram-negative rods.

Goals of Thesis

The goal of ;his thesis is to present work on certain

physiological aspects of .Vibrio costicola, a moderate haloph;IQT\\

V. costicola is one of the better known "tvpical” halophilic -

bacteria. A few sﬁbstantial biochemical and physiological

- /
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studies have provided a background of‘infbrmation upon which
the present work is based. The available information on
V. costicola is reviewed in the following chapters of the thesis.
Chapter II deals with studies on the growth and behaviour
of V. costicola in svnthetic salts-glucose media along with a
discussion on its occurrence and gcology in relation fo_other
moderately halophilic bacteria. The intracellular ionic
composition is investigated in Chapter III. Underséandiﬁgﬂsg*_
the ionic relations of V. costicola is crucial to the analyses
of the salt responses and characteristics of the biosvnthetic
enzvmes aspartate transcarbamylase and threohine deaminase
which follow in Chapters IV and V. Data is included on the
feedback inhibition and repression of the threogine deaminase
activity. -It is hoped that the present studies will contribute
to a better understanding of the physiology of moderately
halophilic bgﬁfﬁiia, and be helpful to other investigators

working with V. costicola.

r



Chapter IX

Vibrio costicola: aspects of growth, taxonomy,

and ecology.

The first detailed study of moderately halophilic
bacteria was carried out by Smith in Australia ii 1938 .
As part of the processing of bacon, pork ribs are marinated
in a saline brine. A "taint" sometimes developed in the rib
tissues resulting in a degradation of the meat around the
bones and "malodour". During Smith's investigation of this
economically annoving taint, he isolated two halophilic

bacteria implicated in the spoilage which he named Vibrio

costicolus and Vibrio halonitrificans. He found that if

the salinity of the curing brine were kept above 24% (w/v Naél)

these halophilic bacteria did not grow in the animal tissue.

~JThe organisms were adapted to growth in a moderately saline

envircnment but were inhibited under extremely saline conditions.
Although Smith's isolates apparently have been lost; many

recent studies on V. costicola, including those in this dissertation,
have utilized the strain isolated from bacon cﬁring brine in
Candda (Robinson 1950).

| The decision to use V. costicola for this work stems

from several considerations. The organism chosen is a genuine
moderately halophilic bacterium'using the definitions of

several workers; its halophilic-status is not in d?ubt. Back-
ground knowledge and experience is available on ﬁ. costicola
strains~from studies dating back to those of Smith {1938).
Mofeover, the organism has attributes which make it suitable

for physidogical studies; it is nutritionally versatile and
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has a reasonably rapid groﬁth rate. It is able to grow in a

minimal medium (NaCl-salts-glucose, Forsyth & Kushner 1970).

A stationéry phase culture can be harvested from 1M NaCl.l

minimal medium after about 48 hours. Good growth in minimal

medium makes V. costicola suitable for éxperiments on metabolic

regulation such as enzymatic regulation and repression- (see Chapter 5).
This chapter begins with a discussion of the history and i

taxonomy of V. costicola. Before physiological studies were

undertaken it was also necessaxry to characterize the growth

properties of this organism further. The growth media, methods

and results are presented here; they will be referred to in

later.céapters. -Finally, comments on the occurrence and ecclogy

of V. costicola are presented in relation to information on

growth and taxonomy. (\‘,

History and taxonomy of the strain of V. costicola used

in this dissertation.

Isclation and ‘characteristics

The strain of V. costicola used in this work was isoclated
around 1950 by John Robinson frem bacon curing brines at the \
Canada éackers Ltd. plant in Hull, Quebec, Canada. It was
originaliy‘deposited in the National Research Council of
Canada Culture Collection, Ottawa, as Vibrio strain £75. It
was later redesignated as NRC #508, then around 1970 once again
redesignated as NRC #37001. Some characteristics of the strain

were presented in Robinson's doctoral thesis (1950). Flannery

et al.. (1952) stated that most of the characteristics of the strain
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did not differ greatly from the strain éescribed by Smith (1938).
Recently NRC personnel have rechecked the characteristics of
" Robinson's strain (NRC #37001). The results are shown in
comparison to other V. costicola strains in Table II-1. With
one méjor exception, motility, there appear no major differences
between Smith's strain, Robinson's description and the recent
tests, in spite of many possible methodolégical variations
between tests done in different eras, let.alone in different
laboratories. |

Our strain of V. costicola was not motile. This los;‘of
motility has also been confirmed by NRC personnel (L. Stryde,l
R. Latta personal communications). As far as is possible to
recall, active motility was never observed with NRC #508 or
NRC #37001. Possibly during the many stock transfers a non-
.motile variant was transferred. Changes such as motility loss
are not uncommon in sﬁrains stored over long periods.

Gibbons (19695 pointed out that both V. costicola taxonomy

and nomenclature were in doub tated that Robinson's strain,

then called V. costicolus, was not a Vibrio because it was not

sensitive to vibriostatic agent 0 (Shewan et al. 19%4, Bain
& Shewan i§68), and that it moreover shquld have the specles name

—

costicola (L. rib dweller). Sensitivity vibriostatic agent

0/129 is, indeed, an impo;tant criterion r inélusion in the
genus Vibrio (Park 1962, Colwell & Gochnaéer 1968). My results
(below) indicate that 2. costicola is vibriostat sensitive. The
nomenélature question was settled when, in the 8th edition of
Bergev's manual (Buchanan & Gibbons 1574), the speﬁific name of

]

this strain was changed to costicola.



_25_

I reexamined the sensitivity of V. costicola (NRC #37001)
to vibriostaéic agent 0/129. For the test lmg/ml 2,4-
diamino-6,7~diisopropyl pteridine (B-grade, Calbiochemf§o.,
California) dissolved in acetone was applied drop-wige to
12.7mm diameter paper_filter discs (type 740-E Schleicher &
Schuell, Keene, N. H.) to achieve a concentration of 500ug -
per disc. Discs containing the pteridine as well as control
discs with same volume of acetone applied were placed on the
surface of 1M NaCl proteose-peptone and trviteone (PPT) agar
medium which had been seeded with V. costicola. After a 30C
2 day incubation a clear zone, indicating cémplete growth
inhibition, extended 3-5mm from the edgeslof the discs containing
the pteridine. The cogtrol discs had no inhipitory effects; the
lawn of V. costicola grew up to the discs' edges. As a comparison,

Vibrio metchnikovii (ATCC #7708) seeded on trvpticase sovy agar

(Baltimore Biological Laboratories, Inc.) was subjected to the
same test. After a 37C 2 day incubation a 2mm zone of complete
inhibition was evident which was sﬁxfopnded by a further 8&mm
zone of partial inhibition. ’
Although Gibbons (1969) did not state the conditions/ﬁnder
which his test was fun, it is probable that he did not observe
inhibition because the action of agent 0/129 is inhibitied bv
salts in the medium (Merkel 1972).- If the contents of the
active vibriostatic ingredient in the filter paper disc is
less than 100pg, a medium NaCl level of several percent will
-render it ineffective. I used 500ug pér disc. In another

independent test, discs soaked in saturated 0/129 in acetone

and then placed on seeded plates resulted in a zone of partial



_26_
inﬁibition up to llmm from tag disc's edge (L. Stryde, personal

communication}.

Morphology of V. costicola

N .
e ~

V. costicola was Eomma shaped and grew{;ingly and in
chains. At salt concenérations near the lower extreme per-
mitting greowth, the chains were tightly coiled and the cells
smaller than when grown near or above the optimum salt con-
centration. Large round swollen cell structures, two to
five times the average diameter of normal cells, often at
the ends of chains of cells, occurred in 1-5% of the cellg
aﬁolow medium salt concentrations or in stationary phase
cultures. Except for the obsérvations on the swollen cells,
which Robinson (1950) d&id notﬂieport, my observations on the
morphological characteristics of V. .costicela are in basic
agreement with his.

The presence of Such "round bodies" is probably a ‘
common %tralt in many Vibrio strains {(Christian & Ingram 1959,
Kennedy et al. 1970, Colwell 1974). Christian and Ingram
(lQé@) concluded that such V. costicola structures were cells
in which the cell walls had ruptured with the extrusion of
mempbrane bound cyvtoplasm. Thin-section electron micrographs
0f a marine Vibrio indicated that the "rouné bodies" were
surrounded by an apparently intact cell wall (Kennedy et al.
1970). The éuthors concluded that plasticity and accelerated

local growth of the cell wall was responsible for the swollen

structures. Colwell (1974) called the "round bodies" sphaeroplasts.
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The causes df sphaeroplast or round body formation in
V. costicola may be related to the rolé™of ions in stabilization.
of the cell wall structure combined with intracellular osmotic

pressure effects. In Halobacterium sodium and magnesium

are required to maintain the structural integrity of the
cell envelope (see Ch. 1, p.8). In the moderate halophile

Paracoccus halodenitrificans if the'éell walls were stabilized

by the presence of Ca+? or Mg+2 ions, the lower limiting
NaCl concentraﬁion for growth was lowered from 0.55M to 0.3M
(Takahashi & Gibbons 1959). Leaky membranes, especiallyv at
low salt concentrations, were probably responsible for the

escape of DNA which formed a slime laver coat on V. costicola

and P. ‘halodenitrificans (Smithies & Gibbons 1955, Takahashi
& Gibbons 1957). MacLeod (1968) -and cdsﬁorkers have
demonstrated that decreasing the concentration of sea water
salts in which a marine bacterium was suspended, resulted in
reafase of cell wall material followed by osmotic lvsis.
Possibly, the round bodies of V. costicola grown at low salt
concentrations resuylted from decreases in cell wall strength

with conseguent osmotic swelling.

Relationship of V. costicola NRC #3700l to other Vibrio strains.

. It is unclear if the NRC strain of V. costicola is the tvpe
strain of the species. The origin of the type strain of
V. costicola listed in Bergey's Manual @s NCMB* #701 {(Buchanan
& Gibbons 1974), and the strain listed in the Handbook of
Microbiology;(Colwell 1974) , presumably the same one as in

Bergey's, is“presently uncertain. The type strain originated

« w ']
- i

-?
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from N. E. Gibbons at NﬁC Ottawa, CanadaA(N. E. Gibbons %ersonal
communication, M. S. Hendrie, NCMB personal communication).
It was likely Robinson's straiﬁ. .But apparently NCMB iost the
'strain énd reqﬁested another culture from M. Ingram who.may
have been in possession of both Smith's (1938} original V.
costicela stréin and Reobinson's strain. Records are presently
being checked care%ﬁlly to determine the origin of the strain
which Ingram supplied to NCMB. Characteristics of the type
strain are shown in the last two columns of Table II-1. Some
of the differences in characteristics between the different
strains may be due to ﬁethodological differences and may not be
real. ©Of éarticular importance may be such factors as salt
concentration in the test media, composition of sugar oxidation
media, sensitivity of the st production test ané incubation
temperature. It has been suggested that the NCMB and NRC
strains ought to be checked side by side both in Canada and
NCMB, Scotland to see if they are ideniical (. Martin, NRC,
personal communication, M. S. Hendrie, NCMB, personal communication).
The origin and taxonomy of V. costicolastrains is important.to
investigators who want to compére their results with those of
other workers. It is encouraging that the strains do not exhibit
great differences.

The relationshipsof V. costicola to other moderately
halophilic bacteria are pfactically unknown. Colwell and
Gibbons {unpublished) have done a numerical taxonomy study on
halophiles and point out that the NRC strain of V. costicola

* National Collection of Marine Bacteria, Aberdeen, Scotland

s

‘.
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is probably identical to Pseudomonas beijerinckii (ATCC $19372

but distinct from vet another strain of V. costicola held by

‘the Institut Pasteur, Lille, France. .o T

-~

Information on the taxonomic relationéhip of V. costicola
to other Vibrio ‘species is also scarce. Data of Hanaoka et al.
(1969) from DNA hybridization experiments showed that

V. costicola NCMB #701, was most closely related to V. anguillarum

NCMB #829, V. .ichthyodermis NCMB #1291, V. piscium NCMB #571

and V. metchnikovii IAM #103%. All of these strains had DNA

with at least 80% homology to V. costicola DNA. V. parabemolvticus

/

strains and V. cholera E1 Tor were only 20~30% homologous.

The DNA reassociation data of Sﬁaley and Colwell (1973) are in
substantial agreement.

g Anderson and Ordal (1972) proposed a formula to calculate
the percentage of_mispaired bases between ma;}ne Vibrio strains

based on DNA homology data:

mispaired base $ = (100 - % DNA homology)
6.8

The formula is used here as an interesting approximation
of DNA differences. Using the data of Hanaoka etfal. (1969);

compared to V. costicola (NCMB #701), V. metchnikovii

(95% homology) had‘oﬁly 1% mispaired bases, while V. anguilarum

and V. ichthvodermis (80-82%) had about 3% mispaired bases.

V. costicola appears quite closely related to a strain which

causes a cholera-like disease in animals (V. metchnikovii) and

to strains which are associated with diseased states of fresh

water and marine fish. V. costicola has not, however, been
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shown to be a disease-causing organism, nor is it closely

L

related to the well studied pathogen, V. parahemolyticus.

V. costicola growth

Methods and Materials.

Media Table II1-2 shows the reagent gréde constituents
of ﬁhe svnthetic media. A& solution containing the medium
" salts without gludosé was made up and the pH adjusted with
. NaOE using a low sodium error Corning 476050 combination
electrode to ensure a final pH 7.6 # 0.1 (the amount of
additional Na+ ion added as hydroxide was 0.01M). A
separate 10% (w/v) D-glucose solution was added to the salts
solution after both solutions were.steam stgrilized at 121C
for 15 min. An alternate metﬁod of sterilization involved
filtration of complete medium through 0.2y meﬁgrane filters.
One of the. complex media used was PPT: 1% (w/v) Difco
proteose peptone plus 1% Difce tryptone in dddition to fthe
specified amount of NaCl, pE i.s + 0.1, autoc;avgd at 121C
for 15 minutes. With the addition of lég/l Difco agar this
medium was used for storage-of V. costicola iﬁ élant cultures
and for plating experiments. Other complex media used were
Can: 1% (w/v) Difco v;tamin—free casamino acids, 0.1 g/1

MgSO,.75.,0; SGS + CAA; the SGS formulation (Tab. II-2)

4 2

supplemented with 0.5% (w/v) Difco vitamin-free casamino

acids; and Difco 2216 marine broth. Each medium included
\,‘_-p' . 4

an appropriate amount o%,NaCl, was adjusted to pH 7.6 +

0.1 and autoclaved at lZlq{fir 15 minutes. . .



; * : Table II-2

~

.- Constituents and ionic contents of “synthetic medium

used for gréw;h_of V. costicola . - i
o ' f : \’:
MEDIA ' P
Constituent® - BSG .. SGF SGS
NaCl . 58.44 g/lb $8.uy /10 58.4u g/j_b
KoHPOy 3.12 12.48
KH, PO, . 0.28 1.12 - 1.12 T
NayHPO, w = 10.17
MgSO, ~ 0.043 ©0.089 . 0.048 —~T
NH,C1 2.0 ~ 2.0 e
(NH,,) ,SOU 2.0 | 2.0
gluccse *10.0% - 10.0°€ ,
(PH 7.6+1) “(pH 7.6+1)  (pH 7.6+1)
Major ions ‘_ ‘ S .4Ja
Na® . ©1.0 M 1.0 M . - 1.1y M ';J
- xT 0.038 , 0.182 - 0.008 b’
Mgt? - 0.00041 . 0.00041 0.00041
! N * 0.088 '~ 0.0868 © 0.088
L CL7 1.04 1.04 1.04 2
0,73 . 0.02 6.08 - 0.08 '
50, 7% 0.018 0.016 1 0.016

& Anhydrous chemicals nermaily used; hydrated substances can be
used 1f amounts are ¥ncreased apprspriately.

b Amounts of NaCl stated are for 1M Na(Ol media.

¢ Glucose concentration: 0.056M.

Abbreviatiens: BSG, basal salts-glucose; SGP, salts-§lucose-potassium
_ phosphate buffer; SGS., salts-glucoss-sodium phosphate
] - buffer. ~
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Cultufes V. costicola stock cultures were stored
on 1M NaCl PPT égar slénts.at 45? Every 20 weeks a fresh
PPT slaﬁt waé loop-inoculated from the previous stock
culture, incubated 4 days at 30C, tﬁen refrigerated.

When a Culfure was requlred 10ml 1M NaCl PPT medium
contained in a\lsmm culture tube was inoculated from a stock
slant, then incubated at 30C for 24-36 hours on a reciprocal

"o
shaker at & rate of ibo strokes/min with the tube mounted

30°

from the horizontal. . The PPT culture (0.1 ml) was
inoculated into a 50 or 100ml flask preculture (the siée-of

.the Erlenmever flask was elther 250 or 500ml respectlvelv)

of the medlum des;red in the final culture. ‘The preculture

was incubated at BOCfon a reciprocal shaker {100 strokes/min}
excursion 30ﬁm) until laté expoﬁeﬁtial phase was reached.

The preculture was checked for purity using a Wild M-20
phase-contrast microscope then a 1% (v/v) inoculum was genexrally
taken for the final culture which was usuallf incubated and

. agitated ét 30C. ?The rate of shaking was 100 strokes/min

for 50 or 100ml cultures, but.somewhat slower (about 50 stques/

min) for 12 cultures ln 2 81 ?ernbach flasks to achieve

good aeration whlle Dreventlng exce551ve splashing.

Measurement of growth Growth was monitored on a €oleman

4

Jr. II 6720 spectrophotometer at 660nm using round 18mm
path—length %uvetteé. In the growth experiments special
250 or sooﬁl culture flasks g}th attached 18mm path-length
“side-arm"'cuyetEEs were used for incubation and repeated

determinations of the culture absorbance. The sealed side-



~34-
arm flask could simply be tilted $0 that the medium ran
into thé cuvette which wag then inserted into the .
spectrophotometer for absorbéﬁcg measurement. Use of the
side—arm,ééihure flasks avoided repeated sampling of
cultures which would have rébulted'in culture volume changes
‘and increased chanceé oficontamination. Cuvettes containing
the appropriate media were used as blanks.
| Growth rates were determined from repeated measurements
 of 6§0nm culture absorbance. Semi-log plots of absorbance
.:vs..timé allowed determination of the beginning and end of
exponential growth. The 5-12 éxponential phase absorbance
readings were converted to log2 values and regressed vs.
time on a Hewlett-Packard 9810A calculator vielding the growth
rate as generations per hour.

To oEtain information on .the relatioﬁship betweeﬁ culture
660nm absorbance and cell numbers.near the point where cultures
were usually harvested for physiological experiments, counts
were carried out using a Petroff—ﬁﬁgg;é; counting chamber
mounted on a Wild M-20 phase-contrast microscope. 20
iﬁdependent counts were used to determine the following
relationship:

At a 66%9@ absorbance of 0.5 with IM NaCl $GS grown cells

8

(mid exponential phase) there were 13 x 10 cells/ml,

2.0 mg cell wet weight/ml and 0.65 mg cell dry weight/ml.

Results of growth studies

Although studies on the growth of V. costicola had been

carried out (Flannerv & Kennedy 1962, Forsyth & Kushner
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1970) it was necessarv to further characterize the growth
response.- Measurements of an important growth parameter,
exponentlal phase growth rate as a functlon of medium NacCl

concentratlon had not been done and are reported here.

-Modifications to make synthetic media more suitable for

physiclogical studies on intracellular ionic content were
also carried out and the growth response examined in the
modified media. |

Other aspects of V. costicola. growth presented in this
section include experiments on tﬂe lowest and highest salt

concentrations which allow growth and some thoughts on the

natural habit and ecologvy of V. costicola.

0
fow

Growth of V. costicola in defined minimal media.

LY

F}annery and kennedy (198%) designed a simple svnthetic
medium for V. costicola containing glucose, salts and several.
amfﬁé acids. Forsyth and Kushner (1970) found that the amino
acids were not essential for good growth if a source of
ammonme is included (instead of nitrate in Flannery andm

Kennedy's medium) in addition to the glucose, NaCl and other

salts. The resulting basal-salts-glucose formulation (BSG,

Tab. II-2) is a minimal medium with glucose as the sole carbon
and engery source. The buffer in BSG is 0.02M phospha{é
(Table. II-2).. Forsyth and Kushngz_(lQ?O) also reported

that a substéh%iél’improvement in cellular growth vield
resulted from increasing the phosphate concentration in BSG

from 0.02 M to 0.08 M. The ‘exponential growth rate of

V. costicola in the resulting medium, salts~glucose-
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poﬁassium phosphate (SGP, Table II-2}, was pot éxamined by
Forsytﬁ and Kushner (1970).N My experiments show that
increasing the potassium phosphate concentration to 0.08 M
édid not significantly affect the exponential growth rate
but did result in a doubling of both the exponential phase
duration and stationary phaselabsorbance (Tab. II-3). The
final pH level was about 0.6 unit higher compared to BSG.

Since addition ¢f extra potassium phosphate to BSG
resulted in a large increase. in. the medium K+ concentration
as well as in phosphate egncentration, it was important to
determine if BSGImedium contained a X cdhcentratién which
waS‘growth—limitigg. Addition to KCl to BSG did not result
in any significant growth stimulation (Tab;e “731-3). Thus
the increase in growth was most likeiy due'gg the increased
buffering capacity of the extra phosphate. The pH values
at the end ¢f growth indicate alsc that tris was an
ineffective substitute buffer. ‘

Ancther possibility, much less likely, is that a
phosphate gro#th limitation was'overcome-by.the addition of
extra phosphate to BSG. Ai;hough normal phosphorous reguire-
ments of cells are well below the levels in BSG, it is not
known whether halophilic bacteria have a higﬁer reguiremerft.
Al]l experiments referred to in this dissertation which
utilized minimal medium formulétions had 0.08 M phosphate
concentrations (i.e. the SGP and SGS formulations, Tab. II-2)
to avoid possible phosphate growth limiEations, and as well,

to take advantége of the better buffering power and thé

conseguent increased growth vield.
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The better growth in the medium with extra potassium
-".\ “*—_r

.phosphate (Tab. II-2, SGP) was de51rable. But the SGP

oo 1

formulation had an unusually high potassxum concentration..
I+ was" necessary for gome etperlmenttho utilize a defined
medium w1th a lower K leve;,ASLmL%EE/to that of other media
used -foxr V. costicola Eultures.l The proteose-peptone and
tryptone (PPT) medium used by Chk@stian and Waltho (1962}

. .
for their work on the salt content ;;?EH costicola, for
instance, contained 0.004 M K+, compared with 9/%3%’M‘K+
in SGP. The simplest way to lower the medi (K+ content
Qithoug adversely affecting the Phoéphaf@bﬁtffer svstem

was to substitute an equimolar guanitity of ﬁIaZHPO4 for the

PN

K, PO, of SGP.
The resulting éalts-glucose—sodium phosphate (8GS)
formulation differed from SGP in having more Na© and less K-

(Tab. II-2). The low level of K' (0.008M) is SGS did not
appear to radically modifyv the exponéntial phase growth rates
of V. costicola compared to'grqwth in SGP. The SGS medium
may have caused slight changes in the duration of exponential
growth at various salt condentrat&ons compared to SGP (Fig. II-2),

but the growth vields were similar (not shown). The durations

of the lag phase in both SGS and SGP are also similar.

[
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Effects of salt concentration on growth in various media.

Exponential growth rates of V. costicola in protecse-

peptone and tryptone (PPT) complex medium and in SGS and
J 3
e

SGP synthgtic_media are shown\ﬁn Fig. II-1. Bp;h-the growth
rate and the range of salt conégntration-which allowed growth -
ty
were greater in the complex media (data on maximum érowth
(Forsvth & Kushner 1970) show the same pattern).* In the
synthetie media the optimum salt concentration for growth
was lowerA(near IM} than in the complex‘medium (about 1.253)1
Fig. II-2 shows measurements of other growth parametefs
in SGP and SGS media. The two éyntﬁetic media_were similar
~in lag phase duration, showing minima at 1-1.2M. 1In SGP
medium the gulture absorbénce,at the endéd of exponential growth
was slightly higher than in 'SGS medium. The different Na®/x*
ratic of the media may have affected growth parameters
slightly, although no major differences were ever observed
between SGP and SGS media. The maximal gfowth vield curve
for SGP medium shows thét the vield of cells was not depen-
dent upon the rate of growth. The vield was maximal at 1.25-
2M NaCl, vet the range of peak exponential growth occurred
ar;und 1M NaCl. Figs.\IL}B and Ii—4 shown‘typica; growth
curves and semi-log exponential growth plots of SGS growth

data.

* Water activity (aw), a measure of the amount of water which is
available or free after solute interactions are taken into ac-
count, has been used by scme authors instead of salt concentra—
tion. The range of NaCl concentration for growth in PPT, 0.2 -
4.0M NaCl, correspondsito a 0.99 - 0.85. (For discussions of
a see Scott 1957, Ingram 1Y57, Rushner 1971).
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V.\costicola exponential growth rates

asja function of medium salt concentration
i complex and synthetic media. 1% pProteocse
peptone + 1% tryptone medium (PPT, top)
salts-glucose-sodium phosphate medium

(SGS, middle), salts-glucose-potassium phosphate
medium (SGP, bottom). -

Fig. II-1.
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Fig.

II-2.

V. costiceola growth as a function of
medium salt concentration in svnthetic
media. Upper plots: maximum 660nm
absorbance in SGP medium and absorbance
reached at end of exponential growth in
SGP and SGS media. - Bottom: Duration of
log phase in SGS and SGP media.

L
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V. costicola growth as a function of time

in SGS medium at several medium sodium
concentrations. Stationary phase pH values
given in parenthesis. : '

-

A
.
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Fig: II-4.
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Data from Fig. II-3 replotted as log
absorbance vs. time. Slope- of linear -
portion of each semi-log plot vields 4
growth rate (R) expressed as goublings _

Per hour at the $GS medium Na concentration
indicated. R values given have three.

significant figures although zeros are ‘

not shown.
: . r
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Minimum and maxium salt concenfrations which allowed growth.

