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I. INTRODUCTION

ae PCLINTUCLZOTIDE PHOSPHORYLASE
ke Tirst published report of the enzymic synthesis and breakdowxn
ol polymucieoiides appeared in 1955. Grunberg-Manago and Ochoa, ixn tte

course of a study of biological phosphorylation mechanisms, found that

exiraces of Lzotobactier wvinelandii catalyzed a rapid exchange of 32

iavelled orthophosphate with the terminal phosphate of ADP, ITP, U2,
C>2? and GiP. Trurther, this activi‘tjr when partially purified (40-folg)
catalyzed the incorporation of nucleoside diphosphates into anm acié
precipiitable uliraviolet absorbing material which remained at the origin
in a siandard chromatographic system for the separation of nucleotides.
This mavterial was identified as'polyribonucleotide. The polymerization
reaction was found {0 be readily reversible as, in t'he presence of tne
enzyme, P; and %22%, the polynucleotide was phosphorolyzed with ine
release of NDP. Since the reaction was conceived as being analogous

<o the reversivie s:ynthe_sis and breakdown of polysaccharides caiaiyzed
Oy puhospnorylase, the name polynucl_eoti_de phosphorylase was proposed
for tne enzyme. The name mucleoside diphosphate-~polynucleotide nuclieo~
tiéyltransferase EC 2.7.7.8 has been assigned to it by the Enzyme

t

Comnmission.

Polynucleotide phqsphorylase catalyzes the following reversibie

reactions:
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PP = (NP), + nP; (1)

¥°P + *P; = NP*P + P, (2)

The polymerization reaction (Eg.1) can be used to prepare
h?mopolymers oy using a single nucleoside diphosphate as the substirate,
or hetleropolymers by using itwo or more. The reaction does not reguire
2 template and hence ihere is no ordering of the bases along the poly—

nacleotide chaine

The reverse oi equation 1, the phosphorolysis of polyribonucleotides
in <the presence of orthophosphate, yields the appropriate mucleoside di-
phosphaie or diphosphates as the product. An exchange reaction (Zg.2)

exists in which ihe terminal phosphaie of an NDP exchanges with oriho-

prnosphate. A fourth reaction has been reported by Heppel, Singer and

Ziimoe (1959) in which nucleoside monophosphate units are transferred

-

Iroa 2 polymucleotide donor to a polymucleotide acceptor without the

ntervention of orthophospnate or NiP:

Y]

PADAPA + DADADA +> pApApADA + DAPA (3)
A1l these reactions reguire the presence of a divalent cation,
usually magnesium.

Polynucleotide phosphorylase is specific with respect to the

number of phospnates terminally esterified to t"ne nucleoside and the

LA X R N 3 2



. Clostridium perfringens, Sireptococcus fzecalis, Bacillus cereus, Edbacterium -

nature of the sugar moiety of the nucleotide. XNo reaction occurs with
the nucleoside mono- or triphosphates as subsirates, nor are they the
procducts of ithe phosphorolysis reaciion. Under usual conditions of
incubation no reaction occurs when the deoxyribonucleoside diphosphates
replace the ribvonucleoside derivatives nor is DNA phosphorolyzed. How-
ever, XKeufmann and Littauer (1969) have shown that Z. coli polynucleotide
paosphorylase catalyzes the addition of oné or two deoxyadenylyl residues
+0 ApA. TIurther, the incubation of ApApdA with the enzyme in the presence
of orthophosphate yields ApA and dADP. These incubations were carried

out at 37° for 48 h and 24 h respectively.

Zarly workers found the enzyme to be widely distributed amonz aerobic

aund anaerobic bacteria: A. vinelandii, E. coli, Micrococcus lysodeixticus,

o

sarcoginosenun, and Pseudomonas aeruginosa (Grunberghﬁanago, 1963). Until

recently the enzyme could not be detected in soluble extracts of Lacto-

bacillus arabinosus. However, Thang, Dondon and Grunberg-Manago (1969)

rave now reported polynucleotide phosphorylase activity in both cell-free
exiracts and toluene treated cells. The lactobacillus enzyme catalyzes the
rhosphorolysis of oligonucleofides only and not that of high molecular
weigat poly A. The polymerization activity was very low being about 1%

of thatpresent in L. vinelandii. Thang et al. conclude that polynucleotide

phospiorylase is present in all bacteria.

Eilmoe and Heppel (1957) detected a polymucleotide phosphorylase-like

activity in guinea-pig liver nuclei. However, their results were eguivocal
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and Smellie (1963) concluded that all the published reports of the presence
of the enzyme in animal and plant tissues were inconclusive. He considered
that a combination of other enzymes such as adenylate kinase, phosphatases,
RNA polymerases, etc., could have been respomsible for the results and
that no convincing evidence existed for the occurren;:e of polynucleotide
phosphorylase in higher organisms. Recently, Fitt and See (1970) have
isolated, partially purified and proven +the specificity of a polynucleo%ide
phosphorylase from guinea-pig liver nuclei. Succeséive extraction of
liver nuclei with sucrose and then saline gave exiracts with good phos—
phorolytic activity but no detectable polymerization activity. The

phosphorolytic reaction yielded nucleoside diphosphates as its primary

product, proving that the enzyme was indeed a polynucleotide phosphorylase.
An exchange activiiy may have been due to another enzyme. A similaxr
enzyme has now been prepared from rat liver muclei and its specificity

esiablished (See & Fitt, 1970).

The purification of several polynmucleotide phosphorylases has been
reported. Ximhi and Littauer (1968) obtained a 700-fold purification of
" ihe E. coli enzyme in about 10% yield, with DEAE- Sephadex and Sephadex
G-200 being the most advantage;:)us steps. Klee and Singer (1968) reported

the 400-fold purification in 5% yield of the M. lysodeikticus enzyme.

L 50-fold purification of the Cl. perfringens enzyme was reported in
1969 by Fitt and Wille. Thang (1967) obtained a highly purified 4.
vinelandii enzyme, about 1000-fold purification, in 9% yield. His 'pro-

cedure was laborious involviné many steps. Recently, Gajda and Fitt (1970)
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have obtained a 2100-fold purificaiion of the A. vinelandii enzyme in
better than 75% yield. This good yield is achieved by maintaining the
enzyme in the reduced siate during preparation and purification with

buffers containing J-mercaptoethanol.

"I‘he polyribonucleotides formed by the cata;ly'tic action of polynucleo-
tide phosphorylase are linear polymers composed of chains of nucleotide
units linked by the 3'-5*' phospnodiestier bonds typical ofhthe nucleic
zcids. These polymers are of high molecular weight; a poly A with a

molecular weight of 2,000,000 has been prepared with the M. lysodeikticus

enzyme (Grunberg-Manago, 1963).

The availability of thege high molecular weight polymers has made it
possible to gain iansight into the siructure and physico-chemical properties
of the nucleic acids. Studies concerning the interaction of poly A and
poly U, and poly I and poly C agree with the base-pairing requirements
of ihe double helix structure of DNA proposed by Watson and Crick. They
were of help in demonstra.ting stirand separation and sf;ecific recomtination
in INA. They were also valuable 'too_ls for the investigation of the
secondary struc‘turé of RNA and the hyperchromicity of polynucleotides.

The homo- a2nd heteropolymers formed by ;the action of the enzyme have
been employed as synthetic messengers in in vitro systems for the elucidation

of the genetic code (Crick, 1963).

All polynucleoiide phosphorylases studied have shown an absolute

requirement for a divalent metal cation. ' Grunberg-Managzo (1963) siated
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ihat the enzyme has an absolute: requirement for Mg2+ and that it could
notv be replaced by Mn2+. However, Babinet, Roller, Dubert, Thang and
Grunberg-lianago (1965) made an exiensive study of the metal ion require—
mexts of ikhe en':’.yme and showed that coairary to earlier reports, the

Z. Soii exnzyme was active in the presence of several divalent cations.

¥2?¥, Co®F, Fi2+, 0a?*, cu?* and Zn®t could all replace Xg2* although

tZe laztier was the most effective with this enzyme. Mn2+ was found to be

<he most suiiablie meial for replacing HNg<t*

£n B. coli muitant deficient in polynucleotide phosphorylase was

isolatled by W. Gilbert using nitrosoguanidine on E. coli 419. Poly-

nucleotide phosphorylase aciivily in ihis mutant, E. coli Q13 (Efr, met ,
Ty~ , RNasel”, PNPase ) was the subject of iwo interesting reporis iz
1957 (Esieh‘a.nd Buchanan;.‘I‘ha.ng, Thang and Grunberg-Manago). Esiek and
Buckeran found a manganese-dependent nucleoside diphosphate polymerizing
activiiy. Tais actiﬁ‘cy which they purified 20-fold was completely ¥nlt
Cependent and dié not show any polymerization activity in the presexnce

+

even tp *o 10mM. They could find no evidence of phosphorolytic

of X

activity with either Mn?* or Mg2t.

Thang et 21i. (1967), however, found the Q13 mutant to possess a I-‘Igz"'

cependent phosphoi‘olytic activity. This moved fasier during sucrose

Cexnsity gradient cenirifugation than the 150,000 MW alcohol dehydrogenase
mzrker. Trhey also foumd a very low Ivigz"' dependent polymerization activity

waich moved more slowly ithan the marker. This conirasted with a deasity
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sradient cextrifugation of the enzyme from E. coiil in which both the
polymerization and phosphorolytic activiiy moved togeiher at a density

corresponding to a MW of z2bout 2000,000.

To some exient {he discrepancy beiween these two reports was resolved

by Castles and Simger (1968). They worked with B. ccli 11133, a mutant

2lso developed im Gilberi's laboratory, and which only differed from its
PaTexnt sirein E. coli QL3 in having a heat-sensitive REaselI. A Hn?*

€ependent polymerizaiion activity was demomstrated by poifacrylamide gel
&isc elecirophoresis of the crude exiract. This method is useful in the
Cemonsiration of swmall amounts of polymer. There was also a very faint

bané of polyribomucleotide formed when ’ﬁgz"'

was useé as the divaient
cavion. On further purifying the exiract and separziing the protein by
gel filiration on Sephadex G=200 {hey obizained itwo pezks of polymerization
aciiviiy. The fasier moving (larger molecular size) pesk had fifieen

tizes more aciivitiy with M +than with M32+. The slower moving or
sxaller molecules had a2 low polymerizaiion aciiviiy with doih In 2+ ang Mgz"'.
2ota pesks snowed minimal phosphorolysis with either céivalent cation.
They suggested that their Peak A was the ernzyme descrived Dy Hsieh aund
Zuchiexnen with Peak B being ihe low molecula.r welght enzyme Treporied by
Thang et 21. This finding of a Ml dependent poliymerizaiion activity in
Qi3 sirains was coafirmed in a deiziled study of poiymucleotide phosphorylase

mutents of E. coli {Reimer, 1969).

The pE optima of polymucleotide phosphorylases were discussed in
Grunberg-Xanazgo's review (1963). She sitaited ihat wiih <the L. vizelancdii
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enzyme the polymerization reaciion nas z platiean between pE 7. 5 and 9,

2nd ike exchange reaciion & sharp optimum a%t pE 8.1. With the .

ivsodeikiicus enzyme the polymerization reaction has an opiimum between
P=Z 9 and 9.5 and the phosphorolysis an optimum of pH 8.5. Hsieh and
Suchanan (1957) reporied a piateau between pH 8.0 and 9.0 for the an+
cepexdent polymerization activity. Fitt and Gibbs (1969) found that the
hlgl’;ly purilied 4. vinelandii enzyme has a pHd opiimum in the range pH 9
to 10 wrhen glycine buffer was used in place of the Tris buffer used by

other workers.

¥y discussion of the aciivation of polynucleoiide phosphorylase
by various small moleculies is divicded into two sections which deal
respeciively wiih

l. The primer reguirement of the Z. coli, A. vineiandii and
¥. -:y-soael.{ ticus enzymes;

2. Tre stimuiation of the Cl. perfringens enzyme by polybases
2ad electroiytes.

i. Zariy workers found that the polymerizaiion reaciions of the

pariialily purified Z. coli and A. vinelandii engymes have a lag phase

whick is overcome by ceriain oligonuc.leotides. The exchange reaciion
does not show this effect. These mucleotides have 1o be of the Iype
pApi———DA wiih a phosphatie monoestierified to the C-5' hyd_roxyl and free
terminzl C-2' a2ud C-3' hydroxyl groups. These added oligonucleotides
zre izcorporzied inio ithe developing polymer. C-3' esterified oligo-
rucleotides of the iype ApAp——Ap o not overcome the lag phase and

sometizmes even act a2s innibitors (Grunberg-ifanago, 1961). It was
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ey

Tound thai with the A. vinelandii enzyme these 3' esterified oligonucleo-

tides can accelerate ithe reaciion bui zre not incorporated into the final
procduct. This same anomaly is observed wien polymers are added to <he

eaction mixture.

- s
" % vy

Sursher elucidation of the role of <these primers in ihe reaction
zechenism caze with ihe report of Singer and Guss (1962) tha+t, using the

o

partially purified ¥. lysodeikiicus enzyme, boih the exchange andé

polymerization reactions are siimulated by oligozucleoiides with a free
werminal C-3°* hydroxyl group. They stated that this might be due to <ihe

ow zucleic acid contamination of their enzyme compared to that of <he

-

A. vinelandii preparation. Further they found that the amount of pApApA
required Tor maximal stimulaition of polymerization is ien times higher

T2 itat required for exchange. This Tinding is consistent with the
oligomucleoiide serving catalytically in exchange but as a subsirate or
chaix initietor fox pblymerization. It is also consistent with the
croposal that the exchange occurs when the reversible reaciion l. is

cperating a2t or near equil
i .

(2958) suggestion that the exchange reaciion refiecis the reversible formation

of an AlP-enzyme complex.

Olmsted and Lowe (1959) found that ireating a crude preparaiion of

o>

<“he M. lysodeikticus enzyme wiin crucde irypsin gave an enzyme specific for

<Ze polymerizztion of AIP. They found that their product dié not caitalvyse
polyz , y

tze polymerization oi CIP or UDP, mor the phosphorolysis of poly Ce

coooPe 9

orium conditions. It does not support Olmstead's




Fitt and Pitt (1967) studied ihe effecis boih of limited and more

extensive irypsin digesiion on a partially purified, primer—dependent

exzyme from ¥. lysodeikiicus. Limited digestion resulted in 2 marked
increzse in the prizer reguiremeni for CiP-polymerization with no effect
on -the AP-polyzerization activi‘:.y.. ifore extensive digestion led to an
izecrease in primer reguirement Tor ADP-polymerization. The limiited di-
gesiion caused 1iitle change in the paysical properties of the enzyme
molecule as shown by Sephadex G—-200 gel filtration and polyacrylamide

gel disc elecirophoresis. More extensive digestion h<.>wever resulied

in aa acvive product with an elecirophoretic @mobility greater than that
o tke native enzyme. (Fitt, Fitt a.;zd Wille, 1968b). The activity of
the digested enzyme with or without primer could be restored by addition
of Bq’r‘erc;a.ptoethanol to the reaciion mixiure. Partially purified E. coli
polynucleciide phosphorylase saowed a siight inhibition of polymerization
acvivivy by ﬁ-mercap‘aoethanol and ceriain aminothiols. (Bogoyavlenskaya

et 2., 1967).

Xiee {1967) reporied on a primer-inéependent enzyme isolated from

. lysoeikiicus and partially purified. This could be converied %o a

rimer—dependent form wiih an 'accompa.nying increase in elecirophoretic
mooilily, by a variety of treatments including prolonged uliraceatrifugation,
“Typsin digesiion and treatment with 1k guanidinium-ECl. The primer-—
depexndent form obi;a.iized after tryptic hydrolysis could be reconveried +o

t2e primer—independent enzyme by vreatment with thiol reagents such as

18 -nercaptoethanol. (mee and Sizger, 1968): Thiol inhibitors resiored
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primer—-dependency. They conciuded that tryp¥ic hydrolysis unmasks a

ihiol group essexniizi for polymerization when primer is not present.

enzyme, Gajda and Fitt (1969)

exnzy=e sZowed a reversible inactivation by oxidation or
treatment with tkiol The fully reduced enzyme was slightly
ichibited Ty ig-x:‘rcapioethanol, "bu'i: iu the oxidized form all the lost
activity was res‘-.-:;—red Fxa the"‘ahiol reagenti. As slow aerial oxidation
proceeded there wes a2 Taii in ithe number éf free thiol groups in the enzyme.
his suggestis ithe presence of free thiol groups essential for activity.
Ho*.'eve:;, ltoough ke freskh enzyme had no primer requirement for ADP-
polymerization a prizer reguirement developed after two months storage

0

in ihe presence o Z=merczpioeihanol. IFurih T, trypsin digestion of
'

highly purified, reucedé 2. vinelandii enzyme leads to the development i
of a primer reguirement witkoui any increase in thiol requirement (Gajda

& Fiti, 1970).