The maximum salt.concentration allowing growth increased
from about 2T7M in the SGP and SGS media to nearly 4M in
PPT medium. The lowér salt concentration liﬁit for growth
also appears extended when complex media were used (Fig: 11-1, -
Fdrsyth & Kushner 1970). Recognition of the "osmotic lyﬁis"
phenomenon reported by Christian and Iﬁgfﬁm (1959) - necessi-
tated a reexamination of growth at low salf concentrations.
Christian and Ingram showed that V. costicola celis grown in
a proteose—peé%one (0.5% w/v) and ﬁryptone (0;5%\w/v) medium
at a particuia; NaCl concentration lvsed if resuspended in
a medium with an NaCl concentration one-third or less of that

-

present during growth. .Lyvsis was presumably caused by sudden
osmotlc pressure changeslupon rapid lowering of the extra- ’
cellular salt concentration. . _

Cells grown in 1M NéCl SGP or SGS-media (Tab. II-1} were
normally used as inocula £6% the experiments which vielded
the data on the salt fgnges of growEh in SGS-and SGP shown
in Fig. II-1.. Some cultures were thus inoculated into cul-

-

tures which were below the critical one-third of growth NaCl

concentration. Experiments using cells grown in lower salt

concentrationse.g. 0.5M NaCl, as inocula showed that the lower
limit for growth in SGS and SGP media was extendegd to 0.2M
‘ 7
. + + .
medium Na + XK . The growth rate of V. costicola at that

concentration is about 0.01 gen. hr—l compared to a rate of

0.1 gen. hr-l at 0.5M NaCl. 0.2M NaCl was also the lower

! . N
limit for growth in PPT medium (see below).
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A test of the hypothesis that lowering the growth tempera-

ture can decrease the ionic requirements for growth.

Novitsky and Kushner (1975) showed thﬁt a halophilic  »

coccus strain -(Planococcus halophiihs)coula grow at very
low salt concentrations at 20C but not a£ 35¢C. TE;y sug-
e gested that other halophiles might regppnd in a similar
manner. To test this poss'biliﬁy withkz. costicola, pre-
cuitures were grown in bot:ﬁ&.ZM NaCl SGP and 0.3M NaCl
PPT media. Inocula were then introduced into 0.1M NacCl
PPT cultures at 5, 19 and 30C aqg subsequently iﬁéubaﬁed
at the respective temperatures. *.The only changes in cul-
ture absorbanCES at 660nm were slight decreases during
the first few hou\x after 1nocultalon. No growth was
evident up to 11 days post-ipoculation. Other experihents
showed that growth always odiurred in 0.2& NaCl PPT me-
dium. Cultﬁres containing low salt concentra%ions were
routinely checked td make sure thatfgroth was not a re-
© sult of conéémination. It appears that the lower limiting
salt concentrat&x allowing growth of V. costicola, 0.2M
NaCl, ié noﬁ significantly affected by reduction'of the

-

temperature.

i)Abllltv of V. costicola to survive Jgasglt concentratlons

approaching saturation and in solid salt.

//// Experiments were carried out to determine if V. costicola
although incapable of growth above 4¥ NaCl (Fig. II-1), might
n B - ' !

have the ability to survive in salt concentrations near sa-

T,
turation or in solid NaCl. In one expeg}mﬁnt one ml quant;§\
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ties of 2M NaCl grown E.lcosticola cultures were ﬁut
inte sterilized flasks each of which contained several
grams'of sterile NaCl crvstals. The added culture fluid
was allowéd to. flow gradually into the.saltscrfstals ovgrvj
a period of an hour so that no sudden changes in salt c;h-
cen£ration cccurred. In a second experiment abouﬁ 0.25 ml
of a 2M NaCl PPT culture was added dropwise to a sterile |
tube containing the sterile drxv ingre?ieﬁts for 10ml 1M
NaCl pifco 2216 marine broth. After one week at 30C 1M
NaClrste;ile PPT medium wés added aseétiéally to the flasks
and 10ml sterile water éé?ed aseptically to the tubes; the
final NaCl concentration was approximately lM; Flasks

v
and éubes were incubated at 30C. In neither case did the
V..costicola survive, the cultures did noé develop turbidity.

. F~ .
Discussion
) {
Salt/reéduirement of V. costicola
v i

The minimum NaCl COnCeptration which supported V.

costicola growth, in either complex (proteose-peptane and
trvptone) or salts-glucose (SGS or SGP) media was 0.2M.

Léwering the incubation tempefqpure reduced the sélt
regquirement of a halophilic coccus but did not affect the

V. costicola requirement. But the growth reguirement is not
exclusively for 0.2M NaCl. Robinson (1950) reported that 0.2M
NaBr, Na2$203,'Na2804, LiCl and MgClz.could also support growth.
It is not clear, however, how much and which salts were con-
tained in the nutriént broth to which the other salts were

-

added. Using trypticase soyv broth Flanﬁery et al. (1952)
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found that the growth beéan at about 0.4M-NaCl or at
equivalent ionic¢ strengths of Na2804 or other salts. 1In
both studies the limiting concentrations for growth ap-
. peared to depend more on the ionic strength of the non-
toxic salts above the trace lewvels contained in.éhe com-
plex media ingredients, rather than on the particular
salts themseives. According to Christian k1956, see
MacLeod 1965) V. costicola had only a non-specific re-
qguirement of about 0.4M salt in the medium but a speci-
fic .regquirement for only 0.017M Na+. Research on marine
bacteria indicated that‘specific Na© reguirement is re-
lated to eﬁvelope stabilization and physiplogical func-

—
tions such as transport of amino acids and other subs-

=
tances (see MacLeod}1968 for a review) and protein syn-
thesis (Webb & Payne 1971). It is_possible that the

abgolute NacCl requiremeht of V. costicola depends upon
similar factors.

The exact minimum salt or Na+ concentratioh allowing
growth of V. costicola may vary with experimental condi-
tions and is perhaps not as important as the obserxrvation
that this strain and some other gpderately halophilic bac-
teria can grow at low salt concentrations substantially below
the optimum growth concentrations (see Taﬁ. I-1). This has
importénce,in considering phe habitats and ecology of mode-
Fately halophilic bacteria {(see below).

Salt tolerance of V. costicola

The rich PPT medium extended the maximum NaCl concen-

tration tolerated from 2.5M NaCl (salts-glucose media}) to
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almost 4M. It has been suggested that certaig enzymes }ﬂﬁx) .
cells growing in minimal media responsible for the ?91%%—

tion of amino acids and growth factors might be inﬁgbited

at high salt concentrations (Forsyvth & Xushner 1970). Aan

-exogenous supply of amino acids etc. contained in ingre-

dients of complex media migﬁt allow growth under condi-

tions where the cell's sypthetic machinery was inhibited.

Taken together, the results of the growth studies indi- -

cate that V. costicola is best adapted for growth in en-

vironments containing 1-2M salt.

‘The natural habitat and ecoiogy'of E. costicola.

Bergey' s Manual (Buchanan & Gibbons 1974) 1isted‘the.-

habitat of V. costicola as cufed meats and brines, prcbably

because t@ey are commoniy found in bacon curing brines (Sﬁitﬁ

1931, Rebinson 1950} and because such brines were the sources

of V. costicola strains. But what 1s the natural habitat

and how is V. costicola introduced into commercial bri@gs?

The physiological and taxonomic traits give some indications.
V. costicola, in spite of béing best adapted-torgrowth

and function within the 1-2M NaCl range, could grow well at

lower salt concentrations. In Difco marine broth 2216 (ZoBell

~

1941) or PPT, growth was excellent at 0.5M NaCl; good growth
‘also occurred in 0.5M NaCl §GS or SGP (Fig. II-1). Thus
growth was possible at salt concentrations approximating

those in marine environments in both rich qpmplex and mini-

mal media.
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Taxonomically, V. costicola is closely related to other

Vibrio strains known to have salt requirements such as v.

o

metchnikovii and V. anguillarum (see above p. 27). Although

o

V. costicola is adapted to more saline environments than

‘its close relatives, it is probably quite successful in

marine environments. The well studied pathogeh'g. para- . cs

hemolvticus is a marine organism, slightly haloﬁhilic, vet

its occurrence is not_conﬁ}ned to areas of marine salinityv.

It is found in sea wdter, fish and shell-fish and &dlso in -
less  saline estuarine waters. V. costicola probably has é
special marine micro~ﬁabitat or nichelwhich has vet to be
identified.

Slight and mod%rate halophiles héve been isolated from

widely differing natural.environments. Shah and de Sa (1964)

isolated 22 slightly halophilic Vibrio.straips and 4 moderately
halophilic strains (including-3 V. costicola strains) from

sea water, salt and fish. Many other‘strains of moderately
halophilic bacteria were isolated from these sources and from
saline soil also. In a study of intertidal marine bacteria
from the'B§§ of Fundy we isolated many halo-tolerant, slightly
and moderately halophilic bacte;ia from tidal pools which were
often slightly less saline than the ocean water (Férsyth et al.,
1971). When V. costicola was tested for growth on the "ocean

salts" media used in the intertidail study it showed a gﬁowth

pattern in various salt concentrations which made it ind&g&ig;/

guishable from many of the marine isolates (Tab. II-4), which
were unexpectedly halotolerant. Prévious studies (Brown &
Turner 1963, Tyler et al. 1960) under different isolation

and culture conditicns had not indicated the presence of many
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Selt response of intertidal msrine isolates and V. costicola

in "ocean salts"*® medium

o

€e NaCl in test medium - .
5 Nall 0 3 10 20 25 30 No. strains
in 1solation showing growth
medium Growth patierns : patternt indicated
o2 +++ ++ 0 Q 0 3
NT Bl uke o et 0 0 0 3
0 RAERER - 0 0 0 [
0 - +++ 0 0 0 4
3 +t +— - = ° 0 0 1
NT ++ +F 0 0 1 .
St ke o ol b o +— 0 0 2 -y
4 ke el o ekl o 0 0 3
= e Rkl ) +=- 0 o - 1
) 0 +++ b e +++ 0 Y 2
- Totxl = 21
= ekl o e 0 o] Q0 4
NT - wgm e 0 0 0 1
’ 0 ++= = e =i 0 0 0 2
hrade e o -+ - = 0 0 2.
ks e Rl - 0 0 3
- Rt okl = +-+ 0 0 s
10 0 ke ehe o +—4+-- - 0 0 1
0 ke s - -+t 0 0 1
e i et ~— - 0 1
+++ e % + - += 0 1
0 +4 o s + = 0 1
NT et e +++ =t 0 3
- - bt - +-+ ++ -+ i
Total = 26
- - e + . 0 0 1
bty e -+ - 0 0 1
NT i ke ol 4+ = 0 0 T4
e el ol o -+ = 0 0 2
NT s +++ Rt NT 0 )
20 + - bk o +++ ke o 0 0 3
-+ - Rt it 0 L0 1
0 4 P [ 0 el s nadl 1
0 - el o <-4 0 0 2
+ +—+ e + e 0 1 -
0 - “+++ e 4 e -+ 1
Total = 22
' Grand total = 69
V. costicola 0 + =+ - 0 0

*Szlt response: +i+ growth before § days (usually 1-2 days), ++ growth in
9-1% days, + growth in 15-21 days, * growth in 22-28 days, 0 no growth

in L4-5 weeks, NT not tested. TIncubations a2t 30C in "ocean-salts" medium:
0.1% Difco yeast extract, 0.L % Difeo casamino acids, and regular strength
"Instant Ocean", an artificisl seaweter mixture supplied by Aquerium Sys-
tems, Inc., Wickliffe, Ohio, U.S.A., described in Segedi & Kelley 196L.
This solution conteins NaCl, 2.65% (w/v); MgS0, , 0.66%; MgCl,, 0.52%;
CaCl,, 0.13%; KC1, 0.0T1%; NaHCO_, 0.02%, and traces of othe® ions.  The
finel NaCl concentrations in the“selective medis were adjusted to 3, 10,
20,25, and 30%. The medium for testing growth in "O%" NaCl contained
KHCO,, 0.025% (w/v); CaSO)-2E.0, 0.0069%; MgCl,.65,0, 0.0305%; MgS0, ,
0.012%; Ca{%0.) .hH20, 0.000085, in addition t5 vehst extract anad casarino

vyt

ac1ds as aboveé. The last two components contributed about 0.06% Nall.
Finel pH of all medis after autoclaving at 15 1b pressure for 15 min was
T.6 £ 0.1. Marine isolate data were previously published ( Forsyth, ~

Shindlexr, Gochnauver and Xushner, 1971). E
. Sl
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salt télerant isolates. Extremely saline environments such
as the Dead Sea (Volcani 1940), ﬁypegsaline lakes (Brisou
1974), Liman ﬁud-(Larsen 1968) and solar salt (Ishida &
Fujii 1970) also harbor populations of moderately halophilic
bacteria. Thus, the moderate halophiles are.taxonomically
and énvironmentally diverse. _

:If V. costicola was originally a ma;}ne organism, it
is likely that it was introduced into the bacon curing
brines via the crude solar salt (Ingram 1957) often used.
Moderately halophilic bacteria are found.in selar salt
(Ishida & Fujii 1970) and other fo§d related br%nes to
which salt is added. such as sova sauce (Ueno 19é4, Yoshii
1967, Kitahara & Ishizuka 1968, 1969), salted beans and
anchovies, and fish curing brines (Larsen 1962, Tab. I-1).
Altﬂough an attempt to isolate E.‘costicola from a 1M SGS
enrichment culture using an inoculum of crude solar salt
resulted only in detection of strains, oneof tﬁem vibrioeod,
which did not match. the characteristics of V. costicola,
it is possible that under natural circumstances V. costicola

‘ » "

could survive the slow dehvdration during solar salt
pro&uction. Alternatively, V. costicola might be inoculated

into brines via airborne transmission of cells directly

from the oceans.



Chapter III

Intracellular sodium,-potassium and magnesium concentrations

of V. costicola.

Moderately halophilic bacteria have the ability to grow

over wide ranges of environmental salt concentrations, often

from the low salt concentrations where the non-halophiles grow
to the high salt concentrations where the extremely halophilic’
bacteria thrive. The stiucfures and functions of the non-

halophiles such as E. coli are adapted to low salt concentrations,

those of the extreme halophile H. cutirubrum are adapted to high

salt goncentrations, but what about those of the moderate
halophiles? Do they resemble the non-halophiles or the
extreme halopﬁiles?' Or do they change'their halophilic
chéfacter according to the concentration of salt in the
growth medium? To interpret experiments_on this subject

\it is esse?tial o ﬁ%asure the internal'ionic contents of
moderate haldphilic bac?erié and the WaysS in which these
change with changing salt concen%rafions in the growth medium.
" . There is abundant evidence that, in generai, internal
water activities of bacteria are eéuiﬁalent to or lower

than the watef activities of the media in which thev are

grown (Christién &-Ingram 1959b, Christian & Waltho 1962),
that is, the internal solute concentrations are equivalent )
tc or higher than those of the medium. if the internal solute
content of halophiles were significantly lower‘thag that of

the medium }t would be difficult to sediment cells by

centrifugation” (Ingram 1957), which i's not the case: moreover,
n.\
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to maintain the concentration difference would reguire a

water barrier or a water pump, neither of which have been -

shown to exist in bacteria (Brown 1964). Measuremgnts

of the ionic contents of cells shows that the total
intracellular cation concentration often exceeds that of

the medium, e.g.; Halobacterium strains grown in- 4M NacCl

media contained 4-5M Na© + K+-(Christian & Waltho 1962, °
Ginzburg et al. 1970, Gochnauer & Kushner 1971, Lanyi’&

Silverman 1972)}. Escherichia coli during exponential growth

in 0.11M Na© contained_ about 0.25M Na+ + KtA(Schultz &
Solomon.l961). Cver the salt concentration fange of growth
of a moderate halophile it would be advantageous to know
~if the total ionic.content of the cell increases with
increasing medium salt concentration.
Some” data is available on internal ion’concentratigng of

V. costicola and Paracoccus halodenitrificans. When grown in

. . , +
1M NacCl media, V. costicola contained 0.9M Na + K+,

P. halodenitrificans contained 0.8M Na® + K+, in addition
to other solutes (Christian & Waltho 1962)\ Few other

' i - . . : ,
moderate halophiles' internal ion concentrations have been

L]

analvsed. A moderately halophilic pseudomonad £101, cultured

at its 2M NaCl optimum, contained l.;iy Na+ and 0.9M K+; i
these concentrations changed little/ﬁbeh grown at 1M or 3M
NaCl (Masui & Wada 1973). The ionic content of:%acteria

is not éﬁmply a function of the medium NaCl concentration;

. . . i +
in 2 marine pseudomonad it was shown that the amounts of Na

+ . .
* and K depend upon the metabolic state of the cells. Freshly

aerated, actively metabolizing cells gad much higher

~,
2>



- . + 2+ .
- concentrations of K  and lower ones of @a™ than the medium
. . " .- . + +
1ons, while in non-metabolizing cells Na entered and X

left (Thompson & MacLeod - 1973)

s

This chapter describes an examination of the cell
’ + +2 . . ’
associated Na+, K and Mg ? in V. costicola and of the effect.

on these of media composition -and cell metabolic status.

S

Experimental methods
-

- -
.

Outline of general procedure for intracellular ion determlnatlons.y

V. costicola cells were grown, harvested, washed
once in a buffer solution isotonic to the growth medium,
then resuspended in a small amaunt of the isotonic buffer
solution to make a thick suspension (20-40mg wet weight/ml).
The cell suspension was aerated by vigorous shaking for
30 manutes, then sets of three identical 10ml samples' removed.
The f\rst sampleLpf each set was centrifuged, and the pellet
extracted 'with hot trlchloroacetic acid. The peliet
Na+, K+, and Mg+2 were determined using a flame spectrophotometer.
To the second sample of each set a small amount of radioact;ve
-solute which could not penetrate into the cells was added tﬁgn
. the ceils‘were pelleted. The amount of non-penetrating
radiocactive solute which was triﬁped between the cells-was
used to determpine the intercellfilar or interstitial'voluée.
The thlrd sample was centrlfuged and used to determlne the

wet and dry pellet weights and, by difference, the pellet

water. Calculations on the basis of thg;sf&qtermlnatlons

f
ylelded the amount of cell assoc;ated lonsiand cell water
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weight and thus the intracellular ion melality. betail§.
of the procedures, relevant references, calculatlons and
checks on the methods are glﬁen‘iq\thls section below and in
ithe results section. Where significant variations in the

techniques were used in experiments, the changes are

. mentioned in the results sectiyn.

Growth of cells, washing and thick suspension preparation

*

procedures.

Media and .incubation con

™~ .
i1tions for cultures were

given in Qhapter 2 (see . Bi 34). Cells were'usually_grown
to mid- or late exponential /fphase. The culture volumes

were large, usually from 2-4 1., in order to obtain‘adequate

r

amounts of cells for £he thick suspensions. Cells were
centrifuged for 5-10 min. at 4C in 250-300ml bottles,
resuspended in several Hﬁndred ml of thelaépropriate buffer
(below) in order to wash them free of culture media, and
centrifuged again. The centrifugal force was abou£'5000 X g
to avoiakproducing very hard pellets which would be Y
aiffieult to resuspend. 'The celle were then resuspeﬁded'iﬁ
buffer to form a thick:suspension (after fakacs’et al. 1964) -
such tﬁét a 10ml sample vielded a pellet of 2005400 mg cell
wet weight or about 65-135mg dry \weight.-

The buffer used for washing ﬁnd resuspending was isotonig-

TN |

to the media in which the cells wére gfown. = 1M NaCl salts-

3

glucose-potassium phoephate GP) grown cells were generally

suspended in "complete s¥lts buffer" (CS), 1M NaCl, 0.15M

KC1, 0.41 mM MgSO,, 0.00

4 (NH4)2HPO47HO.OSM tris, pH7.5.

-
§ -t
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~and force out the-resuspension solution and pellet Clu§§:é 4%
P

were suspended.in "Yow potassium isotonic buffer" (LI%Er

. G- B .
1.2M NaCl, 0.008M KCl1l, 0.41lmM MgSO4,'0.05M tris, pH7.

. . y
Cells grown in complex media such™as 1M NaCl, SGS + 0.5% -
[

w/v casamino ‘acids (SGS "+ CAA) or 1M NaCl PPT yere suspended /
f
im ‘either fresh culture media or in LK buff z\‘*EEE-EfCl B J .

/S £

‘ e
content of the buffers was adjusteﬁ appropriately. for-(f

use in experlmeﬁts where cells were grown in other Naci\_
concentrations. Table III—rﬂghOWS'flame spectrophOFOmetrlc
ion analyses and calculated ion concentrations of various

media and bufifers. /47\\\;
. . . N —_ -T

) p
) P . o
Effects of. pellet resuspension-“procedure on cells. V. costicédla

oells are stﬁcky and sediﬁent in a. packed cell mees_whioh : #
is difficult to disperse by mild agitation prooeaures such

as shaking or "vortexing". It was thus necessaxylto develop

a technlque for resuspendlng V. costlcola Eg;;ets which

was rapid vet did not_damage the cells. For, this plastic

syringes (sffinge volume was tely equivalent to
suspension‘volume)'with'attached large bore 14 gauge 1l0cm

cannulae were .used. After adding résusped%ion_§oluti0n'the‘

qanndia tip was used as a stirring rod to break up the

> N

pellet, then 10-20 syringe strokes were used to take up

()
[

Xisual and microscopic,examination 6f¢the suspensions uced
ﬂ"‘\

\

from the svrlnglng technlque showed that the method v;elded

-a completelv homogenous .cell suspenszon in a short tlme
” -To‘check.fozﬁthe p0551blﬁ;¥ of cell~damage, release of
. . . --,-L.

&

— s N
260nm absorhing material fqQr cells after different resuspension
- . (R . ’ [} ;'-B .‘ - ’ ’
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Ionic content of media, co onen{§~§ buffers,
- L ‘ .
~ Ne* k. Mg+
‘ Solution - Anall. Calc. Anal. Calc. Anal. Cale. .
Ma— " - -\. . ) -
SGP medium . . 1.04M, TOM. - 0.158M 0.15M 0.45mM  0.41mM
' SGS meiign/’“;\% ) 1.28° 1.2 0.011° 0.008 0.41 0.41
M nder peT \ 0.96 © 1.0 0.009 - 0.39 -
f{ % w/v proteose peptone '
Y+ 1% w/v tryptone” 0.05 - - 0.004 - 0.40 -
' \0.5% w/v casamino acids  0.70 - 0.0014 - 0.015 -
¢S Ysotonic buffer  °  0.89 1.0 0.76 0.15  0.41  0.4]
LK isotonic buffer 1.26 1.2 - 0.012 0.008 0.35 0.41

-

N

a Analyses done by flame spectrophotometry.

b* . valde significantly different from calculated value due to eftra K added as
- contaminants of other subs ances, especiaJly NaCl. - ’

L3 '
"

'
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il

technigues was measured (Tab. III-2). The results show

that no significant release of 260nm material occurred if

-

16 syringing strokes were used. 64 strokes released materlal

almosékequlvalen; to that released from a brief gonication
N

+

f

at low power. V. costicola cells did not seem tg\be
greatly affected by the 10-20 svringe strokes which ade

resuspensions convenient and rapid.

1

Thick suspension incubation and sampling. Cell suspensions
containin. 40mg wet cells per ml were prepared as

described abeve in 350ml (60 X 140mm) wide-mouth polycar?Onate
centrifuge-bdttles. To tsome suspensions 25mM glucose,

25mM ethanol or poison (10mM NaCN + 10mM ioéeacetatej were
added. The bottles were capped and agltateh tn a New

Brunswmck Scientific Co. G-76 gvrotory water bath shaker at

. 250 r.p.m. to ensure vigorous aeration durlng the usual

30 min. .30C lncubatlon In some experiments N2 or O2 gas
was passed through,the headspéte of the bottles above the

suspension. At approprihh intervals, sets of three 10ml

-

samples were removed for the various determinations.
. & '

Determination ©f the ionic contents of the pellets. Each
{

lOml[Ehick suspension sample for ionic analysis was pipetted

intoKSDml (29 x 104mm) polycarbonate centrifuge éube, in

whieh the extractions were to be carried out. The tubes were .
centrifuged at'25;000 x g for 10 min. in an International B-20
gentrifuge at 20C (in some early experiments the temperature‘

was 4C). The resultiﬁg supernatants were discarded and the

\ o
\ |

"
Vs ~—
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Release of 260nm absorbing material from V. costicola

v

cells as a result of vario&g resuspension procedures.

it
Dellet™ treatment

-,

Feonm absorbance

shaken manually until Pesuspended . 0.0092

shaken mechanié?lly, "vérteggd" until resuspended ' 0

syringed: 8 strokes ' 0

: 15 strokes 0.0089
32 strokes . 0.051
B4 strokes A ' "~ 0.097 .

sonicated3 4-sec., low power / 0.1y

scnicated 1.8

4 sec., high power

-

P

-

T

and resuspen%gd in CS buffer.

1. -Cells grown in SGP to -end of eprnential Phase, washed

2. .Absorbance 260nm with buffer from Drevious wash step used

as the referencg blank, absolute absorbance 1.15. d

.3., Disruption of cell suspenslon uging Branson S-125 ultrasonic

oscillator.



-~

\ ) '_66_
inside w#lls of the tubes carefully rinigd with. distilled-

deionized water (R>5 megohm-cm) from a sgueeze bottle to

remove residual ions left from the supernatant. Care was

taken so that the water did not contact the éellet. _Thé
inside walls of the'tqbes were ;hen wiped with tissue paper
(Kimwipes tvpe 900- S)' A volum; of deionized water equlvalentf
to 24-fold pellet wet ﬁélght was added to each pellet whHich
was then resuspended by extensive mechanical "vortex"
agitation_until no large pellet clumps remained. A 25-fold
wet weight volume of 10% (w/v) trichioroacetic acid was

added to each resuspended pellet (the finak extr&tth? solution

contéi%ed 5% trichloracetic acid), the éolycarbonate ubes I

. Shaken briefly then immersed in é 95-99C water ba for 5/;;;}\,)

Thé tubes containing the extract were centrifuged at 25,000
X g for 10 min. at 4C andxthe supernatants decanted into
plastic or polvcarbonate containers for later dilution and
analysis. The small amount of floccplar‘precipitate did not

\ 1
contain significant amounts of the ions measured indicating

that the extraction procedure solubilized the cellular’ ions

- d
{(Tab. IIiI-3). Care was taken during the procedures that

ali’trichloracetic acid solutioﬁs, including the extracts,
aié not contact gla§s or- other materialé which might add
contaminating ions. - -

Extracts were diluted anérooriatelv with distilled-
delonlzed water usxn? Gllson Plpetman adjustable pipettes
{volume callbratlon//checked before use) w1th plastic tips
and 1ml Fisher Scientific Co. plastic mln} beakers and caps.

. _- . . ‘
A Perkin-Elmer 403 Atomic absorption spectrophotometer was
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*  Table III-3

| v i

]

A cHeck An the effectiveness of the cell ion extraction progeedure:

. Ay,
Ionic contents of sclid residue* material after

5% trichlorocacetic acid 5 min. 95C extractions.

™~
+ o+ +
Na K M2
~ Na S Mg
Duplicate.determinations on ’
residues from cell extracts: 6 pg/mI- 3ug/ml 0.7rg/ml

—\b ~ 3 0 0.7 .

Duplicate determinations on
control crucibles w%ghout
cé{l Yesidues: :

* 0.038g duplicate dry precipitates from extractions of cell
pellets were ashed at 900C in porcelain crucibles along with
control crucibleé containing no precipitates. 2ml 5% trichloroacetic
acid was added to ea&h crucible and ioné determined by flame
spectrophotometric analyses. The ion” contents of the‘cell.‘
extrébé, calculated assﬂiéng 6.lg extract was diluted 200 timgs
was C.42ug/ml Na', 0:24ugﬁgl K" and 0.013ug/ml Mg+2. The
pellgt residue values leésﬁﬁhemgontrol cfucible values wer&‘\w
not significantly different ﬂro"zefo.. The high readings were
causéd by\contaminating ions extracted from the crucibles by ’

‘ - PR , $
+he 5% tric?}hroacetic ig. :
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used for flame emission-analyses of Na+ and K+, and for
flamg absorption analysis of Mg+27 The gas was acetylene)air,
the wavelengths were 5893%, 76658 and 28528 for corcentration
ranges of 0-1lmg/ml, b-lmg/ﬁl and 0-0.5mg/ml for Na-, K-
and Mg+2 respectively. Although the flame spectrophotometer’
was’opeiated within the linear, concentration ranges 'in which.
the emission or absorptipn'was proportional té the output
display adjusted to réad ug/ml directly, series of standards
were alwavs prepa?ed and standard curves drawn to check
d&curacy (Figs; III-1, III-2, III-3). To attain a\compositioh.
similar to the.sampies, standards for Na+ and K+ were -
made up from a stock solu®ion containing equal amounts of
both ions, Mg+2 standard had a background of 10-fold excess
Na+ and K+. Several samnggr;ggé also analysed using Orion
Na® or X - gpecifig electroéEEW?s a check of the flame
analysis data.- The electrode daﬁa was in substantial agreement

with the flame analvsis figures.[
{

»~

. "Determinations of pellet inter-~cellular space. The 10ml

thick\Epspension samples for intercellular volume determinations
) . T
; were pipetted into Corex #8441 15ml centrifuge tubes_whzéﬂk
contained Iml of a solution of a radiocactive solute which

could not penetréte into cells. 14C-inulin was usually

N used s the non—pe&etrating solute, Ehough labelled sucrose
i . N . -

and ATP were used in some experiments. Solutes were made up
. - - ' ?

. . - in the same buffer and salt concenﬁration as the thi:ck

;! E S
suspension. /' The amount of labelled non-penetratify solute,
o - . '
(with extra non-labelled carrier. solute added when: the

. & .

’” . * G’
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Fig. III-1
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concentratio of labelléd substance were. low, e.g.

carrier adenosine S' triphosphate was added to Amersham/Searle
cFa. 426 [8-T4ciaTp achieve lDf4M in the cell siitspension;
New England Nuclear!{NEC 1l64P inulin carboxy-l4c was used

at 0.03mg/ﬁl without carrier, uniformly labelled Amersham/
Searle CrB.4 sucrose—l4c was prepared fdr'usé at 0.0lmg/ml
without addition of cdrrier), was adjusted to give adequate
counts, about 1000 c.p.m., from the Z2 supernatant allquot
(see below). The tubes contaxnlng the suspenSLOn and
labelled substance were mixed by vortexing,'then cgntrifﬁged\
at 25,000 x g for 10 ﬁin. at 20C. The resulting supernatant,
Zl, was decanted and savéd, the inside tube walls rinsed

with deionizgd water wsing a squeeze“bottle to remove :
adhering radiocactive lsubstance, ‘and the walls with tissue

paper. Several ml (vblume V ) of the same buffer solution,

except withwut the la Selled substance, was added to each e

pellet then Qhe pellets resuspended u51ng dlsposable 10ml
plastlc syringes with attached cannulae. The suspensions

were centrifuged at 25,000 x g/for 10 min. at 20C and

-

supernatant Zzldecanted and fétained.‘ Aliquots~ (0.2ml) of

zl and 2, were pipetted iﬁtp scintillation vials to which
. P

”»

I0ml New England Nuclear Bquasol cocktail plus lml.HZO had

been added. Counting was done in a Beckman LS-230 liquid- M
- -

scintillation system. . The intercellular volume, i.e. the
volume of solution trapped in the first pellet per g cell

wet weight was determined using the formula:

I
)

- -(Zl—.zz)P

-
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. ) % ;

where S = inter-cellulér'sﬁéce, ml/g wet pellet.~
. . - i

' P = wet weight of pellet, g. Lo
Zl =‘c.p.‘i (background.corrected) in 0.2ml

allquot of the first suoernatant.'
z2 = ¢c.p.m. (background corrected) in 0 2ml

aligquot of the second supernatant.

’
s

V., = volume, ml, of the buffer solutién;Add;d
© '+ to the first pellet (eqdivalent to the
volume of the second supernatant). -
Tvpical values for S were 0.26 - 0.32 ml/g wet cells using
inulin with 1M SGS grown cells.
The formula was derived from the relationship of éolume

{(v) to concetration (¢), i.e. a given solute concentration

®
decreases proportionally with the volume of solvent added:

-
”

= v.C

Y11 T V2%

In tﬂe case of the pelleted cells the concentration of.
non-penetrating s\\Fte trapped -between the cells in the

first pellet is expressed as ;}, the volume of the solution +
intercellular space into.which the trapped solute is

liberated upon regugpension is § + V2, and the éoncentration

of solute in the sedond supernatant as a.result of resuspension

is 22. .

A0

- 3
S.Zl \
sS{z h

%
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Dividing by.the wetJ;Eight of the pellet vields the inter-
cellular space per gram wet pellet. : '

.

Pellet wet and drv weight determinations. 10ml samples

for pellet weights were centrifuged at 25,000 x g for 10 min.

at 20C in predried (105C), preweighed corex #8441 15ml

-

tube walls rinsed with geionized watér and wiped with
Kimwipés- A jet of gently flowing drv air was directed inside

the tubes until the walls were drv (1-3 min.) The tubes

!
v

were weighed and the wet weights of the pellets deté%minedﬂv

After 24-36 hours at losg/the Qpbes attained constant weight
. S’ < ol .
ané were reweighed to determine the drv weights of the

»

~ -
pellets. The ratio of~§ry to wet pellet weight was usually

about 20. 3.

LY

Der¥vation ofiﬂhe formula for and calculation of the
. =
cell-associated ion molalities.

All the formulas which have been<used to calculate
intercellular ion concentrations (Schultz & Sologbn 1961,
Christian & Waltho 1962, Takacs) et al. 1964, Ginzburg et al.
1970, Lanyi & Silverman 1972, Unemoto et al. 1973) can be

reduced to: ' e
| .

(pellet ion amount) - (intercellular ion amount)

\/ | (3, " {cell HZO amount}
\ - .l. T

\\// - ' AN

@wntrifuge tubes. The superﬁatants were discarded, the inside

¢
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for this work as follows:

-
~ N

The numerator

A—(S‘B) where:

U

The denominator contains

the amount of water associated with the cells in the ped

(l—D)-(W'S) where:

r’”\vf”f

was defined as

e

From this basic expression a formula was desighed

h.
A.= pellet ion ¢oncentratlon
mg/g wet pellet
S =-inter-cellular space, Lo
ml/g wet pellet ) -
B = ion, mg/ml in intercellular IR

solution.

an expression.used to calculate;

B

D = g dry welght/g wet waj
of pellet
W= HZO content of thick susy

The flnal formuL&’used to calculate C, the molal cell-

RS -

aSSOC1ated nﬁ\\concentratlon (mol/kg cefi H O), T

’ o

’A- Se
C = (8+B)

C =

((1-D]-[W*S])F

nhereqF =

molecular weight of ion,
- - g

3

i

was incorporated into a computer Drogféﬁ’for the Hewlett—

\ ! e, -,

Packard 9830a calculator and used for routlne automated

calqnlatlons.
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Results

Determination of pellet inter-cellular space. . /

Estimates gf cell-associated ions depend on accurate
determinations of the extra-cellular volume in the .packed
cell pellet. Séveral.typés of solutes have been used'éo
measure the volume beféeeﬁ the cells. Large molecules
such as albumin (Ginzburg 1969, Schultz & Solqpon 1961),
dextrans (Mitchell & Moyle 19&5, Ginzburg et al. 1970,
Lanyi-; Silverman 1972) and ifulin (Schﬁltz & Solomen 1961,
Takacs| et al., 1964) probabl? cannot penetrate furﬁher than
the ?utSlde wall surfise of most cells (Mitchell & Movle
1956 , “BuekRire—s Macleod 1970). (Extremely halophilic or-
ganisms are an .interesting exéeption in that they aépear
permeable to large molecules such as inulin (Ginzburg QQGS))
.Small meolecules such as sucrose (Buckmire & MacLeod 1970) or
phosphate (Mitchell & Movle 1956, Christian & Waltho 1962)

probably penetrateé through the outer cell layq;s tg, the

-
s

cell membrane (Mitchell 1953). \ :

i
]
i

Fig. IiI—4 stws'the penetrability of'fivg)solutes which
were used for'preliminary estimates of V. costicola pellet
inter-cellular spacé. Sucrose, which had beed:used success=
fully with a marine pseudomonad for éstimate; of extra-cellu-
lar volume (Thompson & MacLeod 1571,_1973), penetrated and
was concentrated in 1M ﬁaCl grown V. costicola cells. ' Phos-
phite and adenosine-5' - triphosphatel(ATP) occupied about
65% of the total available fluid yolume (estimated as 1-D)
in the pellet, penetrating to e cell membrane. Blue dex-
tran and inulin occupied about 1% less of the total availa-

Y
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Pig. III-4.

3400

INTER-CELLULAR SPACE DETERMINATIONS
USING ARIOUS SOLUTES
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LIV D R
,vvu,v,v.‘v“m.‘n

O

AGE{I’ : SUCROSE

. -INTER-SPACE(S), 23.1 0452 0428 0277 0.271
mi/g wet pellet:

{standard error): (2.9) (0057) (0026) (0007) (0032) .
- for | 3
(n determinations): - (4) (2) (4 (2) (4)

* Total available fluid volume of pellet estimated as (1-D). See text.

-
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ble fluld volume, perhaps penetratlng only to the.cell sur-
face. The pattern of penetratlon shown in Fig. III-4 is con-‘
sistent thh prev10us flndlngs with a marlne pseudomonad
(Buckmire & MacLeod 1970, Thompson & MacLeod " 1971) .

Assuming that V. costlcola cells can be considered as
‘spheres 1.9um in diameter wit@ia cell‘voiume of 3.Sum3'
(egquivalent to the volume of{é‘cyliﬁder of the approgimate.

1 x 4.5um dimensions of V. costicola cells (Robinson, 1950)),

a rough calculation indicated that phosphate and ATP pene-

trated 0.074um deeper into the cell than inulin or blue dex-

tran. 74nm is not an unrealistic estimate of the thickpess

of .the cell lavers external to the cell membrane. Schu;ti'

and Solomon (1961) gave the thickness of the E. coli cell

wall aéﬁlsnm, which accounts for 13% of the cell volume ‘(cell

dimensions: 0.5um diameter, 2um length, cell volume of O.4um3).
~ For the work with V. costicola the ﬁse of 14C-—ATP or

14,

C-inulin as the non—penetratiné solutes pe d the use of rapid

ligquid scintillation methods instead of chen

.

tric determinations for phosphate or blue dextran

Ycal ¢or colorme-
Besides,
phosphate was considered undesirable because of the~ sibility
“that V. costicola under éome conditioas might concentrate it.
ATP, although at first thought to be as.close as possible to an
ideal non—penetrating solute because of its reputation of not
entering cells,“has subsééﬁently found to penetrate V. costicola
cells grown at 0.8M or 1.8M NaCl (giving inter-cellular space
values of 1.23 and 3.6ml/g wet pellet respectively). In fact

ATP has been reported to penetrate eukaryotic red cells (Elford, -

1975) and muscle fibres (Cheudry & Gould 1%70}. Thus it was

& .
decided to use inulin for most routine measurements of pellet
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inter-cellular volume.

Table III-4 shows the different values obtained for

-

cell — associated ions of 1M NaCl SGS grown cells using ATP SRR

-
-

and inulin to estimate inter-cellular volume. The use of

ATP resulted in a higher estimate of inﬁé&—cellulaf volume
o _ /

than inulin, and a corresponding lower €§ll volume /2 and

. + + .
therefore cell water, estimate. K and Mg 2 were in low

concentrations in the inter-cellular buffer, thus their cellu-
lar concentrations increased due to-the lower. cell water esti-
mate: On the other hand, there was a substantial amount of
‘Na+ in the inter-cellular guffer. The higher intér-cellular
volume estimate caused a large amount of Na® to be subtracted
from the péllet Nat amount, more than overcoming the effect
of less cell water, vielding a lower cell-associated Na+ con-
centration with ATP.

The agent used to measure pellet intercellular space
must not penetrate cells and, moreover, must be freely dif-
fusable and not bind to the cell surface, so that it is free
to be released into the Z, buffer used to resuspend the cells.
Tn order to check this, the radioactivity associlated with 1M
NaCl grown cells was estimated by filtéring the ZQ cell sus-
pension through‘Milli'poreR EA 0.45um pore size filters, fol-
lowed by several 10ml washes with 1M NaCl unlabelled buffer.
Table III-5 sﬁows that only a few counts, less than 10% of /
the actual Z, counts, weré associated with the cells using

" inulin or ATP,- while the ;ébelled sucrose was not removed

o

from the cells. At 1M Nadl, ATP and inulin were not signi-

ficantly bound or taken up by the cells. Sucrose, as pointed

out earlier, was taken up and probably metabolized.

Lt
T
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Table III-5 '

Retention of ATP, inulin and- sucrose by-cells on filters.

agent
ATP inulin = sucrose
0.1ml cell suspension® 552 28 26,000
0.1ml buffers | 5 7 .\ 13
counts in 0.lml Z, buffer® 713 220 7,900

Cells from second resuspension in inter-cellular
volume procedure filtered through MilliporeR HA 0.4
um filters,then a further 20ml isotonic cold buffer
washed through filter.

Counts per minute, background corrected.

Buffer filtered and filter washed as per note 1.
Counts in an aliquot of unfiltered 2 supernatant.
used in determination of inter-cellufar volume.

*
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The inter-cellular space values obtained in experiments

T f
using ipulin'were consistent. Values éor intercellular space
were; for mid-log 1M NaCl SGS\gﬁown cells, 0.315 & 0.006 ng/s
wet pellet (* standard effg?,/ﬁé7 determinations) ; for Ilate
log SGS cells, 0.265 *# 0.006 (n=18). In only one case did
the inuliﬁ space exceed the normal range of values: a.pellet
of cells grown and resuspended in 0.8M NaCl buffer was inad-
ve;tently resuspeﬁ?ed in l1.6M NacCl buffer. The duplicate
éube which was reﬁésgended in the proper buffer vielded a.
value for inulin space of 0.37ml/g wet pellet while the tube
in\%high the error was made gave a value of 0.9%ml/g wet

let. V. costicola cells exhibit sensitivity to rapid
chahges in medium salt concentrations (Ch;}stian & Ingram
1959a) and in this case changed their permeability characteris-
tics.

Although different experimental ﬁechn;ques were used,

it is instructive to compare pellet inter-cellular space
values obtained in these experiments with those of -other wor-
kers. Mitchell (i953) referred to a theoretical figure for
the-intersti?ial space of closely pﬁg&f&/ﬁpﬁeres as 26% of the
total volume of the spheres plus the interstitiaa space (i.e.
eguivalent to apﬁroximately 0.26ml/g wet pellet). Experiments

with Halobacterium strains gave albumin and dextran spaces of

"0.3-0.4ml/g wetf pellet (Ginzburg 1969, Lanvi & Silverman 1972).

Schultz & Solomor (1961) found the albumin and inulin space to
be 0.19ml/g wet pellet with E. coli. Unemoto (1973) found the

inulin space of Vibrio alginolyticus to be 0.23ml/g wet pellet.

The estimates given above for V4 cégticola are comparable to

"\—-’J .
and within the range c¢f the other estimates.
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The intercellulaf space value determined for
‘g. costicola was not greatly affected py the physiologi;al
state of the cells, whether poisoned (not metabelizing) or
metabolizing wiﬁh or without an enefgy source (Tab. III-6
and other data not presented heré at different salt
concentrations). The medium salt concentration didaalter

i : .
the pellet inter-cellular space with a consistent decrease

from 0.8 to 1.8M NaCl (Tab, III-7). Such changes may be
due to différences.iﬁ’h3$£::\;;é§ing, cell density and
bovancy.

Effects of V. costicola metabolic state on cell-associated

sodium and potassium. . . J‘_\\\\\§
-

It was clear from work on a marineé bacterium (Thompson

& MacLeod 1973) that the amounts of cell-associated éodium
and potassium ions are greatly affected by;the metabolic
status of cell suspensions. Célls washed several times angd,
then pelleted for ion deferminations may not have ion dis-
tributions resembling those of active cells iﬁ culturel To
examine this, the ionic contents of V. costicola cells were

/
determined after incubation in thick suspensions .(Takacs et

al. 1964) under several conditgéhs including aeration,
aeration with energy éource{ aeration with metabolic po&soné;
and incubation under 02 and N2.
Table III-8 shows cell-associated ion results typical of
V. costicola grown in 1M NacCl salts-glucose-potassium phos-
phate (SGP) medium. The Na' values hovered around 1 molal,

ﬁhile the K+ values increased slightly from the zero time
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A

. Table ﬁ:'&-s
- 5
) N .
Effects “of aeration, aeration with glucose apd poisoning
e on _pellet inter-cellular space~,

cell suspension S, inter-cellular space 95% confidence interval, (n)
no treatment - 0.253 + 0.019 (4)
aeration 0.273 + 0.048 (4)
aeration + 25mM glucose 0.248 + 0.013 (2) -
aeration + poison 0.251 ’ + 0.025 (2)

1. 1M NaCl SGS cells grown to late log phase, treatments of 30 min. duration.
" n= no. of determinations.
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.

Table III-7

Effects of growth: NaCl concentration on inter-cellular Space

and % occupation of pellet total available fluid volume (T.A.F.V.).

NaCl M inulin st pellet fluid volume2 % occupation T.A.F.V.S
0.8 *0.38 + 0.016 ) 0.72 | 53.0 + 2.20
1.2 0.31 + 0.006 0.67 46.6 + 0.86
1.8 0.25 + 0.005 0.66 37.7 + 0.79
2.2 0.26 + 0.001 0.64 40.0 + 0.16
1.

Inter-cellular space, ml/g wet pellet, + standard error for n = 6

.Determinations at each salt concentration.

ml, estimated as (1-D), D = dry weight/g wet pellet.
* standard error for n = 6 determinations at each salt concentration.
SGS late-log cells,:at NaCl concentration given.

\J'l.
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values to about 0.7 Molal as a result of the aeration or o,

treatments. When the)cell suspension was®poisoned or allowed
to stand at 30C, the Na¥ increased about 25% and'tgé X" fell
by about 50%. ﬁg+2 consistently remained, in‘this experiment-
as well as mos£~others, in the range 0.05 - 0.08 molal. At
the medium gnd buffer ion value§/ﬂ§§ﬁ’fﬁ'this experiﬁent the
ion amounts and distributions f.e. Kf/Na+ ratio, did not
change greatly unless the. suspensions were allowed to sit for
long periods or poisoned. It was though possible that cells
were affected by the unusually high x* level (0.15M) in the
medium and buffer. |

Several experiments were carried out to check if ée{ls
might be affected by lower buffer K+ concentrations
comparable with- -those used by other workers (see Ch. II p. 38).
Cells grown in SGP medium were washed and resuspended in a
- low potassiuﬁ (LK} buffer solution isotonic to the growth
medium, but containing less K+ and more Na+ than the growth
medium. Cells suspended in the LK buffer (0.008M K+.and
1.2M Na+) became more depleted in K+ after washing than those
suspended in CS buffer. Before incubation cell~associated
K+ in two experiments using LK buffer (Figs. III-5, III-6)
was 0.4molal, similar to unshakeg or poisoned CS$ buffer
suspensions (Tab. III-8).

Célls aerated in LK buffer:were able to accumulate X
over a period of 20-30 min. (Figs. IIX-5, fII-G). The finala
cellularJ?j,cd;centration after aera£ion'§és similar to that

in cells jaerated in CS buffer (Tab. IIi-S), about 0.7 molal.

S

\
: ~



Fig. III-5.

Effect of aeration and incubation
under N, gas 2n V. cisticolé cell-
associated Na and K. 1M NaCl SGP
late~log phase cells washed and
suspentded in LK isotonic buffer.
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.. Fig. III-6. Effects(df deration and subsequent ‘
incubatibn under N gas on V. costicola
cell-associated Na axiKT 1M NacCl sGp

late-log phase cells washed and suspended
in LK isotonic buffer.
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Na+ concentrations in the tlme-course experiments (Fig. III-5,
III -6) again were around 1 molal and under aeration only
changed slightly from the pre-incubation values.

The increase in K+ upon aeration appears to be dpe to
metabolic evenﬁs because the inérease caﬁ“pe prevented by
incubation under Nz. Cellular K+ concentrations in cells gassed
with N2 decreased'slightly from the pre-incubation value over
the 30 min. period (Figs. III-5, III-6). The cellular Na+
increased after about 18 minutes. In the experiments shown
in Figs. IIX-5 and IXI-6 about 30 min. of N, incubation
increased the total Na+ + K+ Eé.about 2 molal, mostly as a
result of the marked Na+ 'Gérease (Table III-8).

Tﬁe time course of chagge in cellular ion concentrations
as a result of incubatidn “zker N,{Figs. III-5, III-6) in-
dicates that there progiggzxaére\_o'major changes in'ion_
distribution during the 10 min. centrifugation required to
pellet the cells. The changes due to N2 treatment took

about 15 minutes to begin.

Metabolic experiments with 1M NaCl salts-glucose~sodius

phosphate (SGS) grown cells. The SGS medium was formulated to

attain a lower medium K+ concentration. Experiments with

SGS grown cells which were washed and suspénded in LXK buffer
vielded results quantitatively and gualitatively similaf to
those of SGP grown cells (e.g. Tab. III~8, Figs. III-S5, III-6).
Table III-9 shows that aeration increased the K+/Na+ ratio
whiie poisoning allowed the K+ to leave the cells. With late-

+ . . . +
log cells, Na also increased on poisoning. Mg 2 levels were .



Table III-8 .
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Effects of incubation conditions on V. costicola cell-associated ions.

(IM Na ', 0.15M K').
Molal-values.

Shaken at 30C at 250 r.p.m.

- 25mM ethanol.

10mM iodoacetate + 10mM NaCN.

incubation
Condition period,min. (Na+ K+ Mg+2 Na++K+ K+/Na+
éuspensionl 2 ;

. before incubation 0 0.95 0.60 0.080 1.55 0.63
aeratedg 30 0.86 0.57  0.059  1.43 0.66
aerated 60 1.04 Q.GS 0.055 1.72 0.65
aer.:fethanolj , 30 1.07 0,78  0.077  1.85S 0.73
aer. +ethanol 60 1l.19 0.78 0.055 1.87 0.66
0., gas +ethanol 30 l1.00 0.68 0.071 1.68 0.68
02 gas +ethanol 60 1.23 0.65 0.04s8 1.88 0.53
aer. + poison> 60 1.23 0.35  0.080  1.58 0.29
no addition, ' 60 1.23 0.42 0.064 l1.65 0.34
not shaken
1. SGP (lg NacCl, 0.;5M K+) mid-log grown cells suspended in C& buffer
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Effects of incubation conditions on cell-associated ions

.of 1M NaCl SGS grown -V. 'costicola.

Cells Condition ﬁii gi' Mg+2 Na'+K" k' /Nat
mid-log suspension?t 1.202  0.66  0.074  .1.86 0.55
phase: before incubation
aerated> 1.19  0.81  0.064  2.00 - 0.68
aer. + ethanol® 1.27 0.85 0.073 2.12 0.67
poisoned” 1.12  0.20  0.073  1.32 . 0.18
late-log suspé;sion 1.16 0.49 .0.063 . 1.65 0.42
pPhase: . before incubation
aerated 1.15 o.zg 0.052 1.54, 0.69
aer. + ethanol 1.21 0.75 0.049 1.96 0.62
poisoned //F 1.47 ° 0.18  0.066  1.65" 0.12
\\\

1. SGS (1.15M Na+, 0.008M K+) grown ceils suspended in LK

(1.24 Nat, 0.008M XT).

2.' Molal values.

3. Shaken at 30C for 30 min. at 250 r.p.m.

4. 25mM ethanol.

5. 10mM iodoacetate + 10mM NaCN.

buffer

AN
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not significantly affected by any of the treatments. Aerated
cells contained 1.2 molal Na+ wiﬁh 0.8molal X', yielding a
k' /Nat ratio of about 0.67, very close to the ratio for SGP
grown cells‘(Tab. III-8). |

~

Determinations of cell-associated ions on cells pelleted

directly from cultures. Further experiments were carried .

out to determine if the results of thick-suspension experiments
using CS or LK buffers were actually related to events occurring
in culture. One approach involved attempts to pellet cells
direcély from cultures and weigh and analyse the small pellets
formed. Theé data was calculated using pellet inter-cellular
space data from other thick-suspension experiments. A;though
the errors were great, the data obtained from several %xperiments
(Tab. III-10) supports the contention that the estimations

of the ipn‘%ontents of cells in thick suspensiqns were pertinent
to the ionic contents of cells in culture. Generally,

the cellular XK' and Mg+2 ion values of cells taken directly

from culture agreed with the aerated thick suspension values. .
Cellular Na® in cells taken directly f;om culture was muéh
more variable, probably because the amount of ﬁed%um which
contarhad higﬁ:Na+ levels trapped in each small pellet varied.
But the cellular Na® values.éf 1M NaCl grown cells still
hovered around ;\;;ial. Most of the K+/Né+ ratios values
were in the range 0.5 - 1.0, again-in agreement with previous

-

thick-suspension experimental results.