Therefore wiih <he 2. enzyme & primer requirement

develoj:s wihich Iis noT reversidie with a thiol reagent. These results
suggest that the need Jor 2 primer develops as the result of structural
chenges lezading w0 2 loss of chain-initiating ability rather than as the
result of the oxicatioxn of a thiol group as proposed by Klee and Singer

(1968).

2. Zariy stadies of ike Ci. perfrincens enzyme (Dolin, Godiniaux &
Grurberg-lfanzgo, 1562; Bolim, 1961 & 1962) showed thati <his Polynucleotide
phosphorylase differs cozmsiderably Irom others.
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The polymerization of ADP or GIP wes markedly stimulated by pslybases

uch 25 polylysine, polyornithine and polyvinylamine, whereas UDP and CDP
polymerizaiion were compleiely inhibited. This effeci was studied in
Getail (Fiti, Dietz and Grunberg-ianzgo, 1968z), and it was found that
Dotk polylysine and inorganic salts increased the rate of formation of
Poly A. 4 lag phase exisied in the reaciion activated by salt. The

Teacuion in <the presence of polylysine was iwice as fast as thet with

szlt az=d thefe was no lag phase. The polylysine effeci showed a sharp
stizuz at pE 8.2. Both polylysine and sa2it lower tke X but only <he
Tormer increases ihe Vpoye With a more highly purified Cl. perfringens
ezzyme, Fiti ard Wille (19692 & b) found that, on irypsin digestion, a

—po

r231d loss of the polylysine-stimulated activity occurred while the ac-

enzyme Cid nov separate into two componenis during sucrose densiiy gradient

ity wiltbout ke activaior was alfecied more slowiy. Also the purified

cexiriltgaiion or Sephadex G-200 gel fil+tration. + was concluded that
czarze ellecis ox The enzyme iiself rather than the exisience of two forms
ol ize enzyme are respongible:for the stimulation by polybases and salis.
Tre effeciivexness of these activato?s increases with chain length up to

2zout 30 residuese.

Trere is not a great deal known yet as to the precise localization of
polyzucleotide phosphorylase in the cell. Grunberg-Manago (1963) staies
tzav tze exnzyme is found in the soluble extracts after initizl methods of
oreakizz <ze cell wells which include grinding with alumina, preparation

o a2a aceione powder and prolonged sonication. In 1962, Abrams and McNamara
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resented data which showed <tie presence of the enzyme in the cell

b

3]

embranes of Strevtococcus fzecalis produced by the metzbolic lysis of

‘g

rotoplasis. The activiiy of the washed pelleis was ten times that of
the soluble fraciion. The riboscmal pariicles isolated from the soluble
Traciion contained ro aciivity. Ximhi and Liitauer (1967) studied the
intracellular distribution of ize enzyme in E. coli cells. ‘The cells
were broken in a French pressure ceil at a pressure of 4QOO psi. The
major poriion of the enzyme activiiy wes in the soluble fraction (80%);
washed ridboscmes contained 10%; celil membranes (2 30,000g pellet)
contazined ithe remaining 10%. - Tae specific activity of the membrane and
soiutle fraciions was the same. The activity was found in 708, 50S and

308 ribosomes.

The molecular weighti of itze poiyuucleotide phosphorylase of E. coli

" is about 200,000 (Williams and Grunberg-iManago, 1964). Castles and

Singer (1968) using E. coli muiant 11133 demonsirated ihe separation on
Sepradex G-200 of iwo peaks ol activiiy with molecular weightis of about
200,000 and 100,000. This-was confirmed by them using sucrose densitj
gradient cenirifugation. 7Valentine, Thang and Grunberg-Manago (1969)
reporied the presence,-in eleciron micrographs of fhe E. coli enz&me,

o .
of 85 A molecules waich showed & iriangular profile with 2 clear central

-~

space. This size is appropriaie for a molecular weight of 200,000. On
<%

the basis of unpubliskted observaiions oy Thang et al. that polynucleotide

phosphorylase separaties into 30,000 M subunits on treaiment with-urea, a

"diredral molecule with point group 32 symmeiry having six subunits arranged

in two layers was proposed.
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hang, Thang and Crunberg-Yenago (1969) isolated a polynucleotide
phosphorylase with a molecuizr weight of 100,000 from E. coli Q13 mutant.
Oz the 'f:,asis of fheir unpublished resvliis concerning the existence of
30,000 ¥ subunits, they suggesied that %he enzyme in +this mutant occurs
iz two forms - a trimer of Y 100,000 ravizg only phosphorolytic activity
and a hexamer of MW 200,000 having boiha polymerization and phosphorolytic

activity.

Dietz and Crunberg-lanago (1967) presented evidence that Cl. perfringens
Doiynucleotide phosphoryiase could be separaled by sucrose density gradient

o,

cenirilugation intc itwo acitiviiies differing in molecular size. Fitt et al. ‘

{19682) estimated the molecular weigat of ihese two peaks ‘o be 190,000 and
§2,000. The partial conversion of the heavy species into the light one

s : . s =0 ... 8
can be accomplisked by 2 30 min. incubation of 257 with /f-mercaptoetnanol

(Guissani and CGrunberg-ienzgo, 1965). However, Fiit and Wille (1969a)

could nov reproduce the resulis of Dieiz and Grunberg-ianago aand obtained

2 singie p

L ¥R

2k of activity afier sucrose demsit a2dient centrifuzation.
=]

@
o

.

They pointed out that with <he Cil. perfringens eazyme spurious double peaks

@may be observed whken a consiant volume of enzyme solution is taken from
each fraciion for assay as was done Oy Dietz and Grunberg-Manago. This is
due Yo the bell-skaped enzyme saturatiion curve typical of the Cl. perfringens

enzyme when assayed with polylysice (Dolin, 1962).

Ife physiological role of polynucleotide phosphorylase in the cell has
not yet been elucidated. The conceniration of free orthophosphate in the

cyioplasm indicates that the enzyme Possibly acts as a catalyst in the
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direction of prosph Tolysis of polynucleotides. The roles which have
beexn suggesied are:
1. 7The degradaticn of mRNA (Grunberg-ianago, 1963). This is
supporied by the appearance of nucleoside diphosphates aftier
“he degradation of ribosomal REL in B. coli Qs (Natori &

Hizuno, 1967). . :

2. The Seguesiering of ribonucleoside diphosphates as the
precursors of the deoxyribonucleotides (Cohen, 1961).

3. The intranuclesr degradaiion of rapidly-labelled nuclear
R¥A (Barris, 1963).
Xo conclusive evidence hes yet bLeean put forward to support any of
these suggestions. In case Tthey are difficuli to accord with the
o0 "

evidence ol Abrams and McNamara thai the S. faecalis enzyme is located

- 0y

Halophilic bacteria are ithose which require at least 0.5 M salt
Ior survival and growth. They are divided into two classes in the

nomenclature of Baxter and Givbons (1956).

[
[}

toderate halophiles which grow in concentrations of sodium

chloride from 0.5 I 0 3.5 H.

2. ZExireme halophiles which wiil not grow unless the sali
concextration is 2.5 ¥ or higher and will ZTOoW even in
saturaied salt (aboui 5 I).

Tze exireme kalophiles are of greater interest to the biochemist because

£ tkhe limitirg conditioms iz which their metabolic apparatus must

Tunciion. EHalophiles in general were reviewed by Larsen (1962), the

15




exireme balophiles being the subject of reviews by Larsen (1967) and

Xushner (1968).

The exiremely halophilic bacieria are found in salt lakes, such as
ke Great Szlt Lake and the Tead Sea, in solar evaporation ponds of
szlt works and ir saited products such as bacon, F£ish and hides waere
they cause spoilage. The spoiled products turn red as do the solar
»onds due lo the color from the many so-called "red halopniles™ growing

Taere.

The bacteriological classification of the exireme halopkiles has
beexn the subject of much coniroversy over the years due parily to the
fact that tzeir morphology changes readily in different culiural conditions.

In Bergey®s Mazual, Seventh Edition (1957) the rod-shaped extreme halo-

priies are placed in the genus Halobacterium, family Pseudomonadaceae.

There are five species: H. salirarium E. cutirnbrum, H. halobinm,
> = ¥ =

Z. mparismortui and H. itrapazicum. Tzis genus counsists of rod-shaped

cbligale aerobes, Oram-negative and non-spore forming, which when motile
zave polzr flageliz. 4 minimum of 15% N2C1(2.5% )is required for growtih

cwih occurring ai about 25% NeCl(4.3 X). Under favorable

b
£
Q
N
<l
b
§
A

goowtz conditiorns the rods are mosily regular and slender but under less
Zavorabiec coxditicns they assume club-sheped, irregular, someiimes even
ccccoid Torms. The colonies are usuzlly pigmented skbowing colors from

orange o red. Colonles of H. halobium ceataining ges vecuoles are onzoue
33 Scoonaum & )

whereas those withoul vacuoles are translucent, as are colonies of other

hziobacteriz.
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The halophilic cocci are placed in the family Micrococcaceze.

(Bergey, 1957). There are three species: Micrococcus morrkuze, Sarcina

littoralis and S. morrhuse. They are obligate zerobes, nonmctile and

—-spore forming, occurring singly, in pairs or packets. They are

oS I L N

raz-negavive or Gram-varizble azd the colonies are colored various

stades of red. They are less exireme halophiles than the rhzlobvacteria

Tequiring 2t least 124 NaCl(2 M)for growth with opiimum growth occurring

A

2t adout 20% NaCi(3.2 ).

Xushrer (1958) discusses = reassessment by compuier anzlysis of the
faxzczomy of the exiremely halopkilic bacteriza. -An analysis of 63 sirains
suggesved thal many of the species were identiczl. Only 4wo genera were

substantiated, Halobzcterium and Hicrococeccus, the halopnilic cocci which

Larsen proposes should be given 2 generic rank aand named Halococcus.

2iobzcierium only ihe single species H. saiinarium

I

"LULLN WLe gents

should be recognized and H. cutirubrum and H. haiobium should be considered

syzonyms.

Hoore arnd McCaxriby (1969b) have assessed the genetic relatiouship

between varicus sirairns of halophilic bactieria by INA-DNA duplex formztion

‘2and DRA-XNA hyoridization. They conclude from their base seguence homology

studies that the bacteria of the genus Helotacieriuvm are closely reiated

and that there is a more distant relationship beiween the halophilic rods

and cocci.

The extremely halophilic bacieria grow slowly even under opiimum

conditions, having z generaiion time of about T hours. The cells zre grown

eveoce 17




at 37 wilk vigorous zeratiion wihich can be supplied by shaking or, in
a larger culiures, by bubdbling air ihrough the medium. Sehzal ard Gibboas
: {1850 Qevised a2 medium which supports good growth and consists of casein
- pydrolysate,; yeasi exiracy, sodium citrate, magnesium sulfa‘l;e, 0.2% ¥XC1,
i 25% Nall ard ferrous ions 10 ppm. A4 chemically defined. medium hzas be'en
Onishi, McCance and Gibbozs (1955) which coniains fifteen

Loy

two nucleotides, glycercl and 25% NaCl as well as several

Tganic salis. The cells for biochemical studies are usually

Tharvesied after 43 b growih, 2bout middle log phase.

= ivrem and Gidbbouns (1981) Tirst showed ithat the exireme halobacteria
g‘;jhave an absoliute regquirement for salt not only for growth but for mzin-

=

%ﬁ?-‘.‘.ez;a:zce of the cell eavelope. As the saline enviromment is diiuted the

me sphreres and eveantually lyse compleitely whean the NaCl con-

eniration reaches 1I~1.5 . NaCl and LiCl are much more effective than

Z=KC1 or XE,Ci in meintaining invact cells of Z. cutirubrum. The halococcei,

#Zor ihe other hand, do not lyse in hypotonic soluitions. They require salt
Efor growitz but not for meinienaunce of integrity.
i

Xushner (1964) showed that NaCl protects the intact rods in the

e from 4 M down To 1 . Ia XCl and 3\'5401 solutions however, the iniact
start 0 lyse at a corcentration of 3.5 M and are comple'.tely lysed a3
I or less. All three salits are eguelly effective in maintaining the
grity of mechanically-prepared envelopeé wnose breakdown starts a2t 3 A
: 1 2né is neazly complete at I #. Trese resuvlts suzgest that the exierior

11 surface has ceriain sites where ¥2¥ zcis to prevent leakage while the

...'.. 18



nierior surface is egually well mainizined by 2ll three monovalent catioans.,

|20

3

[

arther they suggest that the role of szliis in maintaining <the integrity

& & L e R S S 2
0l Tle LInTECT Te.Ll I3 oT Soiely osmotic.

- s = Lo~ \ s 2 - - v,
Soo—loo and Srovz {1987 studying the effects of i¥, ¥a¥, XF y &nd
-'2{4" o= <2 Torprological integrity of Z. nalobium showed that the mono-

velent czllozs proleci ike organisms with decreasing efficiency in that
order wiich is ke same order as their hydrated volumes. Taey concluded
that iZe effect of selii coxnceniration om the integrity of the orgenisms
is ke su3 of ke elecirosita%‘ic zud osmotic eff"ects, wita the differenii

e

efect of trnese

b

ozs veing due to their differing ability to pemeirate

the cell.

i —sa

azgresium seiis are nore effeciive than sodium salts in preventing

tact cells  (Xushner,1964; Soo-Hoo and Brown, 1967). For

...
A
0]
'Jn
"
[¢)
Hy
I

L2

exampie 0.5 X ZgCi, is more effective in preveniing lysis of H. cutirubrum

L£11 TZzese resulits szow ket there are two factors involived in the

] g - P < -
elfect of s2its on ize ixztegri

J

v of halobacteria: the prevention by
catiozs of tze elecirositatic édisaggregaiion of the menmbrane and the main-

fernance of egual oszolic pressures exiernally -and internally.

iz exescirexz microgrepks the surface of whole cells of H. cutirubrum

shews 2 Texiurel siruciure with a2 regiler khexagonzal paiiera (Kushner anéd
PP -~ ooy R - " 2t < < o
Sayiey, 1983j. Tke cexnter—lo—cexter disiance i1s between 120 and 150 A.
3rown axd Shorey (19562) reported that E. helobium is bounded by a single
1ipoprotein mectreze, ke so—called "unit™ membrane. However in 1957,

ceeee 19




~ -

no, Doy and i

well 25 Sioeckenius and Rowan, showed ithat by using

e
s
ez
B
2
5
b
NS
W
2
e
I
*
.

improved fixation technigues a cell envelope in H. helobium consisting of

an ouwter wall and an immer plasma membraxne could be demonsiraied. The

PROPLE RS - - Nmanra & Al e pg Saw - Y < LV =~ -
avier auizors also fcund that a siepwise reduction of tae salit conceniration
in which cells were suspended caused a release of cell wall materizl 2%

a2 aigrer coxnceniration than vhatl at which disintegration of the mexbrane

oceurs. owever even afler prolonged dialysis against distilled water

some large membrane sheets remain.

Sieensliand azd Larsen (1969), in 2 detailed study of the cell exvelopes

of Z. szlizacium, showed thati whexn the NaCl coxncexntraiion was lowered %o

-

2.2 i Frhe cuter layer btecame "Irzyed® and z release of materizi occurred.