‘\a\

)



Table IIXI-10

N\

1. 1M NaCl SGE  mid-1lgg
' (n=2)

Experiment medium cellst

2. 1M NacCl SG§_ mid-loeg
{n=1)

late-log
{(n=1)}
3. 1M NaCl SGS early-log
. (n=2)
mid-log
{(n=3)
late-log
{n=1)

stationary
(n=1)

4 0.6M NaCl SGS late-log
(n=2)

5. 1.6M NaCl SGS late-log
o (n=1)

6. 2.0M NaCl SGS late-log
(n=1)

lal
Nat X
0.95 4 65
+0.04 +0.03
0.91 0.62
0.65 0.62
0.75 <o ss_
+0.25 +0.02
1.31 0.65
+0,53  +0.13
0.94 0.61
0.96 0.51
0.64 0.68
+0.06 +0.01
1.11 - 0.55
1.88. 0.71

Cell-associated ions of cells pelleted directly from cultures.

Mg+2 ﬁ;*¥ﬁi~_‘ R+/Na+
- 1.60 0.69
+0.08 +0.01
0.066 1.53 0.68
0.074 1.27 0.95
0.057 1.33 0.86
+0.002  +0.26 +0.27
0.062-  1.97 0.70
+0.013  +0.63 +0.26
0.057 1.55 0.65
0.040 1.47 0.53
0.071 1.32 1.08
+0.001 _ +0.07 +0.07
0.044 ) 1.67 0.50
{
0.056 2.60 0.38

1. Growth phases of 1M NaCl media related to approximate 660nm absorption ranges

as follows: early-log, 0.1-0.4; mid-log, 0.4-0.6; late-log,..0.6-0.8;.

stationary, 0.8-1.3.
2. n: number of determinations.

3. + standard error of the mean,



-88-

Glucose effect. Anotherrﬁpproach used to_chéCk if the

thick suspension techniqﬁes gave relevant data involved the
use of alternate buffers and energy sqQurces. When glucose

waé added to the SGS-salts buffer, essentially making complete
SGS medium, the cellular Nai level decreased after aeratioy
to a value about half that of the value without glucose.

The K level after lncubatlon %ith glucose was plgher than the
aerated value. The resulting K+/Na+ ratio had a value larger

than unity (Tab. III-1l). ' 4

If cells were washed and resuspended in complete SGS medium,

yincluding glucose, even without aeration, the values of cellular

L
R

Na+ were lower and those of K+ were higher than in the absence
of Flucose gTabs. IIT-1X, III-12). With thé mid-log cells,
which grew during the 48 min. incubation period (pellet &ry
weights increased 12%), both Na+ and K+ increased slightly
causing a decrease in the K+/Na+ ratio. Late-log cells which

did not grow, lost Na© during incubation, thus showed an

™

. +
Effects of the medium NaCl content on cellular Na , K+ and Mg

. . + + .
lncrease in the X /Na ratio.

bl

+2

An important aspect of the salt relations of V. costicola
involves the cell-associated ion concentrations at various
medium NaCl concentrations. An experimént with SGP grown /Gells
(Tab. II&-lB) showed that suspensions which were not aer%ted
contained more total Na+ + X than the medium. The ratigﬂin ’;};
the last column of Tablg III-13 indicates, however, that the
cellular ions did not increase proportibnally with the medium

salts. Data with cells pelleted directly from cultures grown
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Table III-11 p
A comparison of washing and thick-suspension buffers:
Cell-associated ions of cells1 in LK buffer vs. "SGS-salts" bufferz.
- ' | ' ' molal
thick-suspension  incubation '
1M NaCl isotonic buffer condition : Na© E: Mg+2 Na:++K+ K+/Na+
LX buffer suspension

before incubation 1.52 0.48 0.061 2.00  0.32
aerated 30 min. 0787 0.53 0.043 1.40 0.61

poisoned> 1.32 J.zs 0.050 1.58 0.20

=
"SGS-salts buffer“2 suspension

before incubation 0.98 0.14 0.051 1.11 0.14

aerated 30 min. 0.95 0.54 0.035 1.48 0.57

aerated+glucose? 0.50 0.78 0.049 1.28  1.ss

‘1. 1M Nacl SGé grown late-log cells,

2. SGS-salts buffer: 1M NaCl SGS medium without glucose;

3. 10mM iodoacetate + 10mM NaCN.
4. 25mM glucose.
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Table IIT-12

Effects of use of:complete 1M NaCl SGS medium® as washing
and thick-suspension buffer on V. costicola cell-associated ions

‘ o cellular ions, molél
cells time, min. Na® K" Mgt? Nat+xt kT nat

mid-log? 0 0.40  0.53  0.054 0.93 1.33
. 24 ~0.42  0.60  0.054 1.02 1.42
) |48 . 0.59 *0.61 0.057 1.19 1.04
late-log® = - - 0.47  0.57  0.056 1.04 1.21
24 ©0.37  0.59  0.057 0.96 1.59
48 0.3L  0.53  0.055 0.84 1.71

1. Ihcluding‘SGmM glucose.

2. During 48 min.‘incubation at 30C cells increased dry weight by 12%.

3. During 48 min. incubation at 30C cells.increased dry weight by 2s%.
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.//J Tablg III-13

Effect of SGP medium NaCl concegtratiog Sn V. costicola
cell-associated Na ' and K . :

cellular Na++K+/

medium + o+ + + + + medium Na++K+
NacCl M. Na X K /Na Na + K
0.6 0.77 0.51  0.66 1.27 1.69
0.76 0,52  0.69 1.28 ) 1.71 .
1.0 0.90 0.62  0.68 1.52 1.32
" 0.99 0.69 0.69 1.68 1.46
1.6 1.68 0.50  0.30° 2.18 1.25
: 1.74 0.53  0.30 2.27 1.30

l. Cells grown to mid-exponential phase and washed with SGP
medium without glucose containing the appropriate NacCl
concentrations, then pelleted directly for ionic analyses.

W
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at various salt concentrat%ons eerroboratexthese_results
(Tab. III-10). | o -

Expe&iments using SGS grown cells, in thick suspensions
gave more informaeion on the effects -of medium Na'l content
on-cellular ions (Tabs. III-14, III-15). Except at the
highest medium salt concentration, 2.2M, aerated cells
malntalned a total Na + K content at least equivalent to
that of the medium. The ionic contents of cells aerated with
glucose were somewhat lower, because of the lower cellular
Na™ content. The K /Na ratios decreased with increasing ﬁedium
salt content in all three treatments. Poisoned cells
showed the lowest K+/Na+ ratios, less than half that of
aerated cells. Actively metabolising V. costicola cells,
on the other hand, maintained 0.5 - 0.6 molal cellular
K+ in addition to an amount of Na© whlch‘resulted in the
cellular ion concentral{/n being almost as high as the T
medium Na' content. At the highest medium NaCl concentration
tested, where growth in culture was slow, the K+/Na+ ratios
were lowest and the greatest cellular ion deficit relative
to the medium existed.

Table III-15 shows that cellular Mg+2 concentrations
were not greatly affected by the treatments or medium NacCl
concentrations. Poisoned cells may have slightly higher

+ . .
Mg 2 contents than aerated cells. Increasing medium NaCl -

-~

Q
appeared to cause a decrease in cellular Mg 2. The Mg *+2 values,

on the bas;s of many experiments seem to be roughly censtant and
did not show changes like those of Na' and KW . &Efe suggests
that Mg+2 is bound to a fixed number of sites in V.

costicola and is not displaced by metabolic changes.
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Intra-cellular ions of cells grown in camplex media.
.When cellular ﬂm1debamﬁnatﬁmu;we&;atummmeqvdxhjg.cnsthxﬂa

cells grown in complex media, a serious problem occurred. -

- '

During/the thick suSpension Procedure in six of ten experiments
o ~ .
AN ] :

lls exhibited signs of lysis. The high inulin inter-

the
lular space values of 0.6—0.8m1yg wet cells (approaching
100% penetration of the total available pellet fluid space,
;stimate§ as l;D) and Igg'pellet dry to wet weight ratios
obtained in the six experiments probably indicatethhat the
cells had lost an effective permeability barrier (a%so
see discussion). In the remain}ng four experiments (fab. III-16)
pellet parémeters seemed to be more realistic and closer to
- the results of many experiments using cells fom defined
salts-glucose media. The causes of such lysis’effects were not
further investigated.

. With éells grown in complex media, the tentative data
of Table III-16 indicates that, as, with SGS and SGP grown
cells, the total Na' + K increasea with the medium salt
concentfation. At higher salt concentraéions the cellular
Na© + K was less than that of the medium. A considerable
amount of XK' was contained in cells grown at medium NaCl
concentrations of 1.3 - 1.8M; cells had less K+ at lower
and higher medium salt concentration;; These data are not
inconsistent with data on the effect of medium NaCl on SGS

or SGP grown cells (Tabs. IrI-10, III-13, Iii-14, IIT-15).

1
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Effects of CETAB treatment on V. costicola cell-assgéiated ions.

» - V. costicola celis were treated with 1mM CETAB
(cetyltrimethylammonium -bromide) in order to “permeabilizé“* the
cells, i.e. make their membranes.permeable to small molecules.
Large molecules such as proteins are presumably retaiped by the
cells. Onrthe basis of‘equivalent 10ml thick-suspension saméles
the CETAB treated cells had_more than twice the amount of

Na+, about the same amount of X' and one half the Mg+2 content
of héalthy_z, costicola cells (Tab. III-17). The treated cells .
when pelleted had half the drv weight of untreated cells,

 and a dry/wet ratid (D} if 0.16, indicating a loss of material.
In experiments with cells grown in complex media at.various salt
concentrations, when lvsis 3?curred the intercellular volume

(S} values were eguivalent to the total available fluid volume
(6.6-0.8m1/g wet pellet, i.e. complete penetrationi and the D
values were low (0.16-0.21). The calculated values for the
cellular ions of the lysed cells (nét shown) indicated £hat,

as with th%/SGP grown éells, instead of the cellular ions
attaining(%oncentrations in equilibrium with the buffér, more

were cell bound. If a defect in the permeabilitv barrier allowed

* Y"Permeabilization", a term now in common usage, denotes the
destruction of +he cell's'selective permeability barriers,
rendering the cells freely permeable to small molecules and
the unmasking, but not the release, 0f certain cellular
enzymes (Jackson & Demoss 1965). The term arose from work
on toluene-treated bacteria; CETABR treatment has similar
effects (R. McDonald, personal communication). The permeabllltv
characteristics of CETAB-treated V. costicola are assumed '
to be similar to those of other bacteria so treated, i.e.
freely permeable to inorganic ions, freely permeable to
nucleotide trlﬂphosphates but not permeable “to most proteins.
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ions to flow freely in and out Of the dells the chlculated
. ﬂ ;“’;’{, .
equilibrium value for pellet ions wou qGE‘been 19.2mg Na+/g

-

- .
wet pellet and 4.91lmg K+/zgfét-pellet (equal to 1M §a+ and

0.15M K occupying the tofal available filwid- volume of the
pellet). The CETAB treated cells, which w&ce not metabolically
active,,cpnéentrated Na+ and K+ together to aﬁbut 3 times the

‘extracellular level.: /
\f—"'/

Discussion ' ‘ )

Effect of growth phase on cell-associated ions. .

The effect_oﬁ growth phase on cellular ions of

-E. costicolé is difficult to ascertain.f Washed'cells in thick
suspension may not re nd as if theyv had remained in the

same growth phase at*j2§zhkthey were harvested. Three

sources of information were used to obtain some indications

on effects of growth phdsé:. First, data on cells spun diréctly
from cultures; second,_cons;étent effecgé %n“thick-suspension

J‘,.

experiments due to the growth phase\of'célls when'harvésted:

1

and, third, examina£ion of data from thick suspension eﬁperiments
where cells were able to continue their growth patterns.

Data on cells pelleted directly from culturés for ionic
analyses are given in Tab. III-10. ¢ growth phase trends are
clearly evident in the data. The results of many thick-
suspension experiments using mid- and 1até-log cells also

show no distinct differences between cells within the exponential A

)'/

growth phase. It may be téntatively concluded that if differences

pu—s

L 4

- ‘\\_\
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do exist, they are probably ﬁgtrmajor_
Cells resuspended in cultufe medium and aerated showed -

an'interésting growth related effectﬂ When mid-log phase

cells were resuspended and aerated in fresh culture medium

the .cells céntinued to grow, and while doing so increased

their Na' contents (Tab. III-12). On the other hand, cells

harvested from a late-log culture did not grow and showed a

decrease in cellular Na~. It is possible that the rate of

growth may have an effect on the amounts Af cellular Na and K .
This effect, however, was not corroborated v the erratic data <j

on-cells spun directly from culture (Tab. INI-10).

Possible errors in and interpretation of cell-assdciated ion data.

Because there are several interrelated etefs which
are involved in estimations of cell-associated iohs, errors in
any one may lead to an inaccurate result. As pointed out

previously an increase in inter-cellular space (S) results
t

in a decrease of the cellular water estimate and an increase

-

in the amount of inter-cellular buffer ion subtracted from the

-

pel}éE-ion Ebntent, and vice-versa. The value of S depends upon
-phé type of,impenetrable solute chosen, either small molecules
which prgﬁébly penetrate to the cell membrane, or large molecules
which penetrate to a lesser extent. The estimation of cellular
ions based on the use of small molecules such as ATP or PO4-2
involves the implicit assumption that all the cell ions are

contained in the space bounded by the permeability barrier,

i.e. the membrane. But the distribution of i

in the cell is

not known; in fact, it is probable that a significant portion



A
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of ions are associated with the cell wall matrix external !
to.the cell memb;ane. Es;imates of S based on larger molecules,
.such és inulin, which Qas used in this study, probably result
in a more accurate estimatién of the effective cell space
fnclosing,the ions. Besides, the estimates based on inulin
are cénservative; if an error exists it is probably toward -
a general underestimation of cellular ions. The‘term "cell~
associated ionsﬁ (or the abridged form, "cellular ions") is
used to infer that not all the ions are necessarily intracellular
in the classical sense of being internal to the membrane,
i.e. their distribution in or on the cell is presently unknown.
Both S and the ratio of‘pellet dry to pellet wet wéight, D,
will determine the calculated amount of cell water, and thus the
estimated concentration of cellular ions. Cell water is a
quantity which should be consistent for a Particular type of
cell under similar conditions. In fact Christian & Waltho (1961)
found that four Gram—positive coccl, one Gram~positive and one
Gram-negative rod all gave an identical value for cell water,
1.5g H20/g dry weight! Table III-18 shows comparative cell
water data for halophilic bacteria. The values obtained for
V. costicola agree well with Christian & Waltho's (1962)
. estimate and also are in substantial agreement with the data

on P. halodentrificans and Pseudomonas £101. The trend toward.

slightly higher cell water valués as the growth medium sals

concentration increased was also evident in the Pseudomonas #101

data. But the treatments given to V. alginolyticus and the

marine pseudomonad caused on opposite trend. In general, strains

which have growth optima at higher salt concentrations had the
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-102-

. Cellular water estimates of halophilic bacteria.

strain

V. costicola
(NRC 37001)

V. costicola

P. halodenitrificans

Pseudomonas
#£101

V. alginolyticus

Marine pseudomonad
B-16 (ATCC 19855)

Halobacterium

E. coli
(non-halophilic)

medium or
conditions

0.6M NaCl sGS
1.0M NaCl SGS
l1.6M NaCl sSGS
2.0M NaCl SGS

med.
med.
med.
med.

1M NaCl PPT med.
1M NaCl PPT med.

1M NaCl defined med.
2M NaCl defined med.
3M NacCl defined med.

washed with 0.2M NaCl
washed with 0.6M NaCl
washed with 1.0M NaCl
suspended in 0.24mM NacCl
suspended in 211mM NacCl
suspended in 1,157mM NacCl

4M NaCl complex med.

minimal salts-glucose

cell H,O

g/9 dr§ weight

1.24

1.1-1.4 (range)

1.68
1.51

1.40+0.16

1.59+0.10

1.31+0.07
1.40%0.08
1.52%0.10

o o

- NN
[FS RN |
0 W0

1.00+0.02

2.55

{s.e.m.)

{(s.e.m.)

&

reference

this work

Christian
Waltho
1962

Christian
Waltho
1962

Masul &
Wada 1973

Unemoto
et al.
1973

Takacs
et al.
1964

Christian

& Waises

Schultz &
Solomon
19el



.

-103-

least cell water (see alsb data of Christian & Waltho:13862),
which is consistent with higher internal solqte concentrations
in the halophilic strains.

Tables III-19 and III-20 show calculated values of cell-
associated Na+, K+ and cell water based on hypothetical
deviations in steps of 10% of § and D parameters from actual
experimentally determined values. With 0.8M Na+ SGS grown
cells (Table III-19), if the precisisn of measurement of S
and D were no better than +10% then‘the possible range of ion
values could be 0.45-0.55 molal Na+ and 0.46-0.69 molal K+
vielding Na+'+ K+ values of 0.91-1.2 molal. For the 2.2M Na®
SGS grown cells (Table III-20), the ranges would be 0.71~1.1 molal
Na®, 0.50-0.71 molal X' and 1.2 -1.8 molal Na' KX . The
results of the studies, then, would not be invalidated by a
moderate degree of imprecision in estimates of S and D parameters,
up to approximately *10%.

. + + .
Maintenance of cellular K and Na concentrations.

Actively metabolizing V. costicola maintained a 75-100-
fold concentration gradient of K’ with respect to the medi;m.
The cellular K+ concentration was independent of the medium
NaCl content. Cellular Na+, on the other hand, was greatly
affected by the medium NaCl content, assuming a concentration
in metabolizing cells which was enough or nezrly enough when
added to the cellular K+ content to make the cells roughly
iso-osmotic to the medium (Table III-14)}. At medium NaCl
concentrations above 1.2M, considerably more than half of the
cellular monovalent cation contént was Na+. Substantial

+ ' . .
amounts of cellular Na are not usually found in actively

-

metabolizing non-halophilic bacteria such as E. ¢olj
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o Table ITI-19 °

Effects of varving the inter-cellular space (S) and
drv/wet weight ratio (D) parameters cn the estimated
cell-associated” Na+‘ and K cencentrations and cellular water
of 0.8 Na® SGS grown V. cesticola®.

D=0.25 D-0. 28* D=0.31
MK N K e K
S=0.30 0.542 0.42 0.58 0.45 0.63 0.49 0.68 0.53
(0.455)° (0. 425) (0.394) (0.365)
5=0.34 0.52 0.46 0.56 0.50 " 0.61  0.54 0.66 0.59
" {0.415) (0.385) (0.355) (0.325)
S=0.38*% 0.49 0.51 0.53 0.55 0.58 0.61 0.64 0.67
(0.376) (0.346) (0.316) (0.286)
S=0.42 0.45 0.57 0.49 0.62 0.55 0.69 0.61 0.77
(0.337) (0.307) (0.277) (0.247)
N
Y
* Actual measured S & D values.
a Cells aerated with glucose in IX buffer.
b Molal.
c Calculated g cellular water/qg wet pellet.



Table III-20

x :
Effects of varving the inter-cellular space(s) and dry/wet weight

ration (D) parameters cn the estimated cell-associated Na and K&
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concentrations and cellular water of 2.2M Na' SGS grown V. costicola™.

D=0.28 D=0.32 D=0.36%,. D=0.40
N K oM K Na© K N2 K
S=0.23 0.83b 0.46 0.90 0.50 0.99 0\34./\1412_ 0.60
(0.500)€ (0. 460) (0.420) (0.380)
s=0.26%* 0.74 0.48 0.81 0.53 0.89 0.58 1.00 0.65
. (0.471) (0.431) (0.391) {0.351)
s=0.29 0.64 0.51° _ 0.71L 0.57 -0.78 0.63 0.88 0.71
(0.443) (0.403} {0.363) (0.323)
s=0.32 0.53 0.55 0.58 0.61 0.65 0.68 0.74 0.77
(0.414) (0.374) (0.334) (0.294)
* Actual measured S and D values.
a Cells aerated with gluccose in LK buffer.
b Molal.
¢ Calculated g cellular water/g wet pellet.
]
\
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(Schultz and Solomon 1961) or Streptococcus fecaelis
(Harold & Altenéorf.1974) but have beén'noted in most of
“the halophilic bacteria analysed (see below).
The cellular K+ gradient was reduced markedly when
the cells were poisoned indiéating that metabolic energy
was essential for the processes which concentrate K+ in the
cells. The decrease in cellula: K" was more than compenséted T

for by increases in Na 1n p0150n3d cells. Although, in

r .

- o p .
xch o5 cellular Na fof K~
general there wa§\an/gté\the 7 ellular Na .

the Na® and Kf,tfgﬁélocatioﬁ\qéchanisms were not directly

linked to eac% other becaugg‘égllular‘x+ could increase

without a corgésponding’g;?rea;e in cellular Na© (e.g. dat
fg;giort

in Tabs. III-9, III-11l, Fig. {IXI-6).. Studies on ion t

in S. fecaelis (Harold & Altendorf 1974), in E. coli \“%\\\\H

(Schultz & Solomon 1961) ané in a marine pseudamonad (Thompson
& MacLeod 1973) have indicated that bacterial transport of
Né+ and K+ are not tighﬁly‘coupled. |

The ién transport mechanisms of bacterial cells are not
well uﬁéerstood. Harold and Altendorf (1974) ﬁFve outlined
the current knowledge of bacterial ionic relati§ps in a recent
review. The authors used P. Mitchell'é chemiosmotic hypothesis
(Mitchell 1966) as a framework for the consideration of the
dvailable d;ta and phenomena. The central tenets of
Mitchell's hvpothesis, an ion impermeable cell membrane across
which an electrical potential difference (cell interior negative)
and pH gradient (cell interior alkaline) as established by
active vectoral outward proton transport by metabolically and

ATPase mediated pumps, incorporate the elements which appear

to be universally related to bacterial ion transport.

N
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The g%tentlal gradient and pH difference established allows
work to be done by the cell, 1nclud1ng inward transport(

of K pPerhaps with other essentlal substanges and ertrusion
of Na . It is omly pOSSlble to relate my own findinée in a

most general way to Mitchell's hypothes&s and data on other

bacteria. But it is srgnlflcant‘to note that the dependence

-

upoﬁ metabolic energy, i.e. actire glucose metaboiism, in V.
costicola for maintenance of the highest cellular K+/Na+
ratios is 51m11ar to that of other bacterla studied and mlght
be consmdered in relatlon to the probable existence of a proton
gradlent. )

- .

The apparentlv unlvefsal requlrement of a high intra-
cellular X /Na ratio in order fBrﬁage?uate active cell function
has. not been fully rationalized. One aspect, in agreement w1th
chemlosmotlc concepts, .involves- the finding that transport of
the amino acid analog, =-aminoiscbutyric acid requires high K"
concentrations inside a marine pseudomonad as well as Na+ in
the medium (Thompson & Macleod 1971). K+ depleted ceile could
not transport the amino acid analog. More recent work has

demonstrated a relation between both «-~AIB and K+ transport and
electron transport chain carriers located between cytochrome ¢
and cvtochrome oxldase (MacLeod, personal communications).
Other aspects of cellular function reviewed by Harold and
Altendorf (1974) thought to be dependent upon cellular K+
include protein-synthesre, internal pH regulation, and

osmotic adaptation.

P
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with Serratia species (Gale et al. 1970), Aerobacter aerogenes -

. Eelated to the various levels of NaCl included. in the growth
- - J

,
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Relationship between medium osmolapity or salt cg;tent and

ionic content of bacteria.
K" ions in non~halophilic bacteria probably play an

importanfﬁrole in maintaining osmotic eguilibrium. In studies

(Tempest & M;eré 1568) and Staphvlococcus aureus (Christian &

waltho 1964), the amount of intracellular X' was directly

media. Salt tolerance in non-halophiles has. been related to

the ability to accumulate potassium within the cells (Christian

)

& Waltho 1961).

&
/

Direct and indirect measurements indicate that halophilic
‘bacteria maintain high internal solute concentrations.
Centrifugation- experiments (data unpublished)'carried.but as.
part of this’ work indicated that 1M SGP grown V. costicola
had a density of 1.21, which is only poésible 1f the cells
contained a éubstantial amount of small dense molecules such
_as sodium or potassipm. The freezing points of halophilic cells,
including V. costicola were close to those of the k@dig@ in

which they were grown (Christian & Ingram 1959b). Lysis

experiments with E.‘cézzicola and slightly halophilic V. metchnikovii

showed that osmotic sensitivity was related to the salt

concentration of the growth medium: The lysis point was alwéys

one-third of the NaCl concentration during growth’(Christian

& Ingram 1959). [Work with V. alginolytcus, on the other hand,

showed that the lysis point was independent of the growth mediun
salt concentration (Unemoto el al. 1973). it can be argued

that lysis phenomena were not related solely to osmotic events
but possibly also to envelope destaﬁilization as sa<ts are

-

removed and to other unknown factors (MacLeod & Matu 1962)1].
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‘Measurements of cellular ions show directly that halophilic
bacteria maintain'hiéh internal solute coﬂCenérations.’ K'
and Na+ ions are important  osmotic solutee in moderately
halophilic bacteria (Table III-21). lIt i's not clear from the’
few studies completed, if an increase in medium NaCl content
in which a moderately halophilic bacterial strain is grd%ing

results in a corresponding increase in intracellular salt

content.: V. costicola, V. alginolyvticus and the marine pseudomonad
(Table III-21) were able to maintain an internal salt content:
roughly eguivalent to the medium NaCl content. On the other

hand Pseudomonas #101 and the unidentified Gram-negative rod

did not maintain internal salt concentrations equivalent to
the medium. Cations, of course, may not necessarily be the
only osmotically active substances in the cell. Sugar-tolerant

veasts are known to contain osmotically active polyhvdric

‘alcohols (Brown & Simpson 1972, Brown 1974). The halophilic

algae Dunaliella parva maintains osmotic egquilibrium with

glyvcerol (Ben-Amotz 1974) A recent report underlines the
potentlxi 1mp0rtance of amino acids in osmoregulatlon, especially

in organlsms where the amount of cellular: salts may not be

adequate to attain osmotic pressure equilibrium (Measures 1975).

N

The p0551ble roles of aﬁﬁho—aezds or other small molecules in

‘osmoregulation deserves further attention in view of the

relatively low ion'contents of at least one moderate'halophile ‘

(Tab. III-2]1).

\‘\ .
M

\
ag_es;um content of V. costicola

Unli}e the "labile Na and K ions, cell Mg+2 content
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was unaffected by metabolic changes in V. costicola. Likewise,;

vy + . .
under conditions where the_cellnx increased in chemostat

2

+ : .
cultures of Aerobacter aerogenes, Mg haydly varied (Tempest &

Meers 1968). 1In V. alginolyticus, Mg+2 was not affected by

washing with solutions containing various NaCl concentration,
either (Unemoto et al. 1973). In V. costicola the maintenance

. + ) .
of the 100-fold gradient of cellular Mg 2 with respect to
the medium is consistent with tight binding to cell substances
such as nucleic acids, ribosomes, and cell envelopes.

—_—
P

Distribution and state of cellular K+ and Na+;

. . +
A controversy exists on the state of intracellular Na
and K . Proponents of the "association-induction hypothesis”

(Ling et al.\ 1973) in which membranes properties and pumps are

discounted in vor of specific selective binding of ions by

the macromolecular>agueous complex system of the cell, argue
+ . +
that N.M.R. data shows that the Na in muscle and the X in

Halobacterium are complexed-to fixed sites (Ling & Cope 1969,

Cope & Damadian.l970). On the other hand, Lanyi and Silverman
(1972) showed that the K of freeze-thawed halobacterium
cells diffuses freely, thus in the cell it was probably in
the free state but held in place by an impermeable membrane.
Harold and Altendorf (1974) prefer the "middle approach" with
étatements to the effect that the ions are neither free nor
bound but have reduced mobility.

Whether Na' and K" are bound or free has great poteﬁtial
importance to the understanding of the physiology of |

halophilic bacteria. When V. costicola cells lysed or were
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permeabilized with CETAB, they did‘not attain equilibrium with
the ions in the extracellular solution. Ipstead the amounts
of cellular Na+ increased several fold, as if some binding
sites had been unmasked. Masui and Wada (1973) showed that
the isolatgd cell envelope of the moderafely haleophilic
pseudomad #101 also contained a large amount of Na+ and
somewhat less K. The distribution of ions in Bacillus

. .
amyloliquefaciens was studied by Coleman (1974). 80% of the

cellular Na+ and all of the Ca+2 ané Cl were found bound to
2 1+ o
and KX were considered to

the envélope while most of the Mg+
be intracellular, but probably associated with'phosphate groups
of DNA and ribosomes. These aﬁalyses argue stronglvy against
the concept that the cellular Na+ and K+ ions, or even most of
them, are free in the cytoplasm.
If significant amounts of ions are found associated with
the V. costicola cell envelope then the volume of the cell
wall and membrane structures should be adeguate to account
for the proposed binding. A rough calculation using 100nm
as the approximate thickness of the entire cell envelope
(slightly larger than the difference between the ATP and inulin
penetration estimations) indicates that the envelope structures
occupy about 30% of the 3.59um3 cell volume (cell radius
0.95um, considered as spherical). Thus the intra-cellular ions
could be accomodated by halophilic cell envelope structures.
Recent data on the salt regquirements and tolerances of
V. costicola enzymes and riboscomes makes much more sense if
the majo;ity of ions were not free in the cytoplasm. In giggg)

-

protein synthesis (R. Wydro, T. Hiramatsu & D. J. Kushner,
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unpublished) and many, but certaiﬁl§.not all, enzymes are
inhibited by levels of Na+ and K+ far belqw the measured
cellular concentrations. It éeems sensible to consider that
the' salt sensitive étructures of halophilic bacteria such

as V. costicola must be somehow separated from the bulk of
the cellular ions. In the next chapters the response of two
enzymes to salt is presented along with an examination of

similar work on other enzymes.



Chapter 1V

. The aspartate transcarbamylase of Vibrio costicola.

« Introduction

] . . .
A striking quality of many enzymes of the extremely
halophilic bacteria is a pronounced salt requireMegt for

activity and stability. The aspartate transcarbamylase

(ATCase) from Halobkacterium cutirubrum depended upon the
pgesence of 3-4M NaCl or KCl1l for optimum activity, féed—

back inhibition (Liebl et al. 1969) and stability (Norberg -
et al. 1973). The work descfibed in this chapter was

designed to examine the salt response ¢f the ATCase from the

moderate halophile, V. costicola-and to compare the properties

_',,";r_ ~r

of this enzyvme with those from several non-halephilic
bacteria and yeasts as well as from the extreme halophile.
-Possible regulatory functions of the V. costicola enzyme
were of special interest.

In bacteria, -aspartate transcarbamylase (ATCase, EC 2.1.3.2)
catalyses the first committed step in the pyrimidine
syntﬁetic pathway (Fig. 1v-1). ~The enzyme mediates the
condensation of carbamyl phq%phate (CP)/QEE aspartic acid to
form carbémyl aspartic acid \CAA) which then continues through
the sequence via orotic acid forming the pyrimidine
Epcleotides; uridylic acid (UMP), uridine diphoséhate {UDP) ,
uridine triphosphate (UTP), cyvtidine triphosphate (CTP), and
cytidine diphesphate (CDP), and then the deoxypyrimidine nmﬂsot#ks.
The enzyme's action was first descriged by Reichard and Hanshﬁff

(1855, 1956). Shortly thereafter Yates and Pardee (1956)

* r



Fig. Iv-1
The de novo pyrimidine biosynthetic path-
way. Dashed line represents regulatory
action on aspartate transcarbamylase by

end product feedback inhibition.
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discovered the regulégg;y significance of the activity
with a report that an excess of a pathwéy end product, CTP,

would inhibit the condensing activity of ATCase from Escherichia

coli. The amount of nucleotides produced, then, was regulated
by their cellular concentrations. Any buildup in CTP
concentration would result in an inhibition in the activity

of the pyrimidine pathway's first enzvme, thus effectively
turning off the pathway until more CTP was regquired. ATCase,
along with the biosynthetic threonine deaminase (Umbafger 1856)
wefe the enzymes in which the important regulatorv phenomenon,
end product retroinhisztion was first discovered.

When the work on the V. costicola ATCase was begun,
pPreliminary experiments had indicated that the intracellular
salt concentrations were substantial, Na+ being the dominant
cation. Most of the eﬁperfhents in this and the next
chapter involve enzvmatic assays where NaCl was a major
component. Kdl was often present in substantial amounts
during enzyme extraction but was only a minor componént in
the final reaction mixtures. Many halophilic enzymes studied
are affected in roughly the same way by either Na© or K*
ions. Since the ﬁellular Nqi-?ontent is oftemxr greater and

more physioclogically variable than the K+ content (See Ch. III),

+ ’ .. . o
the use of Na for the enzyme studiés was considered approprilate.

Methods
Cells. V. costicola cells were generally grown in the 1M
NaCl, ‘1% (w/v) proteose-peptone, 1% (w/v) tryptone medium

as described in ch. 2 (p. 31-34) and harvested at the mid-
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to late-exponential phase (approximately 24 hrs. growth).
The cells were washed twice at 4C in 0.1M K2HPO4,
1M NaCl pH 7.5 then resuspended at 100-fold their culture

conceéntration in the buffer, kept at 4C, in GHIEH‘tge
cells were to be broken.

Extraction of enzvme activitv. The extraction buffer was

-
N

either identical to the washing buffer (in some experiments:
tris hydrbxymethylamino methane or Na2C03 was substituted
for the KZHPO4) or more often, contained 1l.5M NacCl, 10-3M
dithiothrietol, 10_4M mono—maénesium di-sodium ethylenediamine-
tetraacetate and 0.1M bufﬁer substance. 1In some experiments
devised to test for feedback inhibition, specified small
quantities of cytidine triphosphate (CTP) were also included

in the buffer. Cells were broken either by sonic disruption

at 4C using a Branson sonifier or pressure disruption at 4C
using an American Instrument Co. "French pressure cell".

.Four 30 sec. 8-10 amp. pglses with 30 sec. coe}ing interwvals

or two passes through the pPressure cell were éufficient to
attain virtually complete cell breakage as determined by

phase contract microscopid observations. After disintegration
the cell debris was separated from the straw-colored supernatant
which contained all of the ATCase activity, by centrifuging_

for 20 min., 25,000 x G at 4C. The protein content of the |
extract was determined by the Lowrvy et al. (1951) method

using bovine serum albumin standards (Fig. IV-2).

Reaction Mixtures. Reactions were begun with the addition

-



Fig. IV-2
bypical Lowry et al. (1951}
standard curve using bovi

albumin.

rotein

serum

N
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of 0.5ml crude cell extract (usually withougifurther
purification) to 2.0ml of a-solution containing NacCl,
aspartate, carbamyl phosphate (freshly prepared Calbiochem
.B~grade used as supplied or after the recrystallization
Procedure of Davies et al. 1970) and buffer (e. g. tris
hvdroxymethylamino methane) at concentrations and PH
specified in the results section. During the 30C incubation,
five or six 0.2ml aliquots were removed from the reaction
mixtures at regular 4-7 min, Intervals each aliquot being
-added to a tube on ice containing 0.5ml 0.1M HC1l in absolute
ethanol, which stopped the reaction. The colorimetric assay
for carbamyi aspartate was performed in the tubes containing -
the reaction mitture aliquot. After incubation the pH of
the remaining reaction mixture solution was checked with
. @ Corning- 476050 low—sodium~error micro combination electrode.
Because a significant amount the éarbamyl aspartate
reaction product sometimes formed noen-enzymatically (see below),

identical control reaction mixtures eXcept without enzyme

were sampled along with the enzyme feaction mixtures.

g3

.-

Assayv for the Yeaction produck, Carbamyl-aspartate was
measured by either the colorimetric methods of Xoritz and
Cohen (1954) as modified bv Gerhart and Pardee (1962) or by

the method of Prescott and Jones (1969) With the latter

development was important (L M. Prescott Personal communication).
The light source used consisted of two 40 watt Phillips
F4OT/CW cool white f;pcrescent tubes shielded by a medium

s
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yellow acetate filter and 3/16" eifégw:glass. The -light )
intensity was'40‘ft.-candles read on a General Electric type
213 light meter &eqﬁivaleﬁt‘to 0.63 watt/mzj. Both .
colorimetric methods were.sensitiﬁe to_tﬁe Presence of-NaCl

or XCl, however the amounts of salts in the reaction

mixture aliquots had only small effects. Corrections for

any salt effects were routlnelv acccmpllshed by 1ncludlng

the approprlate amount of salts in with carbamyl aspartate
standards used for the standard curves }Flgs. iv-3, IV74). “‘:
The curves remained linear elthough the slope er'the range
of the assays were reduced by‘the presence of hiéh salt
conceetrations in the reaction mixture -aliquats.

Enzyme reaction rates. Rates of enzyme rea ;on were meaSured

.

by regression of time course curves based on 5 or 6 points

over a 15 -30 min. perlod. The enzyme reactién rate for

a particular set of cgnditions were expressed in terms of'

. - v

épecific activity: umoles carbamyl aspartic acid produced 3
per hour per ng protegin. Time course curves were linear .

and the reaction rates were strietly proportional to enzyme

concentration after necessary corrections for the nonienzymatic
- T
reaction (Fig. IV-35). \ ; B

Corrections for the non-enzymatic reaction. . Under certain

condltlons, espec1ally at elevated temperatures and high
substrate cogpentratlons, a significant non- enzvmatlc

formation of carbamyl aspartic acid occurred in aspartate
r

transbarpamylase reaction mixturiss. Several groups of

7
/

.“ - ’
/ | o
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Fig. Iv-3

Typical carbamyl aspartate standard cufves,
assay of Roritz énd Cohen (1954) as modi-
fied by Gerhart and Pardee (1969). With

this method salts affected the siope of
.the ca%ibrationnchrves_but linearity was
maintained. Staﬁdardglwere routinely run
containing salt concentrations identical to
those of the enzvme assay samples. The
concentrations of salts given were those in

the reaction mixture aliquots.

PN
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_ Fig. Iv-4

. Typical'carbamyl.aspart§te standard

curves, Prescott and Jones (1969)

asgéy method. Using this method

the standard curves were linear and
ﬁnaffected by salt up to 0.15 umoies
carbamyl aspartic acid. The cohcentrations
‘of-s§§ts given were thosé in the reaction

mixture aligquots.

N
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Fié. IV-5
Effect of enzyme concentration on aspartate transcarbamy-
lase activity.‘”lLSM NacCl rea;tion mixture contained
0.05M aspartate, 0.01lM carbamyl phosphate, 0.10M tris,
PH 7.4. Prescott and Jomes (1969) colorimetric assay,
specific activity of full strength enzyme 3 umoles CAa/
hr./mg prot. Relative rates; full strength_enzgme 0.170

umoles CAA/hr, 2 strength engvme 0.083 umoles CAA/hr, 3

strength enzyme in presence of potential feedback in--

hibitor 1073

M CTP 0.080 umoles r, and i étrength
enzyme 0.044;hmolés CAA/hr. Another expgfiment using
a similar 2.0M reaction mixture with the Gerhart and
Pardee (1962) colorimettic assay yielded reaction rates
for tﬁe full strength enzyme 2.0 pmoles CAA/hr and for

P

the 3 strength enzyme 0.9 umoles CAA/hr.
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investigators have noted the non-enzvmatic reaction (Lowenstein
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& Cohen 1955, Sallach 1959, Stein & Cohen 1965, Weitzman &

Wilson 1966, Bethell et al. 1968, Bethell 1968, Prescopt ~~_
& Jones 1970) but did not show specific data on the ;gaction‘
mechanism or the‘product formed. , Some investigatongused
inappropriate correction methods for the enzyme "blank".

Thus I carried ocut a brief experimental study on: the non-

l | \

enzymatic reaction.

4

4
. 1t was important to idéntify{Eif/g;;:gﬁzqugic reaction
preoduct. <$he substance formed.(l) migrated at exa?tly the
same rate as authentic carbamyl aspartate in a thin-laver
electrophoresis procedure (Fig. Iv-6), (é) was detected by
cclorimetric and radiotracer assay methods (Prescott & Jones
1969, Gerhart & Pardee 1962, Porter’ et al. 1969) specific_
for carbamyvlated compounds, and (3) was formed in a manner
dependent upon the presence and concentrations of aspartic
acid and carbamyl phosphate, the reactants,. thgs was identical_
to the enzymatic product (Fig. IV-7B). 1In enzymatic
reac;ion mixtures the contribution of the non—enéymatic
carbamylation reactio# was subtracted yielding a true enzvmatic
carbamylation rate '(Fig. 1y-8).

The mechanism of the ;on—enzymatic reaction does not
involve a direct reaction between carbamyl phosphate and
aspartic acid. Carbamyvil phosphate is probably not a good
carbamylating agent (Sgark 1965). ©Under alkaline conditiéns
it is degraded to phosphate and cyanate (Halman et al. 1956,
Jones & Lipmann 1960). Cyanate has been shown to readily

react with amino groups of amino acids and proteins forming

carbamylated derivatives (Stark et al. 1960, stark 1965).



Fig. IV—é
Autoradiograph of thin-layer electrophoresis plate showing
;hat the noh-enzymatic ﬁroduct(B) and the producﬁ of‘the
cyanate-aspartate reaction (Cj had the same mobilityv as
carbamyl aspartic acid (D).

Standards: (A) L—14C aspartic acid, (D) carbamyl—l4c

&

aspartic acid (prepared enzymatically froﬁ L- 14C aspartic

acid and carbamyl phosphate using Escherichia coli B crude

.extract under conditions where less tﬁan 0.5% of labelled//\ﬁw/’ b
nen-enzyvmatic proauct was formed. Carbamyl-l4c aspartié
acid was isolated using a Dowex 50 X 8-400 column at §H 3.2.)
Reaction mixtures: (B) 0.05M -t éépartic géiaf_ﬁfOSM
carbamyl phosphate and 0.10M tris—HCl.pH 7a4“i%cubated 30

min at 60C, (C) 0.10M I- 14

C aspartic acid, 0.02M sodium

cvanate and O.IdM tris-HCl pH 7.4 incubated 30 min at 37C.
Samples of reaction mixtures and standards were spotted

on a thin-laver Kieéelguhr—G ?oéted glass plate which had

been previously sprayed with the buffer (acetic acid:formic

—_——

acid:H20 15:5:80, pH 2.0). 500V was applied for one hour
at 4C. The plate was then dried at 37C. X-ray f£ilm was

exposed to the darkness for about one week and

then developed. Amounts, of labelled substances and reaction

mixture conditions were calculated to vield dark spots on
?

the film of approximately equal intensities. After auto-

radiography the plate was spraved with alcoholic ninhydrin

to confirm the positions of the spots.

o
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Fig. IVv-7
(A) Effect of temperature on ﬁhe formation of carbamyl
aspartic acid shows that the non-enzymatic reacﬁion is
highly temperature-de endent. Reaction mixtures
contained 0.05M‘aspa£t§sﬁacid, 0.01M Carbamyl'phésphate
and OJlOM phosphate buffer PH 7.5. BEroken lines represent

14 .
C-aspartic

data obtained from the assay method using I-
acid and counting the radiocactive carbamyl aspértic acid
producéd. Only derivatives of aspartic acié which lack

the free c-amino group are détected with this method

{Porter et al. 1969). (B) Effect of.reactan? ‘concentrations
on the non-enzymaﬁic formation of carbamyl aspéytic acid. |
Reaction mixtures incubateéd at 37°C contained aspartic acid
(ASP)" and carbamvl phosphate (CP) at concentrations

indicated in addition to 0.01M phosphate buffe{'pH 7.5.

The amount of carbamyl aspartic acid formed per ml. after

35 min. reactiep at 37C freﬁ’ﬁ?pSM aspartic acié and 0.01M
carbamyl phoé;hate was O.EEﬂZfé.Oﬁ umoles (i 95% confidence
interval on the standard error of the mean); from 0.10M
aspartic acid and 0.02M carbamyl phosphate was 0.19 + 0.05

umoles. If either reactant was omitted from the reaction .

mixture no detectable reaction occurred a+ 37C.
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Fig. IV-8
Correction of initial rates of enzymatlc carbamyl aspartlc
ac1d formation by subtractlng the non-enzvmatic reaction' s
contribution (c). 37 C reaction mixtures contained, in-
addition to 0.10M aspartic ac;d, 0.02M carbamyl phosphate

and 0.10M tris pH 7.5, (a) undiluted Escherichia coli

B crﬁae extract, (b) extract diluted to one-half enzyme

~oncentration, and (¢} no enzyme. Inset shows cdrrected

”

‘U linear initial rates of enzymatic reaction (a', b'). Several

inves%igators have applied similar corrections (Sallach 1959,
Weitzman & Wilsin 1966, Bethell et.al. 1568, Prescott &
Jones 1970). Under some conditions correqpions mayv be
impractical; it was verv difficult to measure the activity'

of ATCase of thermophilic Bacillus stearothermophilis at

60C because the non-enzymatic reaction had a rate many times

higher than the enzymatic rate.



-127-

|
3 ;
RE
- o |
L
o . %
-
] - B
g I
© al t -~ 2..
. _
. do
L 1o
. O
V] 1
: (o] © . . o
S | | | |
0 < " o g ©
o) O o O/r o

3UNLXIN zo_._.oqwm SN ¥3d IDY P1LYvYdS

¥ TAWVEYYD S3TOWH |

- MINUTES

o~



‘=128~ , ’
~ e . X . :
Indeed,*carbamyl aspartic acid can be formed at room tempe-~
rature from cvanate and aspartic acid (Nye & Mltchell 1947)
and was formed under reaction mixture conditiofns at 37C -

(Fig. IV-6C).

That a conversion of carbamvl phosphate macvanatedld

.-

occur was confirmed by- experlments in which -carbamyl phos~ o
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Yet after carbamvl Phosphate prelncubatibn the reactlon Ppro

ceeded linearly (Figq. IV-92) in a manner identical to the
Cyanate-aspartic acid reaction (Flg. IV-QB) Other e\perl—‘
Qents (not shown) indicated that the Plots increased in

rate as well as approached linearity as carbamvl phosphate
was prelncubated for varous periods up Eg‘two hours.

‘ The spontaneous transformatlon of carbamyl phosphate
into cyanate in reactlon maxtures occurred‘at 2 temperature-
dependent rate- (Fig. IvV-7a). Above 30C Cyanate was formed
faster than it could react w1th aspartic acid, thus- 1t accu—
mulated increasing the rate of carbamvl aspartic ac1d pro—
duction with time. At or below 30C the transformatlon was
slower v1eld1ng 2 linear rate of Carbamyl aspartic ac1d pro-
duction.

-

Results and discussion, including comparisons w1th Amcase S

from other sources. Salt effects on enzvme actLV1tv

Fig. IV-10shows that the V. costicola ATCase activity
: L. LQSvicola ~

.
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B ., ‘ Fig. IV-9 T
(a) Effect of prei ubation of carbamyl phosphate
(CP) on the rate of formatlon of carbamyl aspartic acid.

Carbamvl\iz;jphate in 0. 25M trls HC1 buffer PH 7.5

was preincubated at 37C for 2 hours. Reactlon mlxtures

contained 0.10M aspartic écid, 0.02M carbamyl phosphate
fither preincubated or fresh), and 0.20M tris-HCl buffer
. PE 7.5.
g - )
(F) Formation of carbamyl aspartic acid frem reaction
of 0.19M aspartic acid with cyanate at concentrations

indicated. 37C reaction mixtures included 0710M tris-

HCl Buffer pf7.5.
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Fig. IV-—IIO
Salt(;esponse of aspartate‘transcarbamylgse c-
tivi£§. (A) Activity in présenéé of near-satu-
rating substrate concentraéions;0.4ﬁ aspartate,
0.025M carbamyl phosphate, with 0.1M sodium
- carbonate buffer, pH 9.55  0.05. ' Because of
the $a+ added as hydroxide required to neutra-
lize the 0.4M aspartse acid in the reaction
mixtures,.the_lowest Na® level tested was iﬁ_:
The extraction buffer contained M NaC} and
0.1M Na,COg buffer PE 8.5. (B). Acﬁivity in
presence of hajf—saturz'.ﬁg) (at oH 7.5) 0.1 M aspartate and
0.01M carbamyl phosphate with 0.1M‘tris PH
7.5 *# 0.1. The egtraction buffer contained
'0.5M XC1, 0.5M NaCl, 0.01M MgCl,, 107 %M dithio-

5

threitol, 10 “MCTP, 0.01M aspartate and 0.1M

tris pH 7.5. . -

™

A
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“\éxhibited a definite haléphilic character, with an optimum!
/activity at 2M Na+. The salt response did not change when
the aspartate concentrafion in thé reaction mixture was

reduced to half the sattgsaw value (.'L e. to the K value at pH 7.5
for aspartate, Fig. IV-10 (B)). Kh had a similar stimulatory
effect oIl enzyme éctivity as the level was increéfed from

low to moderate salt concenfrations: in a separate experi~

ment run under conditions similar to those of Fig. IV (B)

with KCl instead of NaCl} the ratio of activity at\the opti-

mum, 2M K+, to the activity of 0.5M K+ was 1.6, compared to’a
ratio of 2.0 for curve B of Fig. Iv-10.

- A comparison_of the V. costicola enzvme's salt response /_//
with the ATCases from a-non-~halophilic veast and an extremely
halopﬁilic bacteriuﬁ is shown.ip‘Fig. IV-11. Unlike the other
enzymes, the Vibrio ATéase was -insensitive to the feedback
lnhlbators UTP and CTP (see below) Because of its depen—
denéé upon intermediate salt oncentrations for maximum ac-
tivity the V. costicola ATCase could well be classified as
a moderately halephilic enzvme.

Of the three ATCases from ndn-halophilic
microorgan;sms-whose salt response has been tested, only the
enzvme from S. fecaelis was stimﬁlated by.salt. Hélf—molar
KCl almost doubled the activity over that in the absence of

~_added salt (Bethell & Jones 1969); w NaCl,. conceﬁzratlons

also activated the enzyme (Chan & Jones 1974). Thﬁ . coli

q'ATCase was found to be inhibited by N Cl or itl (Bethell =&

Jones 1969) as well as by a variety of cations and anions
f‘-”ﬁ\

y:
/
/
. ‘IJ
. e



Fig. Iv-1l
Effect of salt concentration on activity

and feedback inhibition of ATCases from

the non-~halophilic veast Saccharomyces

cerevisiae (A), and.from the extremely

haiophilic bacterium Halobacterium cuti-

. , py ] .
rubrum (D), comparéd with the enzyme from

. N
the moderately halophilic bacterium, Vibrio

costicela (C). & fe ack inhibition of

the yveast enzyme by is shown in curve

B; % inhibition of the Ealcobacterium en-

-

zyme by CTP is shéwn in curve E. Data on
the Vibrio enzyme from Fig. IV-8, on thé::>/
two other ATCases from. Liebl et al. 51969).
"Salt concentration” refers to either Na* or K*
as used in the particular experiments for

each organism tested.
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(Kleppe 1966, XKleppe & Spaeren 1966). Both the activity and

feedback inhibition of the S. cerevisiae enzyme were reduced

about 50% by.O.SM salt (Liebl et al; 1969, Fig. Iﬁ-ll). With .-

the possible exception of the S§. fecaelis ATCase, proﬂéuncéd 'ya\
'aqtivations by moderate to high salt concentrations appear - )

to be confined to the halophilic ATCases.

. As an interesting comparison, several experiments on

the ATCase from a haiotolerant veast, Saccharomvces rduxii,
were carried out: The strain, isolated by Hiroshi Onishi
from the 18% NaCl environment of Japanese Soya Sauce ferment,
grew well in 0-3M NaCl, with sligh;ly better growth at
0.1-1.0M NaCl. The ATCase was also halotolerant. Its best-
activity occurrea in the absence of added salis (0-0.1M)

but with 50-80% maximum act?vity at 3M NacCl or XCl. Although
the responses of the enzvme to salts and nucleotides were

not fuliy characterized, UTP and CTP apbeared to inhibit
activity at salt concentrgtions below 1M, while also having
stabilizing effects. In contrast to the other ATCases of
Fig. IV-1l1l, the S. rouxii énzyme did.not exhibit a pronouficed
dependence on a narrow range of salt concentrations for

maximal activity.

Effect of pH on the V. costicola ATCase.