R LRy L N L R VS g NI R U P AT

w,
3

In disiilled water the ouler layer disscived completely and the membraze

disiziegrated into tiny sheeis. An amino e2cid anzalysis of the envelope

- - - -

¢ protein which was zbhoud 667:-, of the salii-free dry weight of <the eavelopes,

was perforzed. A4spariic and gluiamic acids {about .5C% as asparagine and
givizmine) formed 2bout 25% of ithe proiein. The basic amino acids formed
oxly 5%. Tais confirmed earlier work by Browm (1563) on the acidic nature

¢ of the envelope proiein. It is felt that the caiions neutralize the zeg-
ziive charges from thecse ac:.d:.c résicdues and that in the abseznce of salis
mateel repulsion causes vhe envelopes to break up. . XKushner and Onishi
{1888} »emoved the proiein from envelopes of H. cutirubrum by peptic
Gigestion. The residues comsisting ol lipid and carboinydra’be vwere stable in
éistilled water. 3y conirast removal of the lipids raised the reguirement

Tor voii monovalent and éivelent catiozs. IT was concluded that the reguire-

[¢]

=gzt Tox higkh salt o meiztain integrity is due to mutual repulsion betweexn

negetively cherged groups or proteins. The znegeiively charged phosphaie
LA R N N J 20
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Bics probably act as binding sites for divalent cations

-

D N o Y S S S JR- 3 SN S SE Py 3 - 3
>SS Ol Jaidolzcielia lacxk Claiinopimelic acid axna muraaic
: 2 Y mmtem St - P - PR AR =3 3 s
CISTEIOre LaCiS vde muccpepticde whickh Provices mechanical

152833y in oiher bacieria it is not known now haiobacieria

TANY menn (T QL7 eans E 2 malaT Sae &3 N3 AL P T S
Sv-are (-Jol; PToposed & model Jor ke binding of the lipid and

woich a ~ieiradentate inter-moleculizar chelzate

gToups oxn Tie proiein, ize E‘-‘Ig2+ ions axnd the phosphate

- 2

grouss of the lipids, dogethes with az ionic link beiweer ihe terminzi

Srosprate 2nd the guanidyl grovp of an arginine residue. An 2iterzaiive

— YR Y A o 1 mlaamleada o7
~olel saowWeld woe verminal phosphaie als

o]
U.
o
4]
fb
&
4]
o0
&4
W]
!
£
el
3
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magresium whkich,

I

iz view of ize low coxntent of basic amino zacids in ke eavelope proieins,

wordid seexm To be preferred. This chelate hypothesis accounts Ffor the

o

STanility of ihe polar lizkage iz a high salt eavirozmeni. It woulid 2lso

-~

gccouns Jor tne observation thati after exieasive dialysis of Z. cutirubrum

-

ipid-magnesium complex.

-t
pt
)

Zenbranes tze 1ipid is extracied as a

Tze Tirs? intimziion of the urusual neture of tkhe lipids of the
mezmbraxes of The halobacteriz was given by Sengel, XKates a2ad Gibtoxns

{1962} wzo reporied that the lipids consist zlmost eniirely of phosphatides

vwzose zide cizins are long-ckain 2ikyl groups joined bty ether iinkeges o

g-yoerci, rather inaxn (ze usual faily acid esier lizksges. Tre iipiés of

Z. gutizubrum have oW been Jound to consist exclusively of derivaiives of a2

-3 S

er ol glycercil. The siructure of the diether was esicdblished
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hypothesis thoi binding of the lipids and protein ma2y occur througa

u.c.‘b.aes‘u: czelates.

==¢ acevone-soiuble lipids (nom—polar) of H. cutirubrum were

Tound 1o comsist of red caroicnoid pigments {43%) and squalenes (48%),

*2 2 small amouxt of a viiamin X—=type guinoze (;ornabene, Katez, Gelpi

S

O
'

[¢]

ALl

}

1959). The caroienmoid pigments are situaied in the cell envelope
and heir furnciion seems o be 1o protect the organism against photo-
cnemical desmage. A colorless muitzat of H. selinarium had iis growta

rale sirongly lepressed when exposed ic visible ligh? from 2 tungsien
source; the growin rate oz the red wild type was not affecteld by tktese
conditions (Larsen, 1962). The main pigment is bacierioruverize a

wzick has the siruciture of a di-cemeihylat ¢ spirilloxanthin, as suggesied
5y Lederer (1938) azd coufirmed by Liaaen Jensén (1960). It has absorp-
<tilox maxiza of 460, 495 and 528 nm in methanol. The squalenes consist

of ikze fully isoprenoid squalene (0303'50), éihyérosqualene (C3OH52) and

teirahydrosguzlene (030 -4) in the ratio 1:0.4:0.1.

TZe predominant pathway of lipid oiosynikesis in H. cutirvbrunm
nvolves mevaloxnic acid with tZe specific aciiviiy of the poyianyl

czz2ins Teirg much nigher when l“fc--meva].o““"e "is used as the precursor

< el

shexn when *40-acetate is used (Kates, Wassef & Kushmer, 1968). Rather
nzexpeciedly faiiy acids (omnce suggesied as being contaminating lipids
o, ) - Js NP SR I | = v 3 14 - IR
e vie culture meuum) are aeiimiiely iormed with 1-""C-zcetzate as ihne

14

arsor, Inough no evidence of upiake of 2-""C-malonaie could be

cecss 23
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‘ne guestion also arises as 1o the source of the I-{ -glycero—~
{sn—glycero—l-phospaate) present in extreme halophiles. In
L@ siersospeciiiciity of ithe glycerol kinase and the glycero—
ale dchydrogenase in E. cutirudbrum ﬁassef,lSarner and Xates (1970)
them 0 be siercospecific for ithe formation of only s*—glycero—3—

Tae activiity of these enzymes was associaied with the cell

velcse as well as the cyiopiasm. Various other pathways for the syanthesis

o szm—glycero-i-phospiate were ex aMLned and found not to function. It was
suggested that 2 sierecspecific reduction of a paytanyl ether derivative
-of &inydroiyacetozne might yield a glyceryl ether with the required con-—

2. ¥zav is 2v least clear is that the biosynthetic pathway for

tze prospzolipids of Z. cutirubrum must be different from that demonstrateé‘
~

Tze reqguirement of the exireme halophiles for such 2 high salt con-
cexvrailion for growih and the maintenaunce of morphological intezrity
rzizes ke guesition of the imiracelluiar salt concerntration of these
Tacieria. Do they possess a highly efficient osmotic pump or is their
ter=zl Zonic sirengih comparable to that of their external enviroument?
ZIvidence has accummlated ihait %he intracellular salt concentration is
zdeed very high. - Chloride determinations on packed cells (Gibbons and

Zaxter, 1553) szave ihe first indications of a high total szl%t content.

- is - - -+ + L.
Zowever the exiremely high ratio of X' {0 Na within the cell wzs
demonsirated by Christian and Waltbo (1962). They itesied non-halophiles

2s well as moderzie and exireme halophiles; a coccal and a rod form from

escoe 24




They determined the apparent intrzcelluler
amino acidés, C1 and inorganic phosphatie, and

space using phnosphate as an irdicator. Their

T the hzlococccus and halobacierium are:

S. morrhuae H. salinarium
moles/kg cell water ' moles/kg cell water
3.17 £ 0.28 1.37 £ 0.22
2.03 = 0.36 4.57 £ 0.12
3.66 £ 0.25 3.61 % 0.07
medium(i) 4.0
¥C1 iz medium(M) 0.032

Trough the figures are more siriking for the rod than for the coccus,

N

- . . . . . .
tzese cells concentrate X' against 2 sieep gradient and indeed in

H, salinerium the conceniration approaches the solubility limit for trhis

%g

s e . . - o . . . . - . -
zsali. Zvidently ibe waler activity inside these cells must be excepiion-

Tunctioning of the metabolic apparatus of these cells ian th
of nearly saturated concentrations of salt was invesiigated by

of early workers. The following enzymes were studied in crude

aspartate—glutamate iransaminase (Robinson and Xaiznelson, 1953),

Line phosphomonoesterase and glucose Gehydrogenase {Zgami, 1955;

ceees 25




557}, nicotinamice adesine dinucleotide oxidase (Zochstein and

3
(=

T - azon A - < .« . : .
Dalion, 1553). These enszymes reguired a hizh s2lt concentration (2—4 X

O Cpilmn activity in shorp contrast to the corresponding oxnes from non—
 284Aopnlilic dacteric walcha were inhibited by sali concenitrations over C.3 ¥

\ ~
jproposed tle ternm

S e e, - - ~ < dmS = R by = n =
21C wire completely imhibited by I M sali. BEgami (19
>

5
Wrzloznilic® for these emzymes which was supporied in Larsen's 1987 review.

ct of a nuasber of salts other than sodium chioride
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that K¥ was a5 least as effeciive as Na¥ in mainiaining
aciivity, ané sometimes doudbled the activity (Baxter and Gibbons, 1956;

Zsizmes and Halvorson, 1965b).

Zore recext studies on partially purified enzymes have shown that this
z2xv for salt is mwintelined as the ensyme is purified. 4 highly

eiate denydrogenase of H. salinarium retairns its

'
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recuirement Ffor 2t least 1 i NaCl or XCl for optimum activity (Bolmes axnd

Zzlvorson, 1965D).

& znezrly crude prepa;ation of H. cutirubzrum catélase (5=fold purifi-
catiozn) was used'by Lanyi and tevengon (1969) for a situdy of the effec:
of mary salis and some organic solvenis on the activiity of {ke eunzyme.
They Towzd that the szlis affected the aciivity in tke following order:
LCi>XaC1l> LiCl> RE,CL, with LiCl being most effective at 2 concentraiion
of 0.5 # and the otkhers at about 1-l1.5 M. The effect of ethylene glycol,
Zilycerol o dimeinyl sulfoxide was similar To that of the salts with optimum

2cvivity vetween 3~5 I and inhibition at higher concentrations.
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In studying the proteolyiic enzymes from an extreme nalcgphile
¥ordverg and Hofsten (1969) found three activities — an exiraceliuler
caseinolyiic aciivity, = cell-bcund caseinolytic activity and a2 pepii-

2se. Al of <these showed no activiiy below 1 M NaCl oxr XCl, wita

opltima delween 2 and 4 ¥ of each of the salis.

rifTiths a2zd Bayley (1969) siudied the effect of NaCl and XC1 oz

2 L2z ~ . - A . s - . P
vae aCTLIVITY O a2 crude pregerzvicn oI fe CUTLLTUDIUT a2m2ANO&CYL rancsier

Tidozuclieic acid synitketases. Trey founéd that a.;-noacjl—tsz:. Tormaiiocn
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studying the eleciron transport chain of H. cutirubrum, Lanyi

tested the NADH oxidase system for NaCl dependence at pE 7.2

The crude extract was incubated 3 min in buffer containing
various coxnceniratiions of NaCl before the reaciions were starited. All
iiree enzymes ~ XADH oxidase, NADH dehydrogenase (F¥ll acceptor) and
cytochrome oxidase showed no activity at zero salt with an optimum activ—
ity a2t 2 i and higher. The activity of only the NADH dehydrogenase was
aflecied by the pHe A% pH 7.2 it reached an optimum at about 1.5 M

NaCi wnile at pHE 9.4 it did not reachn optimum until 3 M NaCl. The loss
of activity of the enzymes at low salt concentrations was tested by ex-
posure For only three minutes before being returned io high salt. Even
with tais exiremely shori exposure to'low salt NADH oxidase and NADH
dehydrogenase lost as much as 90% of their activity. Lanyi (1969b)
reporied the effects of monovalent and divalent catiéns and of polyamines
DX dehydérogenase as assayed with menadione. The enzyme was prepared
5y spinning the crude extract for 72 h at 78,500g. A clear red viscous
liguid between The peilet and the supernatant fluid, labelled the pariicu-
laie fraciion, was used withouil fur?her purification. It showed no
.activity in the absence of salt, reaching an optimum at 2 I or higher.
Tnere was a reversible loss of activity at low salt as well as a time-

dependent irreversible inactivation. The K for menadione was unchanged

even when the zctivity was lowered by low salt.

Iz zdéition to monovzlent salis other substances such as MgClz,
C*Clz ené polyamines have been shown to activate the halophilic respiratory
enzyme NADH dehydrogenase as assayed with indophenol (Hochstein and Tzlionm,
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19568). - These multivalent ions are effective at much lower con-

cenirations than is NaCl in activating the enzyme.

The effect of salt on the stability of halophilic enzymes has been

reporied by several investigators. Baxter (1959) concluded from his

o

udies on crude lactic dehydrogenase of H. salinarium that whereas

m

-

3 10 4 moles of salt per mole of enzyme are required for aciivation,
iess is required for siabilization, about 2 moles. Holmes and Halvorson
(1965b) reporied +hat their highly purified malic dehydrogenase reguired
1 to 3 i NaCl or XC1l for optimum activity whereas 4.3 M NaCl was neecded
for stabilization. Hubbard and Miller's results (1968) with crude iso-
citrate dehydrogenase are essentially the same, with the optimum salt

concentiration for activity being about one-guarter that needed for

stability. This enzyme was also found to be stabilized by its subsirate,
4 mM isccitrate and 10 mi MgCl, giving the same protecfion as 4 M NaCl.
The crude NATE dehydrogenase studied by Lanyi (1969b), in comtrast to
211 ihese showed opvtimum activity and good stability at the same salt
concentration, mamely 2 M NaCl. It is difficulf to compare his results
sith those of others, however, as his stabilization studies were for a

period of only 3 minutes.

In the firsi study on the regulation of a halophilic enzyme, Liebl,
Xeplan and Xushner (1969) reported ;'esults on a crude (3-fold purification)
preparation of H. cutirubrum agpartate transcarbamylase. This enzyme re-
guired 1.1 ¥ NaCl plus 2.9 M KC1 for optimum activity, and was highly
sensitive to feedback inhibition by cytidine trlphospna.te. This ixhibition

% ivseld sat-—c.»pendent, showing the largest percentage inhibiition at

[y

was

-

£ ¥ salt with no inkibition at 2 M or lower. 29




The fact that halophilic enzymes are inactivated, usuzlly
irreversidly, at low ionic sirength makes their purification and
characterization difficult. Indeed their purification is so difficult
thatv the plainis find their way into the scientific literature. To
guote Holmes and Ealvorson (1965a), *"In the prast, we have spent much
ime in atlempts to purify halophilic proteins in the presence of high
salt concenirations and such endeavours have met with little succéss“.
This svatement came in their report of the first highly purified halophilic
enzyme, the malate.dehydrogenase (NAD-specific) oif H. salinarium which
they prepared T63-fold purified in 0.5% yigld. ‘They achieved +this by
teking advantage of the fact that this enzyme can be reactivated about
55% from the salt-free and inactive state by dialysis against 25% NaCl.

In ihe sali~Iree state the enzyme could be purified by ammonium sulfate

{ractionaiion, ion exchange chromatography a2nd so on. They suggested

o bl

“2is as a possible method for the purification of many nalophilic enzymes.

Egami (1955) reporied the 50-fold purification of an aikaline
paosphomonoesterase of a halophilic bacterium isolated in his laboratory.
The purificatioh was achieved by trypsin digestion, which the autho: states

does not affect this enzyme, followed by fractionation with cold alcohol.

Aimos? nothing is known about the molecular weights of halopnilic
exzymes. Ingram (1947) theorized that "since in halophiles the enzymes
resist salts even in.vivo, they may pefhaps be involved in smailer molecular

aggregates than in the case of normal. cells"™.
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The catalases of H. cutirubrum and beef liver were chromatographed
separately on a Biogel P-300 column (2.5 by «35 cm) in a 0.2 M NaCl-0.1
¥ #gCl,-Tris buffer (Lanyi and Stevenson, 1969). Both enzymes emerged
well afier the voiG volume, the retention constanis being 1.70 and 1.60
Tespectively. The beef liver enzyme is reported to have a molecular
weigat of about 240,000, and this gel filtration experiment suggests a

close similarity in the molecular weights of these two catalases.

[

Norbverg and Hofsten (1969) chromatographed a cell extract of H.

R

szlinarium on Sephadex G-100 in the presence of 25% NaCl. The activity

peak for a peptidase waich cleaves L-leuglglycine had a retention con-

PP NI,
0
B
o}
o)
H

‘o
O
(o]
£
ct
'—.J
[ ]

\O
[ )

The main protein peak emerged at the void volume,

.indicating that thae pepvidase has a lower molecular weight than the
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other soluble enzymes of this ‘organism.