Fig. IV-12 shows the pH response curves at salt
concentrations near and above the optimum salt concentration for
enzyme activity. At the higher salt concentration the pH

optimum was broader than at the lower salt concentration,



- cover the pH/T
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FPig. Iv-12

Effect of pH on V. costicola ATCase_activity.
Enzvme extfacted in 1.8M Sacl, 0.1M tris pH
7.5 was adéed to reactioﬁ’mixtures with in-
dicated final salt concentrétions,0.4M as-
partate and 0.025M carsamyl éhosphate. 0.1M

tris, 0.1M KzHPO4 and 0.1M glvcine buffers

were used in all the/Teaction mixtures to
‘f.the experiment. The
final pE of ‘each reaction mixture was checked
with a low sodium-error Fisher-92 micro

combination electrode.
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a2 not uncommon salt effect in halophilic enzymes (J. K.
Lanyi, personal communication). The alkaline PH 9.5-10 activity
optimum exhibited was most similar ﬁo thét\of the purified

Streptococcus faecalis enzyme, which, like the V. costicola

enz&me {discussed below), was also insensitive to nucleotide
regulation (Prescott & Jones 1970). _E. coli native ATCase

has two pH optima, one around pH 8.5 (Gerhari_& Pardee 1964,
Poqter et al. 1969) aﬁa another more p;onounced,opﬁimum at

pH 10.2 (Weitzman & Wilson 1966). The E. coli native ehzyme

wés sensitive to CTP feedback inhibition at both ortima, thus .
an alkaline optimum did not, per se, preclude sensitivity to

inhibition by nucleotides. The ATCase from Halobacterium had

a broad pH optimum around pH 7.5-8 but had a more specific

optimum at pH 7.5 for maximum CTP regulatory inhibition (Liebl

et al. 1969). A similar pH depeqdence ?attern for activiﬁy

and inhibition by UTP was also db;erved with the non-halophilic/;:;>‘3‘

-

S. cerevisiae ATCase (Kaplan et al. 1967). .
P .

Substrate saﬁuration'kine£ics.

Two aspects of the V. costicola aspartate saturation
curves are striking (Fig. IV-13). First, the curve was
sigﬁbid. Secénd} the' concentrations of aspartate requirea to ,
achieve Vmax were inordinately large, around 0. 4M! It was
thought‘that a possible enzyme sensitivitv to low temperatures

hgight have caused the effects but an experiment using

eﬁéyme extracted at room temperature indicated

-



Fig. Iv-13

Aspartate saturation curves. ATCase acﬂ§~

vity was assayed in 2.0M NaCl, 0.1M Na2CO3

PH 9,6 £ 0.1 with saturating 0.03M carbamyl

-

' phoSphate. Curve A: enzyme extracted at 4C -
in 048M NaCl, 0.4M RCI, 5 x\10‘4“dithiothrei-

tol, 5 X 10 %M Mg-EDTA, 0.1M Na2603
Curve B:enzvme extracted aé in curve A except _ -

PH 9.8.

extraction carried out at 25cC.
\}

S {
-/ : . ' \
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only a loss of activity but the same high aspartate re- T ’
gquirement. Saturation curves prodﬁced from experiments

run at pH 7.5 showed similar shapes (Fig. IVv-14A). The

double reciérécal_ plot (Fige IV—14B).was typical of

enzymes having substrate reacti?n orders higher +han o \

unity. In contrast to the aspartate saturation curves,

the carbamyl phospﬁEEE curves were hyperbolic (Fig.'IV—lS).

h

An experiment with permeabilized V. costicola. . T

The assumption that the enzyme is not altered in the

' . bt
extrdction process is implicit in this work.- Halophilie

enzymes might be- sensitive to removal from their inﬁraceilplar
envifonment. ~ To test for this possibility withvg; costicoia
experiment with 1lmM cetyltrimethyl ammonium bromide (CETAB)
permeabilized cells pR. McDonald, personal communication)

was carried out. ?hé destruction of the permeability barrie;
to small molecules while at the’same tiﬁe retention o? ﬁost of
‘the enzvmes inside the cell (Jackson & DeMoss 1965, see aiso h
"footnote p.97) provides a model sfstem where enzymes are . -
p;i@ably operating under conditions resembling those in ﬁigg.
The results of the'éxperimeqt showed Ahat although, the pérmeabilized
cells had slightly lower aétivity th;i a french press extract
prepared from the same amsunt of cells run.}n'a parallei
experiment (9 vs. 5 érbitrarg activity units), there was

3

— g T
no effect of 2 X 10 "M CTP on the activity of either preparation

(feaction conditions: 1.2M NaCltmp.ZSM.aspartate, 0.025M/
% '
carbamyl phosphate, pH 7.8). Extraction effects sucH as

A\
the Euler effect (Xaplan 1955) or use of un-physiclegical

L)



T

-

concentration.

< & o
™~
N ‘: Q
v e
= P
<
- _. ,
R % ; . .
Fig. Iv-14 S

{a) Asﬁzitape saturation curve at pH 7.45';%%.05~ Enzyme

extracted in 1.8M NaCl, 0.1M tris pH 7.5. Reaction mix-
. \\\_——-\‘ ) ’ “
"tures contained saturating 0.04M carbamyl phosphate and

. . . ’ + .
- 0.1M tris and NaCl. The reaction mixture Na concentra-

“tion in the absence of aspartate was 1.8M, in the pre-
sence ©f 0.25M aspartate was 2.1M. The. incredse was due

' ' + .
btp thg\extra Na aaded as-hydroxide necessaryvy to neutra-

lize tHe aspartate. irn’ one set of reaction mixtures 1073y

/

CTP,wés includggﬁ;g\;jst for feedback inhibition. -
(B) "Double reciprocal plots of the‘gfta from curvé.A.

- -~ -O
Dashed line represents-an ideal liné required to approxi-

2

‘mate the Km apd‘relatiVe Vmax values apprqpriéfe to «the

data, ,0.1M aspartate and Vm=1 respectiﬁely. The line" is

approximately tangenﬁ to the pointsfétgfﬁé highest substrate

~

A
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Fig. Iv-l5

(a) ég¥bamyl phosphaﬁe‘saturation curve
at pH 7.5._“Extracts prepared as per Fig.
Iv-12. Reaction mixtures contained 1.8M
NaCl, 0.1M tris pH 7.34 + 0.02 and neaz-
éaturat%;g 0.2M aspartate.\\ e
(B) Double reciprocal ploté of the data

Y

of curve A vielded the kijftic parametefé oA
. - “

. shown. 7

T —
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reaction mixture conditions (Kornberg'éfMalcovéti 1973) can-

_;s\\gdﬁ be ruled out by this experiment, but at least they were

ft‘overt. ‘ | - o — N\

-
v ° b

The. search for feedback inhibition in V. costicola ATCase.

Since one aspect of this work was to examine regulatorf
phenomena in a moderately halophilic bacterium, it was im-
portant to determinefiféthe V. costicola ATCase was inyglved
in the regulatgén‘of the pyrimidine biosynthetic pathway.

Substrate conéentratﬁfns have been.implicated in feed-
back effects; if the-g. coli ATCase's subs£rates were at high
concentrations, the inhibiticn effects were overcome (Gerhart
& Pardee 1962, Bethell et a%. 1968). Fi IV-l4_shows that

\ — -
the V. costicola ATCase was not affected by 107 °M CTP at any

‘aspartate concentration up to satugg;ién. parafi\. ex-
périment with a carbamvl phosphate saturation curve (not shown)
demonstrated that CTP did not affect the enzyme at ahy CP con-
centration. Table IV-1 and other experiments at even lower
substrate concentrations showed clearly that any absence of
CTP or UTP éffecté was not dde to hightiggstrate concentrations.
CTP and UTP also did not inhibit V. costicola ATCase at salt
concentrations lower'than the d%timum.

Tests for feedback inhibition by lO—BM CTP at pH values

ranging from 6-11, and with UTP ‘at pH 10 showed no signifi-

Fal

cant effecfé!' Table IV-2 shows that there were little sig-
c : - F
nificant effects of any nucleotide at pH 7.2-7.4 on enzvme ac-

“tivity. If any consistent feedback effects existed with V. cos-

A

Ree

7~



DTable IV-1

y - Tests of feedback inhidition of ATCase

by CTP at various substrate concentratlons.
_ L]

b

substrate ",
copcw M -1 . 95%

2 x 107 M relative confidence
AS® ce inhinitor actixity interval oH
0,-”3 0-02 - 15.3 i OlT 7-2
0.3 0.02 CTP 1k.3 +1.3 T.32
0.15 0.02 - . T-5 + 0.6 <.26
0.15 0.02 . CTF 7.8 + 0.6 T.27
0.15 0.01 - 5.7 + 0.5 7.32
0.15 0.01 CTP 5.3 + 0.6 T.32
0.1Q 0.01 - 3.1 + 0.9 7.34
0.10 0.0l CT? 3.0 +0.6 ~ T.32

2

Cells et*racted in 1M Nall, 5 x 107 5 M CTP, 0.1M KH POh ?H T.5,.

reaction® run at 1.8M NeCl.

\ .
1
d” ’
P -
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Effect of variou$ nucleotides on ATCase sactivity.

- enzyme 95%
2 x 10°M specific confid.
nucleotide activity* - interval © pH
r
none 0.128" . + 0.008 7.52
CTP 0.073 + 0.012 7.20
- CDP . + O 7.3
» 0.095 + (.005 .35
/—\ CMP 0.078 + 0.010 7.20
. _ .
/ N Uty OMo8T +0.018  T.33
3 e
UDP .100 + 0.005 T.37
}- —_—
UMP ol100 + 0.009 7.50
ATP ol.loh + 0.010 7.2
<
. * 1moles caa/hr/mg protein. ZEnzyme extracted

Reaction mixtures

-in l.OM:ﬁaCl, 5 x lO'sM CTP, 0.1M KE_PO
- . e .27k
DHE T.5.951ng Braun cell disintegrator and -
0.17 mm glass beads at 4C. :
. , contained 1.8M WaCl, 0.0LM aspartate, 0.02M
' carbamyl phosphate, 0.08M tris pHE T.5.

»* The control specific activity was higher

in this experiment ihan in other similar

experiments. In thls case 1t appears that
1t was a falsely high determination.

S =1l42-
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"*,/Eicola ATCase, presumably they would have appeéred in sqghme

experiments. >

Stability of V. costicola ATCase at low salt concentrations.

Halophi;ic enzymes often irreversibly lose activity whéﬁ
they are suspended in dilute salt solutions. V. costiceola
ATCa;e lost half its activity in the first thirty minutes
of suspension in 0.04M NaCl (Tab. IV-3). The enzvme retained

all f%Q\ES;ivity over. the 1-3M NaCl range for 2 hrs.

The Halobacterium enzyme, at ‘a similar salt congcergration -

. s .
lost half its activity within 30 seconds (Norbkrg etal.1973).
) . ) N
The Vibrio ATCase was also more stable at 4C than at room

~

temperature (Fig. IV-13). ) g ®

— ) el

“A molecular weight, estimate for V. costicola ATCase.

Bethell and Jones (1969) classified bacterial ATCases -
- > )

?by molecular size and feedback regulation characteristics.

The characteristics of their class C enzvmes, the smallest

ATCases having moIg:;}ar weights of 120-140,000 Daltons, show

the*greatest similarity to V..costicola ATCase. These en-
/" zymes include the B. subtilis ATCase, the S. fecaelis ATCase //
;%d the E. cdli ATCase catalytic subunit. The aspects whic{ —al
these enzymes hqye in common with- each otQpr and with V. 995—/
ticola ATCase were insensitivity to 10 3M pvrlmldlne nucleo-
tides and a DH optimum near or above 8. 5. As mentioned pre-
viously, the pH optimum. of the S. fecaelis ATCase was iden-

tical to that of V. costicola (Fig. IV-12). V. costicola 72

ATCase, however, did not have a "typiral Michaelis-Menten"



/

treatment - . % remeining .activity
A : 3 .
none, zerctime, 2.0M NaCl . 100 .
:_Se"ﬁfﬁ gt 0.04M NaCl ‘ v 53
© L hr. at 0.04M NsCI - 38

-144-

Table IV-3

Inactivation of V.’ costicols ATCase
. by the removal of salts.

1)

Extracted enzyme concentrated 25 fold by uitrafiltrationm.
Epr the inactivations the enzyme was diluted into a low
salt solution, final conggntraticns: NaCl C.0LM, 0.1M tris
oEYT.5. The enzyme was held in the low salt solution for
the inasctivafion period, then added to = 1M NaCl, 0.25M
aspartate, 0.05M carbamyl phosphéte, 0.1M tris pH 7.5
reacticn mixture in which the gecgivity remaining was
mgasured. D



ity with ATCases from other organisms. Since the Vibrio

. A
> .

| ~145-
aspartate saturation curve kFng. Iv-13, 14Y.¢ﬁ;hg Sther
class C enzymes showed hyperbolic saturation curves for.

both substrates.

A prelifminary estimate of the molecular weight of

] - V. costicola ATCase was carried out, pdrtly to compare" -

2

enzyme was not‘purified as part of this study, the-mole-

cular weight d;termination method had to be amenable to

crude extracts. Agafbée gel chromatographypwas chosen.
Agarose is repuied to be the chromatography med i

least affected by high salt concentrations in terms of ) \\

-~

swelling and separation parameters. A-first attempt using

'a Sepharose 4B, 175 ml, 33.5 X 2.5 cm, upward flow column

at 4C With a buffer made up Eﬁ 1.8M NaCl, 0.01M MgCl,,
10-3M mercapto-ethanol and 0.1M tris pH 8.5 resultéd in an
estimate of V. costicela molecular weight of lBQTlSO,OOO
daltons. The void volume was determined with blue’ dextran
and crude extract enzyme éamples were chased with 10% su-
crose. Fractions were assaved for ATCase activity using
the_Gerhart and'Pardee (1962) method, and for protein‘spec—
tréphq;ometrically gifh the aid of an LKB Uﬁicgrder II.

The molecular weight eétimations were predicated upon some

of the marker proteins with the characteristics shown in

-

Table IV-4.

It was evident that the marker proteins chromatbgraphed

et

on agarose at 1-1.8M NaCl concentrations acted neither like

} :
they d4did at_low's;}t concentrations nor like they did at high

L -
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salt concentratlons. Bov;ne serum albumlnflfor instance, be—

(L,J/’i:::jﬁéqsi_ff a dimer when chromatographed on agarose at 3.5M NaCl )

(Norberg et al. 1973) while at low salts usually behaved as

a monomer. ¢ At the intermediate salt concentrations used in

this study bo forms of albumin appeared in the column effluent.
Yet, when analysed in the analvtlcal ultracentrlfuge, bov1ne
serum albumin gave Smelar S}values under both low selt and
IM-NacCl conditione. The SZO,w values were: 4.04 * 0.12S in

.O.IM tris pE 7.5 (literature vFlue 4.35, Martin 1964) epd

4.O4It 0.068S in 1M XNaCl, 0.1Mrtris pH 7.5. Bovine serum

-

a;bumin, as well as other proteins, interacted with the co-

iy

Iumn gel at 1 or 1.8M NaCl, resulting in poorly understood
effects. .

T

~ Using the assumption that the presence of salts caused
chéhges.in ; subunit eggregations of the non-halophilic
marker proteifis (éawronski & Wesmea§1369, Norberg et al.
1973) the datf in Fig. IV-16 was plotted. The small marker
prezéins fit the ideal eurve well, as also reported ;y Louis
et al,1970. The column conditions in this experiment (Bio-
Gel A-1.5m agarose 2.4 X 45cm column with a bed volume of
217ml and a blue dextyén vold_ volume of 88ml run upward at
4C with 1M NaCl, 0.M tris pE 7.8 buffer) reeulted in ‘asso-
C1at10ns and dlsagéregatlons*ln the intermediate and high
molecular weight marker protelns (Tab. IV-4). The pu?llshed
/iénge for the gel, 50,000 to 1.5 million Daltons (Bic Rad
7Inc., Richmond, Calif.,-U.S.A.) was reduced to 10,000~
200,060-Dalﬁ§hs in fhe presence of 1M NaCl (Fig. Iv=léT: The 2

molecular weight vélue determined fdr the V. costicola ATCase

-

rl



-147-

] ) ' -

o \« e . . *L96T o1TT38d pPus ‘6961 Treuaeq 3 270TY ‘696T Uroqs) 3 I343H
f0L6FTTB 20 BTHOL vmhmﬂ ‘1w 90 Ka3QJO) !530UBIDJDL ANYBASFTT WOJIJ puw ‘pypoWaBYg ©STBOTWIYOOT TBUOTHTIINY ‘sTBITWAYIOLY
Wd#ﬁﬂ% rwwcwx ‘wpyo0TqTeD tuoquryjaos ‘wudig L9 poyrddns 2aaNIBISYTT WOLg paTrdwoo sanTeA IUNQNS PUB 3ANJGIIFT]

3\ / - \
i ¢ /\ . ¢ . ¢ . . ¢ . g
qo13-A 0" 091 LR ARD (119 0007091 I1 CaJwuny TEUOT} RGN . urnqoTd wunred
B . - ,
HAV=% ¢« ooo‘el A ALE : 000°06T . *q8f10 ‘svudis asuuadoapiysp Hoﬂ%w? sk
. * , 4 ‘
HA1 ' 000‘2.L T ONYE ‘del 000°ONT 1aupy Jooq ‘uojduiyIIoN asuuadorpAysp 9383§8T~1
, .. /r\\\ ) ) B
- . ) - N opeJad Yy waYo0TqQTe)
vsd | 000°SET “0Q0° L9 HGET “NL9 000¢L9 10 A UOT}OBIF ‘TTIRUIY utunqe UNJIas SUTAOQ
QreAO f@oo»mmw . - 000° SY ‘810 “p odhy wudig . upmmg TeA0
-. Q00‘2LT ‘00 ,ﬁcv\\ MEQ w Qo0 EGY ' ugaq ¥oel ‘III BUdTS o CENERY
X0 w8 ( oco,mmﬁ4.ooo.wa MegtT ‘ALfg 000°06 Laupty Foy ‘o) TRWUOTFTIINY - 9STPIXO vﬂoq.Mdﬂsdna
- T 000° 62 - 000t se . gaagoued suraoq *II OWdTg v/ :mmmwﬂmmhaaoshso
. ~
o 3ko oo;.ma . = . oon‘el qagay 9sJoy *IIT BUIIg ’ . ) .D DWOIYD0AD
Ty . .
28YIY 00L°ET - 00LET suaaousd suTAOG *VYI WWITS . ’ y 2guaTonuoqr.r
“ADIQQE ‘A °[OW 2AT3DIIIP @ a4 CTOU -*q4 CTou 904N0S8 | utajoxd aaasu
" gl nd toeN - g37uUnqns L 9IN3BASITL . . e / .
, vV T99-01d : . P . o 2N | .
.hnﬁahwoudsdhso 104 @s0dugdu AQ BUOT9BUTILED JUTLOM JuTnoaTow J0J pasn m:ﬂwuomg JINXBJ] ) .
f«\\ . o . p-AT eTamg . \ . -
[y .t . ) - .J ;
. ! _— . .
w . s
A} . ) .



-

‘Fig.-IV—iS. Agarose gel chromafography

4@\ . profein standard curve and

molefular weight eétimations{
%

of V. costicola ATCase and

o P ¢
_ TDase. /\/ )
\ i

S Voot ~

ot



RN

v

./

..,v.o_,vc .yBlem IDNOBIOW

9 ¢ v £ -

8L Hd 1DDN WI

I I | |
) hi

%0 gbQ @

v ueBou|sdAjowAyo ¢

WGl v {89 oig

' |
L]
M [}
M r
'
. ¢
\ R
) . LR
] N
-
[
N L
. I
. .
-
'
. \.- )
e .
.o ., Py
N A
- '.
+ )
™
' .
¢
'




-149-

was 120,000 Daltoné, in close agreemgnt with the 130,000-
150,000 figure obtained from the previously discussed
'Sépharose 4B column experiment.‘ These estimates are preF
liminary because only one technique, gel chromatography,
"was used, and require future confirmation using other me-
thods. Sucrose density gradient cenfrifugation is a pro-

-

mising method which could be used (Martin & Ames 1961),

since it has been applied to enzyme molecular weight esti-

mates at high salt concentrations (Louis et al. 870).

Discussion: “Lack of feedback regulation bv nucleotides in

V. costicola ATCase.

Experiments under a variety of conditioﬁs indicated
the V. costicola ATCase was insensitive to\éyrimidine nu-
cleotide regulation. Moreover, the molecular weight of the
enzyme corresponds to those of a class of ATCase which are
not feedback regulated. Even though the sigmoidal aspartate
- saturation curves of the V. costicola wéré not modified by
pH changes or the presence of nucleotides, as they were in
. the nucleotide sensitive ATéase of E. coli (Gerhart & Pardee-
1963), unequivocal evidence for lack of feedback sensitivity
must come from studies on a purified enzyme.

Organisms which lack ATC%se-inhibition sbmetimes ex-
hibit alternate means of éfzzﬁidine pathway regulation. Among

the bacteria which have ATCases which are insensitive to feed-

back regulation are S. fecaelis (Prescott & Jones 1970),



o
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Pseudomonas acidovorans (Kelln & Warren 1974), and'Bécillus

subtilis (Potvin et al. 1975, Brabson & Switzer 1975). In

the Bacillus enzyme the pyrimidine pathway may be regulated
by a multienzyme complex with UTP sensitive carbamyl phosphate
s&nthetase and a somewhat less sensitive aihyroorotase .
(Potvin et al. 1975). If CPSase is the site of efflczent.
pvrlmldlne Pathway regulation, there must be tight coupllng

between the CPSase and the ATCase. Unless the carbamyl'phosphate

produced bytthe CPSase is channeled directly to the ATCase,

-regulation will be inefficient since carbamyl phosphate

in bacteria is produced by:a CPSase which is dommen to both
the arginine and pyrimidine pathways (for instance see
Issaly et al. 1969). Experiments have confirmed that such a
channeling mechanism of eukaryotic cells operates in the

multienzyme aggregate CPSase-ATCase complex of S. cerivisae

(Lue & Kaplan 1970). Other multhlenzym ggregates appear

to be important in pyrimidine regulatfon in Neurospora crassa

(Williams et al. 1970) and mouse spleen (Hoogenrad et al.
1971), for example.

Because the V. costicola ATCase enzyme did not allow
experiments on the effects of salts on regulatiee, it was
decided to proceed on an investigation of the regulatory
biosynthetic threonine deaminase, presented in the next chapter.
A discussion of the properties of halophilic enzymes‘with
references to both the V. costicola ATCase and threonine
deaminase.follows the results of the threonine deaminase

experiments.’



Chapter V

Threonine deaminase activity and its regulation

in Vibrio costicola

Introduction

Little information is.available ‘on metabolic regulation
in halophilic bacteria. Feedback ihhiﬁition of a salt-dependent

enzyme, aspartate transcarﬁamylase (ATCase) from Halobacterium

was first demonstrated in 1969 (Liebl et al.). Since then,

several other enzymes have been found to be regulated. In the
moderately halophiiic bacteria, there are only two étudies

which relate to control of-enzymatic activity, one oh v. costiéola
isocitrate dehydrogenase (Wydro 1974) and the other on V. costicola
pyruvate kinase (E. de Medicis, personal communication). Since

one of the aims of this dissertation was to study cellular and
enzymatic regulation phenomena in a moderate halophile, and

since the v. costicola'ATCase was insensitive to feedback inhibition
(Ch. 1V), a study of the activity and feedback inhibition in the
biosynthetic threonine deaminase (TDase, L-threonine hydrolase
(deaminatipg),_EC.4.2.1.16) was launched. The results of several
experiments on TDase repression are also presented. Repression

in halophiles has received virtually no attention; only one
observation has been published. Ornithine tr?nscarbamylase

activity was reduced by about 1/3 in Halobacterium grown in synthetic

medium supplemented’with citrulline (Dundas & Halvorson 1966).

The regulatory inhibition of the first enzyme of a
bilosynthetic pathway by the end product(s) was simultaneously
discovered in ATCase (Yates & Pardee 1956) and TDase. Umbarger (1956)

recognized the possible metabolic significance of the competitive



( | -152- : ;

iphibition of threonine deamination by isoleucine in E. coli. .. ..~ -

Since then .a plethora of publications on feedbac# requlahéén
hat shown it to be a universal phenonenon. Umbarger'sﬁéébup
and other groups have extensively studiéd the regulation of the
biosynthesis of three branched-chain amino acidé.isoleucine,
leucine and valine, with the result that a complex regulatory
model has been proposed. TDase is centrally important in the

model proposed for Escherichia coli (Levinthal et al. 1973), .

Salmonella typhimurium‘(Calhoun & Hatfield 1973) and Saccharomyces

cerevisiae (Bollon & Magee 1973): not only does it function

to control the rate of isoleucine production by the fine control
feedback inhibition mechanism; it is also involved in

autoregqulation (Hatfield & Burms 1970), i.e., control of its

-
L]

own synthesis.

According to the autoregulatory model, newly synthesized
monomeric TDase polypeptide chains first condense iﬁto an
inactive, apotetrameric enzyme. In the presence of pyridoxal
phosphate, a co-factor for enzyme activity, the apotetramer is
converted into an. immature holotetramer w@ich still lacks
activity. In the presence of excess cellular.isoleucyl-; valyl-,
and leucyl-aminoacylated t-RNA species; which would only
occur when all three amino acids were in excess, the holotetramer
forms a repressor complex with the t—ﬁNA species. This repressor
complex presumably interacts with the ilv operons, preventing
further synthesis of TDase and the other enzymes involved in
branched chain amino acid synthesis (Fig. V-1). Alternatively,
the holoenzyme can be converted intoc mature native TDase by

interaction with isoleucine, vgline or threonine. This model



Fig. v-1

Biosynthetic pathways of isoleucine, valine and leu-
cine. Threonine deaminase (TDase) catalvses the
first step in isoleucine synthesis and is feedback
regulated (dashed line). All three branched chain
amino acids share co;mon enzymes: Acetohydroxy acid
synthetase (AHASase), a-acetohydroxy acid isomero-
reductase (IRase), dihydroxy acid dehydrase (DHase);
and transaminase B (TrBase), The pathway branches
at a-ketoisovalerate;the first committed sfep in
leucine synthgsis involves the leucine regqulated a-
isopropylmalate synthetasé (IPMSase). The AHASase

is also feedback regulated by valine.
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expiains the requirement foxr all three branéhed-cﬁgin amine
acids‘fér (mu1£ivalent} repression of the threonine deaminase.
It is h&E’presently possible to apply all aspects of this
sophisticated model to the halophiles, but it does serve as a

blueprint for interprétation of experimental results.

Metheods

Cells. fhe SGP (salts—-glucose-potassium phosphate buffer)
medium (Ch. II p.. 32) was used for most of the exéeriq?nts.
Various amino acid additions were filter sterilize@ a&@ aseptically
added to the autoclaved medi& used for the repressign efperiments.
Mid—exponential cultures (660nm absorbanee 0.4-0.7 for ;M NacCl

éultures) were harvested and washed twice in a 0.1M tris buffer

pH 7.8 with an NaCl concentration equivalent to that of the medium.

-~

Extraction of enzyme activity; Reguspension of the cells
and extraction methods were described in Ch. 1V (p. 117). The

extraction buffer for the TDase extractions generally contained

2 4 3

0.5M NaCl, 0.5M XCl, 10 “M MgCl., 10 °M dithiothreitol, 10 °M

2!
mono-magesium di-sodium ethylenediaminetetraacetate and 0.1M tris,
PHE 7.8. The protein content of extracts or partially purified
preparations was determined using the Lowry et al.. (1951) method

(Fig. 1v-2, p. 118).

Reaction mixtures. , Reactions were begun with the addition
of 0.5ml crude or partially purified enzyme (see below) +to 2.bﬁl
of a solution containing NaCl at a specified concentration, 0.01M

threonine, 1l0ug/ml pyridoxal phosgﬁa;é and 0.1M tris pH 7.8.
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Isoleﬁcine wagnincluded in some reaction mixtures to test for
feedback inhibition. During the 25C incubation,-five:or six.
0.lml aliquots were removed from the reaction mixtures at
regular 4-7 min. intervals, .each éliquot being added to a tube
on ice containing O.Smlzo.lﬁ ECl which stopped the reédtion.
The colorimetric assay for a-ketobutyra;e (KB) was performed
in the tubes containing the aliquot. After incubation the pH
of the remaining reaction mixtures solution was checked with

a Corning 476050 low=-sodium micro combination electrode.

. : .
Assay for the reaction product. a-ketobutyrate was measured

by a modification of the method of Friedeman and Haugen (1943);

To each tube 0.6ml DNP reagent (0.2% di-nitrophenylhvdrazine

in 2N HCl was stirred in the dark at roam temperature for

1-1% hr., fiItereé through #1 filter paper then stored at 4C in a |
tightly-stoppered brown giass bottle for up to 2 weeks. Just
5efore use, 1 part of the 2N ECl solution was added to 5 parts
0.1N HCl) was added with a syringe pump, then the tubes were -
mixed and incubated for 10 min. at 25C. One ml 2.5N NaOH was

then added with a syringe pump to each tube, which was immediately
mixed and incubated for another 10 min. period at 25¢C. Color
development was measured on a Beckman . DB spectrophotometer at 540nm.
a-ke;obutgrate stan&ards~were made up fé contain 0-0.2Sumo%es

per 0.lml aliquot. Although standard curves were not affected by
reaction hixture salt concentrations up to 3M (Fig. Vv-2), the'
standards were prepared to match each reaction mixture's salt

concentration.



Fig. v=2
Typical a-ketobutyrate standard curves,

OM and 2M NaCl.

;}'J '1
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Enzyme reaction rates. Linear time-course curves.were

regressed and specific activity calculated (p mole€ a ketobutyrate/
min/mg protein) for each reaction mixture. The reaction rates

were strictly proportional to enzyme concentration (Fig. v-3).

Partial purification of TDase. Sélid (NH4)2SO4 (enzyme
grade, purified, low heavy metal content) was added slowly with
stirring to cold crude extracts until 27.5% saturation was
achieved. After 15 minuteé more stirring the extract was
centrifuged at 4C, 25,000 x g for 15 min. To the resulting
supernatant more ammonium sulfate was added slowly to achleve
a 37.5% saturation whlch precipitated most of the TDase
activity. After centrifugation the pellet was resuspended in
fresh extraction buffer. .The fractidhated enzyme tvpically had
a2 1.5-3 fold higher specific activity than the crude extract.
‘About half of “the activity of the crude extract was recovered
(50% yield). The partially purified enzyme remained as sensitive
to isoleucine feedback inhibition as the crude extract and could
be stored frozen at -20C in 1M salt for at least one week without

loss of activity ‘or feedback inhibition.

Results: Properties of the V. costicola biosynthetic threonine

deaminase.

Effect of salt on enzyme activity. Unlike the V. costicola

ATCase, the threonine deaminase did not exhibit a salt requirement
for maximum activity. The presence of 1M NaCl inhibited the
~activity of the enzyme 70%, but the activity remained constant,

or decreased siightly in some experiments, between 1'and 3M NaCl

w



Fig. v-3

Effect of enzyme concentrat;én on threocnine dea-
minase activity. In addition to eithér 0.2M or

2M NaCl, reaction mixtures contained 0.01M threo-
nine, l0ug/ml pyridoxal phosphate and crude ex-
tract (full strength enzyme, 3.0 mg/ml). Specific
activities were: 0.2M NaCl full ftrengh enzyme
enzyme 68 m umoles a¢KB/min/mg prot., ¥% strength
enzyme 33; 2.0M NaCl full strength enzyme 28, X
strength enzyme 12. 10 %M isoleucine (ile) in the
0.2M NaCl reaction mixture caused 41% inhibition
of activity but was not effective in the 2.0M case

at that concentration. Note the differences in the

ordinate scales.
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(Fig. V-4). The Escherichia coli B biosynthetic TDase activity

was also inhibited about 70% at 1M NaCl, but increasing the salt:
concentration caused a further inhibition; by ?H\NaCl only "
about 10% of the maximum activity,fémained. |

“~

Effect of salt on feedback inhibition by isoleucine.

Isoleucine (107 3M) completely inhibited the V. costicola
TDase over the entire range of salt concentration tested
(Fig; V-4). At lower isoleucine concentrations the effectiveness
of inhibition decreased with increased salt concentratf&ﬁs.
The Ki’ i.e. the concentration of isoleucine necessary for
half-maximal inhibition, increased from 10_4M in the absence of
added salt to 5 x 10"4M in the presence of 1,2 or 3M NaCl (Fig. V-5}.
The enzyme was about half as sensitive to feedback inhibition
at moderate to high salt concentrations than'in low salt
concentrations. The TDase maintained decreased, albeit consistent
function over the 1-3M salt range.
" The E. coli TDase inhibition was more sensitive to salt
thah fhe V. costicola-enzymé. In 1-2M NaCl lO-BM isoleucine was
less effective than at lower salt cond®ntrations (Fig. V-4).
Other experiments showed that inhbition by 2.5 x 10-4M isoleucine
was abolished by 0.5M NaCl; inhibition by 7.4 x 10"§M isoleucine
was abolished by 1M NaCl; and inhibition, by 2 x 10-3M isoleucine
was abolished by 3M NaCl; (Tab. V-1). With V. costiceola TDase

the inhibition by 2.5 x 10 %

M isoleucine was slight but still
evident at 1-3M NaCl, the inhibition by 7.4 x 10_4M isoleucine

was about 70% at 1-3M NaCl, and 10-3M isoleucine cohpletely inhibited.



Fig. V-4
Effect of NaCl on™activity and/;b_BM iso-
i
leucine inhibition of threonine deaminase

from V. costicola and Escherichia coli B.

Specific activities of the crude enzyme
extracts at O0M NaCl were 57.and 121 mﬁmoles
aKB/min/mg prot. respectively. g.-ggig en-
zyme extract prepared as outlined in Tab.
V-1. V. costicola extract prepared as out-
lined in "methods" and both extracts added
to identical reaction mixtures which con-
tained 0.01M threonine (less than the Km
concentration for V. costicola and @ear the
value for ﬁ. coli, see Tab. V-11), 10 pg/ml
pyridoxal phosphate and tris buffer pH 7.8 2

0.1 with the specified NaCl and isoleucine

concentrations. “*"”\\

—
\

N
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Activity-and'feedback inhibiﬁion of Thase extracted from cells

at different phases of growth.

It was important to know, both for repression studies
and for an understanding of the physiology of.y. costicola, if
cells harvested and extracted at different points during growth
yieléed TDases with properties different from those already
described in cells harvested during exponential phase. Tab. V-2
shows that the specific activity and the feedback inhibition
of the TDase was roughly constant during most phases of growth.

Any deviations occurred during the pre-log or stationary phases.

Effects of salt on kinetics of V. costicola threonine deaminase.

The addition of salt to TDase reaction mixtures resulted
in inhibition of activity and a decreased sensitivity to isoleucine
inhibition (Figs. V-4, V-5}. These experiments were carried
out at a threonine concentration of 0.01M. To better describe
the effects of salt, further experiments were carried out
at various concentrations of threonine (Fig. V-6 curve A,
Fig. V~7 curve A). The data from the cur&es was rearranged
to obtain a double reciprocal(fLineweaver-Burk type) plot
(Fig. V-8). The pattern obtained was typical of a competitive
inhibition. Because salt bears no structural or chemical
relation to the substrate, threonine, NaCl is described as a
"pseudo-competitive” inhibitor of enzyme activity.
The maximum velocity (vmax) estimated from Fig. V-8 was
not affected.by salt. The Km’ which can be interpreted aé an
estimate of affinity of the enzyme for the substrate, was
increased 3 fold by the addition of 2.0M NacCl. 'Whatever the nature

of the physical-chemical action of salt on the enzvme, salt

TN



Fig. V-5
Effect qf isoleuciﬁe and NaCl cdﬁcentration
on feedback inhibition of V. costicola
threonine deaminase activity. The specific
activities>of the crude extracts at 0.2,
1, 2, and 3M NaCl were 60,24,13 and 10 mumoles
aKB/min/mg prot. respectively. The threonine
(substrate) concentration in the pH 7.8 + 0.1

reaction mixtures was 0.01M.
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Fig. V-6
Effects of threonine concentration on threo-
nine deaminase activity (A) at 0.2M NaCl. 8§ x
-4 '

10 "M isoleucine (D) inhibition was virtually

complete at all threonine concentrations tegs
ted but could be partially alleviated bv 8§ X

10" %M valine (C) or 5 X 10°°

M valine (B).
Standard procedures were used in these ex-
periments, the reaction mixture PH was 7.8

0.10. Relative velocity X 3.33 = specific

activity in umoles eXB/min/mg prot.
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Fig. v-7
Effects of threonine concentration on threo-
nine deaminase activity (A) at 2.0M NacCl.
8 X 10-4m isoleucine (D) inhibition could
be partially alleviated by & X 10~ % valine

(C) or 8 X 1073

M valine (B). Standard pro-
cedures were used in these experiments, the
reaction mixture pH was 8.0 * 0.10. Rela-

tive velocity X 3.33 = specific activity in

pmoles oKB/min/mg prot.
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Fig., V-8
Double reciprocal plots of threc-
nine saturation curves at 0.2M and
2.0M NaCl. Data from Fig. V-6 curve

A .anéd Fig. V-7 curve A. Km (0.2M

NaCl) 0.01%M threonine, K, (2.0M

0.059M threonlne, vmax = 0.29

Nacl)

umoles uKB/min/mg prot.

S
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competitively interferes with the threonine binding processes.
. = ; - ' :

Effects of effectors, isoleucine and valine, on the threonine

¥

. ) ‘ 7
saturation curves. . L

MY

Isoleuciﬁe a£ both low and high salt concentrations
interacted_with;TDase and appeared to reduce the effectiveness
of threonine binding (Figs. V-6, V-7). However, the double
reciprocal plots (Figs. V-9, V-10, data from Fig. V-6 and V-7)

show that Vm

ax Was not altered by feedback effectors. The

patterns of inhibition, i.e. the sigmoidal curves in'the
presence of effectors, are characteristic of "K" type regulaﬁory
enzymeé (Monod et al. 1965).

Valine is known to allieviate inhibition of Thase by

isoleucine. One of the physioclogical implications of such
mechanism for relief of inhibition is that an excess of valine
will- cause increased synthesis of isoleucine because of
decreased sensitivity of TDase to isoleucine. In the V. costicola
Thase, v#line partially overcomes isoleucine inhibition at

low as wellias high salt concentrations (Figs. V-6, V-7).
2.0M.NaCl TDase is less sensitive to both isoleucine inhibifion
and valine alleviation than is the enzvme in low salt conipntrations.

Empirical Hill coefficients associated with salt and feedback

effector effects of enzvme activity.

Sigmoidal substr§te saturation curves in regulatory enzvmes

»

can mean that the enzyme interacts with more than one molecule
of substrate. The extent of interactions can be estimated’

ﬁéing the empirical Hill plot (Atkinson et .al. 1965). The slope

>
- H

f «
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of the plot can be interpreteted'aé equivalent to or greater
than the number of interacting %ubstrate—binding sites per

enzyme molecule. A Hill coefficient of value n=1 usually .
i

implies Michaelis Menten ;gpe‘kinetic behavior;jif n>1
this can be indicative of multizsubstrate "allosteric" effects
and dooperative interaction between substrate or effector
sites on an enzymé molecule. . %
Salt has been shown to be a pseudo-compeéitive inhibitor
of TDase activity (Fig. V-8). Empirical Hill plots of the
threonine saturation curves in the absence of_effectors (Figs.
V-6A, V-7a) at 0.2M NéCl and at 2.0M-NaCl showed that salt did
not cause anv cooperative ééfects (Fig. V-11A, B, Tab. v-3a).
The presence of 2M NaCl, héwever, did decrease threonine cooperative
interactions: with the same feedback effector ¢concentrations, |
more than one molecule of threonine interacted with the enzyme
at 0.2M NaCl (Fig. V-11 BsC), but 2.0M NaCl reduced the n value
to approximately 1 (Fig. V-12 B&C, Tab. V-3 B,C). On the other
hand, isoleucine homotropic coope?gEivity was not affected by
salt; Hill plots of the isoleucine effects on activity (Fig. V-5)
showed that two molecules of isoleucine were involved with
inhibition at both low and high salt concentrations (Eig. Vv-13).
An interesting result was obtained when NaCl wasﬁ:;ééted
as an effector of ehzyme activity and plotted to obtain a Eill
coeeficient (Fig. v-14). Up to 1M NaCl, salt acted as a simple
first order inhibitor (n=1) of enzvme activity, which was also
shown by éoubie reciprical plot data (Fig. v~5). However, an
inflection occurred in the Hy1l glot at exactly 1M Nacl; at

"

= . ’ .
higher NaCl coricentrations the ecame zero. Possibly the enzyme



Fig. v-9

Double reciprocal plots of effects of
isoleucine and valine on threonine sa-
turation curve, 0.2M NaCl. Data from
respective curves df Fig. V-6. The
plots hypothetically converge at the
l/Vmax ordinate value. Dashed_1line is
pPlot of threonine saturation curve in
absence of feedback effectors, trans-

F

posed from Fig. Vv-8.
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Fig. V-10
Double reciprocal plots of effects
of isoleucine and valine on threo-
nine saturétion curve, %.QM NacCl.
Data from respectivelcurves of
Fig. V-7. The plots hypotheti-
cally converge at ?he l/Vmax or-
dinate value, Dashed line is plot of
threonine saturation curve in ab-
sence of feedback effectors trans-

poseé from Fig. v-8.
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Fig. V-1l
Empirical Hill plots of data from respective
curves of fig. V-6 at 0.2M NaCl. Reaction
mixtures: A contained no additions, B contained
8 x 10 %M isoleucine + 5 x 10 °M valine and C
contained 8 x 10~ %M isoleucine + § x 107%M valine.
Tab. V-2 lists the reaction mixture conditions

and associated Eill coefficients.
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Fig. v-12

Empirical Hill plots of data from res-
pective curves of‘Fig. V-7 at 2.0M NacCl.
Reaction mixtures :- A contained no additions,
B contained 8 X 10 %M isoleucine + § x 1073y
valine, C contained 8 X 10 %M isoleucine

+ 8 X 10 “M valine and D contained 8 x 10-%mM
isoleucine. Tab. V-2 lists the reaction mix-
ture conditions and associated Eill coeffi-

cients.

4
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Table V-3 o
Effects of salt concentration and feedback effectors on the
empirical Hill coefficient. .
Figure addition to © 0.2M NaCl 2.0M NaCl
. Kevy reaction mixture n n
A . none "°1.04 * 0.13
0.72 = 0.08
D 8X10™4M isoleucine 1.15 + 0.15
c 8X1073M isoleucine+ 1.18 * 0.13
8X10 "M wvaline
B 8X10_ %M isoleucine+ 0.87  0.23

8X10 3M‘valine

a. Empirical Hill coefficient,n, with 95% confiflence interval limits.

b. Complete inhibition of activity, n > 1.

c. The cgncentration of valine in the 0.2M NaCl experiment was
5X107°M.



Fig. v-13
Empirical Hill plots and coefficients for
the isoleucine concentration effect on feed-

back inhibition presented in Fig. V-5.
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1.OM NaCl(o)
3.0M NaCl(x)
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/

/

I

=-2.2313

n=-2.120,7



:1,‘5

\\\ Fig., v-14 _
Em;irical Eill plotlof data'frgm an ex-
periment on the effect of NaCl concen-
tration on enzyme activity (Fig. V-4).
In this analysis salt was assumed to -
interact with the enzymé in some manner

analogous to a substrate or inhibitoi.
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chénged in conformation at 1M NaCl and salt no longer had an
interaction with the enzyme. It was also possible that & site
for Na+_was filled‘by 1M NaCl and added NacCl no ‘longer had
any‘effect.‘ The Hill plot is not suitable for application at
ligand concentrations high enoughito cause site saturation
(Atkinson et al. 1965). At any rate, the ﬁiil plot emphasizes
the s;gnificance of tﬁe 1M NaCl inflection point. One M NaCl
is the concentration above whicﬁ only:small effects on the
activity or feedback sensitivity were caused by addition of more
NacCl (Figs. V-4, V-S)T "It is possible that 1M NaCl is also Ehe

Pl

concentration of NacCl reéuired for maximum stability (see below).

Effect of pH on threonine deaminase activity and feedback

- 3 - 3 ' '\-.
inhibition.

Fig. V-15 shows the effect of PH on the activity of TDase.
Optimal activity occurred at about pH 5.0 at both 0.2M and 2.0M
NaCl. A pH 8-9 optimum is typical of microbial TDases.

In contrast to the activity, the feedback inhibition by
isoleucine increased as the pH was lowered (Tab. V-4). At pH
7.5 only 6-21% of the maxmimal activity remained but concentratioﬁs
of isoleucine which hardly inhibited at pHE 9, inhibited 75-87%.
Most experiments were run at pHE 7;8—8.0, to achieve a compromise

between activity and feedback inhibition.

Effects of various treatments and agents on the retention of

TDase activity and sensitivity to inhibition.

€

Since the V. costicola TDase had maximal activity in the

absence of salts, attempts were made to extract cells in salt-

>

free media or to resuspend ammonium sulfate frfctions in buffers



Fig. Vv-15
pPH response of partiaily puri-
fied threonine deamiﬂase. Ex-
tract and reaction mixture con-

ditions described in Tab. V-4.
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Table V-4

V. costicola TDase:-Effect of pH on activity and feedback inhibition.

| Relative 1074 ile 410" %M ile
NaCl pH Velocity inhibition inhibition
9.1({max) 100°% Q0%
8.2 : 73 23%
0.2M 7.8 (normal)® 44 45%
7.5 : 21 87%
9.1 (max) 40 <10%
8.2 16 25%
2.0M 7.8 (normal) 10 32%
7.5 6 758

a. Approximate specific acitivity mumoles KB/min/mg prot. ammonium
sulfate fractioned engzyme dialysed overnigh§ at 4C against the
extraction buffer:10"°M dithiothreitol, 10~ °M Mg-EDTA, 0.5M NaCl,
0.1M tris, 0.5M KH,PO4 pE7.8. Reaction mixtures contained 0.01M
threonine, 1l0ug/ml pyridoxal phosphate, NaCl and buffer-0.1IM
KH2P04, 0.1M tris, 0.1M glycine.

b. pH 7.8 was that used for most of the experiments.

F)
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containing littlé or no salt, e.g. 0.1M tris pH 7.8. In ail
cases where the enzyme was removed from salt solutions the
activity disappeared within several hours. 1In a dialysis
éxperiment a crude extract (relative act. 100, isoleucine
feedback inhibition 100%) was divided into two eqﬁal portions
and dialysed against 0.1M tris pH 7.8 or against 1M NaCl,
0.1M tris pH 7.8. The extract which was dialysed against tris
lost all activity over 4 Hr. at 4C, while the extract dialysed
against tris-NaCl retained all activity and maintained good
feedback inhibition (67.5%). Once the activity had been lost
during dialysis it was not possibkble to recover it by dialysing
against 1M NaCl, 0.1M tris, pH 7.8 \

To determine what substances‘might stabilize the TDase
activity in the virtual absence of salts, an experiment which
resulted in the data of Tab. V-5 was carried out. The only
unequivocal stabilizers at both 25C and 0C were 1M NaCl, 1M
KCl and allothreopine, the other isomer of threonine with resﬁect
to the second assymetric carbon (C3). Allothreonine was used by
P. T. Magee to help stabilize veast TDase (personal communication}.
A more stringent experiment attempted to determine if allothreonine
stabilized the enzyme in the absence of salts. A 4 hr. 4C
dialyéis was run using crude extract which had been sieved
through G-25 Sephadex to remove small molecules. The extract
dialysed against 1M NaCl, 0.1M tris pH 7.8 retained most of
its activity and feedback inhibition. _The extract dialysed

against 2.5 x 10-3

M threonin 0.1M tris, pH 7.8 lost all of
its activity. Substitution Wf allothreonine for threonine

caused the retention of 10% of the original éctivity and slight
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Table V-6

Stabilitv of crude and partiallv purified
V. costicola TDase at 1M salt.

' inactivation period
enzvme ' 0 time 90 min 150 min

crude extract (12.5 mg prot./ml)
specific activity remaining

15% 17 11
7X10-4M ile feedback inhibition

100% = 100%  100%

(NE4) 2 SO4 fraction (7.0mg prot./ml)
specific activity remaining : 42 27 26
7X1074M ile feedback inhibition :  100% 81% 50%

—

*mumoles KB/min/mg prot., 1M NaCl activity remaining after inac-
tivation period. 1Inactivation mixtures contained 0.5M NacCl,
0.5M KC1l, dithiothreitol, Mg-EDTA and tris pH 7.8.

Vel

™,

A\
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féedbéck inhibition. Clearly; the salts were the ohly effective
single stabilizers. But even salts did nbt completely stabilize
partially purified TDase at 37C (Tab. V=6).

It is unusual that none of the TDase liga;ds, isoleucine,
pPyridoxal phosphate (Tab. V-5) and threonine, stabilized the
enzyme. Isoleuciﬁe c&used an increased rate of inactivation at
25C compared to the control {(Tab. V-5) vet acted to stabilize
yeast TDase (Cennamo et al. 1964, McDonald & Kaplan 1973).
Interactions and concerted actions of substances on the TDase
stability are undoubtedly important; for instance, in low salt
reaction ﬁixtures the TDase was stable (i.e. showed activity
which was linear with time) for at least 1 hr. These effects

‘were not investigated.

A preliminary molecular weight estimate for the V. costicola TDase.

The TPase molecular weight was estimated using a.  Bio-Gel
1.5m column as 80,000-94,000 Daltons (Fig. IV-16, p. 148}. This
molecular weight estimate could not be confirmed by gel
chromatography at low salt concentrations because of the instability
of the enzyme. The assumptions about marker proteins and gel
.effects at 1-2M NaCl concentrations discussed in the context
of the\thase molecular weight estimate (Ch. IV p.145-147) also
apply to the TDase estimate. If the estimate is accurate the
V. costicola enzyme is one-half the size of mosf-hicrobigl TDase
which are tetrameric with aﬁout 200,000 molecular weight.
Moreover, even though some activitv was lost in the column, the

TDase effluent which came out at Kav=0.ll was fully sensitive

to inhibition by isoleucine: 5 x 10_4M isoleucine at 1M NaCl
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pH 7.8 inhibited the.chromaﬁographed enzyme 75%. TDases
which had the same molecular weight as the Vibrio enzyme
were either inactive apodimeres (Calhoun et al. 1973) or
very low activity, feedback insensitive dimers (Grimminger &
.}eldner 1974) from E. coli, or in the case of the Thermus
TDase, were completely insensitive to isoleucine feedbhack

inhibition (Higa & Ramaley 1973).

Results: Experiments on the svnthesis and repression of

V costicola biosynthetic threonine deaminase.

\{ -

Effects of salt on TDase activity extracted from cells grown

at different salt concentrations.

Individual moderately halophilic bacteria are often able
to grow over a wide range of salt concentrations. V. costicola
in complex media, for instance, can grow well over an eight-£fold
range of salt concentrations. Cells must maintain activities
under different environmental conditions; one possible
explanation for such versatility is that cells make different
enzymes, i.e. isozymes, under different conditions. For instance,
V. cLsticola might make a salt-dependent TDase at high medium
salt concentrations, and a non-halophilic enzvme at low medium
salt concentrations. Fig. V~16 shows that, although the
specific activities varied, TDases extracted from cells grown
at 0.6, 1.0 and 2.2M salt concentrations had identical salt
response curves. Moreover their feedback inhibition response

to isoleucine was typical (see Fig. V-16 caption).

R



Fig. v-16

Effect of salt on TDase activity extracted. .
from V. costicola cellé grown at various:

salt concentrations. Cells from cultures
were harvested and resuspended in standard

iM salt extraction buffer, 'then their ac-
tivity (and feedback inhibition, not shown)
tested at various reaction mixture salt
concentrations. Peedback inhibition by

2 X 107M isoleucine in all 0.2M NaCl reaction
mixtures ranged from 41—54%; inhibition by

7 X 10_4M iséleucine in all 1-3M NacCl réaction

mixtures ranged from 26-48%.
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TDase activity from V. costicola grown in medif containing

amino acids.

Extracts prepared from V. costicola cultures grown in

complex amino acid media, 1% proteose peptone.and-l%kt;yptone.or

1% Difco casamino acids + 0.005% MgSO had no detectable

4!
TDase activity. This resuih\fgizested that amipo.acids in the
medium caused a repression of the synthesis of the enzyme. /

TDase repression phenomenon are'wgll known in various non-halo

microorganisms. I attempted to determine the medium conditions
and components associated with the TDase repression in the
moderate halopile.

When added to SGP medium, large amounts of casamino acids
were required to bring about complete repressionfoﬁ Thase
activity (Tab. V-7). The degree of repression obtained was
not significantly affected by the medium salt concentration.