There is a smali amount of data available at present on the nucleic

2cid content of the extremely halophilic bacteria, and almost none on

SR TR £

taeir nucleic acié metabolisme.

The base composition of bulk RNA and DNA of H. salinarium strain 1,

nas been determined chemically to be as follows (Larsen, 1967):

Base composition (moles %)

Guanine Adenine Cytosine Thymine or A+ T

Uracil G+C

DEL  31.0Z 2.7 17.5%0.8 34.5% 1.5 17.0 £ 1.7 G.53
RVA 33.4%f0.4 24.0%X0.5 22.0%1.3 20.0 £ 0.9 0.16




The GC content of the DNA is about 65% which accords well wiih
Marmur, Falkow and Mandel (1963) who give the GC content of the DNA of

E. salinerium and Z. cutirubrum as 66-68%.

The nucleic acids of the same strain were investigated further by
iox exchange chromatography on IDEAE- and ECTEOLA-cellulose columus,
being eluted with a NaCl gradient. The elution patterns obtained for
both DNA and RNA were identical to those of a non-halophilic pseudomonad.
I'-Ieltipg curves on the DNA preparation gave Tm values which fitted well
with the base data of the table. There is nothing to indicate that the
nucleic acids of halobacieria differ in their fine gtructure from those

oi mon~halophilic organisms.

The tRNA of E. cutirubrum does not precipitate a2t pH 5, from 2

150,000g supernatant as is the case with non-halophiles (Griffiths
and Bayley, 1969). ' Aminoacylation of this iRNA was dependent om 3.8 K
XCl, 0.04 M magnesium acetate and ATP. Manganese could substitute for

magnesium with the loss of about 25% of the activity.

The tRNA of E. cutirubrum was not inactivated by low salt concen-
ration é.s these conditions wez}e met with during the isolation. The
{RNA was completely soluble in 3.4 M KC1 plus O.1 M magnesium acetate,
and also in distilled water. In the salt solution it had an ultraviolet
absorption specirum with ‘>‘max 258nm and 7\11111 é28nm; optical demsity
258/228=2.1~2.26; preparations contained 1-3% protein. This iRNA couléd
replace EZ. coli tRNA in the aminoacylation system from E. coli and
vice versa.
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Generally the DNA molecules from any one species of bacteria show
2 unimodal disiribution of base composition as shown by a single peak
in a CsCl density gradient and a smooth absorbance vs. temperature curve.
Minor secondary bands have been observed in cases of interspecies episomal
infectiorn. However in 1964, Joshi et 2l. repqrted the interesting finding
ol 2 bimodal pezak in the distribution of a CsCl gradient of DNA isolated
Trom H. salirarivm, strain 1. The two bands were at positions corresponding
to 584 and 67% GC content. The lower density band contained about 20% of
ihe total INA. To determine whether the presence of ‘cyro DNA species is
a general characieristic of extreme halophiles they performed CsCl density
gradient studies on the DNA of H. cutirubrum a.nd four other species of

nalotolerant bacteria which grow in but do not require high salt. The INA

of H. cutirvbrum showed two componmenis at nearly the same densities as

those of E. salinarium, with the minor component representing about 104 of
<he to%al. The DNA from the four moderate halophiles exhibited only ozne

component each,with GC contents varying from 55~64%.

¥oore a2und McCa.rthy. (1969a) enlarged this work to determine whetiher
ihe presence of a sateilite DNA represents a general property of the ex-—
treme halophiles. They tested: three halobacteria, a halo.coccus, a photo-
syathetic extreme halophile and four other strains isolated in their
Izboratory and classified as extreme or moderate halophiles by Larsen's
ciassification. The DNA from the extreme halophiles showed major DNA
componenis with a base composition from‘ 66% to 68% GC content and a minor
DNA component with 57% to 60% GC content. The authors were unable to

cemonstrate the presence of a satellite component in the four sirains of
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moderate halophiles tested. The DNA from the bhotosynthetic extreme
halophile showed only a single DNA component with a base composition of
70% GC. Purification of the bacterial cells in a CsCl density gradient
azd otxer strain purification procedures indicated that the presence of
the satellite DNA is not a result of mixed cultures. These results
suggest that the presence of a minor DNA component is a characteristic

of all non-photosynthetic strains of extreme halophiles.

An assessment of the genetic relatedness among the various hnalophiles
was wmade by determining the relative homology of base sequence in both
INA components of one of the extreme halophiles with the nucleic acids
of other strains (Moore and McCarthy, 1969b). The technigque used for
comparing the sequences coasisted of measuring the extent to which RNA

cr the separated sirands of DNA of one organism are able to reanneal with

the separated sirands of DNA from another organism (DNA/RNA hybridization
and DNA/DNA duplex formation). All of the exiremely halophilic rods which
were examined showed a close relationship to each bther; Little or no
zomology was shown between a halobacterium and a halococcus, the phoio-

synthetic extreme halophile,nor the two moderate halophiles.

Several lines of evidence suggested to the authors that the sateliiie
DFA of exireme halophiles is not an episome of the usual size. The presence
of the multiﬁle copies of identical qtretcheS'of base sequences which would
be required to accﬁunt for this quantity of satellite DHA is excluded by
‘the kinetics of DNA renaturation which were those expected for a simple non-
repeating genome. On the other hand, an episomal element of a greater size

could ve a plausible explanation for the satellite INA. -
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The ribosomes of H. cutirubrum were investigated by Bayley and
Kushner (1964). They were found to exist as 70S particles if kept in
an enviromment of 4 M KC1 plus 0.1 M MgClo. If the concentration of
either ion drops below these levels, the ribosomes dissociate into
525 arnd 31S subunits. This requirement for X' is specific, neither
ammonium, caesium nor sodium being able to act as substitutes. On
greater dilution of the salts the ribosomal subunits dissociate still
further into soluble protein plus particles rich in RNA (about 80%).
An examinaiion of the proteins in the supernatant by starch-urea gel
eiectrophoresis, performed in either acetate buffer pH 5.3 or veronal

buffer pH 8.0, showed that most of the proteins are negatively charged.

The nucleic acids and the proteins of the ribosomes of norn-halophilic

vacteria are bonded predominantly by electrostatic linkages between the

.

acidic groups of the RWA and the basic groups of the protein. This type
of ribosome would dissociate in the high salt internal environment of

. cuiirubrum. However the ribosomes of this bacteria are composed of

I

wwo types of polyanions, the RNA and the negatively charged protein.
These appear {0 remain associated only so long as their negative charges
are neutralized by sufficient concentrations of monovalent cations, about
1 M. |

There is a further specific requirement for much higher concentrations
of potassium ions to maintain the integrity of the 708 riﬁoéome. This may
be relaited to a requirement for a hydrated monovalent cation of a precise
size. An additional stabilizing factor may be the formation of chelates
with the magnesium ions. Thus in the ribosomes of H. cutlirubrum, potassium

and maguesium ions appear to fill the neutralizing and linking roles
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normally taken by the basic groups which their proteins lack.

With the development of a cell-free amino acid incorporating
system from E. cutirubrum Bayley and Griffiths (1968a) were able to
extend the previous work. The system requires 3.8 M KCl, 1M NaCl
aand 0.4 M I€H4Cl for maximum activity. It requires ATP, PEP, GTP and
ribosomes and incorporates 10-100 nmol/mg of ribosomes of each of
17 amino acids into a hot trichlqraéetic acid insoluble material.
The very specific requirement for K¥ relates to the integz;ity of

the ribosomes.

This system was then used to study the codon assignments and fidel—
ity of iranslation in this organism (Bayley and Griffi‘tﬁs, 1968b). The
incorporation of 20 amino acids into hot trichloracetic acid insoluble
material was measured in reéponse to several sjmthetic polyri):onucleotides
added as méssengers. These were poly U, poly C, poly CA, poly CU, and
poly UG. 4+ was shown that codons for nine of the amino acids have the

same overall base composition as those of the established code.

The eleciron itransport chain of H. cﬁtirubrum was investigated by
Zanyi (1968, 19692). Five cytéchromes were identified and their specira
Getermined. A ﬁossi‘bie scheme for the eleciron transfer system was pro-
posed. In the absence of sodium chloride the complete electron transpor+

ckain shows no activity and a rapid and irreversible inactivation.

We see in the extreme halophiles therefore organisms which are fully

adzapted fto life in 'a. harsh environment. Some of the features which seem
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©0 be unigue to thaese interesiing microorgenisms are:

i. Tze cell envelopes of ihe halobacieriz, though not ihe
hzlococcus, require high sali for the ma:.r..,e ance of their
integritye.

2. The lipids are almost exclusively isoprenoid derivatives,
spec1flca..Lly Phytanyl chains, joined by e<her lirnkages
o the giycerocl moiety of the predcominant phosphatides.
Limost no failly acids have been found. The glycerol of

-

these 1ipids is of the L—configuration.

- &

3. The intraceliular sali conceniration approaches saturation,
with poiassium being ihe main menovaleant cation.

4. The exzgymes are helcophilic, reguniring high sali bota fox
* ? (=
aCuivi uj’ and sza2bilii vy e

5. The IXL which is high in GC coniext shows 2 saitellite
vand of lower density coniaining 10~-20% of the toial DN¥A.

‘Be The ribosomes reguire 3.4 M KCI for sitrucitural integrity.

7. . The eleciron transport chain reguires high sait for
aciivity and stability.

C. PURPOSES OF THIS RESEARCH

med that the study of the polynucleoiide phosphoryiase of

+

<l
4]
o
[¢})

. cultirvbhrum might prove valuable iz two ways. Some knowledge might
e gaized aboui poly=zucieo o%ide phosphorylase enzyme-subs‘hra"te and enzyme-—
su os te-primer interactions by examining these in coxditions of limifing
ionic strength. Further light mighi be cas'l? on the phezomenon of halophile
izm By study of <the nucleic acié enzy'*o;ocj of aun extreme haiophiie. In

addition it was cdeexed desirzble 0 c.eve}.op 24 ocedures for the puri “‘zcat;on

/

of halophilic exzgymes iz cozditions where iteir activ ity weas fuily main-

tained.
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The aims of the studies described in this thesis include:

2.

3.

4.

The demonstration of the existence of a polynucleotide
phosphorylase in H. cutirubrum.

The isolation and partial purifiéation of the enzyme.

The proof of its specificity for nucleoside
diphosphates.

The study of its requirements for stability.

The establishment of conditions for optimal
activity.
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A.

II. EXPERIMENTAL

MATERTIALS

Intermediates and enzymes were purchased from the
following suppliers:

3 2?-orthophospha.te and 14C-labelled nucleoside mono-,
di-, and triphosphates: Amersham-Searle, Des Plaines,
IllinOis, U.s.A. :

RNA (Wheat germ): Calbiochem, Los Angeles, California, U.S.A.

Difco casamino acids and yeast extract: Canadian Laboratory
Supplies, Montreal, Quebec.

Serva DEAE-cellulose and ApA: Gallard-Schlesinger Chemical
¥fg. Corp., Carle Place, New York, U.S.A.

Protein molecular weight markers (albumin, ovalbumin,
chymoitrypsinogen A, cytochrome C): Mann Research Laboratories,
New York, UoSoAe

Poly A, Poly C, Poly G and Poly U: Miles Chemical Co.,
Elkhart, Indiana, U.S.A.

Sephadex®, Blue Dextranf and FicollR: Pharmacia Fine Chemicals,
Uppsala, Sweden.

Unlabelled nucleoside monc-, di-, and triphosphates: P-L
Biochemicals, Inc., Milwaukee, Wisconsin, U.S.A.

DNA (Calf thymus): Sigma Chemical Co., St. Louis, Missouri, U.S.A.

DNase: Worthington Biochemical Corp., Freehold, New Jersey, U.S.A.
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3. METHODS

(i) Orgenisms

The strain of Halobacterium cutirubrum used in'this work was the

gift of Dr. D. J. Kushner. It was originally isolated by Lochead from

salt bacon.

(ii) Media and growth conditions

The growth medium used was that of Sehgal and Gibbons (1960). It

consists of the following:

Difco casamino acids | 0.75 ¢
Difco yeast exiract 1.0 g
Sodium citrate | 0.3 g
Potassium chloride 0.2 g
Magnesium sulfate (hydrated) ' 2.0 g
Sodium chloride 25.0 g
Ferrous chloride . 2.3 mg

in a total volume of 100 mli of agueous solution.

The pH of the medium was adjusted to 6.5 with 20% NaOH before auto-
claving. A small amount of precipitate forms in the medium after

sterilization ﬁhich does not affect growth. -

Stock cultures were maintained on slants of Sehgal and Gibbons medium
coniaining 2% agar in screw cap tubes. They were grown at 37° until a
heavy growtith was attained, avout two to three weeks,'and stored at 4°.
Aeration was achieved during incubation by loosening the screw c#ps every

{three or four days. Transfers were made at 6-month intervals.
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Culture flasks with Morion closures (125 ml; Bellco Glass Inc.)
containing 50 ml of the ligquid medium were inoculated from the stock
culture and incubated at 37° for 48 h in a New Brumswick Incubator Shaker
with rotary action. One of these flasks was then stored at 4° to use
as the inoculum of the next prepara.tiop. Organisms stored in this way

remain viable for 1 yr or longer.

The mass culture for enzyme studies was grown in 1 liter flasks
containing 400 ml of ligquid medium. These were inoculated with 20 ml
of the culture from the 125-ml fiasks and incubaied in the same way.

After 48 h the cells in middle log phase were harvested by ceantrifuging

at 15,000g for 10 min at 4°. The supernatant was poured off and the

unwashed cells used for the preparation of the crude extract [Section(iv),p.42].

A routine check was maintained on the purity of our mass cultures.
Two agar slants of Sehgzal and Gibbons medium were inoculated with about
1 ml of the liquid culture at the time of each transfer. These were

incubated as described above and examined for freedom from contamination.

(iii) Sephadex G-200 gel filtration in high salt

Por the successful use of Sephadex G-200 as a chromatography medium
in conditions of 3-4 M szalt, thé dextran particles must be swollen in the
high salt buffer for 4-6 weeks before being used. For a 2.5 cm X 100 cm
column, 30 g of Sepha.d;éx G-200 were suspended in 2 1 of a puffer consist~ .
ing of 2.5 i XCl1, 1 M NaCl and 0.01 M Tris-HC1l, pH 8.5 (Buffer A), with
sodium azide as a preservative, and stored at 4° for about one month.
The bottom flow adapter was fitited to the column and about 30 ml of Buffer A
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were poured in. -Bubbles were removed by means of a long glass tube

and the column was carefully levelled. The column was packed witn the
aid of a column extender a.nd.,' after the top flow adapter was fitted,

was run by downward flow under a hydrostatic head of not more than 5-10
cm for 18 h. The column was then connected for upward flow and the flow
raie regulated at 10 ml/h by a Polystaltic Pump. After a stabilization
period of 2 h, the sample (10 ml) was applied and elution was performed
a% 10 ml/n with Buffer A. The column effluent was monitored at 280 nm
with a flow cell and recorder (LKB Uvicord II)and 4 ml fractions were

collected (1LKB Ultrorac fraction collector).

{(iv) Enzyme preparation

A11 operations were carried out at 0-_5° except where indicated. Both
phosphorolysis and polymerization activities (Assays A and B,p.45) were
determined at all stages of purification. The pH of buffers refers to
the value at room temperatures. Ammonium sulfate concentrations were

calculated according to Green and Hughes (1955).

Step 1. Preparation of the cell-free extiract.

The harvested cells were carefully suspended in Buffer A at a
conceniration of 1 g wet weighf of cells to 3 ml of solution. This was
stirred for about 1 h until a smooth suspension was obtained. It was then
sonicated on a Bronwill Biosonik for 10 s at maximum intensity. The fragile
cell walls of these bacteria are easily broken and 10 s proved to be
sufficient. The disrupted cells were centrifuged at 15,000z for 20 min,

the cell=free extract was decanted and the pellet discarded.
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Step 2. 80,000g supernatant.