With one exception, the branched chain amino acids when
added singly or in combinations to 1M NaCl‘SGP medium, even
é£ high concentrations (0.1M), did not cause a significant
repression of TDase activity (Tab. V-8). Tenth-molar valine
réduced the activity by about 50%. Whenever isoldacine was
added élone fhe highest specific activities occurred. _The
extracted TDase retained feedback sensitivity to isoleucine.

Repression was obtained when 18 amino acids were added to
tﬁe 1M NaCl SGP medium at the concentrations indicated in Tab. V-8.
To determine if some amino acids might be more important than

others in causing repression, experiments were.run using

arbitrary combinations of amino acids in media {(Tab. V-8)._ The

- "aspartic acid family" (group B) could repress the TDase.
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waever, when glucose was removed from the medium the
iepression effects disappeared.

2

Effect of isoleucine, valine and leucine additions to 1M NaCl

SGP on the growth of V: costicola.

Although the branched-chain amino apidg did not cause
TDase repression, they did affect the growth of V. costicola.
From the growth curves of Fig. V-17 and frem another simil;r
experiment the following effects (in relation to gréwth In SGP mediuﬁ
with ﬁo additions) were deduced: '

' ‘ effect on vield
amino acid addition effect on growth rate '~ (max. growth)

isoleucine . decreased " decreased
. /'—-' - .
‘yaline . none " decreased
i§oleuc§ne + valine : ‘ *
or leucine alone increased increased

ile + val + leu decreased ‘ decreased.

?lannery and Kennedy (1962) also noted that iscoleucine or

valine* added. separately depressed V. cdsticola growth but

when ‘added together, were stimulatory. ' N

.’/

Discussion &

The salt requirements of enzvmes from moderately halophilic bacteria.

It has been well documented that most of the enzyme
¢
activities faom extremely halophilic bacteria reguire substantial

concentrations of salts for activity and stability (Ingram 1957,

Y397
\

Brown 1964, Larsen 1967, Xushner 1968, .Lan 4). Such salt

(33
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Fig. v-17
V. costicola é&bwth curves in the pre- '
senée of various branched—chain amino
.acids: All amino acids added to 1M
NaCl SGP hedium to achieve a final con;

centration of 0.1 gfi.
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requiréments have been attributed to seveial'interrelated
enzyme phencmena. Participation Sf‘ions in the chemical
reactions mediated by enzymes {(Suelter 1970), electrostatic
shielding of charged groups'within proteins, stabilization of
hydrophobic interactions by moderate to high S;lt concentrations,
and effects of salts on local protein residues (Lanyi 1974)
probably are important in enz&me salt depenaence. The importance

of any particular salt effect depends upon the individual

enzyme's characteristics. ZLanyi (1974) further pointed out:

"The requirement of unusually high concentrations of NacCl
‘“or KCl for maintaining the optimally folded strueture of
Halophilic proteins ;aises the possibility that these
mécromolecules are put together gccording to different rules
than are nonhalophilic systems. This is probably not the case.
It is necessary merely to assume that some of the interactions,
which are ordinarily involved in stabilizing pfbtein structure,
are weaker in halophilic systems, whereas others are stronger
because of the pressure of salt.”

Not all the enzymes from moderately halophilic bacteria
are salt dependent (and as well, not all the enzymes from
non-halophilic bacteria are inhibiteé by salts). Tab. V-9 éhows
that about half of the enzyme activities studied in each
organism did not require and, moreover, were inhibited by‘salt;
as was, for example the V. costicola TDase. The rest of the

enzyvme activities were more in character with what might be

expected from enzyme activities of cells with pfoderatke intracellular
salt concentrations (Ch. III), e.g. the sticely ATCase.

‘It has already been mentioned thdt the distribution of

o
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cellular ions might be important in de;ermining whethe; a
particular process or enzymatic reaction may have evolved
a salt reguirement (Ch. III). That much of the salts are
not free in the cytoplasm is strpngly suggesﬁed by a wvirtually

complete inhibition of V. costicola in vitro protein synthesis

by 0.5M NaCl or XCl (R::hydro,,T. Eiramatsu & D. J. Kushner,
unpublished data). Moreover, measurements of ions in
permeabilized V. costicola (Ch.\III, P. 97-99) and in

Pseudomonas #1101 membranes (Masui & Wada l973)ishowed'that

a2 large amount of ions can be bound. If a large proportion

of the major intracellular cations were associated with the
cell envelope of moderate halophiles, then envelope or membrane
associated enzvmes ought to be salt-dependent or at leést
markedly tolerant, while cytoplasmic enzymes need noi be salt
tolerant. Indeed, this trend is partially'bourne.out in

the data of Tab. V-9: sone of the most salt dependent enzymes,
lactate dehydrogenase, cytochrome oxidase and alkaline
pPhosphatase are putatively membrane associated.

On the other hand, same unknown factors could be affecting
the salt response of enzymes or protein svnthesis in vivo which
could be absent in vitro. Betaine or a derivative has been
implicated in imparﬁing salt resistance to succinate o?idatiOn

and respiration‘in moderately halophilic bacterium'Bal

L]

Eshkol & Avi-Dor 1968). In low salt-grown cells or high salt-

(Rafaeli-

groewn washed cells betaine was able to stimulate respir

protein

rified
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aldose dehydrogenase of the moderately halophilic Pseudomonas

£101 from 0.5M to 2-3M NaCl (Maeno 1965) {(but this effect may
hawé been due to an instability of dilute enzyme at high‘
'salt concentrations). |

If Lhe salt inhibition effects on enzyme activities
illustrated in Tab. V-9 were not due to the absence of appropriate
stabilizing ions or factors, and if the intracellular salts
are free in the cytoplasm then it is possible that many
enzvmes from moderately halophilic bacteria are genuinely
inhibited by the salt concentrations extant in the cells. It
has been suggested that cellular enzvmes may.not operate unde;
optimum conditions inside the cells (Larsen 1962), and that full
enzyﬁe activity of each enzymé molecule is not demanded by
normal metabolism (Lamanna et al. 1973}). In salt inhibited
enzymnes, conéiderable resigual activity often remained at
1-2M NaCl, close to the intracellular salt concentrations, .
or in the case of a few measurements, at the salt concentrations
required for stability (Tab. V-9). Although some enzymes from
moderately halophilic bacteria are inhibited by salts, they are
not completely disfunctional at physiolegical intracellular
salt concentrations.‘ The residual activity and feedback inhibition
of the V. cdsticola Tbase at 1-3M salt for instance, may render
the enzyme fuliy competent in vivo. |

The potential importance of divalent cations and various
anions should also not be underestimatéd in moderately halophiiic
enzyvme salt response phenomena. Although Na+ and K+ are almost
certainly the major intfacellular cations of moderately halophilic

e t
bécteria, some enzymes may be completely dependent upon
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particular anions or divalent cations for activity and/qr

stability. In the extracellular amylase secreted by Micrococcus

halobius, 50mM CaCl could stabilize as effectively as 2.0M

2 3

NacCl, but the CaCl, could not support activity alone (Onishi 1972).

2
Likewise, the extracellular nuclease fraom Micrococcus varians.

could be stabilized by 10mM Mg '~ but required 2-3M NaCl or
KCl for maximal activity (Kamekura & Onishi 1974a). 1In a
series of papers on several enzymes from the moderately

halophilic marine V. alginolyticus, the importance of the

roles of magnesium and chloride ions was illustrated.

Pyrophosphatase was inactivated by an in vitro incubation
. . + + - .

with the measured cellular Na , XK and Cl concentrations.

2

. + . . .
But in the presence of Mg the inactivation effects were

prevented (Unemoto et al. 1973). Unlike the enzyme from E. coli,

the V. alginolyticus alkaline phosphatase was stimulated by
anions, Cl—.giving‘the optimum Vmax/Km value (Havashi et al. 1973}.

Chloride anion also,meodified the reactions of the V. alginolyvticus

cyclic phosphodiesterase; while inhibitipg the cyeclic
phosphodiesterase activity it acted as én activator for two

other activities associated with fhe enzyme, 3'-ribonucleotide

and di-p-nitrophenyl phosphate hydrolysis (Unemote & Hayashi 1969).
The cell envelope 5'-nucleotidase reguired botﬁ Mg+2 and an
appropriate anion, Cl  being the most- effective, for maximal'
activity while exhibiting no reguirement for monovalent cétions

{Hayashi et al. 1970). There is no information on such

effects on enzymes from other moderate halophiles.
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Kinetic parameters of halophilic enzymes: Is there evidence

for consistent unusual values or phencomena?

Considering that an individual enzyme's Sal; requirements /}V
may be the resuit of a unigque combination of physio-chemcial
interactions (Lany; 1974), and that kinetic parametérs such
as the Michaelis constant may evolve over long periods in
response to cellular physiological conditions (Hochachka &

Somero 1973,.Crowley 1975) , there se to be no a priori

reason to assume that the kineticsléirialophilic enzymes should
exhibit §Onsiétently unusual patterns. The halophiles appear

to share the basic life processes with the rest of the microbial
world and, although their structures may differ, their metabolism
exhibits generally "normal" patterns (see Ch. 1). Thus; within
the thermodynamic and chemical constraint; of metabolic processes,
their enzymes should exhibit general similarities to non-
halophilic bacteria with accompanying natural statistical
‘variation in kinetic parameters. On the other hand, the

striking kinetic differences in halophilic enzymes, such as N
the high Km values of V. costicola ATCase, might point toward

real physiclogical differences associated with halophilism.

Data on the Km values of ATCase from various sources
Tab. V-10 show that both halophilic enzymes had the highest Km
values. The only other data where similar-comparisonslcan
be made involve NADP dependent isocitrate dehfdrogenase (IDase) ,

biosvnthetic threcnine (TDase) and alkaline phosphatase (APase)

studies. The Halobacterium salinarium IDase at the optimum

'IM salt concentrations had X values for isocitrate and NADP of

0.5-1.3 x 10 %M and 1.2-1.3 x 10 M respectively (Aitken et al.
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-
H. cutirubrum
V. costicols
S. fecaelis
E. coli
S. cerevisise
Cod ovary

Mouse spleen

Km comparisons, ATCase from various sources.

ASP. CE. M Nall b reference )

0.01 .002 (3.5) Norberg et al. 1973

.2 .01 (1.8) this dissertation

0.02 .0002 (0) Prescott and Jones 1970
0.02. .0002 {0) Bethell et al. 1968
0.003  0.00k (0) Ksplen et al, 1967
0.002 .000k (0) King end Baker 1975

.002 {0)

0.008

Hoogenraad et al, 1971 *




Threonine Km values of biosynthetice

Table V-11

-
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‘threonine deamirsse from various organisms,

Organism

Vibrie costicols -

1]

. coli

Salmenells tyvhimurium

¥
Azotodacter chrooroceum

Rhodospirillum rubrum

Bacillius stearothermovhilis

Thermus ¥-1

Saccharomyeces cerevisiae

Schizosaccharomyces pombe

thieOnine

gm {(mM) salt concentretion
17 0.2M NeCl (near optimum)
60 2M NaCl

L.8-6 O:SM buffer
1-L 0
56 )
6.8 0
3.5 0 (5sC) )
8.3 0.1M NaCl (55¢C)
1L 0 (70C)
=2

10 0
20 . 0

reference

this dissertation
- "

Harding 1969

Maebe & Sagwal 1966
Gupta 1971

Feldberg & Datta 1971

Thomass & Kuramitsy 1871
11

Hfga & Ramaley 1973
Robichon-S, & Magee 1968

McDonald & thlan 1973
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1970). The values for the V. costicola énzyme at éhe low

5 and 1 x 10~ *M respectively

salt optimum (<0.1M) were 6 x. 10~
(Wydro 1974). All the above.values were similar to those
reported for other non—halophi;ic bacterial NADP specifié
enzymes (Wydro 1974). The V. costicola TDase had a threonine

Km value near the optimﬁm low.salf concentration only slightly
higher than several other bacterial enzymes and well within

the fange ef valﬁes presented.in Tab. V-11. The Km value

at 2.0M NaCl reflects salt inhibition effects. Egami (1955)
stated that the X value determined for the alkaiine phosphatase

of moderately halophilic Pseudomonas #1011, 6.5 X 10_3M;

. .
was of the same order of magnitude—-as the enzyme from animal

sources. The Km of the moderately halophi 'xknggfifizi?inl
alginolvticus enzyme was 0.2-0.4 x 10_3M at pE 10.3 bu out

200 x less at pH 7.5 (Hayashi et al. 1973). The K values of

the halophiiic enzymes seem to be similar to those of the
non~halophile; only the halophilic ATCase ﬁm values are highi
The high aspartate K_ values would be particularly interesting
if high intracel}ulaﬁ/spncentrations of acidic amino acids.
were important in E}iophilic osmotic regulation (see Ch. III
discussion p. 109} and Measures 1975).

A3

Characteristics and feedback regulation properties of TDase

from various microorganisms compared with V. costicola TDase.

V. costicola TDase activity feedback inhibition was

o

reduced by M NaCl or higher, vet NaCl or KCl were required

for enzyme stabilit%. As with the Vibrio enzyme, Salmonella

TDase (Maeba & SanwéiVLSGG, Burns & Zarlerngo 1968) homotropic

“_..'\
S~
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lnteractlons induced by lsoleuc1ne were removed OX reduced

~—

in presence of vallne or salts. In contrast to the Escher;chla

.

—

COll and V. costlcola enzymes, the TDases from Bac1llus

stearothermophllls (Themas & Kuramltsu 1971), Salmonella

tvphimurium (Burns & Zarlengo 1968), several marine planktonic

algae (Antia et al. 1972) and veast (Holzer et al. 1964) were'
activated by monovalent catlons.

The influence of salts, specifically or relatlné to iomnic
strength in stablllzlng or protectlng TDase from 1nact1vatlon
by dilution has been noted by many workers. Aan interesting

example is the reguirement of 1-2M NaCl or KCl to'stabilize

o/

the hvdrophoblc Rhodospirillum rubrum enzyme (Feldberg & /“\\«’\-,/

Datta 197lb). V. costicola TDase reguired either NaCl or
_KCljfor stabilitf, except for MgCl,, other salts were nbt
tested. E. coli TDase requlred either threonine or hlgh
concentrations of phosphate buffer to prevent lnactlvatlon of
dilute enzyme p;epar;iions (Hard1ng_1969). Experiments using
stabilized E. coli TDase resulted in an alternate interpretation
of the effect of valine; instead of relieving isoleucine
inhibition it acted as an inhibitor in the same way-és
isoleucine (Harding et al. 1970). This could mean that there
is no separéée site on the enzyme for vallne blndlng, vallne
mav bind at the isoleucimne'site. X
The V. costicola TDase had, at least at low salt:
concentrations, a definite hyperbolic to sigmgidalﬂshift in the
threonine saturation curve when isoleucine wae adéed,‘accompanied

by an increase in the threonine Hill coefficient from 1 to 2

or 3 (Tab. V-3). An increase in valine concentration decreased

\
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the Hlll coeff1c1ent. Cooperative effects were evident Wlth<\
— threonine and presumably with 1soleuc1ne (n=2, Fig. V-13). !

The Hi;lfcoefficient for isoleucine was not affected by 2.0M\\\\_’

-

NaCl. The poss;bility remains that threornine coope&aﬁive effects
would be observed at high'salt concentrations'if higher feedback
effector concentrations were tried. 'The V. costicola TDase
j;ﬁgults are conSLStent with the "K" moge{/of allosteric enzymes
\J/(Monod_ et al. 1965). The kinetic behavior and many of the
characﬁeristics of the V. costicola enzyme-indicate that if
. behaves iike other Qel{;known microbial TDase, except that it
1s more salt-tolerant. -

- Many meaningfﬁl comparisons between the V. costicola TDase

1 -

and other TDases réqui:e a .purified enzyme. Iﬁ'was not
possible so far to purify the enzyme, but sevefal.recently
.developed techniques might be suited for use with halophilic
'enzymes which, for the most part, have proven difficult to
purify. The instability of E. coli TDasé has hampered ies
pufificaﬁion; but Grimminger‘et al.(lB?é)'have reported that
L\/effinity chromatography has allowed purification. Yon (1974)
has purified ATCase from wheat gerﬁ by chromategraphy under
- .conditiens where hydrophobic interactions could E;;e place
L‘* between the protein- and the éepharose column gel, a_ technigque
called “hydrophobic chiometography?:~ Finally, hydrophobic
chromatbgraphy in .the presence'of high salt concentrations.
has been squfsted for use in purlfv1ng unstable enzymes
'eaulrlng high ionic- strength (Blgells & Umbarger 1975). -

Ammonium sulfate and glvcerol stablllzed veast a—lsonropvlmalate

isomerase and allowed the protein to be dlfferentlallv retalned

on a sepharose afflnlty C%J#m.n. The combingtion of affinity

-

¢

/
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chromatography with hydrophobié or high salt igteractioﬁs
promises to allow purifications which weré previously impossible.
Some enzymes from.extreQeiy halophilic bacteria ean be
inéctivated by dialysis aga;nst dilute solutions, then

reactivated by dialysis against high salt concentrations.

This permitted purification of Halobacterium salt dgpendent

malic and isocitrate dehgdrogenases using conventional‘methods
"at low salt concentrations with inactive énzymes. In.thé final
steps of the pﬁ&ification theé purified enzymes were reactivated
(Folmes & Halvorson 1965, Hubbard & Miller 19639). V. costicola
. Thase was irreversibly inactivated by dialysis'against dilute
sol%tions.

—N ' | N

\
Feedback regulation in halophilic enzvmes.

It‘ié now clear that the regulation of enzymatic activity
by allostggic effectér; ié_a general phenomenon extending to
the halophilic bacteriav(Tab. V—l2f. The regulatory 9nz§més
from V. costfgola showed no requlrement for salts, in marked

- > -

contrast to the enzynes from Halobacterium. However, the . /ﬁ\_‘_\\

"V. costicola TDase'had regulatory function even at 3M NaCl.

Regulatory enzymes from halophilic bacteria may provide sensitive

systehis to help define reguirements and limits for metabolic

function in halophilic bacteria. : N

A h\‘-

2

Feedback regulation of biosynthetic enzymes, metabolite pools

and osmotic regulation. -

Measures (1975) has suggested that free amino acid pools,

mainly glutamate and proline, are involved in the maintenance
K ] N Ty

-
-

il
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of osmotic eguilibrium in non-halophilic bacteria. r However,

large poolg of amino acids could affect repression and feedback} .
Tmechanisms: Stebbing (1974)" has pointed out that feedback )
controls of biosynthetic éathways would tend to change pool.
concentratiéns in the wroﬁg,direction. If the medium salinity.

Lo —
were to increase, water would flow out of the-cells, increasing
the effective concentrat;ons of the end prodﬁcts. Such
increases would cause increased feedback-inhibition.and decreased
synthesisho§>§gnd prodﬂéts, wherea§ the required response
would be to increase the Pool size and attas \a new osmotic : t&:
equilibrium. The,; implicationsi:;é/@.) to be effective W
osmotic regulators, amino acids such “as glutamate or pProline
would have to be ineffective ‘feedback inhibitors, and moreover,
(2} should Be synthesized by an enzvme sensitive to some aséect
6} osmotic regulation. Enzymes involﬁed in glutamate metabolism
such as gluta@ate dehydroéenase {(Measures 1975) or aspartic- -

glutamic transaminase (Owen & Hochachka 1974) could be candidates

T

for such regulation. - The significance of amino acid pools

in halophiles has yet to be shown. “

Conclusions from experiments on V. costicola TDase synthesis

-~

-

and repression.

é%é?
There are two th¥eonine deaminase enzymes in E. coli.

The isoleucine sensitive biosynthetic enzyme is synthesized

L

when minimal salts-glucose media are utilized for growth
{Umbarger & Brown 1957 Repression of TDase activity occurs
- ‘

in enterobacteria (Freundlich et al. 1962) and in,hakersj veast

(Robichon—Szulmajster & Magee 1968, Bussev & Umbarger 1969)

e

ino acids &re present in eéxcess
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in the medium ("multivalent" repression). In V. costicola
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the’ biosynthetic enzyme was produced in minimal medium, could
' be completely repressed in complex amino acid media, but was
not multivalently repressed by the branched-chain amino acids

together. Pseudomonas aeruginosa (Marinus & Loutit 1969) and

Schizosaccaromyces pombe (McDonald 1971) TDases also did not

exhibit repressioﬁ iﬁ\gzeiezfe of the three branched chain

amino acids.

So far, any explanation of the results of the rep essioq'
experiments must necessarllv be speculatlve. Ciearly,
repression :egulatlon does exist in V. costicola but t
acid requirements for the effect imply that other amino acid
biosvnthetic pathways afe involved. Possibly the branched-

\a\ /ghain amino acid pathway enz§;e$\fggid not be repressed unless

Noor
V' the entire synthetic.machinery for the aspartic acid "family",

\m_m,beglnnlng with aspartokinase, was also repressed. b
\\\‘/ The addition of either isoleucine or valine to growth media
caused two effects. Adding either amino ecid alone caused
growth inhibition (Fig. V-17), vet isoleucine alone caused an
increase in TDase specific activity while vaiine alone caused a
specific activity decrease (Tab. V-8). The valine effects
were probably capeed by the repression of TDase and conesquent
growth inhibitigp. ‘%hen isoleucine wes edded with valine
both the growth and repression effects were removed. The
cause of isoleucine "derepression" remains unknown.
The E; costicola repression effects discussed above appear

to be complicated by glueose catabolite repression. Removing

glucose from the medium which had the oup A,B,C and D amino

G
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acid additions‘ihcreased-the synthesis of V. costicola TDase.
Whitlow and Polglase (1974) have shown tﬁat thé valine inhibition
.5% growth of E. coli X-12 was overcome if c?clic AMP was inélﬁdgd.-
in the medium or if the carbon source was acetate inséead of
glucbse. In E: costicola removing glucose from the medium should

relieve the valine repression of TDase. The valine effect on

growth should, therefore, disappear, a testable prediction.

Do moderately halophilic bacteria produce different enzvmes

as a response to environmental salt concentration changes?

The data on V. costicoia TDase supports other existing
Vevidence that halophiles do not radically change their metabolism
and enzyme content in response to changes in medium salt
éoncentrations. V. coéticola glvcerol dehydrogénase extracted
from cells grown in either 4% or 15% NaCl media showed identical
NaCl and KCl salt response patterns (Baxter & Gibbons 1954).

In several studieé of extracellular enzymes pr%duced by moderately
halophilic bacteria, onlyv the amounts of enzymes produced, and

not the properties of the enzymes, were affected by médium salt
conééntrations {Onishi 1972a, b, ;amekuré & pnishi 1974 a, b).
Preliminary studies on ﬁ. costicola ribosomes indicated that

their sedimentation patterns were not greatly affected by growth
medium salt content if the extracti?n puffer contained no more™d
.tha5’0.75M salts (Wydrc et al. 1975). In contrast to the

-

relatively small effects. of salts, temperature changes did cause

marked enzymatic changes in thermophilic Bacillus stearothermophidis,
" B

with accompanying metabolic shifts (Sung et al. 1974).



N

Chapter V1

- Conclusions: Toward a better understanding of the

méderately halophilic mode of existence.

Unlike the extremely halophilic bacteria whose relationship

to the rest of the microbial world seems dlstant, the moderately

' halophlllc bacterla are related to marine and non—halophlllc

bacteria. V. costicola for instance is clgsely related to several
marine vVibrios (Ch. II, p. 30). Using the electrophofetic'
mobility of the bulk ribosomal proteins as a taxonomic trait,
Falkenbery et al. (1976) and Wydro (unpublished Gata) have shown that the
protéins frem V. costicola rlbosomes are only slightly re

ac1dlc than those from E. coli rlbosomes.' However, th;Q\

Halobacterium riboscmal proteins were markedlyv more acidic than

the others. Interesting taxonomic comparisons using other
halophiles could be made using this tec@pique: of special
interest might be to compare the riboébmal proteins from

Halobacterium volcanii, which has only a ﬁoderate 1.7-2.5M salt

requirement {(Mullakhanbhai & Larsen 1975), with extremely

halophilic Halobacterium strains. Taxonomic comparisons with

halophilic blue-green bacteria (e.g.'Brock 1876) could also
praﬁé useful in better defining the relatioﬁships between
halophiles and non~halophiles.

The physiological requirement of moderate halophiles for
d;5—2,5M NaCl for best growth is poorly understood. Presumably
halophilic bacteria have evolved cellular structureéhand components
which are stabilized and activated by the saline conditions of
their milieu. The extremely halophilic bacteria offer a

striking example; their cellv¥hvelopes, enzymes and riboéﬁes

-
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are .dependent upon high salt concentrations. However, the
salt requirements of V. cdsticola structures and components

are less definite.

Certain activities fx¢ costicola such as in vitro

protein synthesis > Wyd#g, T. Hiramatsu & D. J. Kushner,

_ unpublished) and severwd_.gpzyme activities (Tab. V-9, p. 192)

including the threonine deaminase ctivity, are inhibited
by the salt concentrations extant in the cells (i.e. 0.7M K™ plus
enough Na+ to bring the internal salt cd;Eentrati to app-
roximately the same level as the medfﬁm). It is possible thatf\}
some of these activities were unstable when extractéd, or
that enough residual activity remained in vivo at high salt
concentrations to meet physiological reguirements.

It is also possible that most of the salts in.the cell-
are not free, and separated from the cytoplasmic proteins and
ribosomes. Isolated membranes (Masui & Wada 1973) and permea-
bilized V. costicola (Ch. III, p. 97) bouné largg‘amounts of
ions. If the distribution were such that the bulk of salts were
aséociated with the cell envelope, then membrane-associated
enzymes should show salt dependencies. To some extent this is
confirmed by the data in Tab. V-9, cytochrome oxidase from two
bacteria being the best exaﬁple.. V. costicola salt-dependent

ATCase should also be located in an area where salts are present.

Future research must reconcile the apparent conflicts between
e

salt-dependencies of some procesges and salt-inhibitions of




-209- |
deaminase was sensitive to feedback inhibitioh_by isoleucine;
IF maintained feedback inhibition at high salt concentrations,
in contrast to the E. coli TDase, where such salt concentrations
abolished feedback inhibition. The TDase could also be
repressed, but more than the three branched-chain amino
acids in the medium.were required (Tab. V-8, p: 188). In the
_extremely halophilic bacteria, feedback inhibition has been
‘ reported (e.g. Liebl et al. 1969) but there are no reports
on repfession §henomena. Whether repression operates in the
extreme halophiles is another area wOrt@ conéidé?aﬁle future

effect, especially since unusual systems may exist.

L s
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