The cell-free extract was centrifuged for 60 min at 80,000z in
a Beckman Model L2-65B Preparative Uliracentrifuge using a 65 rotor.

The supernatant was carefully decanted and the small red pellet discarded.

- Step 3. Ammonium sulfate fractionation.

The sul;ernatant from Step 2 was dialysed against two changes of
0.01 M Tris-HC1 buffe.r,.pH 8.5(100 vol.) for 2 h to remove most of the
salt. Ammonium sulfate (0.275 g/ml) was added to 45% saturation and
the mixture sti'rred for 1 h. The suspension was centrifuged at 45,000g
for 20 min and the pellet was discarded. Ammonium sulfate (0.3g/ml) was
added to the supernatant to raise its concentration to 85% of saturation
and stirring continued for 1-h. The suspension was centrifuged as
previously described and the supernatant was discarded. The pellet was
ransierred 1o a sx:iall, glass hand homggenizer with the 2id of an appro-
priate amount of Buffer A and uniformly d.ispérsed with one or two strokes
of a tight-fitting glass pestle. The protein dissolved readily and this
fraction was then extensiwieiy dialyzed against Buffer A to Temove all

traces of ammonium sulfate and to ensure that the salt concentration is

raised to the level required for the stability of the enzyme.

Step 4. Sephadex G-200 gel filtrationm.

A 2.5cmx 85 em column of Sephadex G-200 in Buffer A was prepared
and run as descri;bed. in Section (iii), p.-4l. A 10 ml sample of the
dialyzed material from Step 3 was applied to the column. Two protein

fractions with polynucleotide phosphorylase activity (Peaks I and II, fig 3)
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were resolved. The fractions of each peak with the highest specific
activity were pooled separately and concentrated by dialysis against
30% Ficoll in Buffer A. The concentrated enzyme was then dialysed for

1 b against Buffer A and stored at 4°.

(v) Extraction and chromatography of lipids

Total 1lipids were extracted by the method of Bligh and Dyer (1959)
using redistilled solvents. In this method, the lipids are initially
exiracied in a monophasic system of methanol, chloroform and water
which is then converted to a biphasic system by the further addition of

chioroform and water.

To 10 ml of column eiuate 25 ml of methanol and 12.5 ml of chloro-
form were added. The mixture was shaken thoroughly and left 1 h at
" room temperature. A further 12.5 ml of chloroform and 12.5 mi of
distiiled water were added and mixed by inversion. The copious salt
precipitate present in the monophaéic sysiem redissolves readily in the
agueous phase of the biph_a.sic system. The chloroform phase was withdrawn,
diluted with an equal volume of 'benzgne and brought to dryness in a rotary
evaporator at 45°. The residual lipid was dissolved in a mixture of 2 ml
each of chloroform and benzene. This was.'blown down with nitrogen to
dryness, 2 drops of chloroform were‘ added and the extract was centrifuged

briefly.

,l’

The extract was applied to silicic acid-impregnated Whatman 3MM paper

and developed about 24 h in diisobutyl ketone~acetic acid-water (40:25:5,v/v)
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according to the procedure of Marinetti (1962). Ckromatograms were

stained with Rhodamine 6G and viewed under ultravioiet iight.

(vi) Standardization of G-200 columns .

A 2.5 cm x 85 cm column of Sephadex G-200 in Buffer A was prepared
and run as described in Section (iii), p. 4l . The void volume and
internal volume of the column were determined with Biuwe Dextran and ade—
rosine respectively. The standard} proteins ané the Bime Dexiran were
dissolved in Buffer A (Tmg in 1 ml) and allowed to sit=nd overnight at
4° to aliow any conformational changes due to the high salt to occur.
Cloudy sampies were centrifuged at 40,000g for 19O min and the clear

upernatant used. The sample (0.75 ml) was applied 2nd 4 ml fractionms

collected. The eluant was monitored at 280 nm. The imdividual fractions

in the area of 280 absorbance were read in a Zeiss Specirophotometer
Model F#QI1 at 280 nm except for cytochrome which was read at 405 nm.
The Blue Dextiran and adenqsizie peaks were read at 250 nm and 257 nm
respectively. The elution volume was determined at the maximum height

of tne peax (Fischer, 1969).

(vii) Enzyme assays '

Polynmucleotide phosphorylase activity was assayed by 2 modification
of the standard procedures (Fitt and Fitt, 1967; Singer and Cuss, 1962).
Specific activity is defined as the numi:er of enzyme umits per mg of |

proiein.

Asszy A. Phosphorolysis assay
' This assay measures the formation of S2P-mpcleoside diphosphates
during the phosphorolysis of polyribonucleotides in ihe presence of 32P
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—orthophosphate. The reaction mixture containeds Tris-HCl, pHE 9.8,

]..0 Pmol,; EDTA, 0.03 ’Amol; poly A, 50 pe; MnClz, 2 'mol; MgCl,, 1 Pmol;
KC1, 125 pmol; NaCl, 50 pmol; 32?—or'thophosphate, 1 pmol (about 50 counts/
min/ﬁmol); enzyme, in a final volume of O.1 ml. The mixture was incubated
at 37° for 15 min, and the reaction was stopped by the addition of 1 ml

of a mixture containing 1 part of an agueous 10% (w/w) suspension of
acid-washed Norit A and 10 parts of 2.5% (v/v) HC10,. The charcoal
suspension was allowed to stand 10 min at O°, with occasional mixing

and was then collected on a 2.4 cm Whatman GF/C glass~fiber filter. The
charcoal was washed four times with 10 ml of cold water, during which

washing the salt precipitated by the perchloric acid dissolved. The

fiiter was then placed upsideé down in a plahchét, dried and counted. “
One unit of phosphorolysis activity was defined as the amount of
enzyme catalyzing the incorporation of 1 nmol of 32P-orthophospha,1:e into /

charcoal-adsorbable material per h in these conditions.

Assay B. Polymerizatior; assay

This assay measures the incorpoi‘ation of l4c-nucleoside diphosphates
into an acid-insoluble form. T'heArea.ction mixture contained: Tris-HCl,
pH 7.6, 15 umol; EDTA, 0.04 jmol; 14c_xpp, li.famol (about 7 counts/min/nmol);
ApA, 200 }Jg; Mn0120.5 Hmol; MgClz, 0.5 tlmol; KCil, 125 Fmolé NaCl, 50 Hmol;
enzyme, in a final volume of 0.1 ml. The mixture was incubated at 37° for
60 min and the reaction was stopped by the addition of 0.1 ml of 7% (v/v)
EC10 4+ The mixture was allowed to stand 10 min at Oo, with occasional
mixing. The precipitate was then collected on a Whatman GF/C filter, washed
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four times with 2 ml of 1% (v/v) HClO4 and once with 2 ml of 504 (v/v)

ethanol. The filter was placed in a planchet, dried and counted.

One unit of polymerization activity was defined as the amount of
enzyme cé‘ba.lyzing the incorporation of 1 nmol of 14C-NZDP into an acid-

insoluble form per h in these conditions.

Assay C.. Exchange assay

This assay measures the formation of 3"ZE’—NZDP during the exchange
between the terminal phosphate of nuclgoaide diphosphate and 32p-
orthophosphate. The reactionAn.lixture contained: Tris-HCl, pH 8.2, 10 Fmol;
EDTA, 0.03 ymol; NDP, 0.25 Pmol; BZP-qrthophosphate, 0.35 Pmol (about 100
counts/min/nmol); enzyme, in a final volume of 0.1 ml. The mixture was
incubated at 37° for 15 min and the rea@:’tion was stopped with 1 mi of a
mixture of charcoal and HC104 as in Assay A. .'I‘he charcoal was collected,

washed, dried and counted as in Assay A.

The amount of 32P—or'thophospha.te incorporated into charcoal-adsorbable
material was calculated from the expression (Grunberg-Manago, Ortiz &

Ochoa, 1956):

amol of 32P incorporated= counts/min, incorporated(nmol P; + nmol NDP)
i counts/min in reaction
One unit of exchazige activity was defined as the amount of enzyme
catalyzing the incorporation of 1 nmol of 32P-,orthophospha.te into charcoal-

adsorbable material in 60 min in these conditions.
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Radioactivity for the assays was determined in a Nuclear Chicago low-
background thin-window counter. Suitable enzyme and subsirate controls
were carried out on all assays and their value was subtracted from the
assay values. The specific activity of the radioactive ﬁnateria.l was
determined by placing a suitable portion of the solution directly on a
pianchet, then drying and counting in the usual manner. In the case of
3 2P—orthophosphate, a GF/c disc was placed over the dried material before

counting to allow for quenching dune to the filter.

(viii) Specificity of phosphorolysis activity

Duplicate phosphorolysis a.ssays (Assay A) and a control without
enzyme, all at triple the scale of the standard assay, were incubated ‘
at 37° for 16 h. The reaction was stopped with cold charcoal-HC1O 4(1 ml). |
The charcoal was washed 6 times with 1.25 mM KH PO 4(3m1) in 1% HC1O 4; It j
was then washed 3 times with cold water (3 ml). Finally it was resuspended °
in 1 ml of cold water. Tiny columns were prepared in Pasteur pipettes with
cotton batting and cellulose as a support bed. The charcoal suspension was
layered on this, care being taken that the cellulose layer was thick enough
that no charcoal escaped into the ﬁ:ltrate. The adsorbed nucleotides wei-e
eluted with 1 ml of 2% NH 408 1n 50% ethanol (v/v).. The eluant was freeze-
adried until a volume of about 0.05 ml remained, to which 10-2 mol of cold
AMP, ADP and ATP were added. The total volume was spoited on a 5X20 cm TIC
plate of Serva DEAE—céliulose and developed in 4% formic acid (w/v) (Fahn,
Alvers & Koval, 1965). The nucleotides were located under ultraviolet lignt.
The radioactivity was located by scanning the piates in a Nuclear Chicago
strip scanner, and then counted in a Nuclear Chicago Hark I liquid scintilla-
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tion counter by scraping sections of cellulose off the plate and adding

them directly to PPO-POPOP-toluene counting fluid. Quenching was deter-

mined by the two channels ratio method and the counts were corrected to

100% efficiency.

(ix) Protein determination

The protein was determined spectrophotometrically by the method

' of Warburg and Christian (1942). The absorbance of the solution

was read in a Zeiss Spectrophotometer Model PMQII and the protein con-

| centration was calculated from the 4,5, m/A260 op TotEC (Layne, 1957).

The high salt content of the enzyme preparations interfered with

ihe biuret and Lowry procedures of protein determination.
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IITI. RESULTS

A. PREPARATION OF CRUDE EXTRACT

The earliest preparations, in which the bacterigl membranes were
disrupted by a 5-10 s burst of sonication, yielded cell-free extiracis

" which had both phosphorolytic (Assay A) and polymerization (Assay B)
activity. Both these activities were at a low level. 1In attempts to

_. improve the specific activity of the crude extract, the effect of varying
periods of sonication was tested. As sonication time increased, the
phosphorolytic activity increased somewhat until it reached a stable level,
but the polymeriza.tion' activity decreé.sed until at 60 s sonication none of

. ‘this activity remained (Table I).

During the course of the investigation the effect of disfupting the _
membranes by grinding with cold alumina, by osmotiic shock or by an acetone ‘

powder preparation (Gunsalus, 1955) was also studied.’ i ‘

The disruption of the membranes of extireme halophiles by osmotic
shock was particularly eaéy as these membranes need at least 1 M NaCl
to maﬁ.nta.in their integrity. The cells, suspended with rapid stirring in
0.02 M Mg012 at a concentration of 7 g wet weight in 100 ml solution, lysed
rapidly. The suspension became extremely viscous due to the release of INA.
Deoxyribonuclease (0.8 mg/100 ml solution) was added and the stirring con-
,_ tinued at room temperature for 15 min. The suspension was then centriﬁzged.
in the cold for 1 h at 15,000g and the pellet and supernaiant tested (Brown,
" Shorey & Turmer, 1965).

A1l these methods yielded crude extracis in which the phosphorolytic
activity was no higher than in the 10 s sonication method, and in which

{there was no polymerization activity at all.
. [ XXX X3 50



TABLE I

Effect of Sonication time on Activity of Crude Extract.

[+/]

Time Specific Activi
= . units/mg protein

Phosphorolysis ~ Polymerization

A PR AR BT RN I S LI 6] S OT O gRD
R ; R ER RIS 'YF:’"{'N'%_

o

5 24 384

10 80 : 146

PRI L A PRSI A

30 68 58

MNEOT TSRS IR R EE

5 104 44

60 ' 100 0
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Finally I returned to the.original method of cell disruption -

10 8 burst of sonication - as the only means of obtaining a preparation

R

g?‘c

*mth both phosphorolytic and polymer:.zat:.on activity.

b

In the early preparations, the crude extracts were prepared in

4M NaCl, 0.01 M Tris-HCL pH 9.5 (Buffer B), in line with previous work
%n halophilic enzymes where the crude extracts were prepared in 4-5 H
ENaCl (Baxter & Gibbons, 1954; Holmes & Halvorson, 1965a). However the

=
e -
e,
S

gg.ntracellular salt concentration of an extremely ha.lophilic bacterium

gl

E‘as reported as 4.6 molel X" and 1.4 mola.l Na' (Christian & Waltho, 1962).
g‘go test the act:.v:.ty of the enzyme in conditions approaching the physio-—-
g:iyogical, it was pfepared in 2.5 M KC1, 1 M NaCl, 0.0l M Tris-HC1 pH 9.5

ag:(IBuﬁ‘er C). These concentrations approach the solubility 1imit of a

!

gfn ture of these two salts in agueous solutions at 4 .

% Crude extracts were prepared in Buffers B and C by a 10 s sonication
%of the suspended cells. After centirifugation, phosphbrolysis and polymer-—
g zation assays were performed on the sunernatants, as shown in Fig. 1.

e concentration of salts in the assay was half that of the buffers as

indicated. The enzyme was more active when prepared and assayed in the

._; ixture of salts than when NaCl alone was used.

H

C eesvee 52



Fig. 1

Effect of Different Salts on Activity of

Crude Extract

1.3 M KCL, 0.5 M NaCl - Phosphorolysis ,
1.3 M KC1, 0.5 M NaCl - Po;ymerization

2 M NaCl - "'Phosphorolysis

2 M NaCl -~ Polymerization

0-0%

Enzyme (ml. in assay)
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B.. ENZYME STABILITY

The stability of the enzyme in various concentrations 'of godium
and potassium chloride, as well as in the absence of salt, was examined.
Aliguots (1 ml) of the active fraction from Step 3, 'p.43', were dialysed
at 4° for 24 h against two changes of a series of 0.01 M Tris-HCl buffers
pH 8.2 (1‘25 vol.). One of these buffers was used without the addition of
salt and the others contained the following:4 M NaCl, 2 M NaCl, 3.6 ¥
XKC1l or 2 M KCl. The enzyme was then stored at 4° and, at intervals over
a three week period, samples were withdrawn and assayed for phosphorolytic
activity at a salt conceatration of 2 M NaCl in the 'a.ssay.. As shown in
Fig. 2, the enzyme retained up to 50% of its a.ctivity. for 3 weeks when
in an environment of 4 M NaCl or 3.6 M KCl. However, ina2M ﬁaCl or
KC1 the enzyme lost all its activity in 3 days and in a salt-free
environment it lo§t 95% of its activity in 24 h and ail of it in 48 h.
This activity could not be restored even after dialysis against 4 M

salt for 1 week.

Some indication of the effect of pH on the stability of the emﬁe
was obiained in the following way. ' Enzyme preparations carried out in
salt solutions buffered at pH 9;5 resulted in a low yiéld. (about 104
of the original activity) of purified enzyme. after the Sephadex G-200
gel filtration (Step 4, pe43). After the pH of the standard buffer was
changed to 8.5, the yield was much improved, now being 40% to 50% of the
original activitye |

EXRXX Y] 54




2]

t)
d
{14

<)

KC1

Xo salt

(%) L£GTAEQOY Tenprsay

N
N

G
-1l
N
:
)
o
K3
S
i
0—4“
i




s

6. PURIFICATION OF THE ENZYME

As a result of the experiments already descri;bed. our standard
buffer used to prepare the crude extract, for dialysis and as the
eluant in gel filtration has the composition 2.5 M KC1, 1 M NaCl, 0.0l

M PTris-HC1 pH 8.5 (Buffer A).

Because of the imstability of the enzyme in the absence of salt,
it was necessary to use purification sieps in which an envirounment of
high ionic sitrength was meinteined. The various procedures tried
included acid pztecipitationv, high speed centrifugation, calcium phosphate
gel fractionation, bentonite adsorpiion and ammonium sulfate precipitation.
High speed centrifugation at 80,000g for 1 h and ammonium sulfate frac—
tionation proved to be the best preliminary sicps. Though the preliminary
dialysis in the ammonium sulfate step removed the enzyme from its high

salt environment, the immediate addition of the dry salt afforded some

protection.

The technique of running éuccessf_ul columns of Sephadex G-200 gel
filtration in high salt was developed by trial and error. Initially the
dextran particles were swollen in distilled water, used to pack the
column and then equilibrated with the high salt buffer. These columns
channelled badly. Later the gel was swollen in h:.gh salt for about 1l
week and used to pack columns which were run by downward flow nth a
sample applicator at the top of the column. These columns shrank 2 to 3
cm during a 48 h run. Finally, it was realized that dextran particles swell
so slowly in high salt tha‘t it was necessary to leave them 4 to 6 weeks
before using them to pack a column. These columms were run by upward flow
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using flow adapters, according to standard procedures (Fischer, 1969).
It was found that such columns can be run reproducibly, did not shrink
and gave void volume and internal volume values within normal limits when

the latter were determined with Blue Dextran and adenosine respectively.

The enzyme has now been purified several times by the procedure
described in the Methods section (p.42). The results of a typical puri-
fication are shown in Table II. The ammonium sulfate fractionation step
shows the greatest loss of activity. After gel filtration on G-200, 40%

of the original activity was recovered. These were divided into two peaks,

with the materiél from the best fraction of Peak II being purified 217-fold

in a yield of 26%.

Initially, the pooled active fractions from the Sephadex G-~200 cclumn

were concentrated on a Sartorius collodion bag apparatus (BDH Canaday . Ltd.).

This resulted in a loss on concentration of 7% of the activity recovered
from the column. When the .fra.ctions were concentrated by dialysing them

against 40% Ficoll dissolved in Buffer A, no activity was lost.

D. SIZE AND NATURE OF MATERTAL IN SEPHADEX G-200 ACTIVITY PEAKS

When the 10 ml sample of the dialysed anunom.um ‘sulfate fraction was
applied to the gel filtration column, there was a visible separation into a
fast-moving pink band and a slower-moving paie bi-own band. The polynucleo-
tide phosphoryiase activity, as measured ‘t;y phosphorolysis, separated into
two peaks; Peak 1 emerging' at or near the 'void volume and Peak II being
highly retarded (Fig. 3). The Peak I activity was associated with the

pink color in each prepara.tioz_: yet made.
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TABLE II

Purification of H. cutirubrum polynucleotide phosphorylase.

FRACTION Total Activijz S.A. Purification Yield
units ' , %

Crude Extract 7680 9.6 1.0 100

80,000z supernatan® 8400 12 1.3 ' 109

Ammonium sulfate 5200 40 4.2 " 68

.. Sephadex G=-200

Total recovered 3172 41
Peak I best fraction , 240 25 3 i
Peak II best fraction _ 2080 217 26
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Fig. 3.

Sephadex G-200 Gel Filtration
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The average partition coefficient, Ka.v’ was calculated for each

peak from a series of runs. This is given by the equation

VvV « 7V
K&V - (-] ]
v - %

where ¥V o is the void volume of the column, V e is the elution volume

of the particular protein and Vt is the total column volume. These
valnes and the distribution of activity between the two peaks are
shown in Table III, the first three lines showing the results from

the successive enzyme preparations. It will be notgd that the variation
Wetween the pa.rtition'coefficients for the Peak I material is twice

' as great as that between the values for the Peak II material. Also

the distribution of activities between the two peaks varies in a.n
arbitrary fashion. These two facts, together with the constant
association of the Peak I activity with the pink color due to the pig-
ments which are found in 'iahe cell membiane, led me to conjecture that
Peak I may represent the enzyme mole;:ule associated with membrane frag-
ments of varying size, whereas i’eak II consisis of the enzyme molecule
itself dissociated from the membrane by the method of disrupting the

cell walls. .
S
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. TABLE III

G-200 Peaks-Enzyme Size and Distribution of Activity

Prep No. K Activity
Peak I -_Pea.k II Peak I Peak II
1 0.02 079 2400(73%) 900(27%)
2 - 0.06 0.81 1152(60%) - 768(40%)
3 0.10 0.7 1056(48%) 1152(52%)
3-Peak I 0.27 0.74 736(66%) 378(34%)

Sonicated 10s




Two experiments were performed to test this hypothesis. Firstly,
Peak I material was sonicated for 10 s as is done in the enzyme
preparation, then subjected to gel filtration on a Sephadex G-200
column. Secondly the lipids associated with both peaks were extracted

and identified.

‘The last line of Table III shows the result of the first of
these experiments. The 1056 units of sonicated Peak I material emerged
in two peaks of activity. Peak I now had a muach higher Ka.v indicating
the particles were of a smaller size. Peak II material emerged with a
Kav only 0.04 smaller than the average of the four runs. There was a

100% recovery of activity.

The chromatogram of the lipids of Peak I and Peak II material,
together with that of the total lipids of H. cutirubrum as standards,

was performed as described in Methods, p. 44 . The resulits are shown

_in Table IV. Peak I had lipids which ‘are characteristic of the membranes,

namely neutral lipids which include the red carotenoid pigment, PGP, a
sulfolipid and an unidentified phospholipid (12). Peak II had none of
these lipids, but does contain an additional unidentified glycolipid

not shown in the table.

The results of these two experiments strongly suggest that the

polynucleotide phospho'r;’r].ase ofv H. cutirubrum is membrane associated.
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TABLE IV
G-200 Peaks = Chromatogram of Lipids

Standard Peak I Peak II
H. cutirubrum total lipids

Neutral lipids , o+ -
XPhosphatidyl glycerol | - : -
*Phosphatidyl glycero— + < -

phosphate :

X2 + -

Glycolipid - : =

Sulfolipid . ' + -

| ;
B / ‘

*Diether analogue
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APTCERT—T— Ty

E. PROPERTIES OF THE PURIFIED ENZYME .

The activity of the polynucleotide phosphorylase of H. cutirubrum
is low compared to that of the enzyme in E. coli and, because of the small
amount of radioactive material incorporated, the effect of certain factors
on the activity of the enzyme was, initially, difficult to assess. The
phosphorolytic, rather than the polymerization, activity was chosen as
the subject of detailed study of the properties of the purified enzyme
for the following reasons:

1. The phosj)horolytié activity was 4 to 5 times greater

than the polymerization activity.

2. the radioactive material of the phosphorolysis assay
-orithophosphate) was cheaper than that of the polymerization
assay (L4c-ADP), it was practicable to increase its specific
activity and hence the sensitivity of the assay.

The combination of these two factors yielded significant resulis

in the studies presented here, which were obtained initially with either

the crude extract or the active ammonium sulfate fraction. All of them
were confirmed on the purified enzyme, with both Peak I and Peak II

A

materiale.
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(i) Effect of salt on phosphorolytic activity.

An aliquot (1 ml) of enzyme was dialysed for two hours against two
changes of 0.0l M Tris-HCl buffers pH 8.5 (500 vol.) to remove salt.
It was then assayed in the conditions of Assay A, with the following
change. Dry salt (NaCl or KCl) was weighed directly in the assay tubes to
give the indicated concentration in .'i:he 0.1 ml total frolume of the assay.
Since no allowance was made for the volume of this salt, the final con-
ceniration in the assay was in fact slightly lower than thoge indicated.
The required concentrations of NaCl with the A. vinelandii enzyme were
o‘ntaine.d by adding the appropriate amount of 4 M NaCl in the assay.

(This enzyme was essentially pure and was a gift from Mr. A. T. Gajda).

The results seen in Fié.d. showed that H. cutirubrum polynucleotide
phosphorylase had no activity in the absence of salt.  The activity in-
creased with increasing concentration of either NaCl or KC1 to an optimum
at 2 M. At a co;;centzfa.tion of 4 ¥ NaCl or KC1 the activity was still

90% of optimum.

This contrasted completely with _ths behavior of a non-halophilic
polynucleotide phosphorylase from A. vinelandii. This enzyme had optimur,
activity in the absence of salt, dropping to 13% of optimum at 1 N NaCl

and was totally inactive in 2 X NaCl.
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(u) Effect of divalent cations on the phosphorolytic activity.

Since magnesium is the most effective divalent cation for all the
polynucleotide phosphorylases except that of the mutant strain E. coli
Q13, it was used in the earligst assays. As the activity in these
conditions was low, the effect of manganese ions on the phosphorolytic
activity was examined (Fig.5). The assay conditions were those of

Assay A, except for the indicated concentrations of Mn2t and/or M2t

The enzyme chowed a slight activity with Hg2+ up to a concentra'tiop
of 10 mM¥ but a complete inhibition at a concentration of 15 mM. However,
with only l!nz* present, the activity was sharply increased and a nearly
linear relationship was evident in the concentration range of 10 to
50 mH‘. There was no significant increase in activity in tize range from
50 to 100 mR ’T-nz*. At these elevated comceniraticns, a brown precipitate
of manganese om’.des led to high and variable blanks. As shown in the

figure, the presence of lg2+ enhanced the effect of the Mn2+, with the

activity being doubled by the addition of 10 mM Mg2+ to 20 mM Mn2+.
Even though the conditions are sub-optimal, these concentrations of
divalent cation were chosen for the standard assay as they resulted in

a good activity together with & low background.
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Fig. §

Phosphorolysis of Poly A
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(iii) Effect of pH on phosphorolytic activity.

The assay conditions were those of Assay A with the following
change: " Tris/HCL buffer (100mMin the assay) at a series of pH's
as indicated was used. As shown in Fig.6 the phosphorolytic activity
of the enzyme showed a sharp pH optimum of 9.8. fhis contrasted with '
the broad plateaus between pH 8 and 10 repbrted for the enzyme in A.
vinelandii (Grunberg-Manago, 1963) and in E. coli le (Thang et al.,
1969b). |

(iv) Enzyme concentration curve.

The reaction mixtures were those of the standard Assay A. The

enzyme solution was added o meke a2 series of concentrations in the

assay as indicated and the salt concentration was kept constant by
adding an appropriate volume of a solution of 2.5 M XC1 and 1 M NaCl

. t0 a final volume of 0.1 ml.

As can be seen in Fig.7, the phosphorolysis of Poly 4 by the
engyme was proportional to thé enzyme concentration over the range --
measured. Higher enzyme concen-tra.tions could not be conveniently'

measured in this particular assay system.
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Fig. 7

Phosphorolysis of Poly A
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(v) Substrate saturation curve - Poly A.
The reaction mixtures were those of the standard Assay A

except for the indicated variations in the Poly A substrate concen-
tration. There was a linear relationship between the ra.te. of
phosphorolysis of Poly A and its concentration up to 200,,yg/m1. (Fig.é‘)
and thereafter a plateau to the highest concentration tested, 500 rg/ml.
The'.con_centration of Poly A in the standard assay was chosen on the

plateau section of the curve, at SOOPg/ml.

The concentration shown may not be the true ome as there was
some difficulty in dissolving the Poly A in the assay mix because of

the high salt concentration (1.25 ¥ XCl, 0.5 M NaCl). This difficulty

was more pronounced with freshly prepared batches of substrate, and lessene‘
as the Poly A solution was gibjected to daily freezing and thawing. There
is a possibility that the improved solubility was due to a shortening of
the polymer chains under these conditions. Shorter oligonucleotides

could well prove a better substrate irn these assay conditions but they

were not available for testing.

- (vi) Time_curve.

The- rea.c'tion'mix‘tmre was that of Assay A. . Sufficient assays were
prepared to obtain duplicate and control values at each point in the curve
(Fz.g..g).. The react:.ons were stopped at the tmes mdlca.ted and treated
in the usual manner.

The phosphorolysis cf Poly A was proportional to the time ‘of incubation
up to 15 min and thereafter the rate decreased until a pla.teau.was reached
from 60 min to 120 min. This platean suggested that the enzyme preparation
was essentially free from phosphatases which are active in these conditions.
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Fig. 9

Phosphorolysis of Poly A

Time Course of Reaction

N -
Q -3 ﬂ
2 100 :
()
(8]
=
ord
£
e 75¢
(]
(/]
o
n
ey ¢
o 5S¢ -
1 .
o H
=
Q.
/3]
(o]
Kl
(=} ;
< 25 '
>
i
[e]
[-%
[ . 1 1 [
o 30 f 60 90 (o

Time (min)

.e.-74



(vii) The activity of the enzyme with various substrates.

The reaction mixtures were those of Assay A with the following
‘changess:

Poly C, Poly G, Poly U, RNA(Wheat germ) and DNA(Calf thymus) at a

concentration of 500 pg/ml were each substituted for Poly A in

a series of assays to assess the phosphorolytic activity of ,

the enzyme with a variety of substrates. Otherwise the reaction

was carried éut in the conditions of Assay A.

The results of this experiment are shown in Table V. The
enzyme phosphorolyzed Poly C three times faster than Poly A. Its
activity toward Poly G, Poly U and RNA was one-half to one-third that
Voward Poly A. As expected for polynucleotide phosphorylase, it did

not catalyze the phosphorolysis of INA.

TABLE V

Effect of Various Polymers as Substrate

Polymer - gsp.m.
Poly A ' 300
Poly C ‘ - 980
Poly G 152
Poly U : . 100

RNA 104
- o -
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(viii) Phosphate exchange activity.

The earlier crude extracts showed a low ability to catalyze
phosphate exclfange (Assay C). These assays were done in the conditions
established for the M. lysodeikticus enzyme - that is with Mg2+ as the
divalent cation and at a pH of 8.2. This activity was investigated
further and found to have opfimum activity at a Mg2+ concentration
of 30 mM and a pH of 7.4 (Table VI). However when the specificity of
the activity was studied by testing its ability to catalyze exchange
with AMP, ADP and ATP, it was found to have about 10% more activity
with ATP es the substrate. This indicated the Mg2' -dependent exchange

activity was not due to polynucleotide phosphorylase.

Because of the manganese ion dependency of the phosphorolytic
activity, phosphate exchange assays were then performed in the presence
of Mn2+. A Mn2+ —dependent exchange activity was found wilh aan optlimum

at 5 mM Mn2+'a.nd a pH of 8.2. However, though it showed slightly more

activity with ADP than with ATP, these results were not convincing proof
of the presence of polymicleotide phosphorylase. Later, with the highly

purified enzyme, a high degree of spécificity for nucleoside diphosphates

was demonstrated for the ¥n2t -dependent exchange activiiy (Table VIII).

[
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TABLE VI

Phosphate Exchange Activity )
(expressed as c.p.m. of 32P - orthophosphate incorporated)

A. Effect of d.i.va.len"t cation concentration at pH 8.2

5 mM 10 mM 30 m
¥g?¥ ~ 590, 618 683
w2 : 281 48 16
B. Effect of pH

Co 1141 1193 1006 552 435
(30 mi)
M2 102 . . 264 298 288 154
(5 =M)

C. Specificity of Mg2+ -dependent exchange activity at pH 7.4

| | Substrate (2.5 o)
2" e 935 1022
(30 mi) ' ' .
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(ix) Polymerization activity.

The earliest crude extrac:ts showed a low activity when measured
by the incorporation of 14C-ADP intq an acid-insoluble product. This
activity was not improved by the various mgthods tested for disrupting
the membranes (Section A,p. 50). The polymerization activity has a
Ma2* optimum of 5 mM and a broad pH optimum from 8.2 to 9.0 (Table VII):.

Under these conditions, the crude extract incorporated about twice as

much radiocactivity with ADP as the substrate than with ATP.

The polyxneriéation activity of the crude extract was tested for
the effect of added prime_r; The primer used was the dinucleotide ApA
and it did nct increase fhe low a.ctivity of the crude extract. ~However,
when 'th‘e' effect of added ApA ‘was tested on the purified enzyme, there
was no activity in the absence of primer. Further, no activity wa.s
evident until the Qoncentra'.tion of ApA in the assay reached 20 mg/ml.

This activity was at the same low level as that found in the crude

extract without added primer.
The purified enzyme had about three times more CIP-polymerization
activity than ADP-polymerization activity.

The polymerization activity showed an absolute 'specificity for

nucleoside diphosphates as the substrate (Table VIII).

/

S/
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TABLE VII.

Polymerization Activity _
(expressed as c.p.m. of 14C-ADP incorporated)

A. Effect of Mn°' = concentration at pH'9

2.mi 2. oM .

12 - 50 o
2+
B Effect of pH at 5 mM ¥Mn~

5 26 37 40 : 26

C. Effect of primer on.purified enzyme

ApA. mg/ml
] 0.4 .o 2.0 3.0
0 o 0 S L 13
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(x) Specificity of the activities of the enzyme for
nuclecsgide diphosgphates,

The resulis of an examination of the specificity of the purified
enzyme for nucleoside diphosphates as opbosed to mono~ and triphosphates

are shown in Table VIII.

The first part of the table shows the results of the analysis of
the distribution. of the radioactivity in the products of the phosphorolysis
assay. As can be seen,both Peak I and Peak II material gave esséntially
the same results when the‘ prbducts were separated and counted as described
in detail in }IE}EHODs; Pe 48. The mxcleoside diphosphate spot on the thin-

layer chromatogram contained 92% to 95% of the radioactive material.

The reaction mixtures for the investigation of specificity in the
polymerization and exchange reactions were the standard assays B and C,
with substitution of the required concentrations of nucleoside mono- and

triphosphates.

The results for the .Mn2+ ~dependent exchange activity and for the

polymerization aqtiiity gave equa.lly. clear-cut results. The exchange
reaction which is knownto be the least specific of. the three polynucleotide
phosphorylase activities showed six times more activity with nucleoside
diphosphate than with either the mono-~ or triphosphate. In the case of
the polymerization activity there was no incorporation of radioactive

material at all when NMP or NTP were used as the substrate.

These results show conclusively that the activity being investigated
here is due to & polynucleotide phosphorylase.
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Specificity of H. cutirubrum Polynucleotide Phosphorylase

A. Products of phosphorolysis of Poly A.

ne | NDP NTP
GepeMe : d.p.me. dep.m.
Peak I 3(1%) | 390(92%) 30(7%)
Peak II - 0 | 250(95%) | 13(5%)

B. Substrate for polymerization activity.

NMP a NDP . NTP

- — d - d
nmol incorp= nmol incorp— : nmol incorp—
. - 0 | 4(100%) 0

C. Substrate for phosphate exchange activity.

NMP ’ NDP NTP

amol imeorps | nmol-'z’._n'coszg nmol incorp—
1a28) 6(168) 1(12%)
J .

LA N K X J 81




(xi) Molecular weight of the Peak II material.

The emergence of the Peak II material at an elution volume of
about 360 ml from a column 2.5 cm by 90 cm contrasted markedly with the
elution volume of about 180 ml obtained for the polynucleotide phosphory-

lases from A. vinelandii and M. lysodeikticus. It was also found that

Peak I material contained lipids characteristic of the membrane of H.
cutirubrum whereas Peak II did not and that Peak I material could be
partially converted to Peak II by a 10 s sonication. As these facts
strongly supported the theory that Peak II material was the enzyme itself
dissociated from the membranes, it now became of interest to de;aermine
{the molecular weight of this n;a.teria.l as it seemed to. be much smaller

than the correéponding_ one from non-halophilic bacteria.

There was a possibility that the highly retarded peak was an artefact

due ito the anomalous behavior of G-200 gel filtration in high selt. We
therefore first standardized our column by the technique described in
detail in the Methods Section,p. 45 . The standards were run individually
and emerged at the void volumes shown in Table IX. These values were used

< to plot the average partition coefficient (Kav)'

When Kav was plotted against log molecular weight on semi-logarithmic
paper a straight line was obtained (F"ig.lO). This was in accordance with !
- Andrews (1965) who stated that the elution position of a2 native protein
can be correlated directly with its molecular weight, and showed that-

Sephadex G-200 behaves in a predictable manner in high salt.
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TABLE IX:

Elution Volumes and Molecular Weights of Proteins

Protein MW, ze-
Albumin | 67,000 260
Ovalbumin . '45,000 276
Chymétqmsinogen A _‘25,000 304
Cytochrome C ' 12,400 o 336
H. cutirubrum PNP°°C - 356
A. vinelandii PNP™®° .'2'00,000 h 240
,/"

te
E

0.34

0.41

_0.52

0.64

0.72

0.25.
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Fig. 10
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When the elution volume of the enzyme was ascertained on the
standardized column, its K,  was calculated as 0.72. This unfortunately
was beyond the plot obtained with the standard proteins being a higher
Kav than that obtained for cytochrome C. However it strongly suggested
a molecular weight of less than 12,000 and cértaiﬁly was in contrast
with the K __ of 0.25 which was obtained on the standardized column. '
for pui'ified A. vinelandii polynucleotide phosphorylase, which has a

molecular weight of about 200,000.

(xii) Activity in 6 M guanidinium hydrochloride.

It was thought it would be of interest to determine if the enzyme
was active in 6 M guanidinium hydrochloride in the absence of salt.
Protein molecular. wezght determinations in 6 M guan1d1n1um-H(21 ha.ve ‘been
suggested by Fish, Mann and Tanford (1969). These authors had located.

the standard proteins in the eluant by absorbance at 280 nm, which

method can be used only if a pure protein is available. As future studies
of the molecular weight of halophilic enzymes may include determinations
by the method mentioned above, it would facilitate the location of the

enzyme in the eluant if it were active in such conditions.

!
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The results of this experiment are shown in Table X. The
enzyme is about twice as a.ctive' in 6 M guanidinium-HC1 as in 2.5 ¥
XCl, 1 M NaCl. However, after six days, the enzyme kept in the
guanidine solution had lost 85% of its activity compared to a loss
of only 20% when stored in high salt. Though it is relatively unstable’
it would retain its activity long emough to run columns in these

conditions.

TABLE X' 7.

Phosphorolytic Activity in 6 M Guanidinium - HCi
" (cepem. incorporated)

No Salt 2.5 M KCl, 1 M NaCl 6 M Guanidinium - HC1
0 days 0 . 52 111
6 days o - 42 i7
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(xiii) Comparison of enzymological properties of Peak I
and Peak II material.

Previous reports of the separation of polynucléotide phosphorylase
activities during gel filtration or sucrose-demsity-gradient centrifugation‘
have stated that certain properties sucl; as relative abiiities to phosphoro-
lyze and./ or polymerize, as well as divalenjl: cation requirel_nents, vary
between the two peaks (Castles & Singer, 1968; Thang é_t 9._1_. » 1969b;

Guissani & Grunberg-Manago, 1969).

A comparisoxi of some of ithe properiies of the Peak I and Peak II
material of this enzyme (Table XI) shows that the relative activities, as
well as the pH optimum of the phosphorolysis reaction were essentially

the same. Both the activities demonstrated excellent specificities for

the production of nucleoside diphosphate in the phosphorolysis reacticn.

Furthermore, other studies showed the phosphorolysis activity of both

Peak I and Peaic 11 to be Mn2+ -dependent.

i ‘
A AN LAeERREY

We conclude that the enzymological properties of Peak 1 an_d Peak II
material are essentially similar, with the only difference being in the

particle size and the lipid content.
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TABLE XI
Enzymologicé.l Properties of Peak I and Peak II

A. Enzyme Activities (Units/mg Protein).

Phosphorolysis Polymerization Exchange
Peak I 240 10 100 -
Peak II 200 - 12 120

B. Effect of pH on Phosphorolysis Activity

P 6.6 1.4 82 . 90 %8 106
Peak I 4 R
(c.p.m. incorp~) 10 10 13 36 51 20
Peak II a
(cepem. incorp~) 15 16 15 26 35 17

C. Specificity of Phosphorolysis Assay

¥ucleotides NMP - NDP : NTP
Peak I a .
(% incorp=) 1% 93% 6%
Peak IIj S :
(% incorp~) o 5% 5%
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IV DISCUSSION

The enzymes of the extremely halophilic bacteria which have been
studied previously include certain key enzymes of glycolysis, the tri-
carboxylic acid cycleand the electron transport chain, as well as some
phospnaiases and transaminases. The nucleic acid enzymology of these
interesting foacfteria. had not yet been explored when the present study

was started.

“he data presented he;'e show conclusively that polynucleoticie
phospnorylase is present ix.x g. cutirubrum. The enzyme catalyzes all
three characteristic reactions, namely, the polymerization of nucleoside
éiphosphates, the phosphorqusis' of polyribonucleotides and the nucleo-—
side @iphosphate/orthophosphate exchange reaction. These activities have.

been snown to be specific for the nucleoside diphosphate, -not the mono-—

or iripbosphate. The enzyme, as is typical for polynucleotide phosphory-

iase, does not catalyze the phosphorolysis of' polydeoxyribonucleotides.

Purification
A method was developed for the purification of H. cutirubrum poly-
nucieotide pho.sivhorylase ijn conditions of high ionic strength. This results
in a prodéuct with a 200-fold increa.se. in specific activity in about 25%
yieid. An interesting _contra.st with this purifica:hion procedure is afforded
oy the metnod for the purification of H. salinarium malate dehydrogenase

Gescrived by Holmes and Halvorson (1965&). These authors lost 90% of their

(X N 2 N J 89




original activity in the first purification step, while gaining a 7-fold
increase in specific activity. Their method is based on reactivation of
the enzyme by high salt after each purification step performed in the
salt—free and inactive state. This results in a product of high purity
but extremely low yield '(700-fold- purified, 0.5% yield). They conclude
that it is probable that a considerable fractiom of a.ny contaminating

protein in their purified. product consists of inactivated enzyme.

Kinetic studies done on a purified enzyme of this nature lose some

~ of their validity. There ‘may be changes of an unspecified nature in

the protein which still retains catalytic activity. The large excess of
inactive pro'tein may still retain its capacity to bind su'bstra;t.e even
though it is unable to catalyze the reaction (Dixon & Webb, 1964) and
this would result in a false value for tihe appareat Km of the reaction.
A purification procedure for halophilic enzymes carried out in conditions

where full activity is maintained was needed.

Furthermore, many halophilic enzymes are so unstable in an environment
of low ionic strength that their reapfiva.tion by salt is not possible
(Robinson & Katznelson, 1953; Baxtier, 1959; Lanyi, 1969b). The present
work deals with an enzyme which aiso is irreversibly inactivated in the
absence of salt, and it was necessa..ry ‘to work out procedureé where the

purification was done in a high salt concentration.

There is certainly a great need to develop methods which can be used

4o obtain a pure protein in good yield from extreme halophiles. Many
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aspects of protein study are of doubtful validity unless performed on
pure material. For example, amino acid analyses and sequencing, the
effect of monovalent cations on protein conformation and detailed kinetic
siudies all await the availability of pure proteins. The purification‘ of
halophilic enzymes in conditions of high ionic strength seems to be a

method that may be of general use towards this end.

There are other purifica.tion procedures than those used in this
research which can be carried out at a concentration of 2 M or higher
salt, and which may prove .to be of value for further work in this area.
Sucrose-density-gradient centrifugation of nucleic acids has been carried‘
out in 2 M NaCl (Loeb, 1967). The same group have used agarose and
polyacrylamide gel f£iltration columns for the separation of DNA from
proteins where the salt concentration is 2 M (Loeb & Chauveau, 1969). -
Polyacrylamide gel filtration on Biogel P60 and sucrose~density-gradient
.centrifuga.'tion, both in 2.5 M KC1, 1 M NaCl, have now been used success—
fully in the purification of H. cutirubrum RNA polymerase (Louis & Fitt,-
1970).

Adsorption chromatography on hydroxylapatite columns in 254 (4.3H)
NaCl has been successfully useci. as a purific;ation step for an extra-
cellular halophilic protease (or. P. Nor’berg, persongl cdmmunica.tion).
Acid precipitation at pH'S in 3.4 M XC1 was used by Bayley and Griffiths .
(1968a) in their preparation of crude aminoacyl-tRNA syntheses. This
was also used succeésfully by me in an inveatigation of possible initial
purification steps but was discarded in favor of ones more advaantageous
for this particular enzyme.
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One must also keep in mind the possibility of using ion-exchange
columns. If conditions can be found in which the‘ enzyme is adsorbed to
the resin, e.g. DEAE-cellulose, QAE~Sephadex, then elution by a pH gradient
coﬁld be performed. BEven though it may seem unlikely that proteins would
be absorbed to ion-exchangersin conditions of high ionic strength, this is

an unproven assumption so far as halophilic enzymes are concerned.

Activation and Stabilization
Halophilic enzymes previously studied have been shown to exhibit .
differences in the salt concentra.tioh required for activity and for
stability (Baxter, 1959; Holmes & Halvorson, 1965b; Hubbard & Miller,
1968). Lanyi (1969b) claimed that the NADH oxidase of H. cutirubrum

exhibited a direct relationship beiween enzyme activity and stability as

affected by salt concentration, in contrast to other halophilic enzymes.

Specifically, his enzyme showed optimum activity and good stability in

2 M NaCl. However, in his stability experiments the enzyme was in a low-

salt environment for a maximum of 3 minutes. It is therefore not possible
40 compare his results with those of the other authors who were testing
stability during considerably longer periods of time in a low-salt or

salt-free environment.

I found that the purified halophilic polynucleotide phosphorylase
showed an optimum activity at 2 M NaCl or KCl. Its requirement for
stability was considerably higher, however, as maximum protection was

afforded by 4 M NaCl. It was therefore very similar in these respects
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4o the results obtained with purified malic dehydrogenase (Holmes &
Halvorson, 1965b) and contrasted with the varying effects seen when

crude enzyme preparations are used for this type of study.

The protein cén:f;orma.tion which results in optimum enzyme activity
would, in genmeral, also result in maximum stability. Yet, here, twice
as much salt is needed to stabilize the enzyme as to activate it.
Hubbard and Miller (1968) showed that the substrate of H. cutirubrum
jsocitrate dehydrogenase can stabilize the enzyme, with a mixture of 4 mM
isocitrate and 10 mM MgCl, giving the same protection as 4 M NaCl. Though
ihe effect of the divalent cation is difficult to evaluate, it is well
known that combination with itis substrate often protectis an enzyme from
denaturation (Dixon & Webb, 1964). The fact that twice the number of
moles of salt is needed to stabilize the enzyme than is needed %o keep
the enzyme in its aciive conformation, may well be due o the protection

afforded by the subsirate in the assay mix, with the substrate tending <o

hold the chains together.

There are two ways in which a monovalent cation could affect the
activity of an enzyme (Suelter, 1970).
1. The ion could exert its role by maintaining & specific protein
conformation necessary for optimum catalytic efficiency.

2. The monovalent cations could actively participate in the
catalysis forming a ternary complex with the substrate

and enzyme.

XX XEY] 93




Baxter (1959) suggested the possibility that the first effect was
operative in halophilic enzymes. He proposed that salts decreased the
electrostatic repulsion between ionized groups in the molecule and thus
allowed it to assume its enzymatically active conformation. Christian
and Waltho (1962) determined that the intracellular Nat and X" concen-
trations are 1.4 and 4.6 mo')lal respectively whereas the c1~ concéntra:tion
is 3.6 molal. This would indicate an excessl of positive charges a.nd it
would follow that the proteins of the halophilic organism might be
electrostatically negative. I know of no reference to the amino acid
analysis of a halophilic enzyme. However, Steensland and Larsen (1969)
reported the resulis of an amino acid analysis of a membrane protein.

It showed an excess of acidic over basic amino acids of about 20 mol % (5
mol % when corrected for amide). Protein extracted from ribosomes was
shown o be negatively charged at both pH 5¢3 and 8.0 in gel electrophoresis
studies (Bayley & Kushner, 1964). Both the cell envelopes and the

" pibosomes require 2 to 4 M salt for structural integrity ixf a manner
analogous to the requirement of the enzymes for high salt for activity.

The suggestion that the halophilic enzymes in.genera.l a.re' acidic may prove

+to0 be true.

The second proposal that the requirement for monovalent cations may
be due to the formation of an active ternary complex is difficult to
support or reject for halophilic enzymes at the present level of knowledge.

However, it might be argued that such an effect would have & mach more
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specific requirement for a monovalent cation of a certain size than

the halophilic enzymes seem to exhibit. My data, for example, showed
that K+ and Na' were equally effective in the stimulation of activity

of halophilic polynucleotide phosphorylase. Hochstein and Dalton (1968)
found the same to be true for a halophilic NADH oxidase. In contrast,
Suelter (1970) found a quite specific monovalent cation requirement in
certain non-halophilic enzymes which are activated by monovalent cations.
He presenis data to show that this activation is probably due to a

ternary complex formation. .

The data for the activation of halophilic enzymes by salt are, I
think, more consistent with the first hypothesis, namely, that the mono-
valent cations are required to keep the enzyme in its active conformation.
The provlem will not be setiled until much more is known of the primary

and tertiary structure of halophilic enzymes and until highly purified

_enzymes are available for meaningful kinetic studies.

Polynucleotide phosphorylases require a divalent metal cation for
activity (Grunberg-Manago, 1963). Th_e assay conditions 'for the phosphoro-
lysis reaction as given in her review show l\ﬁg(}l2 at a concentration of
7 mM. The M. lxsodeikt.ic'us enzyme is assayed for phosphorolytic activity
at a Mg2+ concentration of 5 mM (Fit;l: & Fitt, 1967). The Cl. perfringens
. enzyme is assayed in the same conditions (Fitt & Wille, 19692). The
guinea-pig liver nuclei enzyme, which exhibitis only phosphorolytic activi:ty,
shows optimum activity at 4 mM Mg2+, and exhibits a marked inhibition at

higher concentrations (See & Fitt, 1970).
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The contrast between these levels and the divalent metal cation
requirements for the phosphorolytic activity of the H. cutirubrum enzyme
is siriking. Even the feeble Mg2+ —dependent activity shows an optimum
at 10 mM, followed by complete inhibition at 15 mM. The Mn2+ ~dependent
activity reaches a plateau at 50 mM, -and shows no inhibition even at
100 mM. The assay conditions chosen for routine work have a total divalent

cation concentration of 30 mM, M 2* yeing 10 mM and Mn2¥ being 20 mi.

There has been little investigation in general of the divalent
cation requirements of haioph?'.lic enzymes. The crude NATH dehydzfogena.se
as assayed with menadione was repgrt§§ by Lanyi (1969‘0). as having negligible
activity at 2 mM Mg(.‘.l2 and showing an optimum activity at 200 mM MgClz.

The same author (Lanyi & Stevenson, 1969) showed that a partially purified

H. cutirubrum catalaée had optimal activity at 100 mM MgC12 or CaClz.

The exireme halophiies require an unusually high concentration of

magnesium ions (0.1 to 0.5 #) in the culture medium for good growth (Larsen,
196’(). This seemé 4o be ;'ela.ted 4o some need of the cell envelopes for

ﬁg2+, because the rod—shapéd halo'ba.ciheria. take on a coccoid form when

grown in a medium low in magnesium. However, there is a possibility that

the intracellular content of ‘divalent ca.tions- may also be higher in halophiles
than in non.-halophiles. This point: has never been iﬂvestigated as far as 1
know, but in view of the requireménts of some enzymes at least, for a high

concentration of divalent cation for optimum activity, it warrants con-

sideration.
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The only previous observation on the effect of denaturing agenis on
halophilic enzymes is Baxter's report (1959) that the lactic dehydrogenase
of H. salinarium shows much lower activity when 4 M urea is present, than
in its absence. This contrasts with my finding that the polynucleotide
phosphorylase is about twice as active, though less stable, in 6 M

guanidinium - HC1 as in 2.5 M KC1, 1 M NaCl.

Nature of two activity peaks.

The level of activity of H. cutirubrum polynucleotide phosphorylase
both for the phosphorolysis and polymerization activities is about the
same as that reported ’by. Thang et al.(1967) for the B. coli Q‘13 mutant.
This mutant has about 25% of the phosphorolytic activity and about 1% of

the polymerization activity as those in E. coli B.

There have been several reporis of the sepa{ratiox;z of polynucleotide
phosphorylase activities upon gel filtration chromatography or sucrose-
density-gradient centrifugation. The enzyme in E. coli 11135 separated
into two activity peaks on a Sephadex G-200 column (Castles & Singer, 1968).
The phosphorolysis activity was the same in 'both peaks, but the Mn2+
—dependent polymerization activity of Peak I was four times that of Peak II,
whereas the Mg2+ ~dependent polymeiization activity was one-quarter that
of Peak II. The enzyme of E. coli Q13 separated into two peaks on sucrose-
density-gradient centrifugation (Thang et 21., 1969)._ The lower molecular
weight material catalyzed the phosphorolysis of short chain oligonucleotides

only, and had no pc_olyme:iza.tion activity. The higher molecular weight
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material had a HMno' =dependent polymerization activity. Dietz and
Grunberg-Manago (1967) described the separation of the Cl. perfringens
enzyme into iwo components by sucrose-density-gradient centrifugation.
One component was specific for ADP-incorporation and was totally dependent
on polylysine and ﬂ-mercaptoetha.nol’.- However, these results may be due
to spurious double peaks of activity due to failure to ensure proportion-
ality of enzyme with polylysine in the assay of the fractions (Fitt &
Wille, 1969a).

These previous findings of differing enzymological properties betiween
polynucleotide phosphorylases of differing moiecu_lar size from the same
organism, led me to look for such differences when the activities first

gseparated on Sephadex G-200 gel filtration. However no differences in

the activities of the +itwo peaks could be detected. They had essentially -
‘similar levels of polymerization, phosphoz_'olysis and exchange activities
with the same divalent cation requirements. The pH opiima of the phosphoro=-
lysis. activities were identical. We conclude that there is no evid.énce for
the existence in H. cutirubrum of iwo polynucleotide phosphorylases ha;ving

different catalytic abilities.

Polynucleotide phosphorylase - like mtiﬁties can be due to various
combinations of other enzymes such as phosphatases, phosphokinases, etc.
Hence it is essential to demonstrate unequivocally the production of nucleo-
side diphosphates in the phosphorolysis reaction or the substrate specificity

for the diphosphate in thé polymerization reaction. Both these specificities
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were clearly demomstrated, together with a substrate specificity in

the Mn2+ -dependent exchange reaction.

It is interesting to note the presence of Mg2+ ~dependent A‘I‘P/
orthophosphate exchange activity present both in the crude extracts
and the ammonium sulfate fraction and hence active in high salt. This
+

could be the object of a further study to compare it with the Na+/K

~-activated adenosine triphosphatases of non-halophilic organisms.

Intraceilular localization
The evidence we have presented strongly suggeéts that the polynucleo-
tide phosphorylase of H. cut‘im'brum is associated with the membranes in '
the whole organism. The enzyme seems not to be firmly bound, as a 10
second burst of ultrasound suffices to release some of it from the mem—
branes. The lipids with which it is associated in the membrane are not

essential to its activity.

A non-specific association ‘of membrane fragments with some of the
enzyme molecules is militated against by the fg.ct that the Peak I activity
and a peak of absorbance at 280 nm due to proteins and lipids (due, at
least partly, to the Vit.K-type -quinone of tk}e neutral lipids, Kates et al.,
1569) showed an exact agreement each time a Sephadex G-200 gel filtration
was dc;ne. Also the visi'olé pink color in the fraction collection tubes,
due to the red carotenoid pigment, ;:ommenced, reached maximum intensity
and disappeared in coincidence with the: enzyme activity. ' If the association
was fortuitous, one would not expect to find this good agreement of activity
and 1lipids each time.
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More comvimcing evidence of the association of the enzyme with the

cell membrane awaits ihe preparation and assay of isolated membranes.

The only previously repor.ted polynucleotide phosphorylase in bacterial
membranes was isolated by Abrams and McNamara (1962) from S. faecalis
protoplasts prepared with lysozyme. The washed membranes showed ten
times the activity of the soluble fraction. No attempt was made by these

authors to release the activit;‘r from the membranes.

However, it has been possible 4o isolate a typical soluble poly-
nucleotide phosphorylase from an acetone pbwder of S. faecalis (Fitt &
Gibbs, 1969). I% is péssi'ble that the enzymé is located in the membranes
in other species, and has been s&lu’bilized by the methods used 1o prepare
the cell-free exiracis. An investigation of the intzjacellular localiza-—

tion of bacterial polynucleotide phosphorylases seems to be indicated.

The mammalian polyxmcleotide' phosphorylase of guinea-pig liver nuclei
(See & Pitt, 1970) bas lipids characteristic of mammalian membranes assoc-

jated with it. I% may prove o be located on the nuclear membrane.

If polymucleotide phosphorylase is located in the bacterial cell
membrane it is difficult Yo visualize it as performing the physiological
roles that have been proposed for it, for example, the degradation of mRNA
located on the ribosomese. Hendler (1968) showed evidence that the active
ribosomes of baciexria are mainly located within the cells at membrane sites.
1If his view is correct, the membrane location of polynﬁcleotide phosphory-

lase and its possible physiological role in the degradation of mRNA could

be recounciied.
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Tre evidence that is preseated here shows the molecular weight of

E. cutirubrun polynucleotide phosphorylase 1o e less than 12,C000. This

wz2s based on its being more highly reiarded on a sitancdardized column of

~ -

Sephadex (-200 tharn cyiochreme C which has a molecular weight of 12,400.

Trnis resvli has four possible a2liernaiive explanaiions: (1) Tae

-~

enzyme is itruly of a2 low molecular weight. {ii) Sephadex G-2C0 pariicles

o not exhibit 2 true molecular sieving effect whezn in high salt concen—
trziions. (iii) Proieins are adsorbed on dexiran particles in high ‘salit.

(iv) Hzlopailic enzymes are of abnormall) high éensity. Tre second
possidvility is excluded by The benavior of the standard proteins. 4

- s - 5 - P
?

ingsay relationship existed between thelr average D tition coefficiens
2nd the log of their molecular weigat. This Gemonsirates gel caromaio-

graphy is tke operative principle evea when iae dextran particles are in

2 high szl% environment (Fischer, 1969).

I the third possibility, an adsorpiion oz the dextran pariicles,
were ithe cause of the highly reitarded peax, this effect would be even more
obvious on a more highly cross—linked gel. The average partition coefficients
(Kav> of H. cutirubrum RNA polymerases heve been determined oz Sephadex G-200
snd on siendardized Biogel P-60 columas (¥r. B. G. Louis & Dr. P. S. Fiti,
persoﬁal commmication). Tne two deterniznations were in agreement showing

that for these enzymes, at ieast, taere is no adsorpiion to the gel particles.
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The fourth possible explanation, that of an abnormally high density
for bhalophilic enzymes has been excluded by éucrose—density—gradient
centrifugation studies on thesesame RNA polymerases. These enzymes are
also of low molecular weight, and the results obtained by this method
gave agreement, within the limits of experimental error, with the molecular

weight as determined by gel filtration.

Thus the results obtained with the standardized G-200 column show
that H. cutirubrum polynucleotide phosphorylase is of low molecular

weight, less than 12,000.

Fature investigatioh of the molecular weight of the enzyme should
include gel chromatography on & more highly cross-linked gel, such as

Sephadex G-50, as well as sucfose—density—gradient centrifugation studies.

The molecular weight of bacterial polynucleotide phosphorylases is

reporded to be 200,000 for the E. coli, A.vinelandii and Cl. perfringens

enzymes and 230,000 for the M. lysodeikticus enzyme (Thang, 1969).
Various lighter species have been reported. The E. goli Q5 mutant con-
téins an enzyme with a molecular weight of 100,000 (Thang et 2l., 1969).
The Cl. perfringens >enzy-me cé.n ‘:;e partially qonverted to a 70,000 MW
species (Cuissani and crunberg-Manago, 1969). Further, Grunberg-lianago
and her colleagues proposed a polynucleqtide siructure comsisting of
30,000 1 monomers (Thang et ai., 1969). The trimer (M 100,000) would

possess only an active center for phosphorolysis and a binding site for
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polynucleotides. The hexamer (MW 200,000) would possess also the active

center and binding sites necessary for the polymerization reaction.

On the basis of the results presented here it seems that the H.
cutirubrum enzyme does not have a comparable siructure. This small
molecule possesses all three activities of the enzyme, thc-mgh the poly-
merization activity is at a very low level. The active site of an
enzymé which catalyéés a reacti.—én in one direction must of necessity
catalyze the reverse reaction. However, an enzyme may or may noi possess
a binding site for a partiéular substrate, and this may explain the lack
of, or low level of activity of, the reverse of a given reactiox;. It is
possible that the H. cutirubrum enzyme binds pplyxmcleotides well, but
binds nucleoside diphosphates poorly, if at all. If this were so, it
would explain the low level of polymerization ability which the enzyme

exhibits.

Thus the polynucleotide phosphorylase of H. cutirubrum, with 2
molecular weight of less thaan 12,000, is in contrast with the light
species of pthef enzymes which possess pa.rtial. or ldiffering activities
from those of the native enzyme. (Thang, 1969). Indeed, we conclude
that the Peak I activity comsistis of th; enzyme bound to membrane frag-
ments of varying size (hence the variation in Ka.v of this material) and
the Peaic 1T material comsists of the enzyme, the protein molecule itself,
separated from the membrane by the method used to disrupt the cell walls.

If this enzyme were to be prepared in a pure form it would be small enough
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1o make the determination of its amino acid sequence feasible. It could
thus prove a valuable aid in the studies of the active center and binding

sites of polynucleotide phosphorylase.

This is the first experimental evidence, as far as I know, to support
Ingram's suggestion (1948) that halophilic enzymes would prove to be small
molecules. He presented evidence 4o indicate that the effect of con-
centrated solutions of salis in depressing bacterial respiration could
be explained in terms of salting-out. With ha.lophilié bacteria, if the
proteins involved in respiraﬁon were of high molecular weight, they
would be precipitated at the high salt concentrations involved. He there-
fore concluded that "as the enzymes resist salts even in m’“ they may

perhaps be involved in smaller molecular aggregates".

Separable RNA-dependent and I)NA-dependent RNA polymerases (Fitt &
Louis, '1970) have now been shown by gel chromatography and sucrose-density;
gradient centrifugation to have molecular weights of about 17,000 (Mr. B. G.
Louis, personal communica_tio_n). The DNA-dependent RNA polymerase of E. coli

hes a molecular weight of about 370,000 (Maitra & Hurwitsz, 1967).

In contrast to these enzy;xxes of nucleic acid metabolism, H. cutirubrum
catalase showed essentially ‘fhe same retention constant as.beef liver
catalase - (MW 240,000) on a Biogel P-300 column. It will be of great
interest to study other enzymes of nucleic acid metabéli'sm, both sy'n‘hhetic"‘
and degradativé, Ain order to determine if such enzymes are smaller on tne
average than other halophilic ensymes. The studies reporied in this thesis

are a start in this direction.
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6.

Te
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V SUMMARY

A polynuclectide phosphorylase has been isolated from H. cutirubrum.

The enzyme has been purified 200-fold in 25% yield in a high

.The

The

The

concentration of salt.

. is maintained.

In these conditions full activity

enzyme has been shown to be a typical polynucleotide phosphorylase

in that it catalyzes all three characteristic reactions.

I$ is

specific for nucleoside diphosphates and does not phosphorolyze

DNA.

enzyme has a rather low activity.

enzyme exists in association with the membranes in the intact

cell.

its activity.

molecular weight of the enzyme is less than 12,000.

two activity peaks which separate during gel chromatography

It can be released by gentle methods without losing

on Sephadex G-200 in high salt have similar enzymological.

properties and differ only in molecular size and lipid.

content.

purified enzyme poésesses the following characieristics:

I&n2+ -dependent
unstable in less than 4 M salt
requires at least 2 M salt for optimum activity

the Phosphorolysis reaction is optimal at pH 9.8
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